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Abstract 
 

Coombabah Lake is a sub-tropical, semi-urbanised, shallow lagoon in southern Moreton 

Bay (Australia), recognised nationally and internationally as an important conservation 

and habitat zone. However, significant increases in urban development have occurred 

within the lagoon catchment in recent times, raising concerns over the sustainability of 

the lagoon ecosystem. This is typical of many estuarine environments which are 

ecologically and economically important waterways that often become surrounded by 

urban development and therefore experience degradation of water and sediment quality. 

The processes controlling the distribution of organic matter and nutrients in estuaries are 

especially important in understanding their chemical cycling. Consequently, the 

assessment and understanding of biogeochemical processes and other influential factors 

is essential for the effective management of estuaries. 

 

This study is a multi-disciplinary investigation of biological, physical, and 

biogeochemical processes occurring in the surface sediments and overlying waters of 

Coombabah Lake and the adjoining creek. The primary aim of this study was to 

investigate physico-chemical and biogeochemical processes occurring over various 

spatial and temporal scales and improve the understanding of Coombabah Lake and 

similar shallow sub-tropical systems. 

 

Spatial variability of physico-chemical surface sediment variables and the sources and 

distribution of surface sediment organic matter were investigated to provide an 

understanding of the physico-chemical and ecological processes driving the lagoon 

system. Lagoon sediments were characterised by generally fine sediments with 

predominantly sandier sediments occurring within the northern region and muddier 

sediments occurring within the southern region. Although some sediment locations had 

elevated nutrient concentrations in comparison to adjacent lagoon sediments, nutrient 

concentrations within the lagoon were generally typical of Australian estuarine 
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environments. Comprehensive analysis of biomarkers indicated that the lagoon received 

organic matter from a variety of autochthonous and allochthonous sources including 

terrestrial vascular plants (i.e. surrounding mangroves), diatoms, and benthic bacteria 

with the fringing mangroves potentially playing an important role in the lagoon food web. 

 

The intratidal variability of hydrological and physico-chemical variables were measured 

and the filterable nutrient and chlorophyll-a transport loads entering the lagoon 

determined. Instrumental measurements and hourly water collections provided the first 

account of intratidal variability within the system and indicated the lagoon and adjoining 

creek was characterised by a mixed tidal regime with cyclic and temporal variations in 

physico-chemical variables, suspended solids, and chl-a concentrations. Both dissolved 

oxygen and turbidity values exceeded regulatory guideline values for the region. Nutrient 

concentrations were typical of local and Australian estuarine environments and exceeded 

regulatory guideline values for the region. Nutrients sourced externally from the 

Coombabah Lake-Creek system resulted in increased transportation rates during flood 

events indicating a potential for increased nutrient loadings and enrichment within the 

lagoon and associated wetland environment.  

 

Important biogeochemical (benthic metabolism and nutrient fluxes) and nitrogen cycling 

processes (denitrification and dissimilatory nitrate reduction to ammonium), and their 

interactions with physico-chemical sediment, biological, and environmental variables 

were also investigated using intact sediment cores. Sediments were collected from four 

sample sites (characterised by different sediment properties, e.g. sand- or mud-

dominated), over four consecutive seasons and incubated ex situ under corresponding 

light and dark seasonal conditions. The trophic status of the lagoon was consistently net 

heterotrophic at all four sample sites. Sediments at all sites, during all seasons behaved as 

sinks for oxygen during both dark and light incubations, which may have implications for 

the ecology of the lagoon. Nitrogen species were continually effluxed from the 

heterotrophic sediments during both light and dark incubations, for all sites and seasons 

with the greatest effluxes occurring in the southern mud-dominated sediments. Solute 
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exchanges across the sediment-water interface were influenced by the activity of 

microphytobenthos in the lagoon. Nitrogen cycling processes exhibited only relatively 

minor seasonal variation, with no distinct seasonal patterns observed. Light and dark 

maximum or near maximum rates occurred during autumn. Nitrogen cycling processes 

also showed diurnal and spatial variability with the highest rates generally occurring 

within the southern sediments. Processes tended to be increased during light incubations 

and oxygen appeared to be the primary factor regulating nitrification within the 

sediments, and thereby nitrate reduction rates, as these were fuelled almost exclusively by 

nitrification. Dissimilatory nitrate reduction to ammonium was the principal nitrate 

reduction pathway, recycling more nitrogen as bioavailable ammonium than was 

removed as N2 via denitrification within the lagoon sediments. 

 

Additionally, a study undertaken to investigate the influence of natural amphipod 

(Victoriopisa australiensis) population densities on benthic metabolism, nutrient fluxes, 

and nitrogen cycling processes revealed burrowing macrofauna stimulated benthic 

metabolism and nitrogen effluxes. However, no stimulation or discernable trends were 

observed between amphipod densities and any of the nitrogen cycle processes measured 

within the selected lagoon sediments. 

 

This study has investigated and established physico-chemical and biological surface 

sediment and water column variables, solute fluxes, and important nitrogen cycling 

processes occurring over various spatial and temporal scales within Coombabah Lake. 

The current study has improved the current understanding of Coombabah Lake by 

providing the first comprehensive assessment of the lagoon processes, which is important 

for the development of more effective management of Coombabah Lake and similar 

shallow sub-tropical systems. 
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Chapter 1: Introduction 
 

1.1 Introduction and significance of study 
 
Coombabah Lake is a sub-tropical, semi-urbanised, coastal lagoon located within the 

Gold Coast Broadwater system, in southern Moreton Bay (Australia), supporting a 

mangrove-dominated fringing flora, and a variety of terrestrial and aquatic animal 

species. The lagoon and its surrounding foreshore provide a valuable natural resource and 

are considered a ‘conservation’ and ‘habitat’ zone under the Marine Parks (Moreton Bay) 

Zoning Plan 1997. Additionally the lagoon is a declared fish habitat area under the 

Fisheries Act 1994 (area acts as a known nursery habitat for both commercial and 

recreational marine species) and an internationally recognised site for northern and 

southern hemisphere migratory birds (Chinese-Australia Migratory Bird Agreement 

(1974) and Japan-Australia Migratory Bird Agreement (1986)). 

 

Estuarine environments are often both ecologically and economically important 

waterways that often become surrounded by urban development. As a consequence they 

experience degradation of water and sediment quality. The Coombabah Creek catchment 

is a typical example, with urban development continuing within its catchment over the 

last few decades. 

 

Prior to European settlement, the southern Moreton Bay region was relatively stable with 

sediment and nutrients predominantly supplied to adjacent waters by major flood events. 

By 1987 approximately only 22% of the original vegetation at an elevation <60 m 

remained and by 1994, this figure had declined to ~19% (Capelin et al., 1997). During 

the past five decades, human activities in the areas surrounding Coombabah Lake 

wetlands have changed significantly. Major changes within the catchment region include 

the clearing of the Gaven Forest for a pine plantation in the 1960s, the opening of a road-

metal quarry adjacent to the headwaters of Coombabah Creek in Nerang State Forest in 
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the 1980s, and initial development of the Helensvale residential estate (Frank and 

Fielding, 2004). Over the past 10 years development surrounding the lagoon and 

catchment region has continued with expansions of neighbouring suburbs.  

 

Changes in land-use to a more intensive, more densely populated community potentially 

increases both sediment and nutrient loading into Coombabah Lake. Population growth 

proves to be one of the major environmental pressures applied in the region, resulting in 

increased sewage (there is a wastewater treatment plant adjacent to the lake wetlands), 

more intensive land use, and increased demands on waterways for recreational and 

commercial use raising concerns over the sustainability of a healthy aquatic ecosystem 

and its use by various stakeholders. With an additional one million people expected to 

move to the coastal region of south-east Queensland in the next 25 years, increasing 

urbanisation is inevitable and will affect the capacity of the surrounding coastal wetlands 

to sustain their beneficial ecosystem services (Lee et al., 2006). 

 

In order to understand the processes occurring within Coombabah Lake, this study 

investigates surface sediment biogeochemical and water column processes including 

spatial and temporal variations of biological, chemical, and physical variables, organic 

matter delivery, benthic metabolism, nutrient fluxes across the sediment-water interface, 

and nutrient cycling processes. 

 

Within intertidal estuarine systems biogeochemical processes and also the distribution of 

contaminants are influenced by temporal and spatial gradients of controlling variables 

such as salinity, dissolved oxygen concentration, and particle composition occurring both 

within the water column and the surface sediments (Farrington, 1991; Olsen et al., 1993; 

Santschi et al., 1997). Nutrient fluxes and cycling (such as denitrification) are extremely 

important transformation processes affecting nutrient availability, and can be responsible 

for large losses of nitrogen in coastal systems (Seitzinger, 1987, 1988). 
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Extensive research has been conducted to better understand the complexities of nutrient 

dynamics within marine environments. However, most studies have concentrated on 

nutrient cycling in the water column and only more recently, have studies focused on the 

benthic environment. Surface sediments are the dominant site for organic matter 

breakdown and nutrient regeneration in shallow coastal systems (Ruddy, 1997) with the 

delivery of organic matter stimulating biogeochemical processes within the surface 

sediments (Pfannkuche, 1993; Slomp, et al., 1993; Boon et al., 1999). Between the 

surface sediment and the water column in shallow marine systems coupling exists 

between biogeochemical processes (Nixon, 1981; Graf, 1992) with sediment oxygen 

demand (SOD) during the degradation of organic matter potentially inducing hypoxia or 

anoxia in bottom waters. Nutrients recycled in the sediment diffuse, or are otherwise 

transported back to the overlying water, and support water column production (Nixon and 

Pilson, 1983; Hammond et al., 1984). The exchange of nutrients across the sediment-

water interface is important for overall nutrient budgets within shallow estuarine 

ecosystems (Mortimer et al., 1998; Laima et al., 2002; Sakamaki et al., 2006; Hou et al., 

2007). 

 

Processes controlling the distribution and concentration of organic matter and nutrients in 

estuarine environments are important in understanding the chemical cycling and ecology 

of these coastal systems. Such assessment is a fundamental first step to the development 

of effective management strategies (Jahnke et al., 2003). Consequently, a detailed 

understanding of biogeochemical processes and the interaction of influential factors is 

essential for the future management of valuable estuarine ecosystems (Harris, 1987).  

 

In this thesis a study conducted within Coombabah Lake is reported, contributing to a 

much improved understanding of surface waters and sediments of Coombabah Lake 

(southern Moreton Bay). Furthermore the study also contributes to the overall knowledge 

base of nutrient biogeochemical cycling in shallow sub-tropical (southern hemisphere) 

estuarine systems, which will aid in future management decisions for Coombabah Lake 

and similar coastal regions. 
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1.2 Previous biogeochemical research in Coombabah Lake and 
present gaps in knowledge 
 
Coombabah Lake, like many intertidal systems in eastern Australia, is a very shallow 

waterbody (with large expanses of mud banks exposed during periods of low water) 

located within an urbanised region. Although it has received some attention, only a few 

substantial biogeochemical investigations have been previously conducted within the 

Lagoon (e.g. Gutteridge, Haskins and Davey Pty. Ltd. (GHD Pty. Ltd.) 2000; Gallagher, 

2001; Frank and Fielding, 2004). 

 

Frank and Fielding (2004) suggest Coombabah Lake has remained a shallow waterbody 

fed by fine-grained sediment dropped from suspension with a lithological§ transition in 

the upper 50 cm of the sediment column, from mud to shell-rich, sandy mud. Sharp 

increases in total organic carbon (TOC), total nitrogen (TN), and total phosphorus (TP) 

concentrations below the lithological transition at 50 cm depth were observed suggesting 

that the capacity of the system to preserve organic matter and trap nutrients has decreased 

significantly after the transition in depositional regime (Frank and Fielding, 2004). Frank 

and Fielding (2004) propose Coombabah Lake is governed by natural processes 

associated with the long term evolution of coastal lagoon systems, and their study 

revealed little to suggest that there were any adverse affects resulting from recent human 

activities in the surrounding catchment. 

 

Studies by both Gallagher (2001) and GHD Pty. Ltd. (2000) both concluded however, 

that the lagoon shows evidence of eutrophication. Gallagher (2001) measured high TOC 

and TP water concentrations, but low TN levels. The high TP concentrations were 

attributed to the sediments acting as a P source and it was concluded that the system was 

N limited. TOC and TN sediment profiles suggest the lagoon has aged towards 

eutrophication, linked to a decreasing water depth over its depositional history. It is 

speculated that the lagoon sediments may be acting as a source of nutrients to overlying 
                                                 
§ Lithology describes the scientific study and description of rocks, especially at the macroscopic level, in 
terms of their colour, texture, and composition (lithogical adjective) (Anon, 2006).  
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waters, with both physical and chemical factors suggesting favorable conditions for 

release. It is proposed that additional nitrogen entering the system would likely trigger 

further eutrophication (Gallagher, 2001). 

 

Furthermore, a report prepared by Sinclair, Knight and Mertz Pty. Ltd. (SKM Pty. Ltd.) 

(1997) determined that the ecology of the creek system was under considerable stress 

from elevated sediment and nutrient loads. Continuing urbanisation, loss of riparian 

vegetation, and the recognition of a lack of knowledge regarding the ecological condition 

of the waterways were also identified as threats to sustainability and effective long term 

management of the estuary (GHD Pty. Ltd., 2003). 

 

Information relating to the physico-chemical status of sediments and surface waters, 

source and distribution of organic matter, benthic metabolism, and internal nutrient 

cycling mechanisms for Coombabah Lake (and in other similar sub-tropical shallow 

coastal systems) is currently lacking:  

 

 Only limited attempts have been made to characterise the physico-chemical 

variables of the lagoon surface sediments. No attempt has been made to 

identify spatial and temporal variability within Coombabah Lake, in relation 

to urban settings/impacts. 

 No attempt has been made to investigate the sources and distribution of 

organic matter within Coombabah Lake, important for food web dynamics 

and nutrient regeneration. 

 No attempt has been made to quantify seasonal inter- and intratidal 

variations in water quality within the lagoon. 

 Processes that can cause the release of nutrients from benthic sediments are 

complex and need to be understood. No data is currently available for 

benthic solute fluxes in Coombabah Lake and no attempt has been made to 

quantify diurnal, inter- and intraseasonal variations of benthic metabolism, 
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and nutrient cycling (including denitrification and dissimilatory nitrate 

reduction to ammonium (DNRA)) in Coombabah Lake. Little is known to 

what extent mechanisms responsible for nitrogen transformations and/or 

losses from southern Moreton Bay systems behave or interact (Phillips, 

2003). 

 

To gain insights into the identified knowledge gaps relating to the biogeochemistry of 

Coombabah Lake would significantly contribute to the understanding of the system’s 

behaviour, thus assisting in future management decisions in this and similar ecologically 

and economically important shallow coastal waterways.  

 

1.3 Study objective and thesis structure 
 
This study is a multi-disciplinary investigation of biological, physical, and 

biogeochemical processes occurring within both the surface sediments and overlying 

waters of Coombabah Lake and the surrounding estuarine environment. The main 

objective of the study was to investigate biogeochemical processes occurring over 

various spatial and temporal scales in the surface sediments and overlying waters of 

Coombabah Lake and examine the extent to which the lagoon is impacted by the effects 

of urbanisation. 

 

In order to achieve the main objective of this study, four individual studies were 

undertaken, their aims given below: 

 

1) Determine select physico-chemical variables of the surface sediments of 

Coombabah Lake and characterise their spatial and temporal variations in 

addition to identifying the distribution and sources of sediment organic 

matter. 
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2) Determine the intratidal variability of physico-chemical variables and 

estimate the filterable nutrient and chlorophyll-a transport loads within the 

Coombabah Lake-Creek system. 

3) Measure the spatial and seasonal variations of physico-chemical variables, 

burrowing macrofaunal dynamics, benthic metabolism, and nutrient 

dynamics within the surface sediments of Coombabah Lake. 

4) Determine the influence of natural population densities of burrowing 

amphipod species on benthic metabolism and nutrient biogeochemistry in 

the surface sediments of Coombabah Lake. 

 

Following a literature review on the research topic (Chapter 2), this thesis comprises of 

six further chapters. Chapter 3 provides descriptions of the research site and experimental 

methods and materials used, including sediment, water, and fauna sample collection, 

handling, and analysis procedures. Chapters 4 through 7 are individual results and 

discussion chapters, which have previously been published within (Chapters 4, 5, and 7) 

or prepared for submission to (Chapter 6), a refereed scientific journal. Each chapter is 

relevant to a specific study and aim of the overall research. Published articles 

representing results and discussion chapters are presented within the current thesis in 

their entirety, however they include title changes, stylistic alterations, and minor 

additions in accordance with the thesis layout and theme. Chapter 4 establishes surface 

sediment nutrient concentration and physical sediment property baseline data, in addition 

to characterising the sources and distribution of organic matter in the surface sediments 

of Coombabah Lake, utilising and comparing elemental, isotopic, and fatty acid 

biomarker techniques. Chapter 5 reports the first account of physical, biological, and 

chemical intratidal variability and estimates of filterable nutrient and chlorophyll-a 

transportation within the Coombabah Lake-Creek system. Chapter 6 identifies the spatial 

and seasonal variation of physical sediment and biogeochemical variables, burrowing 

macrofunal dynamics, benthic metabolism, and nutrient dynamics within Coombabah 

Lake. Chapter 7 reports on the influence of natural population densities of the burrowing 

amphipod species, Victoriopisa australiensis, on benthic metabolism, nutrient fluxes, 

denitrification, and dissimilatory nitrate reduction to ammonium within the lagoon 
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sediments utilising intact sediment cores. Finally, Chapter 8 provides general conclusions 

of the study and identified areas of potential future research and monitoring. Additional 

data is presented in appendices. 
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Chapter 2: Literature Review 
 

2.1 Estuarine systems 

2.1.1 Value and importance of estuaries 
 
Estuarine systems are areas of both environmental and economical significance (Edgar et 

al., 2000; Harvey and Caton, 2003; Lee et al., 2006), however urban centres have often 

developed around estuaries and today few estuaries worldwide remain unaffected by 

human activities (Cheng and Chang, 1999; Thurman and Trujillo, 2008; Ryan et al., 

2003). Estuaries provide areas for trade, urban settlements and infrastructure, and are 

sources of economic and social well-being (Heap et al., 2001; Ryan et al., 2003; Trott et 

al., 2004). Additionally, estuaries support some of the most biologically productive and 

dynamic habitats on earth (Nixon, 1980; Day et al., 1989) providing numerous 

environmental functions, including breeding grounds for many marine, estuarine, and 

terrestrial species (Ryan et al., 2003; Stumpf and Haines, 1998), sediment trapping and 

“buffering” between coastal catchments and the open marine environment (Wells, 1995), 

storage and cycling of nutrients (Berelson et al., 1998; Flindt et al., 1999), and the 

absorption, trapping, and detoxification of pollutants (Dyer, 1997). Estuarine 

environments rank very highly among the world’s most valuable natural resources 

(Costanza et al., 1997). 

 

2.1.2 Processes at various spatial and temporal scales occurring within 
estuaries 
 
Estuaries occur in a wide range of forms, each developed as an interaction between 

riverine and marine processes (Ryan et al., 2003). The nature of an estuary reflects the 

complex responses to driving forces, each having a characteristic frequency (or 

frequencies) of change (Furnas, 1992; Turner and Tyler, 1995; Perillo, 1995; van de 

Kreeke et al., 1997), occurring over varying temporal scales from seconds to centuries 

(Table 2.1) and widely varying distances. The relative importance of each disturbance 
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varies between different global regions and different estuarine systems. For example, 

although tropical and sub-tropical regions do not undergo the pronounced seasonal 

fluctuations in atmospheric conditions (e.g. temperature, irradiance, and rainfall patterns) 

that occur at temperate latitudes, virtually all tropical and sub-tropical estuarine systems 

are affected by some form of episodic, seasonal, or interannual fluctuations (e.g. 

freshwater inputs, tidal regimes, and physical disturbances). 

 

Table 2.1 Spatial and temporal scales of disturbance of the intertidal environment 
(modified from Turner and Tyler, 1997) 

 
 Microscale Mesoscale Macroscale Megascale 
Spatial μm - mm cm - m km km 
Temporal s - min h - d mnth - y dc - c 
Disturbances Spatial Scale Temporal Scale 
Irrigation μm - mm s - h 
Biogeochemistry μm - mm s - h 
Bioturbation mm - m s - d 
Waves m s - h 
Fishing m s - h 
Dredging m - km h - d 
Run-off events m - km h - d 
Wind/Storms m - km s - d 
Tides m - km h - d 
Sedimentation/Erosion μm - mm h - dc 
Global change/Sea level rise/Geomorphology μm - m y - dc 
where: μm represents micrometres, mm represents millimetres, m represents metres, km 
represents kilometres, s represents seconds, min represents minutes, h represents hours, d 
represents days, mnths represents months, y represents years, dc represents decades, and 
c represents centuries. 

 

Estuaries as biogeochemical systems are continually influenced by a variety of processes 

including both positive and negative feedback cycles. To understand these processes and 

mechanisms, it is necessary to observe estuaries over the relevant scales.  

 

2.1.3 Effects of urbanisation in estuarine systems 
 
As a result of urbanisation, estuaries are frequently exposed to elevated concentrations of 

contaminants, sediment loads, and changes in water quality (Cowie et al., 2000; Horner, 
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2000; Lindegarth and Hiskin, 2001; Lee et al., 2006). Hydrological changes are the most 

visible impact of urbanisation and strongly influence water quality within affected 

systems. Urbanisation typically increases runoff peak flows and total flow volumes, 

which tend to increase concentrations of suspended solids particularly if land clearing has 

occurred. High suspended material inputs reduce light penetration, dissolved oxygen 

concentrations, and overall wetland productivity (Turner and Tyler, 1997; Whitehouse et 

al., 2000). Most contaminants entering estuaries (e.g. increased levels of nutrients, trace 

metals, Cl-pesticides, poly-aromatic hydrocarbons, and polychlorinated biphenyls) tend 

to adhere to suspended organic and inorganic particles, which ultimately end up in 

bottom sediments (Horner, 2000). Contaminants potentially interfere with the biological 

processes of the aquatic biota, resulting in impaired growth, mortality, and changes in 

community structures (Horner, 2000; Lee et al., 2006).  

 

2.2 Estuarine sediments 

2.2.1 Sediment properties 
 
The sediments of estuarine waterways tend to act as sinks of all materials discharged into 

them from both natural and anthropogenic sources. 

 

However this collection and storage of sediments can also leave these systems potentially 

vulnerable to pollution (Jickells and Rae, 1997). The critical issue with storage of 

contaminants in intertidal systems is their potential for re-release which can occur 

through biological, chemical or physical processes. 

 

Estuarine sediments are ecologically active zones consisting of a complex combination of 

inert mineralogical grains as well as significant components of biota (living and dead) 

associated with benthic sediments (Eyre et al., 1998; Fugate and Friedrichs, 2002). 

Depositional and post-depositional processes (e.g compaction, diagenesis, and authigenic 
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mineral formation) in addition to mineral composition, ultimately influence the texture, 

bulk properties, and chemical characteristics of estuarine sediments (Penthick, 1984). 

 

2.2.2 Sedimentary processes 
 
Sediments are not a static reservoir within the estuarine system, but are in fact subjected 

to a variety of biological, chemical, and physical processes (Figure 2.1). These processes 

include chemically driven diffusion of components from interstitial waters, physically 

driven flushing of interstitial waters into the overlying water column, and tidal and 

biological resuspension of surface sediments (Smith and Kukert, 1996; Malcolm and 

Sivyer, 1997). 

 

Figure 2.1 illustrates disturbances which typically impact on intertidal sediments. These 

disturbances occur over a wide range of spatial and temporal scales, producing an 

environment that, although broadly structured, is patchy and dynamic. Of special interest 

is the sediment-water interface (SWI) and the upper-most sediments below the SWI, as 

these zones contain freshly deposited material and are often the site of intensive 

biological and chemical activity. The SWI (and sediments immediately below) are 

characterised by high populations of bacteria and meiobenthic organisms (Canuel and 

Martens, 1996; Wynne et al., 1997; Alongi et al., 1999). In many cases, processes 

occurring in this zone reflect the transition between oxic and anoxic conditions 

(Wakeham, 2002). 
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Figure 2.1 Biological, chemical, and physical impacts affecting intertidal estuarine 
sediments. Nutrients may be introduced to the water column through both passive (e.g. 
diffusion and desorption) and dynamic (e.g. groundwater advection, resuspension, and 
biological mixing) events (copied from Giffin and Corbett, 2003) (Note: Fluid Muds, 
Water Column, and Nutrient Concentrations shown in figure are not processes) 
 

2.2.3 Sediment-water interface 
 
The term “sediment-water interface” is however not a simple descriptor. Strictly 

speaking, it implies a geometric surface between the sediment and water column, 

however to a biogeochemist it is “the zone in which organic matter is first accumulated 

from the water column and is initially metabolized by the sediment heterotrophic 

community” (Wakeham, 2002). The SWI also includes the diffusive boundary layer 

because this layer is largely responsible for the exchange of solutes between the sediment 

and water column (SWI). In coastal environments the chemical transformations that take 

place at the SWI determine the cycling of nutrients and pollutants between the sediment 

substratum and the overlying water column (Spagnoli and Bergamini, 1997). Many of 
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these chemical reactions are biologically mediated and their relative importance depends 

on several influential factors (Wakeham, 2002). 

 

In comparison to underlying sediments the SWI is usually enriched in labile organic 

matter that has recently been delivered from the water column but has not yet been 

degraded (Wakeham, 2002). It is a very patchy environment, varying on micro- and 

macro-scales (both chemically and biologically). Chemical exchanges/partitioning across 

the SWI depend not only on the physico-chemical state but also on the hydrodynamic 

characteristics of the system (Furnas, 1992 and references therein). This exchange is an 

important pathway for nutrient cycling in shallow aquatic waterways (Spagnoli and 

Bergamini, 1997). 

 

In shallow water systems (such as southern Moreton Bay) the water column and surficial 

sediments interact continually, exchanging, and redistributing particles and solutes so as 

to impact the behaviour of the entire system. The exchange of solutes across the SWI is 

of major importance in controlling the water column concentration and speciation of 

several elements including oxygen (O), carbon (C), nitrogen (N), phosphorus (P), and 

silicon (Si) (Asmus et al., 1998; Fong and Zedler, 2000; Tenberg et al., 2003).  

 

Benthic exchange rates can be used to identify and quantify net diagenetic reactions 

occurring in the sediment. Thus, accurate estimates of benthic exchanges are required for 

biogeochemical modelling of natural systems and also for interpretations of the 

sedimentary record (Hammond et al., 1985).  

 

2.2.4 Factors affecting the sediment-water interface 
 
Fluxes across the SWI are driven by a variety of biological, chemical, and physical 

processes (Hammond et al., 1985; Clavero et al., 1992; Furnas, 1992; Bartoli et al., 2000; 

Kitheka et al., 2003 and references therein)  
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2.2.4.1 Physical factors 

Physical factors affecting the SWI include atmospheric, hydrological, physical (e.g. 

fishing and dredging activities), and geochemical variables (Schoellhamer, 1995; 

Spagnoli and Bergamini, 1997; Cowie et al., 2000; Kennish, 2001). The impact of these 

factors varies extensively through different estuarine systems (Dyer, 1997; Kennish, 

2001; Mao et al., 2004). 

 

Intertidal sediments are subject to diurnal emersion and flooding which leads to major 

changes in the local transport of material to and from the sediments and also fluctuations 

in microbial metabolsim. Clearly when the tide has ebbed there is no overlying water 

present and there can be no dissolved output from the sediment. This may result in 

increasing concentrations of dissolved substances that have a source within the 

sediments, such as ammonium (NH4
+) in the porewater. These pools may then be 

released when the water returns to flood the sediment. In contrast compounds whose 

source is in the water and are consumed in the sediment may become depleted when the 

water is not present (Malcolm and Sivyer, 1997). However during sediment emersion 

gaseous products such as CO2, CH4, N2O, and N2 can easily exchange with the 

atmosphere (Teal and Kanwisher, 1961; Alongi et l., 1988; Alongi et al., 2000; Muñoz-

Hincapié et al., 2002). 

 

During tidal cycles the hydraulic regime in the sediments change and advective flow 

along pressure gradients may occur. Muddy intertidal sediments have a high porosity but 

have low permeability limiting advective transport. Sandy sediments have a permeability 

great enough to allow drainage of the sediments at low water and subsequent saturation 

as the tide advances (Whitehouse et al., 2000) and advective porewater exchanges driven 

by pressure gradients in submerged sediments (Precht and Huettel, 2003; Reimers et al., 

2004; Janssen et al., 2005). The impact of advection and resultant changes also affects 

physico-chemical factors of the sediments such as oxygen content and has a major impact 

on redox sensitive processes such as coupled nitrification and denitrification (Dyer, 1997; 

Whitehouse et al., 2000; Kennish, 2001; Sakamaki et al., 2006).  
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Storm events that disturb sediments at the SWI over a given intertidal area are likely to 

resuspend and release much of the associated dissolved nutrients and accumulated 

pollutants into overlying waters (Pejrup et al., 1996; Malcolm and Sivyer, 1997; Asmus 

et al., 1998). Additionally resuspension of sediment particles may be very important for 

the flushing effects, and microbial activity and growth within the water column (Asmus 

et al., 1998).  

 

The suspension, settlement, and resuspension of sediments also affect the physical 

condition of estuaries and associated aquatic organisms. Suspended sediment limits the 

amount of light penetrating the water column (Harvey and Caton, 2003), which may 

cause negative effects on living organisms that rely on photosynthesis for survival such 

as phytoplankton, microphytobenthos (MPB), and seagrass beds reducing the overall 

primary productivity within the system. The turbidity of the water column controls the 

phytoplankton biomass that can potentially develop and therefore the extent to which 

dissolved nutrients can build up in the water column. With high concentrations of 

nutrients in the water column under turbid conditions, denitrification may become 

strongly coupled to water column nitrate rather than to nitrification in the sediment (Eyre 

and Ferguson, 2002). Resuspension events may also have beneficial effects on primary 

producers (mainly phytoplankton and microphytobenthos) by releasing bioavailable 

nutrients into the water column. Such events may influence primary productivity and 

nutrient dynamics within a given system (Tengberg et al., 2003).  

 

2.2.4.2 Chemical processes 

In coastal environments the chemical transformations that take place at the SWI influence 

the cycling of nutrients between the sediments and overlying waters. Many of these 

chemical reactions are biologically mediated, their relative importance depends on 

several factors such as sediment composition, sedimentation rate, hydrodynamics, 

bioturbation, and bioirrigation, as well as the physical and chemical characteristics of the 

bottom waters (Spagnoli and Bergamini, 1997).  

 



Chapter 2 

 17

Early diagensis can produce solute concentration gradients between porewaters and 

overlying waters mainly because of organic matter degradation and variations of pH and 

redox potential. These gradients produce fluxes through diffusion where 

adsorption/desorption processes can take place (Spagnoli and Bergamini, 1997; 

Wakeham, 2002).  

 

2.2.4.3 Biological factors 

Benthic infauna (e.g. polychaete worms, bivalves, and crustaceans) play an important 

role at the SWI, increasing SWI surface area, and altering sediment structure, deposition 

and erosion, porewater profiles, and nutrient dynamics (e.g. Pelegrí and Blackburn, 1995; 

Gilbert et al., 1998; Bartoli et al., 2000; Katrak and Bird, 2003; Welsh, 2003; Papaspyrou 

et al., 2004, 2007; Webb and Eyre, 2004a, 2004b; Gilbert et al., 2007; Karlson et al., 

2007). Fauna are present at higher concentrations (on a volume basis) in estuaries than in 

any other marine zone (Wakeham, 2002) and can typically constitute over 200 g dry 

weight of large animals per m2 of surface sediments (Andersen and Kristensen, 1988). 

 

Their presence and activities affect sediments in a number of ways including 

biostabilisation, biodestabilisation, and bioturbation and irrigation (Whitehouse et al., 

2000; de Deckere 2001). Graf and Rosenberg (1997) provide a review of the mechanisms 

for and effects of bioresuspension and biodeposition. 

 

The burrowing and feeding habits of benthic fauna considerably alter the surface 

topography of the sediment layer and vertical redistribution of sediments (Clavero et al., 

1992; Covich et al., 1999; Reise, 2002). Furthermore, bioturbation also alters sediment 

characters and processes, including the severity of localised erosion, increase drainage, 

soil oxidation and decomposition of below surface material, increase the redox 

discontinuity layer deeper into the sediment, reduce surface algal cover, change sediment 

grain size, transport and resuspend buried (reduced) materials, pollutants and settled 

particulate nutrients from the solid sediment phase to the sediment-water interface, and 
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effect turnover of organic matter and nutrient dynamics (Clavero et al., 1992; Covich et 

al., 1999; Reise, 2002; Welsh, 2003; Papaspyrou et al., 2004, 2007; Webb and Eyre, 

2004a; Kristensen and Kostka, 2005; Nizzoli et al., 2007).  

 

Sediment mediated species interactions in coastal waters and the role of organisms in 

nutrient cycling are discussed further in section 2.4.3 of this review. Detailed reviews 

relating to burrowing fauna and surface sediment interactions are provided by Reise 

(2002) and Welsh (2003).  

 

Another important biological feature of intertidal sediments is the presence of rooted 

vascular plants, diatoms, algae, and associated bacteria in the surface sediment. In 

addition to structural alterations to benthic sediments, primary producers influence 

oxygen and nutrient fluxes through their photosynthetic and nutrient assimilation 

activities during daylight periods (in waters where, turbidity permitting, the euphotic 

zone extends to the SWI) and respiratory activity during darkness, respectively 

(Sundbäck and Granéli, 1988; Malcolm and Sivyer, 1997; Sundbäck et al., 2000; 

Pedersen et al., 2005). Increased production and penetration of oxygen and uptake of 

nutrients at the SWI influences nutrient cycling within estuarine systems. 

 

2.3 Organic Matter 

2.3.1 Sources of organic matter within estuarine systems 
 
Estuaries occupy a unique position between the land and ocean for material exchange and 

biogeochemical processing of organic matter. Defining the sources and composition of 

dissolved (DOM) and particulate organic matter (POM) within estuaries is essential to 

understanding the carbon cycle, and in particular the importance of terrestrial or estuarine 

derived carbon as sources of energy and nutrients to coastal systems (Meziane and 

Tsuchiya, 2000; 2002; Mannino and Harvey, 1999; Mitra et al., 2000; Yamamuro, 2000; 

Goñi et al., 2003). 
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The origin of organic matter in estuaries is complex. Sources include in situ primary 

production, terrestrial material transported by river and groundwater flow, atmospheric 

deposition, anthropogenic sources (e.g. waste-water treatment plants, industrial plants, 

aquaculture practices, etc.), and material from the coastal ocean transported by tidal 

exchange (Hedges and Parker, 1976; Galois et al., 2000; Santschi et al., 2001). Estuaries 

are highly productive environments with primary production generating substantial levels 

of in situ POM and DOM (Bano et al., 1997). Organic matter ultimately drives the 

geochemical reactions within the estuarine sediments in addition to supporting the 

estuarine food web (Eisma, 1992). Reviews of the carbon cycle include those of Ruddy 

(1997) and Wakeham (2002). 

 

2.3.2 Fate of organic matter within estuarine systems 
 
The fate of organic C within estuarine environments is determined by a number of factors 

including the allochthonous import of material from terrigenous and marine reservoirs, 

internal productivity and recycling (Ruddy, 1997; Alongi et al., 1999). In most marine-

type sediments organic C is the only reducing agent to enter a sediment column. The 

remainder of the sediment load arrives in its oxidised form, and with the exception of 

straightforward compaction, early diagenesis (i.e. the process of change during burial) 

results directly or indirectly from the flow of electrons from organic matter to oxidised 

respiratory electron acceptors (Kristensen and Holmer, 2001).  

 

Rates of organic C decomposition are influenced by several factors including the 

availability of oxygen, temperature, sediment grain size, particle composition, particle 

association (i.e. sorption to mineral surfaces, organic matrices, clay lattice structure, and 

micropores), sediment age, physical disturbance (i.e. resuspension mechanisms and 

bioturbation), and the quantity and reactivity of organic matter (Canuel and Martens, 

1993, 1996; Kristensen et al., 1991, 1992; Lee, 1992; Alongi et al., 1999; Kristensen, 

2000; Kristensen and Holmer, 2001; Giffin and Reide, 2003 and references therein). 
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The initial source of the electrons (organic matter) is sequentially oxidised in microbially 

mediated reactions, using a range of available oxidising agents, and results in some 

degree of vertical zonation in sediment chemistry (Ruddy, 1997; Kristensen, 2000 and 

references therein) (Figure 2.2). However, some vertical overlap may occur between the 

various zones. The defined distribution of electron acceptors illustrated in Figure 2.2 is an 

over-simplification of the true spatial distribution (Kristensen, 2000). 

 

Figure 2.2 The idealised vertical distribution of diagenetic processes in marine 
sediments. The oxic zone is illustrated by an oxygen profile (white zone), the sub-oxic 
zone is shown as the layer where the redox discontinuity is evident (light cross-hatched), 
and the reduced zone is shown as the layer where Eh is below zero (dark cross-hatched). 
The depth scale is arbitrary (copied from Kristensen, 2000) 
 
The mineralization of organic matter, that is, the biologically catalysed degradation to 

inorganic carbon and nutrients, proceeds in sediments through several different pathways 

involving different organisms. In addition to microbial processes, macrofaunal organisms 

consume organic matter and play an important role in the physical exchange of organic 

and inorganic material through the irrigation and physical reworking of surficial 
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sediments (Aller, 1988; Canuel and Martens, 1996; Kristensen and Holmer, 2001). 

Furthermore, they may create, anaerobic microniches through the deposition of fecal 

pellets potentially resulting in the occurrence of anaerobic processes such as 

denitrification and sulfate reduction in otherwise oxic surface sediments (Kristensen, 

2000 and references therein).Together these above processes control the redox chemistry 

of sediments, as well as the degree to which chemical constituents are preserved in 

sedimentary records (Canuel and Martens, 1993). 

 

Temporal variations in the delivery and degradation of organic matter (i.e. seasonal 

variations in rainfall patterns influence the delivery of terrestrial organic matter into 

receiving coastal and estuarine environments) at the SWI are probably most significant in 

coastal systems where productivity is high and water column residence times are short. A 

large percentage of the organic matter reaching the SWI is likely to be composed of 

“fresher”, more metabolisable constituents (Canuel and Martens, 1993). The rapid 

recycling of metabolisable organic matter is responsible for the return of essential 

nutrients to the overlying waters, which fuels continued primary productivity. However, 

part of the deposited organic matter escapes remineralisation and is permanently buried 

(Hedges and Keil, 1995). 

 

The chemical composition of organic matter in marine environments can be generalized 

by the following formula:  

 
(CH2O)x(NH3)y(H3PO4)z 

 
where x, y, and z may vary strongly depending on the origin and age of the material. For 

marine organic matter (e.g. phytoplankton) having the Redfield composition: x = 106, y = 

16, and z = 1 (Kristensen, 2000). 

 

Bacteria, fungi, and micro- and macrofauna are responsible for the aerobic degradation of 

organic carbon (Fenchel et al., 1998) and almost all of these have the enzymatic capacity 

to perform a total mineralization of organic substrates. Organic matter is, therefore, 
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completely metabolized by a single organism to H2O, CO2, and inorganic nutrients using 

oxygen as electron acceptor according to the following stoichiometry (Kristensen, 2000): 

 

(CH2O)x (NH3)y (H3PO4)z + xO2             xCO2 + yNH3 + zH3PO4 + xH2O            (Eq. 2.1) 
 

However, due to an efficient energy metabolism, a large fraction of the metabolized 

organic matter ends up as cell material. A unique feature of aerobic decomposition is the 

formation and consumption of reactive oxygen-containing radicals such as superoxide 

anion (.O2
-), hydrogen peroxide (H2O2), and hydroxyl radicals (.OH), which are capable 

of breaking bonds and depolymerize relatively refractory organic compounds like lignin 

(Kristensen, 2000 and reference therein). As the oxic zone in coastal sediments is usually 

limited to a thin uppermost layer, a large fraction of the organic matter is buried in a more 

or less decomposed form into anoxic layers, where anaerobic decomposition processes 

dominate (Kristensen, 2000; Faganeli and Ogrinc, 2009 reference therein).  

 

Anaerobic decomposition occurs stepwise and is accomplished by mutualistic consortia 

of bacteria because no single type of anaerobic bacterium seems capable of complete 

mineralization (Kristensen, 2000 reference therein). Initially, the large and normally 

complex polymeric organic molecules are split into water soluble monomers (amino 

acids, monosaccharides and fatty acids) by hydrolysis and fermentation (Kristensen, 2000 

reference therein), e.g. mixed propionate and acetate formation: 

 

                8(CH2O)x(NH3)y(H3PO4)z             xCH3CH2COOH + xCH3COOH +  

  3xCO2 + 3xH2 + yNH3 + zH3PO4       (Eq. 2.2) 
 

Secondly, the small organic acids are then oxidized completely to H2O and CO2 by a 

number of respiring microorganisms using a variety of inorganic compounds as electron 

acceptors. Anaerobic respiration processes typically proceed in a sequence with depth in 

the sediment according to the availability of the electron acceptors: Mn4+, NO3
-, Fe3+, 

SO4
2-, and CO2 respiration (Figure 2.2). The sequence is determined by the ability of each 

electron acceptor to receive electrons and thus the energy output per degraded organic 
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carbon atom (Fenchel et al., 1998), and the transition between acceptors in the sediment 

occurs when the most favorable is exhausted (Kristensen, 2000). 

 

Reviews discussing the fate of organic matter within marine sediments and the associated 

processes include those by Berner (1980), Kristensen (2000), Rollkötter (2000), Chester 

(2003), and Burdige (2006). 

 

2.3.3 Measuring organic matter 
 
The identification of sources and sinks of organic matter is an important step for 

understanding the dynamics of aquatic ecosystems (Yamamuro, 2000). Although 

estuaries represent only a small fraction of the world’s marine waters their high primary 

productivity and position as receivers of terrestrial organic matter gives estuaries an 

important role in the global cycling of organic carbon and nutrients. Within estuarine 

environments POM may be trapped (i.e. deposited and stored in sediments), biologically 

utilised by heterotrophic organisms, or exported to the ocean. Deposition of organic 

matter at the SWI influences SOD and nutrient regeneration in the benthic sediment, 

potentially leading to eutrophication problems (Andrews et al., 1998). Not only is the 

knowledge of organic matter storage in estuaries an important part of our understanding 

of marine carbon and nutrient budgets, but the distribution of organic matter from various 

sources also influences the availability of food sources for pelagic and benthic food webs 

and the distribution of contaminants (Currie and Johns, 1988; Canuel and Martens, 1993; 

Coffin et al., 1994; Thornton and McManus, 1994; Meziane et al., 1997; Meziane and 

Tsuchiya, 2000; Parrish et al., 2000). 

 

The elaboration of various biomarker techniques has significantly contributed to the 

quantitative analyses of organic matter flow in estuaries and beyond (e.g. Boto and Bunt, 

1981; Budge and Parrish, 1998; Lee, 2000; Meziane and Tsuchiya, 2000; Ruttenberg and 

Goñi, 1997; Meziane et al. 2006) and have become important tools for the detection of 

sources and sinks of organic matter in marine sediments (Arzayus and Canuel, 2004; 
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Colombo et al., 1996; Copeman and Parrish, 2003; Graham et al., 2001). Information 

provided by examining these markers may be used to draw conclusions about C cycling 

and the transfer of material through coastal and marine food webs. 

 

2.3.3.1 Organic matter biomarkers 

Biological markers or biomarkers are organic compounds, whose chemical structure or 

skeleton, is formed by living organisms and is sufficiently stable to be recognised in 

materials including benthic sediments and suspended particles (Parrish et al., 2000). 

Biomarkers greatly aid source identification of organic matter in marine sediments and 

include C/N ratios, stable C and N isotopes (Schwinghamer et al., 1983; Boutton, 1991; 

Thornton and McManus, 1994; Cloern et al., 2002; Usui et al., 2006), lignin oxidation 

products (Hedges and Parker, 1976; Opsahl and Benner, 1997; Goñi et al., 1998), and 

fatty acids (Wannigama et al., 1981; Meziane and Tsuchiya, 2000; Parrish et al., 2000; 

Zimmerman and Canuel, 2001; Meziane et al., 2007). Biomarkers are typically used as 

signatures of individual organisms or groups of organisms (Table 2.2) or of certain 

environmental processes (Villanueva et al., 1997; Kunzendorf and Larsen, 2002).  
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Table 2.2 Fatty acid* biomarkers and known major sources (Assignments are dominant but not exclusive to the sources indicated^, 
modified from Zimmerman and Canuel (2001)) 

 
Fatty acid/s Abbreviation Major source (reference) 

Σfatty acids (FA) ΣFA Non-specific 
Σ24:0 + 26:0 + 28:0 + 30:0 LCFA Higher plants and terrestrial organic matter input (Cranwell, 1982; 

Nichols et al., 1982; Reiley, et al., 1991) 
Σ14:0 + 16:0 + 18:0/∑24:0 + 
26:0 + 28:0 + 30:0  

SCFA/LCFA Indicative of aquatic versus terrestrial organic matter sources 
(Meyers, 1997; Jaffé et al., 2001; Waterson, 2005) 

Σ polyunsaturated FA PUFA Labile ‘fresh’ organic matter (Shaw and Johns, 1985; Carrie et al., 
1998) 

Σbranched FA BrFA General bacterial indicator (Zimmerman and Canuel, 2001) 
iso-15:0, anteiso-15:0, and 
15:0 

iso-15:0, anteiso-15:0, and 
15:0 

Sulphate-reducing (Parkes and Taylor, 1983) and gram-positive 
bacteria (Kaneda, 1991) 

C15 + C17 branched FA 15, 17Br Bacteria (Parkes and Taylor, 1983; Edlund et al., 1985; Kaneda, 
1991) 

10 methyl-C16 branched FA 10MeBr Bacteria (Parkes and Taylor, 1983; Edlund et al., 1985; Kaneda, 
1991) 

ΣC22 and ΣC20 
polyunsaturated FA 

22PUFA, 20PUFA Algae (Killops and Killops, 1993; Volkman, 1986), zooplankton 
(Lee et al., 1971), and general planktonic biomarker (Camacho-Ibar 
et al., 2003) 

ΣC18 and ΣC16 
polyunsaturated FA 

18PUFA, 16PUFA Algae, diatoms tend to have more 16PUFA relative to non-diatom 
algae 18PUFA (Volkman et al., 1989) 

ΣC18 and ΣC16 
monounsaturated FA 

18MUFA, 16MUFA Algae (Killops and Killops, 1993; Volkman, 1986), zooplankton 
(Lee et al., 1971), and bacteria (Gillan and Johns,1986) 

16:1ω7 16:1ω7 Mainly diatoms and cyanobacteria (Moreno et al., 1979; Volkman 
et al., 1989; Demott et al., 1997) 

16:1ω7/16:0 16:1ω7/16:0 Elevated ratios indicate diatoms (Copeman and Parrish, 2003) 
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Table 2.2 (continued) 
 

Fatty acid/s Abbreviation Major source (reference) 
18:2ω6 + 18:3ω3 18:2ω6 + 18:3ω3 Terrestrial biomarker (Napolitano et al., 1997; Budge and Parrish, 

1998; Copeman and Parrish, 2003) and, more specifically, as a 
marker for mangroves (Meziane and Tsuchiya, 2000; Meziane et 
al., 2006; Meziane et al., 2007)  

18:2ω6, 18:3ω3, and 18:3ω6  18:2ω6, 18:3ω3, and 18:3ω6 Green macroalgae (Meziane and Tsuchiya, 2000) 
20:5ω3  20:5ω3 Mainly diatoms (Volkman et al., 1989; Viso and Marty, 1993; 

Colombo et al., 1996; Pond et al., 1998) 
22:6ω3  22:6ω3 Mainly dinoflagellates (Nichols et al., 1984; Colombo et al., 1996; 

Budge and Parrish, 1998; Carrie et al., 1998), low levels in other 
algae (Volkman et al, 1989)  

* According to their structure, fatty acids can be named using a convenient shorthand notation of the form A:BωX, where: A 
represents the number of carbon atoms, B gives the number of double bonds, and X gives the position of the double bond closest to the 
terminal methyl group. With this naming system, all double bonds are assumed to be methylene-interrupted and of cis configuration. 
^ Compounds are predominant in, but not exclusive to, the sources listed. Algal monoculture data in Zimmerman (2000) serve as an 
additional reference for source assignments (Zimmerman and Canuel, 2001). 
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2.4 Nutrients in estuarine and coastal systems 

2.4.1 Sources of nutrients 
 
The natural source of many nutrients in estuarine environments includes coastal, riverine, 

terrestrial (e.g. the weathering of rocks, leaching of soils, and organic matter diagensis), 

and atmospheric (Fogg, 1982; Heap et al., 2001; Kennish, 2001; Tappin, 2002) inputs, 

however more recently, estuaries are receiving increasing nutrient loads from 

anthropogenic sources (Cosser, 1997; Tappin, 2002; Lohrer and Wetz, 2003; Tengberg et 

al., 2003; Galloway et al., 2004; Davidson and Seitzinger, 2006). Direct nutrient sources 

for estuarine biota include the sedimentation or capture of particles, lateral transport of 

detritus, direct uptake by benthic communities from solution, and the decomposition of 

biota (e.g. algae and macrophytes) (Malcolm and Sivyer, 1997). 

 

Fluxes of nutrients across the SWI influence available sediment and water column pools 

and water column productivity (Asmus et al., 2000; Baric et al., 2002; Qu et al., 2003). 

Therefore, considerable attention has been focused on the understanding of the internal 

cycling of nutrients, especially nitrogen cycling processes in coastal environments. The 

understanding of the cycling is essential for the suitable management of these valuable 

ecosystems (Heap et al., 2001; Eyre and Ferguson, 2002; Ryan et al., 2003), as 

eutrophication generally results from increased nitrogen inputs from anthropogenic 

sources (Rhyther and Dunstan, 1971; Alvera-Azcárate et al., 2003; Davidson and 

Seitzinger, 2006). 

 

Inorganic nutrients are distributed within sediments in various compartments including 

porewater interstitial nutrients (nutrients dissolved in the sediment porewater), 

adsorbed/exchangeable nutrients (nutrients adsorbed to the surface of sediment particles), 

and fixed nutrients (nutrients within the matrix/lattice structure of sediment grains). The 

behaviour of nutrients within estuaries involves various relationships between the nutrient 
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forms through adsorption, desorption, transport, transformation, and biological 

processing (Furnas, 1992; Kennish, 2001 and references therein).  

 

2.4.2 Nitrogen in estuarine systems 
 
The role of nitrogen as a limiting nutrient in primary production (Fogg, 1982) and 

subsequently its role in the eutrophication of coastal systems (Meyer-Reil and Köster, 

2000) has led to substantial studies and literature describing the dynamics of nitrogen 

cycling within estuarine and coastal systems. Reviews of nitrogen in aquatic systems 

include those by Fogg (1982), Blackburn and Henriksen (1983), Furnas (1992), Flindt et 

al. (1999), and Herbert (1999).  

 

The cycling of nitrogen in any aquatic ecosystem (Figure 2.3) is highly complex due to 

different chemical forms or species in the aqueous and gaseous phases, and the complex 

processes and interactions involved in biogeochemical nitrogen cycling (Herbert, 1999; 

Galloway et al., 2003). Important benthic processes in the nitrogen cycle include: 1) 

nitrogen fixation, 2) organic-N synthesis from inorganic NH4
+, nitrate (NO3

-), and 

dinitrogen gas (N2), and organic-N mineralization to NH4
+, 3) nitrification, 4) 

dissimilatory nitrate reduction, 5) anaerobic ammonium oxidation, and 6) sediment-water 

inorganic nitrogen (nitrite (NO2
-), NO3

-, NH4
+) fluxes (Nixon, and Pilson, 1983; 

Blackburn, 1993). 
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Figure 2.3 The nitrogen cycle showing the chemical forms and key processes involved in 
the biogeochemical cycling of nitrogen (modified from Herbert, 1999) 
 

2.4.2.1 Nitrogen fixation 

Nitrogen fixation is an important pathway in the nitrogen cycle, where N2 gas is 

converted to fixed nitrogen (NH3) and is subsequently incorporated into cellular material 

by specialized groups of prokaryotes which possess the enzyme nitrogenase (Qu, 2004). 

Nitrogen fixation is the main return path of nitrogen from the atmosphere to the biosphere 

(Malcolm and Sivyer, 1997; Herbert, 1999). Although nitrogen fixation occurs within the 

water column and surface sediments, and also at the interface between the water and 

either plant and/or sediment surfaces (Herbert, 1999; Qu, 2004), shallow benthic 

sediments areas are believed to be the main sites of nitrogen fixation, especially in areas 

colonised by rooted macrophytes such as saltmarsh and seagrass beds (Webb, 1981). 

Nitrogen fixation appears to be particularly important in saltmarsh, seagrass, and coral 

reef ecosystems, in comparison to unvegetated sediments where it is only a minor 

component of the nitrogen cycle (Blackburn and Sorensen, 1988). 
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2.4.2.2 Organic-N synthesis from inorganic NH4
+, NO3

- and N2, and organic- N 
mineralization to NH4

+ 

Benthic metabolism potentially influences nitrogen cycling through the uptake of 

nitrogen during the formation of organic matter by autotrophic organisms and the 

regeneration of nitrogen during respiratory destruction of organic material (Qu, 2004). 

The processes of benthic primary production and respiration can be described using the 

following equation described by Qu (2004) (reference therein): 

 

)(16106106 2
4422 energymetalstraceHPONHOHCO    

  2431631062 10614)()( COHPOHNHOCH                       (Eq. 2.3) 

 
The above equation is a representation of a simplified Redfield model described by Qu 

(2004). The model is based on the assumption that NH4
+ is the source of nitrogen for 

assimilation and organic matter consists of only carbohydrates (CH2O). The (C:N:P) 

stoichiometry shown in the equation represents a value based on the average contents of 

phytoplankton cells of many samples. However, significant variations in these elemental 

ratios may occur within individual samples as a result of nutrient fluctuations (Qu, 2004 

and reference therein). Organically-bound nitrogen is produced from the temporary 

uptake, regeneration, and release of nitrogen by marine organisms (Qu et al., 2004 and 

reference therein).  

 

In shallow coastal marine environments benthic nutrient regeneration and metabolism are 

regulated by the quantity and quality of the organic matter supplied to the sediment. The 

quality of the deposited organic matter (i.e. whether it is labile or highly refractory) 

controls the rate at which the organic matter is mineralized, which is dependent upon the 

origin of the organic matter (Herbert, 1999 and references therein). All living matter 

contains nitrogenous macromolecules and low molecular mass compounds (Herbert, 

1999) which become available to decomposer organisms following death of the living 

cells. The release of NH4
+ from nitrogenous matter is termed ammonification.  

Primary production 

       Respiration 
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Benthic N-regeneration contributes significantly to primary productivity, particularly in 

shallow water systems (<50 m) (Blackburn and Sorensen, 1988; Herbert, 1999), where 

benthic recycling may account for between 20 to 80% of the nitrogen requirements of the 

phytoplankton (Herbert, 1999 references therein). Klump and Martens (1983) suggest 

that nitrogen regenerated from remineralized organic matter is probably the most 

important mode of benthic recycling in shallow coastal environments. However, not all 

the NH4
+ produced is available to the primary producers. A proportion, varying upon the 

physico-chemical characteristics of the sediment, may be oxidised to NO3
- in the surficial 

oxic zone. This process of NH4
+ oxidation, is termed nitrification (see following sub-

section (2.4.2.3)). Nitrification provides a link between the reduced and oxidised sides of 

the nitrogen cycle and is therefore of fundamental importance in all ecosystems (Herbert 

et al., 1999). 

 

See review by Herbert (1999) for further details relating to the mineralization of nitrogen, 

related reactions, microorganisms, and reported ammonification rates within coastal 

sediments. 

 

2.4.2.3 Nitrification 

Nitrification or ammonium oxidation is an aerobic process involving the sequential 

oxidation of NH4
+ to NO3

-, where the NH4
+ is produced from organic nitrogen by 

obligatory aerobic, autotrophic, NH4
+- and NO2

--oxidising bacteria (Fogg, 1982; Burdige 

and Zheng, 1998; Herbert, 1999). The energy derived from the oxidation of NH4
+ to NO3

- 

is used by chemoautotrophic bacteria to fix inorganic carbon (Thornton et al., 2007).  

 

Nitrification is a two-step respiratory process occurring in the sediment (benthic 

nitrification) or water column (pelagic nitrification) in which bacteria, primarily but not 

strictly, Nitrosomonas spp. and Nitrobacter spp. (Eq. 2.2 and 2.3, respectively), oxidise 

NH4
+ to NO2

- and NO2
- to NO3

-. 
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  HOHNOONH 25.1 2224                       (Eq. 2.4) 

  322 5.0 NOONO                                         (Eq. 2.5) 

 

During nitrification NH3 is converted (most frequently) by Nitrosomonas spp. to NO2
-, 

which is further oxidised (most frequently) by Nitrobacter spp. to NO3
- (Gürel et al., 

2004; Qu, 2004). The process may also include other genera, Nitrosococcus, Nitrosospira 

and Nitrospina, and subgenera, Nitrosolobus and Nitrosovibrio (Watson et al. 1981). 

Nitrifying bacteria and archaea are the only organisms known to oxidise ammonium 

(Fenchel et al., 1998; Ward, 2000; Wuchter et al., 2006). Herbert (1999) provides details 

relating to the classification of nitrifying bacteria. 

 

Nitrification exerts an important influence on marine primary productivity as it changes 

the form of nitrogen released during the decomposition of organic matter, competes with 

heterotrophic bacteria for dissolved oxygen supplies, and shunts nitrogen to the 

denitrification pathway (Henriksen and Kemp, 1988; Berounsky and Nixon, 1990; 

Herbert, 1999). 

 

This process is a key step in the nitrogen cycle, as coupling of nitrification with 

denitrification leads to the elimination of fixed nitrogen from the system as gaseous 

products (see Henriksen and Kemp (1988) and Herbert (1999) for reviews), therefore 

coupled nitrification-denitrification could potentially amend the impacts of anthropogenic 

nitrogen loads (Seitzinger, 1988). Examples of nitrification rates in marine sediments are 

shown in Table 2.3. 
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Table 2.3 Nitrification rates (µmol N m-2 h-1) measured in light and/or dark conditions using different methodological approaches in 
varying marine sediments 

 
Study region Sediment 

character 
Methodological 

approach 
Light/dark 
conditions 

Nitrification 
rate 

Reference 

Mid-Atlantic Bight Mixed sandy  Calculated indirectly Light and 
dark 

~25 - 110 Laursen and Seitzinger, 
2002 

Hog Island Bay (USA) – Calculated indirectly Light and 
dark 

63.8 - 267 Anderson et al., 2003 

Porcupine Abyssal Plain 
(NE Atlantic) 

– Calculated indirectly Dark 1.54 - 4.29 Brunnegård et al., 2004 

South San Francisco Bay 
(USA) 

– Nitrification inhibitors 
(acetylene and methyl 
fluoride) 

Dark 4.17 - 129 Caffrey and Miller, 1995 

Newport River Estuary 
(USA) 

Mixed sand, 
fine silt, and 
clay 

Nitrification inhibitor 
(2-chloro-6 
(trichloromethyl) 
pyridine) 

Dark 0.00 - 29.2 Thompson et al., 1995 

Hiroshima Bay (Japan) Silt 
dominated 

Nitrification inhibitor 
(acetylene) 

–     0.00 - 299 Kim et al., 1997 

Marennes-Oléron Bay 
(France) 

– Nitrification inhibitor 
(acetylene) 

Dark 8.75 - 52.9 Laima et al., 1999 

Concepción Bay (Chile) Very fine silt 
and clay 

Nitrification inhibitor 
(sodium chlorate) 

Dark 7.92 - 123 Farías et al., 2004 

Königshafen, Island of Sylt 
(Germany) 

Coarse sand, 
fine sand, and 
muddy sand  

Isotope pairing Dark 1.0 - 28 Jensen et al., 1996 

Tama Estuary (Japan) 
 

Fine sand and 
mud 

Isotope pairing Dark 246 - 716 Usui et al., 2001 
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Table 2.3 (continued) 
 

Study region Sediment 
character 

Methodological 
approach 

Light/dark 
conditions 

Nitrification rate Reference 

Gulf of Mexico (Mexico) – Nitrification inhibitor 
(acetylene) 

– 0.00 -  520 Valdes and Real, 2004 

Logan River (Australia) – Microsensor (N2O) –   37 - 1031 Meyer et al., 2008 
Lagoon of Venice (Italy) Clay Isotope dilution 

Isotope pairing 
Dark        15 - 36 Eriksson et al., 2003 

Thau Lagoon (France) – Calculated indirectly – 5.8 Chapelle, 1995 
Limfjorden (Denmark) 
 

Sandy N-serve technique 
Acetylene inhibition 

–   8 - 250 
   33 - 167 

Caffrey et al., 1993 

Norsminde Fjord estuary 
(Denmark) 

– Calculated indirectly Dark     <0.00 - 180 Binnerup et al., 1992 

Southern Moreton Bay 
(Australia) 

Sandy Calculated indirectly Dark 54 - 88 Jordan et al., 2009 

Galveston Bay (USA) Mixed fine 
sand, sandy 
mud, and mud 

Calculated indirectly Dark 0.0 - 87 Zimmerman and 
Benner, 1994 
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2.4.2.4 Dissimilatory nitrate reduction 

As an alternative to oxygen, many bacteria within aquatic environments can use NO3
- as 

the electron acceptor for respiration (Bonin, 1996). Two alternate pathways of 

dissimilatory nitrate reduction can be distinguished depending on the end products. 

Firstly, NO3
- can be reduced to gaseous products (N2O or N2) during denitrification 

(where all reduction processes are respiratory) constituting a net loss of N for the 

ecosystem (Risgaard-Petersen et al., 1994; Bonin, 1996; Heggie et al., 1999; Wang et al., 

2007). Secondly, NO3
- can be converted into NH4

+ in a dissimilatory process called 

“nitrate ammonification” or “dissimilatory reduction of nitrate to ammonium” (DNRA) 

(Brunet and Garcia-Gil, 1996; Bonin et al., 1998; Tobias et al., 2001; Welsh, 2003). Only 

the first step in DNRA is respiratory, which has implications for the associated carbon 

mineralization (Seitzinger, 1994; Christensen et al., 2000).  

 

Denitrification and coupled nitrification-denitrification 

Denitrification is the bacterially mediated reduction of NO3
- to N2O and N2, carried out 

by facultative anaerobic bacteria (Herbert, 1999):  

 

2223 NONNONONO                              (Eq. 2.6) 

 
Denitrification is sometimes referred to as 'dissimilatory' nitrate reduction because it 

occurs in association with the dissimilation (decomposition) of organic matter. In 

addition to organic matter, reduced inorganic compounds (i.e. iron (Fe2+) and hydrogen 

sulphide (H2S)) may also serve as electron donors (Korom, 1992; Brunet and Garcia-Gil, 

1996). Sources of NO3
- for denitrification include NO3

- diffusing from the water column 

(Dw), and NO3
- produced through the oxidation of ammonium to NO3

- by nitrifying 

bacteria (coupled nitrification-denitrification, Dn) (Seitzinger et al., 1993). 
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In contrast to nitrification, denitrification is an anaerobic process primarily restricted to 

anoxic waters and anoxic portions of sediments immediately below the oxic zone 

interface. Although nitrification and denitrification are spatially separated, the two 

processes are often coupled as NO3
- generated through nitrification diffuses downwards 

in the sediment, where it is used as a terminal electron acceptor by denitrifying bacteria 

(Rysgaard et al., 1994; Dong et al., 2000). 

 

Examples of denitrification rates in marine sediments from different localities worldwide 

are shown in Table 2.4. Nitrification and denitrification have been the focus for much 

research (see Tables 2.3 and 2.4) not only because they are key nitrogen transformation 

processes but also because denitrification provides the most important route for the 

removal of nitrogen from ecosystems. Denitrification removes biologically available N 

from benthic sediments and anoxic waters to the atmospheric pool in the form of N2 and 

to a lesser extent N2O (an important greenhouse gas, Wang et al., 1976; Lashof and 

Ahuja, 1990; Barnes and Owens, 1998) potentially counteracting eutrophication 

(Seitzinger and Nixon, 1985; Seitzinger, 1988; Barnes and Owens, 1998; Nedwell and 

Trimmer, 1996). The global denitrification rate in coastal and continental shelf sediments 

conservatively accounts for one-third of all nitrogen losses in the form of N2 from the 

world’s oceans (Christensen et al., 1996, references therein).  
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Table 2.4 Denitrification rates (µmol N m-2 h-1) measured in light and/or dark conditions using different methodological approaches in 
varying marine sediments 

 
Study region Sediment 

character 
Methodological 

approach 
Light/dark 
conditions 

Denitrification 
rate 

Reference 

Gulf of Finland (Baltic Sea) – Calculated indirectly –    6.6 - 11.5 Conley et al., 1997 
Hog Island Bay (USA) – Calculated indirectly Light and 

dark 
78.3 - 267 Anderson et al., 2003 

Porcupine Abyssal Plain 
(NE Atlantic) 

– Calculated indirectly Dark 0.08 - 0.56 Brunnegård et al., 2004 

Ago Bay (Japan) Sandy and 
muddy  

Calculated indirectly Dark 2.0 - 20 Patel, 2008 

Hinchinbrook Channel 
(Australia) 

Mixed silt, 
clay, and sand 

N2-gas flux Light and 
dark 

     0 - 605 Alongi et al., 1999 

Jiulongjiang Estuary 
(China) 

Silt and clay 
dominated  

N2-gas flux Dark 46.1 - 157 Alongi et al., 2005 

Mid-Atlantic Bight (USA) Mixed sandy  N2/Ar ratios Light and 
dark 

62.5 - 227 Laursen and Seitzinger 
2002 

Bremer River (Australia) – N2/Ar ratios Dark 67.0 - 201 Cook et al., 2004 
Humber Estuary (UK) Fine mud and 

silt and silty 
sand 

Acetylene block  Dark 50.0 - 417 Barnes and Owens, 1998 

Yangtze Estuary (China) Silt and clay 
dominated  

Acetylene block  Light and 
dark 

18.7 - 35.9 Wang et al., 2007 

Gulf of Finland (Baltic Sea) Clay Isotope pairing Dark 10.0 - 300 Tuominen et al., 1999 
Sacca di Goro (Italy) Silt and fine 

mud 
Isotope pairing Dark    ~50.0 - 490 Bartoli et al., 2000 
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Table 2.4 (continued) 

Study region Sediment 
character 

Methodological 
approach 

Light/dark 
conditions 

Denitrification 
rate 

Reference 

Tama Estuary (Japan) Fine sand and 
mud 

Isotope pairing 
 

Dark     214 - 1260 Usui et al., 2001 

Lagoon of Venice (Italy) Clay Isotope pairing Dark   ~143 - 286 Eriksson et al., 2003 
St. Lawrence Estuary/Gulf 
system (Canada) 

– Isotope pairing Dark      1.8 - 3.3 Wang et al., 2003a 

Concepción Bay (Chile) Very fine silt 
and clay 

Isotope pairing Dark    24.2 - 121 Farías et al., 2004 

Jennycliff Bay (England) Sandy mud Isotope pairing Dark    ~5.0 - 45 Howe et al., 2004 
NW Baltic Proper  
(Baltic Sea) 

Mixed sand 
and mud 

Isotope pairing Dark    ~3.5 - 4.8 Karlson et al., 2007 

Sacci di Goro (Italy) Silt and fine 
mud 

Isotope pairing 
 
Isotope pairing 
Isotope pairing 

Dark 
 
Dark 
Dark 

    207 - 620 Nizzoli et al., 2007 
 
Nizzoli et al., 2007 
Nizzoli et al., 2007 

Tagus Estuary (Portugal) Fine mud     27.9 - 48.1 
Tjärnö Bay (Sweden) Silt and fine 

mud 
    29.5 - 44.0 

St. Lawrence Estuary 
(Canada) 

Very fine to 
fine sand 

Isotope pairing Dark     5.70 - 42.2 Poulin et al., 2007 
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Rates and regulatory mechanisms of denitrification are of increasing interest due to 

severe eutrophication problems caused by anthropogenic inputs of combined nitrogen 

within many of the world’s aquatic systems. Therefore, it is important to gain an 

understanding of both temporal (short term and long term) and spatial variations of 

denitrification, including the complex regulatory mechanisms, to allow accurate 

predictions of the role of denitrification in marine systems (Kristensen et al., 1997; Piña-

Ochoa and Álvarez-Cobelas, 2006; Seitzinger et al., 2006). 

 

Nitrate ammonification (dissimilatory nitrate reduction to ammonium (DNRA)) 

Nitrate ammonification involves the conversion of NO3
- to NH4

+ (Bonin, 1996) by 

heterotrophic bacteria and unlike denitrification (and anaerobic ammonium oxidation), it 

does not lead to a large loss of bioavailable nitrogen from the ecosystem to the 

atmosphere (Bonin, 1996), but rather recycles nitrogen as NH4
+ which can be directly 

assimilated by microorganisms without the requirement of assimililatory NO3
- or NO2

- 

reductase enzymes (Bonin, 1996; Thronton et al., 2007).  

 

Denitrification is widely accepted as the dominant process of NO3
- reduction in most 

shallow marine sediments (Gönenç and Wolflin, 2004) and DNRA is often overlooked as 

a significant process in coastal sediments. However, it has been observed to contribute up 

to 100% of the determined total nitrate reduction rates within coastal systems (Bonin et 

al., 1998). Furthermore, it has been suggested that DNRA maybe the major NO3
- 

reduction pathway in systems characterised by NO3
- poor waters (Smith, 1982; King and 

Nedwell, 1985). DNRA is usually considered to occur mainly in organically enriched 

environments, such as fish farm sediments (Hattori, 1983; Christensen et al., 2000). 

Additionally, Karlson et al. (2005) observed that DNRA represented a major pathway of 

NO3
- removal in laboratory incubations with reduced Baltic Sea sediments. 

 

DNRA represents an internal shunt in the nitrogen cycle favoring nitrogen retention 

within the system by recycling NO3
- that might otherwise be denitrified (Welsh, 2003). 

The conservation of nitrogen by DNRA within marine systems has the potential to 
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increase nutrient enrichment (Koike and Hattori, 1978; Sørensen, 1978). Thus, depending 

on the relative importance of denitrification or DNRA, dissimilatory nitrate reduction 

either transforms nitrogen to gaseous (N2 or N2O) or reduced (NH4
+) forms, resulting in 

nitrogen being either removed from or retained within the system. 

 

2.4.2.5 Anaerobic ammonium oxidation 

Anaerobic ammonium oxidation (Anammox) is the biological process where NO2
- and 

NH4
+ are converted directly into N2 gas under anaerobic conditions (Mulder et al., 1995; 

Laursen and Seitzinger, 2004): 

 

OHNNONH 2224 2                                      (Eq. 2.7) 

 
This process accounts for up to 60% of the N2 gas produced in some marine sediments 

(Laursen and Seitzinger, 2004 and references therein), significantly contributing to the 

the global loss of fixed nitrogen. It is thus a major sink for fixed nitrogen and so limits 

primary productivity. Laursen and Seitzinger (2004) suggest that current knowledge of 

anammox indicates that this process may be of limited importance in estuarine systems.  

 

The bacteria that catalyse the anammox process belong to the bacterial phylum 

planctomycetes (Kuenen and Jetten, 2001; Schmid et al., 2005; Woebken et al., 2008). 

The detailed biochemistry of this process is still under investigation in laboratory 

experiments and wastewater treatment plants (Vymazal, 2007 references therein).  

 

2.4.2.6 Sediment-water interface fluxes of inorganic nitrogen (NO2
-, NO3

-, NOx, and 
NH4

+) 

The exchange of nitrogen across the SWI is an important process in the nitrogen cycle of 

aquatic environments (e.g. Mortimer et al., 1998; Thornton et al., 1999, 2007; Sundbäck 

et al., 2000). This exchange is potentially important in controlling the trophic status of 
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aquatic systems, as nutrient supply from the sediments can provide a significant fraction 

of the nutrient requirements of primary producers in the overlying water especially in 

shallow estuarine and coastal marine systems (Callender and Hammond, 1982; 

Hopkinson and Wetzel, 1982; Ingall and Jahnke, 1997).  

 

The complex chain of bacterial processes involved in the microbial degradation of 

organic detritus within benthic sediments regenerates nutrients influencing nutrient fluxes 

across the SWI (Mortimer et al., 1998). A number of physico-chemical and biological 

factors, and processes influence nutrient fluxes across the SWI within marine systems. 

These factors and processes also vary spatially and temporally, making accurate flux 

determinations difficult. Examples of measured nitrogen flux values include Charpy-

Roubaud et al. (1996), Asmus et al. (1998), Mortimer et al. (1998, 1999), Clavero et al. 

(2000), Eyre and Ferguson (2002), Berelson et al. (2003), Hammond et al. (2004), 

Sakamaki et al. (2006), Thornton et al. (2007), Burford et al. (2008), Engelsen et al. 

(2008), and Wen et al. (2008). 

 

2.4.3 Regulatory factors of nitrogen cycling in shallow marine sediments 
 
A number of physico-chemical and biological factors have been shown to be important in 

regulating ammonification, sedimentary vertical nutrient concentration profiles, NO3
- 

reduction pathways, and nutrient exchanges across the SWI. Such factors may vary on 

spatial and temporal scales and, as such, studies frequently report spatial and seasonal 

variations in estuarine and coastal nutrient fluxes and NO3
- reduction rates in response to 

influential variables (e.g. Hargrave et al., 1993; Kristensen, 1993; Mortimer et al., 1998; 

Berelson et al., 2003; Grenz et al., 2003; Jahnke et al., 2003; Wilson and Brennan, 2004; 

Thornton et al., 2007). 

 

Influential physical factors affecting nitrogen cycling within shallow marine systems 

include hydrodynamic conditions (Vidal and Morguí, 1995; Asmus et al., 1998; Oldham 

and Lavery, 1999; Sakamaki et al., 2006), sediment grain size and condition (Blackburn 
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and Henriksen, 1983; Jensen et al., 1990; Enoksson, 1993; Van Raaphorst et al., 1992; 

Kristensen, 1993; Herbert, 1999), temperature (Klump and Martens, 1989; Forja et al., 

1994; Rysgaard et al., 1995; Sundbäck et al., 2000), and light availability (Herbert, 1999). 

 

Chemical factors, which impact the cycling of nitrogen within shallow marine systems 

include variation and change in nutrient concentrations in the overlying water (Asmus, 

1986; Kristensen, 1993; Magalhães et al., 2002), salinity (Herbert, 1999; Rysgaard et al., 

1999; Magalhães et al., 2005), pH (Herbert, 1999), and trace metal availability (Herbert, 

1999; Magalhães et al., 2007 ). 

 

Reported biological factors, which greatly modify nutrient cycling within shallow marine 

systems include organic matter loading (Kelly et al., 1985), mineralization of organic 

nutrients (Reay et al., 1995; Yin and Harrison, 2000), associated O2 production and 

uptake, and nutrient assimilation by benthic microalgae and rooted plants (Sundbäck and 

Graneli, 1988; Reay et al., 1995; Viaroli et al., 1997; Herbert, 1999), and nitrification and 

denitrification rates, which influence SWI nutrient fluxes (Kemp et al., 1990; Risgaard-

Petersen et al., 1994). Various macrofaunal activities, including bioturbation, 

bioirrigation, excretion, and respiration have also been proposed as significant influences 

on nutrient cycling within shallow marine systems (e.g. Clavero et al., 1992; Pelegrí and 

Blackburn 1995; Tuominen et al., 1999; Papaspyrou et al., 2004, 2007; Webb and Eyre, 

2004a, 2004b; Michaud et al., 2006) by stimulating nutrient fluxes and nitrification 

and/or coupled nitrification-denitrification by increasing the area of oxic-anoxic 

interfaces in the sediment (Table 2.5). 
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Table 2.5 Investigations regarding the effects of bioturbating infauna on sediment metabolism, nutrient fluxes, and nutrient cycling 
processes using different methodological approaches in marine sediments 

 
Methodological approach  Benthic infauna 

(additional material) 
Approx. 
density 

(ind. m-2) 

Effect 
(↑ represents increase and ↓ 

represents decrease of flux/process) 

Reference 

Microcosm (13 cm length (l) × 3.4 
cm internal diameter (i.d.)) 
Homogenised sediments 

Corophium volutatorDF 0, 6600, 
19800 

↑ O2 flux; 
↑ Denitrification (Dn and Dw); 
↑ NO3

- ammonification 

Pelegrí et al., 
1994 

Microcosm (30 cm l × 7.4 cm i.d.) 
Homogenised sediments 

Corophium volutatorDF 0, 3000, 
6000 

↑ O2 and NO3
- flux; ↑ CO2 efflux;  

↓ NH4
+ flux; 

↑ Denitrification (natural and 
potential); 
↑ Nitrification 

Pelegrí and 
Blackburn, 
1994 

Microcosm (25 cm l × 4.4 cm i.d.) 
Homogenised sediments 
 

Chironomus 
plumosusFF  

1970 ↑ O2, NH4
+ flux; 

↑ Denitrification (Dw), no discernable 
effect on Dn 

Svensson, 1997 

Microcosm (25 cm l × 8 cm i.d.) 
Homogenised sediments 

Nereis diversicolorFF 
(algal detritus) 

1200 ↑ TCO2 and NH4
+ efflux Hansen and 

Kristensen, 
1998 

Microcosm  
(20 cm l × 12 cm w × 15 cm h) 
Homogenised sediments 

Neocallichirus 
limosusDF 
Biffarius arenosusDF 
Echinocardium 
cordatumDF 

10 
 

10 
20 

↑ D2O, Ra isotope flux (in sandy 
sediments only) 

Bird et al., 1999 
 
 

Microcosm (40 cm l × 8 cm i.d.) 
Homogenised sediments 

Nereis succineaDF 0, 1600, 
3200 

↑ O2, NH4
+, and NO3

- efflux; 
↑ Denitrification  

Nizzoli and 
Welsh, 1999 

Microcosm (35 cm l × 8 cm i.d.) 
Homogenised sediments 

Nereis diversicolorFF 600 ↑ O2 flux; ↑ CO2 efflux Banta et al., 
1999 Arenicola marinaDF 600 

Microcosm (25 cm l × 10 cm i.d.) 
Homogenised sediments 

Monoporeia affinisDF 
(algae detritus) 

1500 ↑ O2 flux; ↑ NH4
+ efflux; 

↑ Denitrification (Dn) 
Tuominen et al., 
1999 



Chapter 2 

 44

Table 2.5 (continued) 
 

Methodological approach  Benthic infauna 
(additional material) 

Approx. 
density 

(ind. m-2) 

Effect 
(↑ represents increase and ↓ 

represents decrease of flux/process) 

Reference 

Microcosm (40cm l × 8 cm i.d.) 
Homogenised sediments 

Nereis succineaDF 
 

0, 1600, 
3200 

↑ NH4
+ efflux; ↑ NO3

- flux; 
↑ Denitrifcation (Dw and Dtotal), no 
discernable effect on Dn 

Bartoli et al., 
2000 

Microcosms (7 cm l × 2.6 cm i.d.) 
Homogenised sediments 

Ceratonereis 
aequisetisFF 

940 ↑ Potential dentification De Roach et al., 
2002 

Microcosm (33 cm l × 8 cm i.d.) 
Homogenised sediments 

Pestarella tyrrhenaDF 
(seagrass and algal 
detritus) 

200 ↑ O2 flux; ↑ TCO2 and NH4
+ efflux; 

↓ NO3
- flux 

Papaspyrou 
et al., 2004 

Microcosm (16 cm l × 14 cm i.d.) 
Homogenised sediments 

Marenzelleria sppDF 0, 325, 
1950 

↑ NH4
+, PO4

3- efflux 
 

Hietanen et al., 
2007 

Microcosm (28 cm l × 10 cm i.d.) 
Homogenised sediments 

Cerastoderma eduleFF 
Corophium volutatorDF 

Nereis diversicolorFF 
Mixed spp. 

250 
5100 
640 

↑ O2 flux; ↑ NH4
+, NO3

-, and PO4
3- 

efflux 
Mermillod-
Blondin et al., 
2005 

Microcosm (17 cm l × 10 cm i.d.) 
Homogenised sediments 

Macoma balthicaDF 3050 ↑ NH4
+ and NO3

- efflux Michaud et al., 
2006 Mya arenariaFF 760 ↑ NH4

+ efflux; ↑ NO3
-flux 

Nereis virensDF 1530 ↑ NH4
+ and PO4

3- efflux; ↑ NO3
- flux 

Microcosms (10 cm i.d.) 
Homogenised sediments 

Monoporeia affinisDF 
(algae detritus) 

1300, 
2500, 
6400 

↑ O2, flux; ↑ NO3
- and NH4

+efflux; 
↑ Denitrification (Dw), no discernable 
effects on Dn and Dtotal  

Karlson et al., 
2007 

Microcosms (33 cm l × 8 cm i.d.) 
Homogenised sediments 

Arenicola marinaDF 
(seagrass detritus) 

200 ↑ O2 and NO3
- flux; ↑ TCO2 efflux Papaspyrou et 

al., 2007 
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Table 2.5 (continued) 

Methodological approach  Benthic infauna  
(additional material) 

Approx. 
density 

(ind. m-2) 

Effect 
(↑ represents increase and ↓ 

represents decrease of flux/process) 

Reference 

Microcosm (13cm l × 3.4 cm i.d.)  
Intact sediment cores 

Nereis sp.DF/FF 
Mya arenariaFF 

Cerastoderma sp.FF 

2000 
1100 
1100 

↑ O2 flux; ↑ Denitrification 
No discernable effects 
No discernable effects 

Pelegrí and 
Blackburn, 
1995 

Microcosm (30cm l × 5.2 cm i.d.)  
Intact sediment cores 

Corophium spp.DF 500 to 
9000 

↑ O2 flux; 
↑ Denitrification (Dn and Dw) 

Rysgaard et al. 
1995 

Microcosm (20 cm i.d.) 
Intact sediment cores 

Nereis diversicolorFF 0 to 13000 ↓ Silicate, PO4
3- efflux; ↑ NO3

- flux;  
↑ NH4

+ efflux 
Mortimer et al., 
1999 
 Macoma balthicaDF 1000 to 

3200 
↑ NH4

+ and NO3
- efflux 

Corophium volutatorDF 0 to 45100 No discernable effects 
Mesocosm (40 cm l × 30 cm i.d.) 
Intact sediment cores 

Callianassa 
subterraneanDF 

110 No discernable effects Howe et al., 
2004 

Upogebia deltauraFF 85 ↑ Denitrification (Dn and Dtotal) 
Microcosm (30cm l × 8 cm i.d.)  
Intact sediment cores 

Nereis spp.FF 
 

800 to 
4000 

↑ O2 flux; ↑ NO3
- flux; ↑ NH4

+ and 
SiO2 efflux; ↑ soluble reactive 
phosphorus efflux and flux; 
↑ Denitrification 

Nizzoli et al., 
2007 

In situ micocosm 
(30 cm l × 30 cm w × 35 cm h) 

Arenicola marinaDF 
(seagrass detritus) 

In situ 
densities 

No discernable effects on O2 and CO2 
fluxes; ↑ NO3

- flux; ↑ NH4
+ efflux;  

Papaspyrou 
et al., 2007 

In situ microcosm 
(27 cm l × 11 cm i.d.) 

Mixed in situ natural 
spp. 

2580 to 
3160 

↑ Denitrification (natural and 
potential) 

Gilbert et al., 
1998 

In situ microcosm 
(29 cm l× 29 cm w× 20 cm h) 

Trypaea australiensisDF 
 

In situ 
densities 

↑ O2 and NOx flux; ↓ NH4
+ efflux; 

↑ Denitrification 
Webb and Eyre, 
2004 

where: DF represents surface and/or sub-surface deposit-feeder, FF represents filter feeder, ind. m-2 represents individuals per square 
metre, l represents length, and i.d. represents internal diameter. 
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Particle reworking and bioirrigation activities of benthic meio- and macrofauna 

reportedly have a profound influence on sedimentary geochemistry and microbiology. 

Bioturbation may enhance microbial growth rates by creating substrate-rich environments 

in addition to the accumulation and removal of nutrients and metabolites (Hargrave, 

1970; Yingst and Rhoads, 1980). Particle reworking results in the transport of newly 

deposited and easily degradable organic matter to depth, thereby increasing the depth 

interval over which rapid decomposition activities are encountered (Aller and Yingst, 

1980). The bioturbation induced transfer of reduced substances to surface sediments 

increases the oxidation of these compounds (Fenchel and Reidl, 1970; Rhoads, 1974). In 

addition, burrowing, and grazing activities expose new surfaces for microbial 

colonization (Rhoads et al., 1978; Welsh et al., 2003). 

 

2.4.4 Methodological approaches for the determination of nitrate 
reduction 
 
Various methodological approaches have been developed to estimate NO3

- reduction 

rates in marine sediments. Such approaches include mass balance methods, which 

estimate denitrification rates as the difference between N-inputs and outputs (Seitzinger, 

1987; Nielsen et al., 1995), N2 production measurements (Tomaszek and Czerwieniec, 

2000), porewater profile diagenetic models (Jahnke et al., 1982), N2:Ar ratio analysis 

(Eyre and Ferguson, 2002; Webb and Eyre, 2004a), indirect methods supported by NO3
- 

from the water column (Conley et al., 1997), the acetylene inhibition technique (Chan 

and Knowles, 1979; Lohse et al., 1993; Welsh et al., 2001), delta-N technique 

(Christensen et al., 1996), 15N isotope pairing method (Nielsen, 1992; Welsh et al., 2000, 

2001; Eriksson et al., 2003), and microelectrode methods using either acetylene inhibition 

in conjunction with O2/N2O microelectrodes or by calculating denitrification rates from 

nitrate profiles measured using a nitrate micro-sensor (Binnerup et al., 1992; Larsen et 

al., 1996). 
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Although there are a number of methodological approaches available, each is based on 

different assumptions and are characterised by potential limitations, therefore care must 

be taken when comparing denitrification rates obtained using different techniques. 

Discussions regarding the use of the various methods can be found in Knowles (1990), 

Koike and Sørensen (1988), Cornwell et al. (1999), Herbert (1999), and Qu (2004). 

 

2.4.5 Methodological approaches for the determination of nutrient 
fluxes at the sediment-water interface 
 
The ecological importance of nutrient fluxes across the SWI has lead to numerous studies 

investigating transport rates and regulatory processes. Estimations of solute fluxes across 

the SWI cannot be based solely on passive and diffusional flux measurements, but must 

attempt to incorporate the active exchange arising from burrow irrigation, effects of tidal 

‘pumping’ (arising from the drainage of sediment porewaters at low tide and their 

recharge at high tide), and the effect of uptake by algae and plant (or macrophyte) 

communities at the surface of the sediment (e.g. Kristensen, 1993; Thornton et al., 1999; 

Eyre and Ferguson, 2002; Webb and Eyre, 2004a; Michaud et al., 2006; Sakamaki et al., 

2006).  

 

Many techniques have been developed to measure fluxes at particular spatial scales, 

emphasizing dominant processes (e.g. Grenz et al., 2000; Cermelj et al., 1997; Asmus et 

al., 1998; Mozeto et al., 2001; Webb and Eyre, 2004a). Such methodological approaches 

include water dynamics modelling (e.g. Berelson et al., 1987), porewater profiling and 

modelling (e.g. Cermelj et al., 1997; Spagnoli and Bergamini, 1997; Falcão and Vale, 

1998; Mortimer et al., 1998; Mozeto et al., 2001; Wilson and Brennan, 2004), in situ 

measurements utilising benthic chambers or bell jars (e.g. Hammond et al., 1985, 2004; 

Berelson et al., 1986, 1996; Tengberg et al., 2003, 2004; Webb and Eyre, 2004a; 

Sakamaki et al., 2006; Papaspyrou et al., 2007), and micro- and mesocosm studies where 

intact sediment cores or homogenised sediments are collected from the study location, 

transported back to a laboratory and incubated under in situ conditions (e.g. Mortimer et 
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al., 1999; Tuominen et al., 1999; Eyre and Ferguson, 2002; Papaspyrou et al., 2004, 

2007; Michaud et al., 2006; Nizzoli et al., 2007). 

 

Each method is characterised by its own limitations and advantages, therefore some 

methods may not be suitable for all experimental objectives or environments. Hammond 

et al. (1985) suggests that confidence in estimates of benthic fluxes can be improved with 

the implementation of two or more methods, which yield similar results in a given 

system. 

 

2.4.6 Phosphorus in estuarine systems 
 
Phosphorus potentially plays a significant role in eutrophication processes of aquatic 

environments (Zhou et al., 2001; Wang et al., 2003b), and similar to N, the importance of 

phosphorus in relation to its role in eutrophication has led to numerous studies 

investigating the dynamics and cycling of P within both freshwater and marine systems. 

Reviews of P recycling in marine systems include those by Benitez-Nelson (2000), Heap 

et al. (2001), Wang et al. (2003b), and Lillebø et al. (2004). 

 

The source, distribution, transport, and fate of P within marine environments is multi-

faceted as a result of the complexity and interconversions of P species. Phosphorus may 

accumulate in sediments (during heavy loading periods), however, unlike N compounds, 

a considerable amount of P is bound more or less permanently within the sediment, while 

a smaller fraction is found dissolved in sediment porewaters (Ærtebjerg et al., 2003). 

Through desorption, dissolution, and the decomposition of organic matter, P is released 

into overlying waters, whereas adsorption, authigenic precipitation, and biotic uptake 

remove dissolved P from the porewater and/or water column (Fox et al., 1985, 1986; Fox, 

1989; Lebo, 1991). 
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Phosphorus sorption at the SWI is an important process that affects P transport, 

bioavailability, and concentrations in the overlying water, and as a result this process has 

been widely investigated (Bengt, et al., 1988; Tang, 2000). Phosphorus is released from 

benthic sediments into overlying waters as dissolved organic P or inorganic phosphate 

(PO4
3-) (Ærtebjerg et al., 2003):  

 

OHPONHCO 2
3

442 10616106  
 

                                    2
3

41641062 53 OPONHOCH                                             (Eq. 2.8) 

 

Examples of measured P flux values include Berelson et al. (1998), Falcão and Vale 

(1998), Mortimer et al. (1998), Berelson et al. (2003), Smith and Heggie (2003), Burford 

et al. (2008), and Engelsen (2008).  

 

Phosphorus in marine systems occurs in many dissolved and particulate forms 

(Yoshimura et al., 2007), each of which are characterised by widely differing 

availabilities for biological growth. Phosphorus forms can be divided into different 

fractions using various chemical extractants (each yielding operationally defined 

fractions). These fractions include inorganic phosphorus, phosphorus bound to 

aluminium (Al), iron (Fe), and manganese (Mn) oxides and hydroxides (Al/Fe/Mn-P), 

calcium-associated phosphorus (Ca-P), organic phosphorus, and total phosphorus 

(Pettersson et al., 1988; Ruban et al., 2001; Wang et al., 2005, references therein). 

 

The dissolved P fraction is readily available to plants, and consists of inorganic 

orthophosphates (e.g. H2PO4
-, HPO4

2-, and PO4
3-) and organic phosphorus-containing 

compounds. The particulate phosphorus fraction includes plant and animal matter, P in 

minerals (e.g. fluorapatite), and phosphate adsorbed onto iron oxyhydroxides on mineral 

surfaces. The adsorption and desorption of phosphate from mineral surfaces forms a 

Primary production 

Bacterial degradation 
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buffering mechanism that regulates dissolved phosphate concentrations in rivers and 

coastal waters (Froelich, 1988). 

 

Not all P fractions may be released from benthic sediments into overlying waters and 

therefore the behaviour of P in promoting eutrophic conditions is more efficiently 

evaluated based on concentration and composition of P fractions within a system, rather 

than the total phosphorus content (Wang et al., 2005 and references therein).  

 

2.5 Consideration of literature to date and present study 
 
To date, there has been great effort expended and much literature produced relating to the 

investigation of both the sources and distributions of organic matter, and nutrient 

dynamics in estuarine and coastal environments. This scientific effort has resulted in a 

greater understanding of the delivery, fate, and importance of organic matter within 

receiving systems, including the role of organic matter in nutrient cycling, trophic status, 

and food webs in addition to a more detailed understanding of the biogeochemistry of 

nutrient cycling processes. Importantly, increased knowledge has been achieved relating 

to the underlying causes, mechanisms, and processes that influence the cycling of 

nutrients. As estuarine systems become increasingly under threat from anthropogenic 

inputs of nutrients, the understanding of nitrogen cycling and its implications in 

ameliorating eutrophic conditions through nitrate reduction, has become increasingly 

important and has received much attention. However, there remain aspects of organic 

matter dynamics and nutrient cycling within shallow sub-tropical southern hemisphere 

estuarine and coastal systems that remain poorly understood.  

 

Relative to studies performed globally, few studies have been conducted in Australian 

estuaries or coastal ecosystems relating to the source and distribution of organic matter 

and internal nitrogen cycling. Such studies include, but are not limited to:  
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 The investigation of tidal exportation of particulate organic matter from a 

northern Australian mangrove system (Boto and Bunt, 1981) 

 The influence on energy flow and export from mixed mangrove forest of 

Rhizophora sp. by leaf burying crabs (Robertson, 1986) 

 The productivity and biomass of mangrove stands in northeastern Australia 

(Clough, 1998) 

 Mangrove leaf litter dynamics and consumption in two temperate southern 

Australian estuaries (Imgraben and Dittmann, 2008) 

 Nutrient fluxes and recycling within benthic sediments of a shallow south 

Australian Bay (Berelson et al., 1996, 1998) 

 Carbon production and decomposition, benthic nutrient fluxes, and 

denitrification within four shallow temperate lagoons on the east coast of 

Australia (Eyre and Ferguson, 2002) 

 Benthic metabolism and nitrogen fluxes in three shallow estuaries of 

differing trophic states along eastern Australia (Ferguson, 2002) 

 Carbon and nitrogen cycling on intertidal mudflats in a temperate estuary of 

south-east Tasmania (Cook, 2003) 

 Benthic nutrient fluxes in inshore shallow estuary macrophyte stands within 

an intertidal coastal barrier lagoon of eastern Australian (Qu et al., 2003, 

2005) 

 The influence of burrowing macrofauna on sediment irrigation, benthic 

metabolism, nutrient fluxes, and denitrification within eastern Australian 

temperate intertidal sediments (Webb and Eyre, 2004a, 2004b) 

 An investigation into the primary production and nutrient dynamics of a 

tropical macrotidal estuary of northern Australia (Burford et al., 2008) 

 

Prior to this study, no previous investigations relating to organic matter or internal 

nutrient dynamics had been conducted within Coombabah Lake, and only a small number 
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reported for Moreton Bay (Australia) (e.g. Boon et al., 1986; Eyre and France, 1997; 

AGSO, 1998; Eyre and McKee, 2002; Ferguson et al., 2007). 

 

Present gaps in knowledge were identified and detailed in the thesis introduction (Chapter 

1) and as a result this study aims to provide insight into these previously neglected issues 

including the identification and understanding of organic matter source and distribution, 

nutrient dynamics (e.g. system and SWI nutrient fluxes, and nitrogen cycling processes), 

and how environmental and biological variables (e.g. sediment type, light, temperature, 

microphytobenthos, and bioturbating infauna) potentially influence the biogeochemical 

processes within Coombabah Lake and systems of a similar nature. This study provides 

contributions to regional and also the overall knowledge base relating to sediment 

biogeochemistry within sub-tropical shallow estuarine systems. 
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Chapter 3: Site description, experimental methods, and 
materials 

 

3.1 Coombabah Lake site description 
 
Coombabah Lake (6912750 m N, 534400 m E) is a brackish, shallow, tide-dominated 

system located in an urbanised region (Gallagher, 2001; Frank and Fielding, 2004; Lee et 

al., 2006) consisting of residential development, golf courses, and a sewage treatment 

plant. The lagoon (Figure 3.1) is located in the mid-tidal region of Coombabah Creek, 

which flows into the Gold Coast Broadwater estuary, southern Moreton Bay. Coombabah 

Creek is ~17 km in length, originating in the Nerang State Forest (upper catchment) and 

is subjected to encroaching commercial and residential development before entering the 

lagoon, and ultimately discharging into the Gold Coast Broadwater ~5 km downstream. 

 

Coombabah Lake formed as a minor ‘drowned valley’ on the landward margins of the 

vast tidal basin on the western side of South Stradbroke Island (Frank and Fielding, 

2004). Frank and Fielding (2004) suggest that the lagoon began forming at least 5500 to 

6000 years ago, when the regional sea-level was postulated to have been 1.0 to 1.5 m 

higher than present, following the Holocene (post-glacial) sea-level rise. The system has 

since been in-filled by sediment through a combination of downstream sediment supply 

and backfilling from the coastal zone. 

 

The Coombabah Creek catchment covers an area of ~44 km2, while the area of 

Coombabah Lake is ~2 km2. This represents a 22:1 ratio of catchment to lagoon water 

surface area (Gallagher, 2001). Topographic and hydrographic characteristics of 

Coombabah Lake are shown in Table 3.1. 
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Figure 3.1a) Map of Australia showing location of Moreton Bay (dark square) in south-
east Queensland, b) detailed map illustrating Moreton Bay region, and c) map of 
Coombabah Lake and surrounding region 

a) b) 

c) 
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Table 3.1 Topographic and hydrographic characteristics of Coombabah Lake and 
surrounding region (modified from Geoscience Australia, 2008) 

 
Feature of system Size of area (km2) 

Central basin  
Flood - ebb delta  
Intertidal flats  
Mangrove  

Salt marsh - salt flat  
Tidal sand banks  
Channel  
Bedrock perimeter  

0.85 
0.11 

1.17 

3.37 

0.91 

0.24 
1.67 
0.34 

 

3.1.1 Geology 
 
Holocene sediments within the lagoon are largely unconsolidated, reaching a maximum 

thickness of ~6 m within the centre of the lagoon, thinning towards the lagoon margins. 

Fine-grained sediments dominate the lake system (Frank and Feilding, 2004). Excluding 

the northern end of the lake, where the uppermost 1 m of section is sand-dominated, the 

majority of the lake system is characterised by fine-grained sediment dropped from 

suspension throughout the history of the lake. The only significant sand accumulation 

occurs at the northern (outlet) end of the lake, where the sediment surface has been 

locally elevated to ~0.3 m above high-tide level to form two islands (the larger island: 

~300 m length  ~100 m width). These islands are densely vegetated by mangroves and 

halophytic grasses. Sand accumulation has occurred by the backfilling of the northern 

lake through sand supply from the coastal zone, transported upstream by flood-tidal 

currents.  

 

The rate of sediment accumulation in Coombabah Lake was estimated by Frank and 

Feilding (2004) on the basis of the activity of unsupported 210Pb in a series of samples 

collected from the lagoon’s centre. Calculations indicate that the minimum sedimentation 

rate within the lagoon is on the order of 0.10 to 0.45 cm y-1. This range is consistent with 

average sedimentation rates (0.11 to 0.43 cm y-1) compiled for Australian estuaries by 

Heap et al. (2001). The low rate of sedimentation suggests that organic matter remains on 
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the surface of the lagoon bottom, removing a mechanism of nutrient recycling that comes 

with organic matter burial (Gallagher, 2001). Sediment deposition within the lagoon is 

predominately fluvial in origin. Dominance of slightly silty clay fractions suggests a very 

low energy depositional environment, typical of ‘central basin’ sediments. A near surface 

concentration of shells reported by Frank and Feilding (2004) suggest that sediment 

accumulation in the lagoon has been slow in recent times. Thus, rather than recording a 

significant increase in sediment input due to anthropogenic factors, this layer records a 

period of relatively slow sediment accumulation. 

 

3.1.2. Geochemistry 
 
A previous investigation into the geochemistry of Coombabah Lake was conducted by 

Frank and Fielding (2004). Measured sediment total organic carbon (TOC) content 

ranged between 0.4 and 2.0 wt%, which corresponds with the mean content (0.3 to 2.3 

wt%) within Australian estuarine sediments. Total nitrogen (TN) concentrations were 

also measured and ranged between 230 and 1420 ppm, which also corresponded well 

with the mean concentration of Australian estuarine sediments of 230 to 1600 ppm (Heap 

et al., 2001; Frank and Fielding, 2004). Additionally, Frank and Fielding (2004) report 

previously measured lagoon C:N (atom atom-1) and C:P ratios (atom atom-1) ranging 

from 9.7 to 17.5 and 11.0 to 36.2, respectively. The C:N ratios are consistent with the 

average range (10.1 to 24.3) for Australian estuarine sediments (Heap et al., 2001) and 

suggest a large contribution of organic matter from aquatic primary producers (Frank and 

Fielding, 2004). 

 

3.1.3 Hydrology and bathymetry 
 
The lagoon is hydrologically open and subjected to a semi-diurnal tidal regime with a 

reported range of less than one metre (Gallagher, 2001). The modern lagoon floor has a 

relatively flat bathymetry, with the exception of shallow channels depicting the preferred 

flow route through the lagoon. Shallow channels, typically <1 m deep at low tide and 20 



Chapter 3 

57 

to 50 m in width, traverse the floor of the lagoon, much of which is exposed at low tide 

(Frank and Feilding, 2004). These channels become deeper and focused into a single 

channel thread where Coombabah Creek enters and exits the lagoon (Figure 3.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Digital elevation model of Coombabah Lake. The data is projected on a UTM 
Geocentric Datum of Australia 1994 (GDA94 Zone 56 J) horizontal datum and mean 
water level (= Australian Height Datum [AHD] – 0.09 m) vertical datum. Bathymetry 
survey methods undertaken were as described in Chapter 3, sub-section 3.2.5.5 
 

Elsewhere, the lagoon floor comprises of muddy shoals and flats that display an 

undulating topography of <1 m in depth (Frank and Feilding, 2004). Freshwater enters 

the lagoonal system from the catchment through Coombabah Creek. Water exits the 

lagoon at the northern entrance into Coombabah Creek, which ultimately discharges into 

the Gold Coast Broadwater estuary (southern Moreton Bay). Hydrological characters of 
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Coombabah Lake wetlands are discussed in detail by Knight et al., (2008) and Ali et al., 

2009. 

3.1.4 Flora and fauna 
 
Coombabah Lake and surrounding wetlands support a mangrove-dominated fringing 

flora, with Casuarina and Melaleuca occupying slightly more protected areas elevated 

above the high tide mark. Benthic surveys (GHD Pty. Ltd., 2003) indicate high numbers 

of phytoplankton, including toxic red algae (Heterosigma akashiwo) (Waltham et al., 

2002) and a total lack of seagrass production. Mangroves line most of the estuarine 

section of both Coombabah Lake and Coombabah Creek (see Knight et al., 2008 for 

distribution of mangrove forest types). Grey mangroves (Avicennia marina) form dense 

stands in low lying areas connected to the lagoon in addition to Ceriops tagal, Aegiceras 

corniculatum, Bruguiera gymnorrhiza, and Rhizophora stylosa. Mangrove roots are 

abundant over a 10 to 20 m wide zone along the outer margin of the lagoon, and are more 

dispersed across other shallow parts of the basin (Frank and Fielding, 2004; Knight et al., 

2008). Saltmarsh communities are generally landward of the fringing mangroves and are 

largely composed of grasslands dominated by marine couch (Sporobolus virginicus). 

Several other angiosperms grow in the lagoon region including seablites (Suaeda 

australis), creeping brookweed (Samolus repens), streaked arrow grass (Trilochin 

stiatum), and sea rush (Juncus krassi) (GHD Pty. Ltd., 2003).  

 

In addition, the lagoon supports a variety of aquatic animal species. A previously 

conducted environmental inventory conducted within the wetland region identified a total 

of 154 species of zooplankton, 103 macroinvertebrate species from 50 families, and a 

range of both nekton and benthic species (GHD Pty. Ltd., 2003). Taxa within the system 

represent a diversity of trophic characteristics including filter feeders, carnivores, 

scavengers, grazers, and detritivores (GHD Pty. Ltd., 2003). Burrowing macrofauna 

include amphipod, crab, bivalve, worm, and yabby (ghost nipper) species, with different 

assemblages dominating the mud and sand dominated sediments respectively. Relative 

abundances of soft sediment benthic taxa of Coombabah Creek are discussed by GHD 
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Pty. Ltd. (2003). The biomass of nekton is dominated by detritivores (39%), primarily 

mullet. Carnivores, herbivores, and omnivores contribute 25%, 19%, and 16% to the 

overall biomass, respectively (GHD Pty. Ltd., 2003). Within the lower estuary, 

detritivores and carnivores dominate community biomass, whereas in the upper estuary 

community biomass is dominated by herbivorous and detritivorous species (GHD Pty. 

Ltd., 2003). Juvenile fish communities found in the shallow waters of the Coombabah 

estuary are dominated by the Mugilidae (mullet), Gobiidae (gobies), and Centropomidae 

(perclets) families (GHD Pty. Ltd., 2003; Hollingsworth and Connolly, 2006). Portunid 

crab and stingray species also frequent the lagoon waters (Dunn pers. obs.). A 

comprehensive species list of the lagoon is provided by GHD Pty. Ltd. (2003). 

 

3.1.5 Meteorological conditions 
 
The region experiences a sub-tropical maritime climate characterised by warm/hot humid 

summers and mild dry winters. Local mean daily maximum temperatures range from 20.6 

to 28.5 oC in July and January, respectively and mean daily minimum temperatures from 

9.2 to 20.3 oC in July and January, respectively (Gallagher, 2001). The mean evaporation 

rate of the region is ~1290 mm y-1 (Gallagher, 2001). Annual mean rainfall values for the 

area include 1323 ± 400 and 1463 ± 423 mm for neighbouring regions, Oxenford and 

Nerang, respectively. Intense rainfall events associated with storm activity are common 

throughout the summer period. 

 

3.1.6 Environmental and commercial importance 
 
Coombabah Lake and the adjoining Coombabah Creek have high conservation values 

despite the close proximity of urban development. The lagoon is classified as a 

‘conservation’ and ‘habitat’ zone under the Marine Parks (Moreton Bay) Zoning Plan 

1997, a fish habitat area under the Fisheries Act 1994 (area acts as a known nursery 

habitat for the commercially and recreationally significant greasyback (Metapenaeus 

bennettae) and king (Penaeus plebejus) prawns (GHD Pty. Ltd., 2003)), and an area of 
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significant international importance under the Ramsar Convention on Wetlands 

(www.ramsar.org/index_list.htm). In addition, the lagoon and surrounding wetland have 

CAMBA (China-Australia Migratory Bird Agreement) and JAMBA (Japan-Australia 

Migratory Bird Agreement) status. Furthermore, the lagoon and wetlands serve as an 

important wildlife corridor between the Nerang State Forest and the coastal zone (GHD 

Pty. Ltd., 2003). The wetlands adjacent to the lagoon area (Coombabah Wetlands 

Reserve) also have significant natural, cultural, conservational, educational, and 

recreational value to the local community, which stems from the diversity and quality of 

this area in close proximity to residential development.  

 

3.2 Experimental methods and materials 

3.2.1 Sediment collection and analyses 
 
Shallow sediment cores of various dimensions were collected from Coombabah Lake for 

sediment analyses. Cores were collected from a research vessel during high water or 

alternatively collected by hand during periods of low water. Sediment cores collected for 

the characterisation of biogeochemistry were extruded to selected sample depths and 

homogenised in the field. Samples were then labelled and stored in the dark on ice (<4 
oC) until transportation back to the laboratory. On arrival to the laboratory samples were 

stored frozen (-20 oC) awaiting analysis. Measured sediment variables, sample depths, 

and methodologies are listed in Table 3.2. Specific descriptions of sediment sample 

locations, periods, and depths are described in the methodologies sections of each 

relevant results and discussion chapter. 

 

Sediment cores collected for the determination of solute fluxes and nitrogen cycle 

processes through laboratory based incubations were collected by hand during periods of 

low water. Sediment cores were transported with minimal disturbance to the research 

laboratory and maintained under in situ conditions (see Chapters 6 and 7).  
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Table 3.2 Sediment sample variables and analytical procedures 
 

Variable Sample depth (cm) Abbreviation
/symbol 

Method Reference 
0 to 1  0 to 2  2 to 5  

Wet bulk density – √ √ 
wb   

 

Gravimetric  

 
Boyce, 1976 

 
Wet and dry moisture 
content 

– √ √ 
W  and D  

Porosity  – √ √   Percival and Lindsay, 1997 
Grain size and texture – √ √ – Mie scattering particle sizer and 

Sand, silt, and clay triangle 
Lewis and McConchie, 

1994 
Mineralogy – √ √ – X-ray diffraction (XRD) O'Day et al., 2000 
Colour – √ √ – Munsell© colour chart Lee and Cundy, 2001 
Organic matter and 
carbonate content 

– √ √ LOI550 and 
LOI950 

Loss-on-ignition  Heiri et al., 2001 
 

Chlorophyll-a concentration √ – – Chl-a Spectrophotometric  
 

Lorenzen, 1967 
 Phaeopigment concentration √ – – Phaeo 

Fatty acid methyl ester 
contributions 

– √ – FAMEs Sediment extraction and 
isolation/gas chromatography 

and mass spectroscopy analysis 

Meziane and Tsuchiya, 
2000 

Elemental C and N – √ – % C and % N Mass spectroscopy-elemental 
analyser (MS-E analyser)/ 

Isotopic ratio mass spectrometer 

Lee et al., 2006 
 

Rysgaard et al., 1993 
C and N isotopic 
fractionation/enrichment 

– √ – δ13C and δ15N 
/15N2 

Total P concentration – √ √ TP Molybedate blue  Pardo et al. 2004; APHA, 
1998 

Filterable reactive/sediment 
exchangeable PO4

3-

concentration 

– √ √ FRP/ 
PO4

3-
bio 

Molybedate blue/ 
Automated colourmetric 

analyser 

APHA, 1998/Dunn et al., 
2007a 

 
Sediment exchangeable/ 
KCl Extractable NH4

+ 
concentration 

– √ √ E-NH4
+/ 

NH4
+

bio 
Phenate/Automated colourmetric 

analyser  
APHA, 1998/ Dunn et al., 

2007b 
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3.2.1.1 Wet-bulk density 

Wet-bulk density of sediments was determined through the syringe technique 

(gravimetric method) described by Boyce (1976), which is a variation of the core method 

described by Percival and Lindsay (1997). The syringe method is used for soft sediments 

only and allows for the determination of porosity, wet-bulk density, and water content on 

the same sample. The technique involved a syringe, which had the end removed, squared, 

and sharpened so the leading edge was flush with the inside diameter of the syringe. The 

cylinder and the end of the plunger were then placed flush with the surface of the wet 

sediment. The plunger was held stationary while the cylinder was slowly pushed into the 

sediment. The volume of the sediment was then determined and extruded before being 

weighed (wet weight). 

 

The wet bulk density was calculated from the following equation: 

 

WS

WS
wb V

M
                                                      (Eq. 3.1) 

 

where: wbρ  represents wet-bulk density (g cm-3), WSM  represents the mass of the wet 

sediment (g), and WSV  represents the volume of the wet sediment (cm3). 

 

3.2.1.2 Wet and dry water content 

Water (or moisture) content is the ratio of the weight of water to the weight of the 

sediment in a given volume of sediment, expressed as a percentage (Percival and 

Lindsay, 1997 and references therein). Wet-water content represent the ratio of the 

weight of water to the weight of wet-saturated sediment and dry-water content represents 

the ratio of water to the weight of dry sediment, respectively (Percival and Lindsay, 1997 

and references therein). 
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Wet and dry water contents were determined by a direct gravimetric method, where wet 

sediment samples were placed in pre-weighed sample crucibles. The weight of the wet 

sediment sample and crucibles were recorded. The crucibles were then placed in an oven 

(Contherm digital series oven) and dried at 105 oC to a constant weight (typically 12 to 

24 h). Sediments were then allowed to cool to room temperature (~2 h) in a desiccator 

before being re-weighed. The water content was calculated using the following equation:  

 

100 WSWW MM                                        (Eq. 3.2) 

100/  WSDSWS MMM                             (Eq. 3.3) 

similarly,  

100/  DSDSWSD MMM                             (Eq. 3.4) 

 

where: W  represents wet-water content (%), D  represents dry-water content (%), 

WSM  represents the mass of the wet sediment (g), and DSM  represents the mass of the 

dry sediment (g). 

 

3.2.1.3 Porosity 

The porosity of the sampled sediments was determined indirectly from wet bulk density 

and wet-water content results. Combining the above equations gives: 

 

 
ws

dsws

w V

MM 



 100

                                   (Eq. 3.5) 

wwb                                                      (Eq. 3.6) 

 

where:   represents porosity (%), w represents the density of water (1.0 g cm-3), wsM  

represents the mass of wet sediment (g), dsM  represents the mass of dry sediment (g), 
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wsV  represents the volume of the wet sediment (cm3), wb  represents wet-bulk density (g 

cm-3), and w  represents wet-water content (%). 

 

3.2.1.4 Grain size 

The determination of sediment grain sizes ranging from 0.020 to 2000 μm was achieved 

by one of two methods. Method one employed laser diffraction spectroscopy (Mastersizer 

2000, Malvern Instruments Ltd., Mie scattering, obscuration between 10-20% 

accompanied with integrated software Mastersizer 2000, Malvern Instruments Ltd., 

Version 5.22), where grain sizes of wet sediment samples were determined from 

volumetric particle distributions. During sample storage drying of the sediment before 

particle size analysis was avoided, as it is very difficult, if not impossible, to redisperse 

the finest silt- and clay-sized particles after sediments have been allowed to dry. The 

injection of each samples was performed through the accessory Hydro 2000MU sample 

dispersion unit using deionised water (pump speed 2000, Malvern Instruments Ltd.). 

Samples were ultrasonically pretreated (ultrasonic displacement: 20.00, 1.5 mins.) before 

analysis. Sonication was employed to enhance the dispersion of aggregates, as some 

sediment may contain organic matter, salts, iron oxides, or carbonate coatings that bind 

particles together (Percival and Lindsay, 1997). 

 

Method two involved dry sieving of collected sediments using mesh sizes of 2000, 1000, 

500, 250, 180, 125, and 63 µm (stainless steel mesh, Endecotts Ltd.). Results were 

expressed as dry mass of material retained by each mesh size as a percentage of total dry 

mass. 

 

3.2.1.5 Texture 

Sediment texture was determined sediment size classes previously determined and a 

gravel-free sand, silt and clay triangular diagram (Lewis and McConchie, 1994). 
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3.2.1.6 Mineralogy 

Sediment samples designated for the determination of mineral content were air-dried to 

avoid fragile clay species being destroyed. The dried samples (~5 mL) were then ground 

(<5 μm) using a shatter box ring mill equipped with a zirconia grinding head (Rocklabs 

Ltd.) before x-ray diffraction (XRD) analysis. Whole sediment mineralogy samples were 

analysed using a Bruker D8 Advance XRD analyser equipped with a graphite 

monochromator, copper target, and scintillation counter (detector), under the following 

conditions: 2 to 90o 2-theta at 0.02o step sizes, 1 s per step, 1 h 13 min scan time variable 

slits, 20 mm anti-scatter slit, 20 mm divergence slit, 40 kV, and 30 mA. Traces were 

processed using the Diffrac(plus) evaluation package and PDF2 (Powder Diffraction File). 

The raw data files were analysed by EVA software (SOCABIM©). 

 

3.2.1.7 Colour 

Sediments were oven dried at 105 oC for 12 h before sediment colour was determined 

using Munsell® soil colour charts (Lee and Cundy, 2001). 

 

3.2.1.8 Organic matter and carbonate content 

The organic carbon and inorganic carbonate contents within sampled sediments was 

determined by the loss-on-ignition technique, based on the sequential heating of samples 

(Heiri et al., 2001). Sediment samples (~2 g) were oven dried (105 oC, 24 h) to constant 

weight before being transferred to a desiccator, allowed to cool (~2 h) to room 

temperature, and then weighed. Samples were then transferred to a muffle furnace (SA 

Pty. Ltd. S.E.M. muffle furnace) for 4 h at 550 oC before being allowed to cool (~4 h) to 

room temperature in a desiccator and then re-weighed. 

 

After oven drying of the sediments to constant weight, contained organic matter is 

combusted in the first step to ash and carbon dioxide at a temperature between 500 and 

550 oC. The LOI was calculated using the following equation: 
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100
105

550105
550 




DW

DWDW
LOI                                    (Eq. 3.7) 

 

where: 550LOI  represents LOI at 550 oC (as a percentage), 105DW  represents the dry 

weight of the sample before combustion (g), and 550DW  represents the dry weight of the 

sample after heating to 550 oC (g). 

 

Following the determination of LOI550, the samples were returned to the muffle furnace 

(950 oC, 4 h) to determine the carbonate content (LOI950). The crucibles were then 

transferred to a desiccator and again allowed to cool (~6 h) to room temperature before 

the determination of their final weights. 

 

In the second step, carbon dioxide is evolved from carbonate. LOI950 was calculated 

using the following equation: 

 

100
105

950550
950 




DW

DWDW
LOI                                    (Eq. 3.8) 

 

where: 950LOI  represents the LOI at 950 °C (as a percentage), 550DW  represents the dry 

weight of the sample after combustion of organic matter at 550 °C (g), 950DW  represents 

the dry weight of the sample after heating to 950 °C (g), and 150DW  represents the initial 

dry weight of the sample before the organic carbon combustion (g). 

 

3.2.1.9 Chlorophyll-a and phaeopigment concentration 

Sedimentary chlorophyll-a (chl-a) and phaeopigment (phaeo) concentrations were 

determined by modified methods of Lorenzen (1967). Following sample collection wet 
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sediment samples designated for the determination of chl-a and phaeopigment 

concentrations were homogenised and frozen (-20 oC) in foil wrapped glass scintillation 

vials. Frozen samples were freeze-dried (CHRIST Alpha 1-4, 0.200 mbar, 12 h) before 

chlorophyll-a and phaeopigments were extracted in 4 mL of 90% acetone, agitated, and 

then stored in darkness (4 oC, 24 h) with repeated agitation to aid the extraction of the 

pigments. Immediately prior to the determination of chlorophyll-a and phaeopigment 

concentrations, samples were centrifuged (Hettich Zentrifugen Universal 16A, 10 min 

2500 rpm) to ensure absorption at 750 nm was less than 0.005 (750 nm is a measure of 

the clarity of the sample, samples were re-centrifuged if the extinction was greater than 

0.005). The absorbance of the supernatant was measured in 1 cm glass cuvettes at 665 

and 750 nm by spectrophotometry (Pharmacia Biotech visible spectrophotometer 

Novaspec II) before and after acidification with 2 drops 10% HCl. Chlorophyll-a and 

phaeopigment concentrations were determined as µg chl-a g-1 andµg phaeo g-1 dry 

weight (dry wt.), respectively using following the equations:  

 

Chl-a (µg g-1)
    

 lm

vKA

s

AAOO





750665750665

         (Eq. 3.9) 

Phaeo (µg g-1)
     

 lm

vRKA

s

AAOO





750665750665

  (Eq. 3.10) 

 

where: A represents the absorption coefficient for chlorophyll-a (11.0), K represents the 

factor to equate the reduction in absorbancy to initial chlorophyll-a concentrations (2.43), 

O665  represents the extinction at 665 nm before acidification, A665  represents the 

extinction at 665 nm after acidification, O750  represents the extinction at 750 nm before 

acidification, A750  represents the extinction at 750 nm after acidification, v  represents 

the volume of acetone extract (mL), sm  represents the mass of sediment sampled (g), and 

l  represents the path length of the cuvette (cm). 
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3.2.1.10 Fatty acid methyl esters  

Analysis of fatty acids involved three primary steps. Initially lipids were extracted from 

the sediment samples, the fatty acid methyl esters (FAMEs) were then isolated from the 

other lipid classes, and thirdly the FAMEs were identified through gas chromatography. 

 

Fatty acids of 5 mL wet volume of sediment samples were extracted following the 

slightly modified method of Bligh and Dyer (1959) as outlined in Meziane et al. (2002). 

Samples were extracted ultrasonically (Unisonics Pty. Ltd. Ultrasonic cleaner) for 20 min 

with a mixture of H2O:CH3OH:CHCl3 (1:2:1; 20 mL; v:v:v). Subsequent addition of 

H2O:CHCl3 mixture (1:1; 10 mL; v:v) formed an aqueous-organic two-layer system, 

which was enhanced by centrifugation (3000 rpm, 5 min). The lower lipid containing 

chloroform phase was removed and the extraction procedure was repeated. The 

chloroform layer resulting from the second extraction was then combined with that from 

the first extraction. The chloroform layer was then rotary-evaporated to dryness (Büchi 

Rotavapor R-220) and the fatty acids recovered by the successive addition of 2 × 1.5 mL 

aliquots of CHCl3 and taken to dryness under a nitrogen stream. A mixture of 

CH3OH:NaNO3 (2:1; 3 mL; v:v) was then added to the extract before being saponified at 

80 oC for 1.5 h. After acidification with ultra pure HCl solution (37.5%), 2 × 2 mL 

aliquots of CHCl3 were added successively to recover the fatty acids. The chloroform 

extracts were combined, evaporated, and gently dried under a nitrogen stream. The lipids 

in the extract were then methylated to form fatty acid methyl esters through the addition 

of 1 mL of 14% boron trifluoride methanol solution at 80 oC for 10 min. After cooling, 

chloroform was added and the sample washed with Milli-Q element water (18 MΩ cm, 

Millipore Pty. Ltd.) to recover the FAMEs. Samples were then stored frozen (-20 oC) 

awaiting separation of the lipid classes. 

 

Following evaporation under a nitrogen stream, the dry extracts were weighed and 

redissolved in typically 0.5 to 1 mL of CHCl3:CH3OH solution (2:1 v:v) depending on 

the weight of sample (1 mg total lipids:1 mL CHCl3:CH3OH solution). Lipid groups were 

separated by the thin layer chromatography (TLC) technique using Sigma-Aldrich TLC 
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plates coated with 60 Å pore size silica. An aliquot of each sample extract was applied to 

the plates and a duplicate of one of the extracts was applied at the edge of each plate. The 

solvent used for developing was a mixture of C6H14:C4H10O:AcOH (8:2:0.1; v:v:v). Once 

the fatty acids had undergone migration along the TLC plates the bands containing 

FAMEs were located after the designated duplicate sample on each TLC plate were 

submersed in H3PO4, 33% AcOH, H2SO4, and 0.5% CuSO4 solution (5:5:0.5:90; v:v:v:v) 

for 40 s. Plates were then dried under a stream of air before being heated on a metallic 

hotplate (~100 oC, 1 to 2 min) to enable visualisation of the bands. Once the lipid class 

bands were visible (for the duplicate samples), the location of the FAMEs was 

determined and marked on the remaining plates containing the individual sample extracts. 

The corresponding plate sections were scraped off and individually redissolved in 400 μL 

of CHCl3:CH3OH (2:1; v:v) mixture at 40 ºC (water bath Thermoline Scientific 

Equipment Pty. Ltd with Brainchild BTC-909) for 60 min. The FAME extracts were then 

stored frozen (-20 ºC) until acid identification by gas chromatography (GC). 

 

The FAME extracts were dried under a nitrogen stream and concentrated by the addition 

of 10 μL of C6H14 before being separated and quantified by a GC analyser (Varian CP-

3800) equipped with a flame ionisation detector (FID). Sample volumes of 2 μL were 

manually injected for analysis. Separation of the fatty acids was performed with a 

Supelco OmegawaxTM 320 fused silica capillary column (30 m length  0.32 mm internal 

diameter, 0.25 µm film thickness). Helium was used as the carrier gas with a column flow 

rate of 1.5 mL min-1. The injector temperature was set at 240 oC and the detector 

temperature set at 260 oC. After injection at 60 oC, the column oven temperature was 

increased to 150 oC at 40 oC min-1, held constant for 3 min, and then raised to 240 oC at 3 
oC min-1. This temperature was held constant for 20 min. FAME peaks were identified by 

monitoring retention times with respect to those of authentic standards (Supelco 37 

component FAMEs mix, 10000 μg mL-1 in CH2Cl2, No. 1 and No. 3). Any samples with 

unidentifiable peaks were further analysed by GC-mass spectrometry (Varian Saturn 

2200GC/MS). Helium was used as the carrier gas, with a flow rate of 1.2 mL min-1. The 

column and the temperature programs were the same as for FID analysis with an ion 
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source temperature of 250 C. Mass spectra were obtained by repeated scanning from 45 

to 400 m/z with a scan time of 1 s. Peaks were analysed using the Star Chromatography 

Workstation (Varion, version 5.51) software package. 

 

3.2.1.11 Elemental analysis and isotopic enrichment of carbon and nitrogen 

Prior to analysis, 2.0 g of sediment were ground (<5 μm, Retsch MM200 stainless steel 

mixer mill) and treated with the addition of 5 mL of 1 M HCl to remove carbonates for 

the determination of organic C and N contents. Thereafter, samples were dried to a 

constant weight of 40 oC before analysis. Sub-samples were analysed using an elemental 

analyser (EA3000, Eurovector) connected to a mass spectrometer (Isoprime, GV 

Instruments), with a chromium oxide, silvered cobaltous/cobaltic oxide, silver metal 

combustion tube, with a working temperature of 1050 oC and a reduced copper metal 

(wire form) reduction tube, with a working temperature of 610 oC, and a magnesium 

perchlorate drying tube. The primary standards used for N were 15N labelled ammonium 

(IAEA 305A) and ambient air, and sucrose (IAEA-CH-6) was used as a standard for C. 

The relative abundances of the heavy and light isotopes of C and N are expressed in 

standard delta notation (per mil, ‰), defined as: 

 

δX (in ‰) 10001
tan




















dards

sample

R

R
                              (Eq. 3.11) 

 

where: X represents either 13C or 15N and R represents either 13C/12C or 15N/14N based on 

the sample or standard, respectively. 

 

Method detection limits were 0.166 mmol cm-3 and 0.007 mmol cm-3 for C and N, 

respectively. 
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The 29N2 and 30N2 in the sediment slurry (and water samples) collected during nitrate 

reduction rate determination incubations was analysed as described in Rysgaard et al. 

(1993). Following sediment incubation and sample collection, samples were packaged 

and posted within 1 week to the National Environmental Research Institute (NERI) in 

Denmark (Silkeborg) for sample analyses. Following the arrival of the samples to NERI, 

4.0 mL of sample was replaced by ultra pure helium with the sample stored head down. 

Due to the low solubility of N2 in water, almost all of the N2 in the exetainer will diffuse 

into the headspace of the exetainer resulting in a very low concentration of N2 in the 

water in contact with the septum of the exetainer. The loss of the labelled N2 from the 

exetainer through the septum was hence negligible. 

 

Sample injection was conducted by flushing the gas-phase with a Gilson autosampler and 

separation was performed using gas chromatography (Carbosive-G) in association with a 

Roboprep-G-Plus analyser (Europa Scientific). Removal of O2 and reduction of N2O to 

N2 was achieved in a copper column at 600 oC. The abundance and concentrations of 29N2 

(14N15N) and 30N2 (15N15N) were determined using a stable isotope ratio mass 

spectrometer with a triple collector (Tracermass, Europa Scientific, Crewe, UK). 

 

The 15N enrichment of the sediment bioavailable ammonium pools was determined 

following micro-diffusion and hypobromite oxidation of the ammonium to N2 (Risgaard-

Petersen and Rysgaard, 1995). The gas phase was then analysed for 29N2 and 30N2 as 

mentioned above. The production rate of the isotopes was calculated as discussed in sub-

section 3.2.4.2.  

 

3.2.1.12 Total phosphorus 

All glassware prior to their use in the methods described below (sections 3.2.1.12-

3.2.1.14) was thoroughly rinsed in 10% HCl and triple rinsed with Milli-Q element water 

(18 MΩ cm, Millipore Pty. Ltd.). All reagents and solution used were diluted or prepared 

with the use of Milli-Q element water (18 MΩ cm, Millipore Pty. Ltd.). 
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Total phosphorus concentrations were determined by the modified methods of Pardo et 

al., (2004) and the APHA 4500-P D stannous chloride method (1998). Oven dried 

sediment samples (105 oC, 24 h) were homogenized and ground before ~0.20 g of sample 

was transferred to a muffle furnace (450 oC 3 h) for the calcination of the sample. 

Samples were allowed to cool (~4 h) in a desiccator to room temperature and transferred 

into glass centrifuge tubes before extraction with 20 mL of 3.5 M HCl for 16 h under 

constant agitation. 

 

Samples were then centrifuged (Hettich Zentrifugen Universal 16A, 3000 rpm, 10 min) 

before spectrophotometric determination on diluted samples (typically 1:10) at 690 nm 

following the addition of 2 drops of 3 M NaOH until a pink colour developed (typically 

~1.25 mL), H2SO4 to reverse the pink colouration (typically ~10 to 15 μL), 440 μL of 

(NH4)6Mo7O24.4H2O, and 1 drop SnCl2. After the addition of SnCl2 the absorbance was 

measured (Pharmacia Biotech visible spectrophotometer Novaspec II) after colour 

development (10 to 12 min). 

 

The precision of the analysis was monitored by running triplicate analysis on every fifth 

sample and was generally <5% relative standard deviation (RSD). Standard deviation 

(SD) values were utilised for the determination of the method detection limit (MDL = 3 × 

SD). 

 

3.2.1.13 Filterable reactive porewater and sediment exchangeable phosphorus pools 

Filterable reactive porewater phosphorus (FRP) concentrations were determined by 

modified methods of the APHA 4500-P D stannous chloride method (1998). Frozen 

sediment extracts were thawed and centrifuged (3000 rpm, 3 min) to reduce the presence 

of suspended sediments within the supernatant. 

 

Following centrifugation, 5 mL of the supernatant was transferred from the centrifuge 

tube to sample vials before spectrophotometric determination at 690 nm. Samples 
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underwent the same addition of reagents in the identical sequence and fashion as that 

described for the TP analysis (section 3.2.1.12). 

 

Sediment exchangeable phosphate pools (PO4
3-

bio: porewater + exchangeable PO4
3-) were 

determined by transferring aliquots of sediment to tubes containing 1 M MgCl2 and 

shaking for 1 h. Following extraction the samples were centrifuged and the supernatant 

filtered (GF/F filters, 4.7 cm i.d., Whatman) before spectrophotometric determination in 

the same fashion as described for TP samples (section 3.2.1.12). Similarly the precision 

of both analyses was monitored by running triplicate analyses on every fifth sample and 

were generally <5% RSD. Standard deviation values were also utilised for the 

determination of the method detection limit as mentioned above. 

 

3.2.1.14 Sediment porewater ammonium and sediment bioavailable ammonium 

Porewater NH4
+ concentrations were determined using modified methods of the APHA 

4500-NH3 F Phenate Method (1998). Frozen sediment extracts were thawed and 

centrifuged (3000 rpm, 3 min) to reduce the presence of suspended sediments within the 

supernatant. From the supernatant 5 mL was transferred to a clean acid washed (10% 

HCl) vial before spectrophotometric determination at 640 nm on diluted samples 

(typically 1:2, 1:4 or 1:6). Diluted samples underwent the addition of 200 μL of C6H6O, 

200 μL of Na2[Fe(CN)5NO]2H2O and 500 μL of oxidising solution. Samples were 

covered with paraffin film and allowed to stand at room temperature (22 ± 1 oC) for 1 h 

in subdued light to allow colour development (colour stable for 24 h). After colour 

development absorbance was measured by spectrophotometry at 640 nm.  

 

Sediment bioavailable ammonium (NH4
+

bio: porewater + exchangeable NH4
+) 

concentrations were determined by extracting sub-samples of homogenised sediment 

with 2 M KCl by shaking. Following extraction the samples were centrifuged and the 

supernatant filtered (GF/F filters, 4.7 cm i.d., Whatman) before spectrophotometric 

analysis (640 nm) using the phenate method (APHA, 1998) mentioned above. Once again 

precision of the analysis was monitored by running triplicate analyses every fifth sample 
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and was generally <5% RSD. Standard deviation values were utilised for the 

determination of the method detection limit as mentioned above. 

 

3.2.2 Water collection and analyses 
 
Coombabah Lake and Coombabah Creek water samples collected for analysis during the 

study were obtained by either a sample pole and collection bottle or by a multi-depth 

water sampler (described in Chapter 5). Water sub-samples were handled individually, 

according to each analyte requirement. Samples were labelled and all water samples were 

stored in the dark on ice (<4 oC) until transportation back to the laboratory. On arrival to 

the laboratory samples were stored frozen (-20 oC) awaiting analysis. 

 

Creek water was also collected for sediment maintenance and incubation purposes. Water 

was collected using 25 L collection drums and transported back to the laboratory before 

being aerated under in situ temperatures. 

 

Measured water variables and processes, sample type, and methodologies are listed in 

Table 3.3. Specific descriptions of water sample locations, periods, and depths are 

described in the methodologies section of each relevant results and discussion chapter. 

 

3.2.2.1 Temperature, pH, reduction-oxidation potential, and salinity 

In situ water variables were determined using a multi-probe analyser (TPS 90-FLMV, 

TPS Pty. Ltd.).  
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Table 3.3 Water sample variables and analytical procedures 
 

Variable Sample type  Abbreviation
/symbol 

Method Reference 
In situ  Lab-based 

incubation 
Temperature √ √ –  

Multi-probe analyser 
 

 
Dunn et al, 2007a 

 
pH √ – – 
Reduction-oxidation potential √ – redox 
Salinity √ √ – 
Turbidity √ – – Nephelometric turbidity 

meter 
Lee et al., 2006 

Total suspended solids √ – TSS  
Gravimetric  

Balls, 1994 
Mineral suspended solids √ – MSS Dunn et al., 2007a 

 Organic suspended solids √ – OSS 
Chlorophyll-a concentration √ – Chl-a Spectrophotometric  Lorenzen, 1967 
Dissolved oxygen √ √ DO Micro-Winkler titration 

(Azide modification) 
APHA, 1998 

Total dissolved inorganic 
carbon 

– √ CT Total organic carbon 
analyser 

– 

Phosphate √ √ PO4
3-  

 
Automated colourmetric  

 
 

Dunn et al., 2007a 
Nitrite √ √ NO2

- 
Nitrate √ √ NO3

- 
Nitrite + Nitrate √ √ NOx 
Ammonium √ √ NH4

+ 
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3.2.2.2 Turbidity, total suspended solids, mineral suspended solids, and organic 
suspended solids 

The determination of water column turbidity was determined using an in situ turbidity 

meter (Analite 160, McVan Instruments). Total (TSS), mineral (MSS), and organic 

suspended solids (OSS) concentrations, and content were determined using a gravimetric 

technique (Balls, 1994). Water samples (typically 500 mL) were collected and filtered 

through pre-washed, pre-ashed, and pre-weighed GF/F filters (4.7 cm i.d., Whatman). 

Filters were then air-dried in a desiccator to constant weight. The filters and retained 

suspended solids were then weighed and the corresponding weight recorded as the TSS 

mass per volume of sample (mg L-1). Following the establishment of TSS and OSS 

weight and percentage was determined by the loss of weight of the filter following ashing 

at 550 oC for a duration of 2 h. MSS was calculated as the difference between TSS and 

OSS.  

 

3.2.2.3 Chlorophyll-a 

Immediately following water collection, sub-samples were filtered through pre-washed, 

pre-ashed GF/C filters (2.5 cm i.d., Whatman). The filters were then placed in foil 

wrapped glass vials and stored frozen (-20 oC) awaiting analysis. Chl-a concentrations 

were determined spectrophotometrically (665, 750 nm) after acetone extraction and 

calculation according to Lorenzen (1967). 

 

Pigments were extracted from the filters and the absorbance of the supernatant was 

measured as described in sub-section 3.2.1.9. Chlorophyll-a concentrations were 

determined as µg chl-a L-1 using the following the equation: 

 

Chl-a (µg L-1)
    

 lv

vKA AAOO





2

1750665750665
        (Eq. 3.12) 

 



Chapter 3 

77 

where: A represents the absorption coefficient for chlorophyll-a (11.0), K represents the 

factor to equate the reduction in absorbancy to initial chlorophyll-a concentrations (2.43), 

O665  represents the extinction at 665 nm before acidification, A665  represents the 

extinction at 665 nm after acidification, O750  represents the extinction at 750 nm before 

acidification, A750  represents the extinction at 750 nm after acidification, 1v  represents 

the volume of acetone extract (mL), 2v  represents the volume of the collected sample 

(L), and l  represents the path length of the cuvette (cm). 

 

3.2.2.4 Dissolved oxygen concentrations 

The determination of dissolved oxygen concentrations within the water column was 

achieved by one of two methods, either in situ by the use of a multi-probe analyser (TPS 

90-FLMV, TPS Pty. Ltd.) or ex situ by micro-titrations. Water samples collected for ex 

situ determination were determined using a modified method of the APHA 4500-O 

winkler titration method with azide-modification (1998). Water samples were collected 

with care to avoid bubbles using plastic tubing mounted to the outlet of a 60 mL syringe 

and transferred into 12 mL gas tight glass containers (Exetainers, Labco Ltd.). Containers 

were gently flushed with sample water using at least twice the volume of the exetainer, 

and filled with sample, avoiding too high a turbulence. The tubing was withdrawn from 

the tube while the sample was still running (Kramer et al., 1994). 

 

The gas tight sample containers were completely filled and checked for air bubbles 

before the addition of 100 µL of Winkler reagents I (manganous sulphate solution) and II 

(Alkali-iodide-azide solution). Preparation of the reagents is described in APHA (1998). 

Prior to sample collection a single glass ball was inserted into each individual exetainer, 

which allowed the complete mixing of the sample water and fixing reagents. Following 

reagent additions samples were stored at 4 oC for a maximum of 48 h before analysis.  

 

Immediately prior to sample analysis, samples were acidified with 100 µL of 

concentrated sulphuric acid (H2SO4) before sodium thiosulfate (Na2S2O35H2O) was 
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titrated into the sample using a glass micrometer burette (2 mL capacity, 0.002 mL 

increments, Gilmont Instruments). The total titrant volume was recorded and the 

dissolved oxygen concentration within the sample (O2 mol L-1) was calculated using the 

following equation: 

 

100
4

7.9

10

1000

]5[5

][

23222322

2 






OHOSNavolumeOHOSNa

O            (Eq. 3.13) 

 

where: Na2S2O35H2O volume represents the total titrant volume (mL) of sodium 

thiosulfate added to sample during titration, [Na2S2O35H2O] represents the concentration 

of the titrant (0.025 ), 10 represents sample volume (mL), 9.7 represents the sample 

volume (mL) less added reagents, 4 represents the conversion factor needed as 1 mol O2 

reacts with 4 mol Na2S2O35H2O, and 100 represents the multiplication factor required for 

conversions of O2 mol 10 mL-1 to O2 mol L-1.  

 

3.2.2.5 Total dissolved inorganic carbon 

Water samples for the determination of total dissolved inorganic carbon (CT = CO2 + 

H2CO3 + HCO3
- + CO3

2-) concentrations were collected in the same manner as mentioned 

for the dissolved oxygen concentration (section 3.2.2.4). Following water collection, 

samples were fixed with 100 µL of HgCl2 and mixed with the aid of a glass ball, before 

being analysed immediately (typically 1 to 2 h) using an automated total organic carbon 

analyser (TOC-VCSH, Shimadzu Corporation). 

 

3.2.2.6 Dissolved inorganic nutrients (NO2
-, NO3

-, NOx, NH4
+, and PO4

3-) 

Dissolved inorganic nutrients were determined using an automated colourmetric analyser 

(Easychem Plus Random Access analyser; Systea Analytical Technologies) based on 

standard colourmetric methods (APHA, 1998), as recommended by the manufacturer. 
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Water samples were collected using a 60 mL clean sample rinsed syringe and filtered 

through a pre-washed, pre-ashed GF/F filter (2.5 cm i.d., Whatman) into 10 mL sterilized 

polystyrene tubes. Samples for the determination of PO4
3- and NH4

+ were acidified to 

0.02 M with HCl. Samples were stored frozen (-20 oC), typically 1 h after collection 

awaiting analysis. 

 

Analytial reagents and standards were prepared daily or as instructed within the 

instrument procedural manual of the instrument (Systea Analytical Technologies). All 

glassware was thoroughly rinsed in 10% HCl and triple rinsed with Milli-Q element 

water (18 MΩ cm, Millipore Pty. Ltd.). All reagents were diluted and all solutions 

prepared with the use of Milli-Q element water. Filtered low nutrient seawater (0.2 µm 

FTBP ISOPORE, Millipore) was used in the preparation of standards, blanks, and quality 

control solutions. Natural filtered seawater references produced by the National Low 

Level Nutrient Collaborative Trials in addition to internal standards were used for quality 

assurance. 

 

3.2.3 Faunal collection and analyses 
 
Burrowing macrofauna was retrieved from collected sediment cores used during ex situ 

sediment incubations (described in Chapters 6 and 7). Measured faunal variables are 

listed in Table 3.4. Specific details regarding macrofauna collection, preservation, and the 

variables measured are presented within Chapters 6 and 7. 

 

3.2.3.1 Biomass (Wet, dry, and ash free dry weights) 

Collected fauna from sediments were rinsed and dried (80 °C for 48 h) before being 

weighed using an electronic balance (GR-200, 0.0000 g, A & D Company Ltd.). Details 

and descriptions are described in the methodologies section within the relevant results 

and discussion chapters. 
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Table 3.4 Biological sample variables and analytical procedures 
 

Variable Macrofaunal 
species collected* 

Abbreviation 
/symbol 

Method Reference 

Wet weight 
(biomass) 

√ BiomassWW  
 

Gravimetric 

 
 

Lee, 1999 Dry weight 
(biomass) 

√ BiomassDW 

Ash free dry 
weight 
(biomass) 

√ BiomassAFDW 

Species 
richness  

√ S Direct visual 
observation 

Lee, 1999 

Shannon 
diversity index 

√ 'H  Equation based 
determination 
from collected 

data 

Lee, 1999 

Species 
evenness 

√ J 

 Determined for burrowing macrofauna species retrieved from sediment cores following 
lagoon sediment incubations 
 

3.2.3.2 Density, species richness, and species evenness 

The density of burrowing macrofauna was determined by direct counts of collected 

individuals from each individual sediment core. Density values were reported as 

individuals per square metre. Species richness was determined by direct observation and 

identification of individual species. The Shannon diversity index was calculated as: 

 


s

ii ppH
1

2
' log                                                  (Eq. 3.14) 

where: pi represents the proportion of number of individuals in sample contributed by 

species i. 

 

Species evenness was calculated using the following equation:  

 

S

H

H

H
J

2

'

'
max

'

log
                                                  (Eq. 3.15) 

where: H ' represents the Shannon diversity index, H 'max represents the Shannon diversity 

index maximum, and S represents species richness. 
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3.2.4 Determination of sediment-water processes 

3.2.4.1 Sediment-water solute flux determination 

The use of micro- and mesocosms to incubate sediments to measure solute exchanges 

between sediments and overlying waters is a widely used and accepted method (e.g. 

Asmus et al., 1998; Alongi et al., 1999; Dalsgaard et al., 2000; Thornton et al., 2007) and 

was the chosen method for the determination of sediment-water solute fluxes and 

nitrogen cycling processes during this study. Following sediment collection, sediment 

cores were transported back to the laboratory where they were stored and incubated 

(sealed cores with transparent lids) within a constant temperature laboratory (Figure 3.3). 

 

 

Figure 3.3 Example of seasonal sediment core incubations under light conditions within 
a constant temperature laboratory during equilibration period 
 

Sediments were incubated under light and dark conditions and varying temperatures 

representative of the in situ conditions of each sample period. Conditions are described in 

detail in each of the relevant results and discussion chapters (Chapters 6 and 7). 

Illumination of the sediments was achieved by halogen lamps (Figure 3.3) and the excess 

heat generated from the lights was eliminated by the use of multiple pedestal fans. Dark 

conditions were achieved by discontinuing lighting and completely shading the sediments 

with non-transparent plastic and cardboard sheets. 
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The mesocosm tanks were filled with site water and were maintained at ambient 

temperatures and light regimes according to the sample season. Site waters within the 

collection drums used for core maintenance and incubations were stirred before using to 

resuspend any sedimented matter back into suspension. The activity of filter feeding 

infauna is very much dependant on the level of suspended matter in the water. In order to 

realistically include the activity of infauna in the measurements the concentration of 

suspended matter must be close to in situ conditions (Dalsgaard et al., 2000). 

 

During laboratory sediment and water incubations, the flux rate of solutes across the 

sediment-water interface was calculated by: 

 

 
10000





tA

VCC
Flux on                               (Eq. 3.16) 

 

where: Co represents the solute concentration at time zero (µmol L-1), Cn represents the 

solute concentration at time n (µmol L-1), V represents the volume of the water in the 

incubation core (L), A represents the area of the sediment surface in the incubation core 

(cm2), t represents the incubation time (h), and 10000 represents the conversion factor to 

m2 (Dalsgaard et al., 2000). Negative flux values indicate solute flux to the sediment 

(influx) and positive flux values indicate solute flux from the sediment (efflux).  

 

3.2.4.2 Determination of denitrification and DNRA rates 

Sediment incubation conditions used for the determination of solute flux rates were also 

used for the rate determination of nitrogen cycling processes within sediments under 

different seasonal and physical conditions using the isotope pairing technique as 

described by Nielsen (1992). Sediment and water collection and maintenance is discussed 

within each of the relevant results and discussion chapters. 
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The analysis of the abundance and concentrations of 14N15N and 15N15N within the 

collected water and sediment slurries for the determination of nitrate reduction rates have 

been previously described in sub-sections 3.2.1.11. 

 

Denitrification and DNRA rates (µmol N m-2 h-1) were estimated from the production 

rates of the labelled products using the equations described by Nielsen (1992) and 

Risgaard-Petersen and Rysgaard (1995), respectively: 

 

   NNpNNpD 15151514
15 2                                    (Eq. 3.17) 

 
  151515

1514

14 2
D

NNp

NNp
D                                               (Eq. 3.18) 

 

where: D15 and D14 are the rates of denitrification of added 15NO3
- and ambient 14NO3

- , 

respectively, and p(14N15N) and p(15N15N) are the production rates of the 2 15N-labelled 

N2 species, 14N15N and 15N15N, respectively. The calculated rate D15 expresses 

denitrification of added 15N-nitrate, whilst D14 expresses the total in situ denitrification 

rate of 14N-nitrate. 

 

The proportion of D14 based on nitrate diffusing from the water column (Dw) was 

calculated from D15 and the 15N enrichment of the water column nitrate pool as: 
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                                                   (Eq. 3.19) 

where: [14NO3
-]w and [15NO3

-]w are the concentrations of the unlabelled and 15N-labelled 

nitrate in the water column, respectively. 
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In situ rates of denitrification coupled to nitrate produced by nitrification activity in the 

sediment (Dn) were calculated by difference: 

 

wn DDD  14                                                           (Eq. 3.20) 

 

In situ rates of dissimilatory nitrate reduction to ammonium of NO3
- supplied from the 

water column was estimated as: 
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                              (Eq. 3.21) 

 

where: p(15N NH4
+) represents the production rate of 15NH4

+, and ([14NO3
-]w) and   

([15NO3
-]w) represent the concentrations of the unlabelled and 15N-labelled nitrate in the 

water column, respectively. 

 

The rate of DNRA coupled to nitrification (DNRAn) was then estimated as: 

 

w

n
wn D

D
DNRADNRA                                                    (Eq. 3.22) 

 

Total DNRA of 14NO3
- was estimated as: 

 

nwTotal DNRADNRADNRA                                              (Eq. 3.23) 
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3.2.5 Field instrumentation 
 
Throughout the course of the study instruments were deployed within the lagoon to 

record bathymetric, hydrodynamic, physico-chemical (water column), and weather 

variables. Deployment regimes and sample variables/conditions are discussed within the 

relevant results and discussion chapters. 

 

In situ monitoring of current velocity and direction, turbidity, conductivity, water 

temperature, and pressure (depth) was undertaken through the deployment of submersible 

automated instruments. Instruments were mounted to a steel star picket frame and driven 

into the lagoon floor, resulting in a stable fixed vertical structure for the duration of the 

sampling event (Figure 3.4). A single sensor station (Figure 3.4) was positioned at the 

lagoon entrance. Due to security and safety concerns a reflective buoy and light marker 

was attached to the instrument structure. Hydrodynamic conditions of Coombabah Creek 

were also measured using vessel mounted instrumentation. 

 

 

Figure 3.4a) Schematic of sensor station deployed at Coombabah Lake entrance with 
attached (A) conductivity, temperature, depth, and nephelometry probe, (B) 3-
dimensional open water current meter (acoustic Doppler current profiler), (C) high 
resolution 3-dimensional acoustic Doppler velocimeter, and (D) a submersible tide gauge 
(Figure not to scale). b) Sensor station following retrieval at completion of sampling 
event 
 

 

B 

D 

C 

A

a) b) 
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3.2.5.1 Conductivity, temperature, depth, and nephelometry probes 

Self contained conductivity, temperature, depth, and nephelometry (CTDN) probes (FSI-

NXIC-CTD Falmouth Scientific, Inc.) (Figure 3.4) with internal storage and power 

supply were used to record temperature, conductivity, pressure (depth), and nephelometry 

as a function of time. Details of this instrument can be found at <www.falmouth.com>. 

 

3.2.5.2 Acoustic Doppler current profilers  

An acoustic Doppler current profiler (ADCP) unit (2 MHz Aquadopp®, Nortek AS) 

(Figure 3.4) was deployed to record the flow velocity data at the mouth of the lagoon. 

Aquadopp® profilers measure the current profile within the water column using acoustic 

Doppler technology. It is designed for stationary applications and uses three acoustic 

beams slanted at 25° to accurately measure the current profile. Further details can be 

found at <www.nortek-as.com>. An additional ADCP unit (Workhorse Monitor; RD 

Instruments) was also used during the study to record the flow velocity data along 

selected transects of Coombabah Creek (see Figure 5.1 for transect locations). Details of 

the instrument can be found at <http://www.rdinstruments.com/monitor.html>. 

 

3.2.5.3 Acoustic Doppler velocimeter 

An acoustic Doppler velocimeter (ADV) unit (vector fixed stem velocimeter; Nortek AS) 

(Figure 3.4) was also deployed (in conjunction with the above mentioned ADCP) to 

measure flow velocity data. Velocimeters use acoustic sensing techniques. The ADV is a 

versatile, high-precision instrument, which has one transmitting transducer and three 

receiving transducers. Details of the instrument can be found at 

<http://nortekusa.com/hardware/Vector.html>. 

 

3.2.5.4 Submersible tide gauge 

A submersible tide (depth) gauge (XR-420-TG, Richard Brancker Research Ltd.) was 

also utilsed for measurements within the lagoon environment. The instrument was 

deployed in association with additional instrumentation within the lagoon (Figure 3.4). 
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Details of the instrument can be found at <http://www.rbr-global.com/products/XR-

420CTD.htm>. 

 

3.2.5.5 Bathymetry survey 

The topography of the intertidal lagoon system and the adjoining creek was surveyed 

using a wireless roving global positioning satellite (GPS) system attached to a fixed 

length (2 or 3 m) pole sampler (R8 GPS receiver, Trimble Navigation Inc.) in association 

with a fixed base station (R7 GPS system; Trimble Navigation Inc.). From a research 

vessel or shoreline, the sample pole on which the R8 GPS receiver was positioned was 

placed onto the lagoon floor at 578 sample points in a stratified block design approach 

over a three day period during high tide phases to determine the lagoon bathymetry (Lee 

et al., 2006). The survey instrument measured topographic height points with a typical 

accuracy of ± 5 cm. The base station (R7 unit) was positioned within 2 km of the lagoon 

with all data referenced back to a Gold Coast City Council reference point (116004). A 

significant limitation of the surveys was the inability to undertake topographic surveys 

within the forests surrounding the lagoon. The canopy of the fringing vegetation 

restricted the use of the roving unit, as the branches and leaves blocked the satellite 

signal. Further details of the Trimble RTK GPS equipment are available at 

<http://www.trimble.com/productsaz.html>. 

 

3.2.5.6 Weather conditions 

Wherever possible, including for bodies of water such as lakes, wind direction and wind 

speed should be directly measured at the study location. Therefore, during this study 

wind direction, speed, and duration data was measured within the lagoon environment. 

Atmospheric conditions were measured ~5 m above the lagoon surface using a weather 

station (WeatherMaster 2000®, Environdata) mounted on the roof of a stationary research 

vessel (Figure 3.5) within the lagoon. The vessel location was not sheltered by 

surrounding vegetation structures, which may have otherwise influenced wind data 

recordings.  
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Figure 3.5a) Research vessel used during study with weather recording instrumentation 
(within yellow box) fixed to the top deck and b) close-up of the recording instrument 
(Weathermaster 2000®) 
 

The instrument is a self-contained, solar powered unit that incorporates a purpose-built 

data logger equipped with rainfall, air temperature, relative humidity, wind speed, wind 

direction, and solar radiation sensors. Further details can be found at  

<http://www.environdata.com.au/environdata/Weather_Stations.html>. 

 

Regional weather variables were also recorded. These values were obtained from the the 

Australian Bureau of Meteorology automated Gold Coast weather station (Gold Coast 

Seaway station number 040764). 

a) b) 
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Chapter 4: Investigating the distribution and sources of 
nutrients and organic matter in surface sediments of 
Coombabah Lake using elemental, isotopic, and fatty 

acid biomarkers 
 

4.1 Introduction 
 
Inter- and subtidal sediments represent large surface areas in shallow estuaries. They are 

influenced by tidal and wind-driven currents and wave actions (Oviatt and Nixon, 1975; 

Allen and Duffy, 1998; Black, 1998), which control sediment erosion, resuspension, 

advective transport, and redeposition. Despite strong hydrodynamic regimes, intertidal 

flats are significant sites for accumulation and processing of organic matter (Mayer et al., 

1988). The sediment is the dominant site for organic matter breakdown and nutrient 

regeneration in shallow coastal systems (Ruddy, 1997). High organic matter levels 

stimulate microbial metabolism, SOD, and nutrient regeneration within surface sediments 

(Pfannkuche, 1993; Slomp, et al., 1993; Boon et al., 1999). Coupling exists between 

biogeochemical processes in the surface sediment and the water column in shallow 

marine systems (Nixon, 1981; Graf, 1992). Nutrients recycled in the sediment diffuse or 

are transported back to the overlying water and support water column production (Nixon 

and Pilson, 1983; Hammond et al., 1984). Sediment oxygen demand during the 

degradation of organic matter can induce hypoxia or anoxia in bottom waters. Oxygen 

demand and the quantities of nutrients regenerated is not a simple function of the quantity 

of organic matter present, but also its quality (i.e. origin, carbon and nitrogen ratio (C/N 

ratio)), which is affected by numerous biological and physical factors (Cowie and 

Hedges, 1992; Fiordelmondo and Pusceddu, 2004). The diversity in the origin of 

                                                 
 This chapter is a combination of two journal articles previously published in Marine Pollution Bulletin 
and Continental Shelf Research as: Dunn, R.J.K., Lemckert, C.J., Teasdale, P.R., Welsh D.T., 2007. 
Distribution of nutrients in surface and sub-surface sediments of Coombabah Lake, southern Moreton Bay 
(Australia). Marine Pollution Bulletin 54: 606-614, and Dunn, R.J.K., Welsh, D.T., Teasdale, P.R., Lee, 
S.Y., Lemckert, C.J., Meziane, T., 2008. Investigating the distribution and sources of organic matter in 
surface sediment of Coombabah Lake (Australia) using elemental, isotopic and fatty acid biomarkers. 
Continental Shelf Research 28, 2535-2549, respectively. Stylistic alterations have been made to the articles 
within this chapter in accordance with the thesis layout and theme. 
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estuarine organic matter depends not only on the biological and geographical contexts, 

but also on the socioeconomic environment through the effects of urbanisation, 

industrialisation, and regional development (Galois et al., 2000). 

 

There is great interest in identifying the organic matter sources that drive oxygen demand 

and nutrient regeneration within shallow coastal systems. Additionally, defining the 

sources of organic matter within estuarine sediments is important in understanding the 

roles of terrestrial or estuarine derived organic matter as sources of energy and nutrients 

in coastal systems (Goñi et al., 2003; Yamamuro, 2000), the distribution of contaminants 

(Canuel and Martens, 1993), and the potential enhancement of nutrient loads that 

contribute to eutrophication processes (Yamamuro, 2000). The origin of organic matter in 

estuarine systems is often diverse as they receive organic matter from both autochthonous 

and allochthonous sources, including phytoplankton (Meyers, 1997), macroalgae 

(Meziane and Tsuchiya, 2000), bacteria (Dale, 1974), terrestrial vegetation (Meyers, 

1997; Mfilinge et al., 2005), and anthropogenic sources such as waste-water treatment 

facilities, industrial plants, and aquaculture establishments (Requejo et al., 1986; Graham 

et al., 2001). 

 

A number of important bulk sediment variables and molecular markers are available for 

the evaluation of organic matter sources within marine sediments including C/N ratios 

(Thornton and McManus, 1994; Ruttenberg and Goñi, 1997; Yamamuro, 2000) and δ13C 

and δ15N signatures (Lee, 2000; Yamamuro, 2000; Kerherve et al., 2001). The use of 

these bulk variables as source indicators is reliant on there being markedly different 

signatures between the different organic matter sources (Kennedy et al., 2004). Based on 

the differences amongst sources, C/N ratios, δ13C, and δ15N compositions have been 

widely used to elucidate the source and fate of organic matter within marine 

environments (Fry and Sherr, 1984; Cloern et al., 2002; Goñi et al., 2003). The Redfield 

ratio (C/N/P ratios) has also been widely employed to distinguish the origin of 

sedimentary organic matter as a result of the distinctive C/N/P ratios of terrestrial and 

marine plants (Redfield et al., 1963; Ruttenberg and Goñi, 1997). Selective degradation 
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of organic matter components during early diagenesis, however, has the potential to 

modify the C/N/P ratios of organic matter in sediments (Meyers, 1997). 

 

Natural abundance isotopic ratios of C and N can also be helpful in distinguishing 

between marine and terrestrial primary producers. However, the C isotopic source signal 

can become complicated in coastal areas that receive varying contributions of organic 

matter from different photosynthetic pathways (i.e. ratios of natural isotopes of C and N 

depends on selective uptake of 13C and 14N by C3 and C4 vascular plants) (Fry et al., 

1977; DeLaune, 1986; Meyers, 1997; Goñi et al., 1998). In these areas the addition of 

δ15N determinations improves identification of organic matter sources. Simultaneous use 

of these multiple bulk variables improves the certainty of identifying the source(s) of 

organic matter (Yamamuro, 2000). 

 

Whereas source indicators of bulk organic matter are important in identifying the general 

origins of organic matter, molecular constituents of sedimentary organic matter pools 

(biomarkers) provide details of production, delivery, and preservation (Meyers, 1997). 

Due to their structural diversity, source specificity, and relative stability, fatty acids have 

proved to be useful biomarkers for assessing the sources and fates of organic matter in 

marine (Boon et al., 1999), coastal (Meziane et al., 2002; Copeman and Parrish, 2003), 

and estuarine systems (Zimmerman and Canuel, 2001; Arzayus and Canuel, 2004; 

Mfilinge et al., 2005).  

 

Most contaminants entering estuarine systems are bound to suspended organic and 

inorganic particles, which eventually end up in bottom sediments. This is especially 

important in shallow water bodies, such as Coombabah Lake, where resuspension has 

been shown to enhance nutrient loadings within surface waters of shallow environments 

(Kasih et al., 2004). The quality of sediments within the lagoon is important for the 

sustainability of the environment and ecology of the system. It is well established that 

elevated concentrations of nutrients within estuarine surface sediments and waters can 
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have deleterious effects (Faulkner, 2004), impacting flora and fauna communities, and 

altering nutrient cycling patterns (Lee et al., 2006).  

 

Like most major estuarine systems worldwide, Moreton Bay is increasingly under threat 

from anthropogenic activities (GHD Pty. Ltd., 2003; Lee et al., 2006). Synthesis of data 

sets can provide important information in understanding key processes and addressing 

environmental issues. Data sets are currently available for sedimentary iron-sulphide 

(Burton et al., 2008), trace metals (Burton et al., 2004 and 2005; Lee et al., 2006), 

nutrients (Burton et al., 2004; Frank and Fielding, 2004), and organic contaminants 

(Burton, 2005) for southern Moreton Bay regions. Additional studies on ecological and 

physical processes (Benfer et al., 2007; Knight et al., 2008) have also been performed. 

However, the distribution and sources of organic matter within the estuarine systems in 

southern Moreton Bay still remains poorly documented. To date only a few site specific 

studies have been performed and no complete system surveys have been published. 

 

This chapter investigates sediment physical, biological, and bulk variables, fatty acid 

biomarkers, and nutrient concentrations of surface sediments of Coombabah Lake. The 

objective was to compare the information derived from bulk analyses (C/N ratios and 

δ13C and δ15N signatures) and fatty acid biomarker data to obtain insights into the 

distribution and sources of organic matter and to provide the first account of physical 

sediment properties and nutrient concentrations within the lagoon. The results of this 

study allows an initial understanding of the importance of organic matter delivery from 

local and transient biota to the Coombabah Lake system and determines the 

concentrations, distribution and potential sources of nutrients in the lagoon surface 

sediments. Comparisons are also made between nutrient concentrations from sediments 

collected from sampling periods separated by a 12-month period. The findings of this 

research are important, as it permits future comparisons of nutrient concentrations with 

continued urban expansion within the lagoon catchment (and immediate surroundings) 

and assists in future management decisions in this fast developing, yet ecologically 

important, region. 
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4.2 Methods and materials 

4.2.1 Experimental design 
 
For the purpose of this study the intertidal sediments of Coombabah Lake was sub-

divided into 59 sample grids, in a south to north orientation, numbered 1 through 59. 

Figure 4.1 illustrates the 51 numbered grids sampled during the study in October-

November 2004 and November 2005 (circled grid numbers in Figure 4.1). Surface 

sediments were collected using a systematic sampling approach (Caeiro et al., 2003) from 

grids typically 250 × 250 m (49 of ~250 × 250 m and one each of ~500 × 250 m and 

~750 × 250 m) with the use of a hand held GPS receiver (Magellan, Meridian Series). 

The scale and number of grids chosen were used in an attempt to encompass all 

geographical regions of the lagoon representing all input routes for organic matter and 

associated spatial variability (see Appendix 1, Table A1). Fatty acid analyses are not 

presented for grids 1, 11, 40, and 54, due to the samples being destroyed during the 

extraction process and the lack of a replacement sample. 

 

4.2.2 Sample collection 
 
Surface sediments were sampled using five randomly taken sediment cores within each 

sample grid using cylindrical PVC core tubes (40 cm length  5 cm internal diameter). 

Each sediment core was sliced into two depth horizons, surface (0 to 2 cm) and sub-

surface (2 to 5 cm) before each horizon was combined (composite sample consisting of 

five sampled cores for surface and sub-surface, respectively), thoroughly homogenised, 

and stored <4 oC in the field. Physical sediment variables and nutrient concentrations 

were investigated at both depths. Bulk and fatty acid organic matter source indicators 

were investigated only for the surface sediment depth (0 to 2 cm). From the surface 

sediment samples, sub-samples (0 to 1 cm) were additionally collected and homogenised 

into a composite sample for the determination of chl-a and phaeopigment concentrations. 

All samples were transported to the laboratory within 4 h of collection and stored frozen 

(-20 °C) until analysed. All sample analysis began within 2 weeks of collection. 
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Figure 4.1a) Study area and sample grids of Coombabah Lake in b) southern Moreton 
Bay, c) Australia. Samples were collected from 51 of the 59 numbered sample grids 
during October-November 2004 and in sample grids with circles in November 2005 
(Note: all 59 grids are not displayed or numbered within this figure and only the 51 grids 
sampled are displayed and additionally only the grid boundaries within the intertidal 
lagoon sediments are displayed) 
 

4.2.3 Physical and biological sediment variables 
 
Sediment porosity, wet-bulk density, and wet-water content values were determined as 

described in sections 3.2.1.1 to 3.2.1.3. Sediment grain size and mineralogy were 

determined as described in sections 3.2.1.4 and 3.2.1.6. The determination of LOI550 and 

LOI950 were determined by the loss-on-ignition technique as described in section 3.2.1.8. 

Chlorophyll-a and phaeopigment concentrations were determined as described in section 

3.2.1.9. 

a) b) 

c) 
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4.2.4 Chemical (nutrient) sediment variables 
 
Sediment TP (total phosphorus), PO4

3-
bio (sediment bioavailable PO4

3-), and NH4
+

bio 

(sediment bioavailable NH4
+) concentrations were determined spectrophotometrically as 

described in sections 3.2.1.12 to 3.2.1.14. Method detection limits (MDLs) were 1.136 

μmol L-1 for TP, 0.968 μmol L-1 for PO4
3-

bio and 0.583 μmol L-1 for NH4
+

bio, respectively. 

Sediment limit of detection concentrations were 113, 0.97, and 3.57 nmol g-1 dry wt. for 

TP, PO4
3-

bio, and NH4
+

bio, respectively.  

 

4.2.5 Bulk organic matter source indicators 
 
Organic C and N contents and isotopic signatures were determined as described in 

section 3.2.1.11. Sedimentary C and N contents and C/N ratios are expressed as percent 

of sediment dry weight (% dry wt.) and atom equivalent (atom atom-1), respectively. The 

relative abundances of the heavy and light isotopes of C and N are expressed in standard 

delta notation (per mil, ‰). 

 

4.2.6 Isolation and analysis of fatty acid methyl esters (FAMEs) 
 
The composition of FAMEs within the surface sediments were measured as described in 

section 3.2.1.10. 

 

4.2.7 Data analysis and presentation 
 
Thematic maps were used to illustrate spatial variations in the data sets using Surfer for 

Windows (Golden Software Inc., version 8). The Krigging algorithm was employed as 

the interpolation method. Regions not sampled (e.g. sediments in the upper part of the 

channel within Coombabah Creek north of sample grids 58 and 59) appear white in 

colouration in select thematic maps. This is not a representation of measured values, but 

rather an indication that no measurements were collected from this region during the 
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study. Descriptive statistics, t-test analyses, and Pearson correlations were used to explore 

data and identify relationships between selected sediment variables using SPSS for 

Windows (SPSS Inc., version 11.5.0). Criteria of p <0.05 and <0.01 were used to 

determine statistical significance at the 0.05 and 0.01 level (2-tailed), respectively. Non-

metric multi-dimensional scaling (nMDS, Primer-e Ltd., version 5.2.6) was used to detect 

structure between expressed percentages of overall FAMEs identified from each sample 

grid. nMDS projects the multi-dimensional space of the data onto a lower dimensional 

space used to cluster observations into groups (Young and Hamer, 1987). In this case the 

data points were plotted in a two-dimensional space. The SIMPER (similarity percentage 

analysis, Primer-e Ltd.) routine was used (Clarke, 1993) to identify fatty acids that 

contributed to the average Bray-Curtis dissimilatory within mud- and sand-sized 

sediments, respectively. Sediments were categorised according to median grain size 

(d0.5). 

 

4.3. Results 

4.3.1 Sediment variables and observations 
 
Surface and sub-surface sediment variables varied considerably within the lagoon 

environment (Table 4.1). 

 

Table 4.1 Sediment characteristics measured in the surface (A) and sub-surface (B) 
sediments collected from Coombabah Lake sample grids (n = 51) 

 
Sediment variable Depth Min Max Mean Standard 

deviation 
% RSD 

Wet-bulk density (g cm-3)  A     1.40 2.27     1.67 0.17     10.2 
 B     1.36 2.04     1.71 0.15       9.04 
Porosity (%) A 36.0   82.6 64.6    10.3     15.9 
 B 10.0   15.8 13.3 1.50     11.3 
d0.5 (µm) A 10.5 261 89.6    84.4     94.2 
 B     9.01 256 80.0    79.8     99.7 
LOI550 (%) A     0.64 9.01     4.39 2.17     49.5 
 B     0.47 8.19     4.25 1.97     46.3 

                                                 
 Surface and sub-surface sediment variables for all Coombabah Lake sample grids are listed according to 
grid numbers within Appendix 2 to 4. 
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Table 4.1 (continued) 

LOI950 (%) A     0.07 7.97     1.40 1.34     95.3 
 B     0.14   24.3     1.39 3.33   240 
Chl-a (µg g-1) A0-1     0.43   14.4     2.89 2.21     76.4 
Phaeo (µg g-1) A0-1     5.52   34.5 12.4 4.75     38.3 
where: A0-1 represents surface sample depth of 0 to1 cm, Min represents minimum, Max 
represents maximum, RSD represents relative standard deviation, d0.5 represents median 
sediment grain size, LOI550 and LOI950 represents loss-on-ignition at 550 and 950oC, 
respectively, Chl-a represents chlorophyll-a, and Phaeo represents phaeopigment. 
 

Mud (<63 µm) dominated the southern freshwater entrance region and the northwestern 

arm of the lagoon and sand (>63 µm) dominated the northern marine end of the lagoon 

surface sediments (Figure 4.2). Median sediment grain size (d0.5) varied from 10.49 to 

261.1 µm. Similar to the increased mud content, LOI550 values were primarily greatest 

within the southern areas of the lagoon at both the surface and sub-surface sediment 

depths. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.2 Surface sediment median grain size (µm) (Note: sediments in the upper part 
of the channel within Coombabah Creek north of sample grids 58 and 59 appear white in 
colouration not as a representation of value but because they were not sampled) 
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Sediments exhibited similar LOI550 and LOI950 content values at both the surface and sub-

surface depths, respectively. Surface and sub-surface sediments organic matter values 

ranged between 0.64 and 9.0% and 0.47 and 8.2%, and mean values were 4.4 ± 2.1% and 

4.3 ± 1.9% for the surface and sub-surface sediments, respectively. LOI950 values within 

the lagoon were low and ranged between 0.06 and 8% and 0.14 and 24%, with mean 

values of 1.4 ± 1.3% and 1.4 ± 3.4% for the surface and sub-surface sediments, 

respectively. The sediment mineralogy within Coombabah Lake was characterised by 

pyrite, anorthite, quartz, halite, and kaolinite (see Appendix 3, Table A3.1). Benthic 

sedimentary chl-a and phaeopigment concentrations demonstrated patchiness within the 

lagoon sediments, with maximum concentrations located at the marine entrance (Figure 

4.3). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Surface sediment concentrations of a) chlorophyll-a and b) phaeopigment (µg 
g-1 dry wt.) (Note: sediments in the upper part of the channel within Coombabah Creek 
north of sample grids 58 and 59 appear white in colouration not as a representation of 
value but because they were not sampled) 
 

Sediment porosity (r = -0.830, p <0.001, n = 51), wet bulk density (r = -0.807, p <0.001, 

n = 51), and chl-a (r = 0.416, p = 0.002, n = 51) values significantly correlated with d0.5. 

a) b)
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Chl-a and phaeopigment concentrations were significantly correlated (r = 0.911, p 

<0.001, n = 51). 

 

During the sediment survey, extensive areas throughout the lagoon were exposed to 

atmospheric conditions during periods of low water. Additionally no seagrass was 

observed within the system and as a result the direct contribution of seagrasses to the 

sedimentary organic matter pool of Coombabah Lake was discounted.  

 

4.3.2 Surface and sub-surface sediment nutrient concentrations 
 
Initial baseline TP, PO4

3-
bio, and NH4

+
bio concentrations of the surface and sub-surface 

sediments of Coombabah Lake are shown in Figure 4.4. Concentrations ranged between 

0.05 and 32.23 μmol g-1 for TP, 0.003 and 0.045 μmol g-1 for PO4
3-

bio, and 0.03 and 0.96 

μmol g-1 for NH4
+

bio. Mean nutrient concentrations were greater in the sub-surface 

sediments compared to the surface sediments for TP (11.93 ± 4.24 μmol g-1, 2 to 5 cm 

and 8.43 ± 4.79 μmol g-1, 0 to 2 cm), NH4
+

bio (0.38 ± 0.47 μmol g-1, 2 to 5 cm and 0.21 ± 

0.24 μmol g-1, 0 to 2 cm), and PO4
3-

bio (0.013 ± 0.009 μmol g-1, 2 to 5 cm and 0.012 ± 

0.009 μmol g-1, 0 to 2 cm), with significant (α = 0.05) differences being observed 

between sample depths for TP (p <0.001) and NH4
+

bio (p <0.001). TP (56.5% RSD, 0 to 2 

cm and 35.5% RSD, 2 to 5 cm), PO4
3-

bio (77.4% RSD, 0 to 2 cm and 71.6% RSD, 2 to 5 

cm), and NH4
+

bio (113% RSD, 0 to 2 cm and 124% RSD, 2 to 5 cm) concentrations were 

characterised by high variability within the sampled lagoon sediments. Sub-surface and 

surface sediments demonstrated positive significant (α = 0.01) correlations for all 

nutrients (Table 4.2). 
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Figure 4.4 Spatial variability of nutrient concentrations: TP, PO4

3-
bio, and NH4

+
bio, (μmol 

g-1) respectively within the surface a)-c) and sub-surface d)-f) sediments during 2004 

TP 
(µmol g-1) 

TP 
(µmol g-1) 

PO4
3-

(µmol g-1) 
PO4

3-

(µmol g-1) 

NH4
+

(µmol g-1) 
NH4

+

(µmol g-1) 

a) 

b) 

c) 

d) 

e) 

f) 
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(Note: sediments in the upper part of the channel within Coombabah Creek north of 
sample grids 58 and 59 appear white in colouration not as a representation of value but 
because they were not sampled) 
 

Table 4.2 Pearson correlation coefficients for sediment nutrient concentrations between 
the surface (0 to 2 cm) and sub-surface (2 to 5 cm) sample depths (n = 51, all correlations 

significant at the 0.01 level (2-tailed)) 
 

Sediment nutrient concentrations  TP PO4
3-

bio NH4
+

bio 
surface surface surface 

TP r 0.579 0.523 0.459
sub-surface p <0.001 <0.001 <0.001

PO4
3-

bio r 0.563 0.804 0.809
sub-surface p <0.001 <0.001 <0.001

NH4
+

bio r 0.606 0.681 0.993
sub-surface p <0.001 <0.001 <0.001

where: TP represents total phosphorus, PO4
3-

bio represents sediment bioavailable PO4
3-, 

and NH4
+

bio represents sediment bioavailable NH4
+

. 

 

Lower concentrations were recorded for all nutrients in the surface and sub-surface 

sediments in sample grids dominated by sandy sediment, and most noticeably within the 

northeastern region. Average concentrations in sediments from the southern lagoon (grids 

1 to 25), where the sediment was finer, were greater than the mean nutrient 

concentrations measured in the north of the lagoon (grids 27 to 59) (Table 4.3). 

 

Table 4.3 Sediment nutrient concentrations from the surface (0 to 2 cm) and sub-surface 
(2 to 5 cm) sediments within the southern and northern regions of Coombabah Lake 

 
 Sample grid localities 

Nutrient Depth Southern grid 
concentrations (1 to 25)

Northern grid 
concentrations (27 to 59) 

TP  Surface 11.18 ± 5.09 6.48 ± 3.51 
(μmol g-1) Sub-surface 14.97 ± 3.08 9.77 ± 3.59 

PO4
3-

bio Surface   0.017 ± 0.011 0.008 ± 0.004 
(μmol g-1) Sub-surface   0.020 ± 0.009 0.008 ± 0.006 

NH4
+

bio Surface   0.330 ± 0.291 0.127 ± 0.149 
(μmol g-1) Sub-surface   0.625 ± 0.557 0.202 ± 0.296 

 

Sampled grids within the northwestern arm (43, 49, 52, and 56) were also mud-

dominated and demonstrated higher nutrient concentrations compared to the remaining 
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northern sediments. Sediments within the northwestern arm are influenced by urban 

developments which potentially act as a source of nutrients entering the lagoon system. 

Nutrient concentrations within the lagoon demonstrated no significant change between 

the first and second sampling periods, with increases and decreases in concentrations 

observed, most likely due to sediment heterogeneity (Table 4.4). In general, the results 

suggest that the nutrient inputs and recycling between the sediment and water column, 

facilitated by the shallowness of the system, remained consistent between the two 

sampling periods. However, this simple comparison does not take into account the 

potential for any seasonal influences including the periodic inputs of nutrients as a result 

of organic matter sedimentation and urban run-off during periods of heavy rainfall within 

the region.  

 

Table 4.4 Nutrient concentrations within the surface (0 to 2 cm) and sub-surface (2 to 5 
cm) sediments 

 
Sample 

grid 
Nutrient Depth 2004 

(μmol g-1) 
2005 

(μmol g-1)
Difference 
(μmol g-1) 

Difference 
(%) 

8 TP Surface 10.01 10.07 0.06    0.65 
  Sub-surface 15.17 15.50 0.32    2.13 
 PO4

3-
bio Surface     0.033     0.031 -0.002   -6.80 

  Sub-surface     0.022     0.017 -0.005 -22.39 
 NH4

+
bio Surface     0.159     0.224  0.065  40.81 

  Sub-surface     0.217     0.244  0.027  12.50 
18 TP Surface 12.91 12.98      0.06   0.50 
  Sub-surface 17.24 16.92    -0.32  -1.87 
 PO4

3-
bio Surface     0.019     0.018    -0.001  -5.17 

  Sub-surface     0.018     0.013    -0.005     -27.27 
 NH4

+
bio Surface     0.141     0.218     0.076      54.04 

  Sub-surface     0.488     0.378    -0.109    -22.40 
21 TP Surface   9.10   7.97    -1.13    -12.41 
  Sub-surface 14.59 12.79    -1.81    -12.39 
 PO4

3-
bio Surface     0.010     0.008    -0.002    -21.88 

  Sub-surface     0.010     0.011     0.001  6.25 
 NH4

+
bio Surface     0.166     0.166     0.000  0.00 

  Sub-surface     0.320     0.313    -0.006 -2.01 
30 TP Surface   7.30   3.84    -3.45    -47.35 
  Sub-surface 13.33 15.01     1.68      12.59 
 PO4

3-
bio Surface     0.009     0.008     0.000      -3.70 

  Sub-surface     0.007     0.009     0.002      33.33 
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Table 4.4 (continued) 

Sample 
grid 

Nutrient Depth 2004 
(μmol g-1) 

2005 
(μmol g-1)

Difference 
(μmol g-1) 

Difference 
(%) 

 NH4
+

bio Surface     0.065     0.076  0.011  17.58 
  Sub-surface     0.090     0.083    -0.007  -7.94 

32 TP Surface   7.85   8.43 0.58   7.41 
  Sub-surface 14.21 14.63 0.42   2.95 
 PO4

3-
bio Surface     0.0107     0.0113      0.0006   6.06 

  Sub-surface     0.0077     0.0077     0.0000   0.00 
 NH4

+
bio Surface     0.061   0.077 0.016 27.06 

  Sub-surface     0.103   0.118 0.016 15.28 
37 TP Surface   7.59 7.36    -0.23  -2.98 
  Sub-surface 11.91 8.14    -3.78     -31.71 
 PO4

3-
bio Surface     0.006   0.006 0.000    5.26 

  Sub-surface     0.005   0.011 0.005     106.25 
 NH4

+
bio Surface     0.084   0.090 0.006     7.69 

  Sub-surface     0.119   0.085    -0.034 -28.74 
41 TP Surface   4.46 8.30     3.84   86.23 
  Sub-surface   8.17    12.66     4.49   54.94 
 PO4

3-
bio Surface     0.006   0.009 0.002   35.00 

  Sub-surface     0.005   0.007 0.003   64.29 
 NH4

+
bio Surface     0.062   0.054    -0.009 -13.79 

  Sub-surface     0.085   0.056    -0.029 -33.61 
49 TP Surface   9.04  6.39    -2.65 -29.29 
  Sub-surface 12.82    11.49    -1.32 -10.33 
 PO4

3-
bio Surface     0.007  0.008 0.001    9.09 

  Sub-surface     0.011  0.006    -0.005 -42.86 
 NH4

+
bio Surface     0.063  0.065  0.002    3.41 

  Sub-surface     0.084  0.058 -0.026 -30.77 
 

4.3.3 Surface sediment bulk organic matter variables 
 
Surface sediment organic C and N values ranged between 0.12 and 1.8 and 0.01 and 

0.12% dry wt., respectively with mean C and N values of 0.85 ± 0.42 and 0.06 ± 0.03% 

dry wt., respectively (Figure 4.5a and 4.5b). Organic C and N displayed increased 

contributions within the southern regions of the lagoon in addition to the northwestern 

arm (Figure 5a and b). Organic C (r = -0.831, p <0.001) and N (r = -0.837, p <0.001) 

contributions both demonstrated significant negative correlations with d0.5. Organic C and 

N concentrations were significantly correlated (r = 0.928, p <0.001). C/N ratios ranged 

between 10.5 and 23.5, with a mean value of 16 ± 3.2 (Figure 4.5c). Sediments at the 
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freshwater entrance, northwestern arm, and northern central regions exhibited higher C/N 

ratios than the remaining surface sediments within the lagoon (Figure 4.5c). C/N ratios 

demonstrated a significant negative correlation with δ13C values (r = -0.488, p = 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Surface sediment bulk variables: a) organic C and b) organic N values (% dry 
wt.), and c) C/N ratios (atom atom-1) (Note: sediments in the upper part of the channel 
within Coombabah Creek north of sample grids 58 and 59 appear white in colouration not 
as a representation of value but because they were not sampled) 

a) b)

c)
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Sedimentary δ13C values within the lagoon ranged between -26.1 and -20.9‰ with an 

average value of -23.9 ± 1.0‰. Depleted δ13C values were located at the freshwater end 

and northwestern arm regions of the lagoon (Figure 4.6a). Sedimentary δ15N values 

ranged between +1.7 and +4.8‰ with an average value of +2.8 ± 0.82‰. Surface 

sediments at the marine entrance region of the lagoon were characterised by more 

enriched values (Figure 4.6b). A significant but weak negative correlation was observed 

between δ15N and organic N (r = -0.321, p = 0.028), and δ15N and C/N ratios (r = -0.352, 

p = 0.016). 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Surface sediment bulk variables: a) δ13C and b) δ15N (‰) (Note: sediments in 
the upper part of the channel within Coombabah Creek north of sample grids 58 and 59 
appear white in colouration not as a representation of value but because they were not 
sampled) 
 

4.3.4 Surface sediment fatty acid biomarkers 
 
Thirty-nine individual fatty acids were identified, representing a range of organic matter 

inputs to the lagoon sediments. Identified fatty acids are expressed as a percentage of the 

overall FAMEs isolated and identified from each sample. Identified fatty acids included 

                                                 
 All isolated and identified FAMEs from each sample grid are listed in full with corresponding 
contributions to the overall FAMEs pool within Appendix 5. 

a) b)
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long chain fatty acids (LCFAs; ≥24:0), saturated fatty acids (SAFAs; ≥13:0 to 32:0), 

polyunsaturated fatty acids (PUFAs; e.g. 18:3ω3 and 20:4ω6), monounsaturated fatty 

acids (MUFAs; e.g. 16:1 and 17:1), and bacterial fatty acids (BAFAs, e.g iso- and 

anteiso-15:0 and 17:0, and 18:1ω7). Figure 4.7 illustrates the distribution of contributing 

selected fatty acid groupings to the overall FAMEs pool. The mean contribution of long 

chain fatty acids was 13.9 ± 11.4% of the identified FAMEs. SAFAs accounted for a 

mean contribution of 53.6 ± 8.61% compared with 7.6 ± 4.1% for PUFAs. Bacterial fatty 

acids contributed a mean value of 18.2 ± 4.62% with BAFAs occurring in all sampled 

lagoon sediments. 

 

The contributions of LCFAs were well dispersed and varied throughout Coombabah 

Lake. LCFAs appeared to contribute greatest to the FAMEs pool within sediments 

adjacent to dense fringing mangrove stands, particularly in the northwestern arm, 

southern central, and northeastern regions of the lagoon. SAFAs were broadly distributed 

throughout the lagoon and demonstrated the greatest contribution of fatty acids to the 

overall sediment FAMEs pool. As a consequence of shared fatty acids within the LCFAs 

and SAFAs, both demonstrated similar distributions of elevated contributing values. 

PUFA contributions were greater in the northern sediments with a large expanse of 

minimum values occurring in the shallow eastern region of the lagoon. 

 

Contributions of fatty acids to the overall surface sediment FAMEs were dominated by 

palmitic acid (16:0), ranging from 10.7 to 33.0%, with a mean contribution of 20.9 ± 

5.01%. Higher contributing values of 16:0 (>25%) were located near the freshwater 

entrance and in small patchy northern central regions. Maximal values were observed 

near the marine entrance. 

 

Additionally, the MUFA 16:1ω7 isomer (12.8 ± 5.93%) contributed highly to the overall 

FAMEs pool of the lagoon sediments. Greater contributing values were observed in the 

northern sediments adjacent to a small adjoining creek beside the sewage treatment plant 
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and urban development on the northwestern shoreline. Stearic acid (18:0), found in green 

algae and zooplankton (Wakeham and Beier, 1991 and references therein), also exhibited 

high contributing values (7.8 ± 2.5%). Fatty acids 16:0, 16:1ω7, and 18:0 occurred in all 

sample grids. Furthermore, substantial contributions to the overall FAMEs pool included 

15:0 (3.7 ± 1.7%), 24:0 (6.0 ± 4.4%), and 26:0 (4.2 ± 3.6%).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 4.7 Distribution and contributing percentage of a) long chain fatty acids; ∑24:0 + 
26:0 + 28:0 + 30:0, b) saturated fatty acids: ∑13:0 + 14:0 + 15:0 + 16:0 + 17:0 + 18:0 + 
20:0 + 22:0 + 23:0 + 24:0 + 26:0 + 28:0 + 30:0, c) polyunsaturated fatty acids; ∑18:2ω6 
+ 18:3ω6 + 18:3ω3 + 20:3ω6 + 20:4ω6 + 20:3ω3 + 20:5ω3 + 22:6ω3, and d) bacterial 
fatty acids; ∑15:0 + iso-15:0 + anteiso-15:0 + 15:1 + iso-17:0 + antoiso-17:0 + 17:0 + 

a) 

c) 

b) 

d) 
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cyclopropyl 17:0 + 17:1 + 18:1ω7, to the overall FAME pool (Note: sediments in the 
upper part of the channel within Coombabah Creek north of sample grids 58 and 59 
appear white in colouration not as a representation of value but because they were not 
sampled) 
 

4.4 Discussion 

4.4.1 Physical and biological sediment variables 
 
Physical and biological sediment variables often exhibit variation within and between 

estuarine and coastal systems (Christie et al., 2000; Moreno and Niell, 2004). This 

variation is influential in determining intertidal habitat and vegetation zonation 

(Connolly, et al., 2006 and references therein). Within the lagoon, both physical and 

biological sediment variables revealed variable degrees of change, with physical 

variables characteristic of more consistent and less varied lagoon-wide values. The 

variation and distribution of benthic sediment median grain size within Coombabah Lake 

was influential in the spatial trends of physical and biological sediment variables of the 

lagoon floor. 

 

The dependency of the physical properties of marine sediments on sediment grain size 

has previously been described by Hamilton (1972) and Hamilton and Bachman (1982). 

For example, strong relationships exist between sediment grain size and organic matter 

content due to the greater absorption capacity of fine sediments with large surface areas 

(Meyers and Eadie, 1993; Meyers and Lellier-Vergès, 1999). Therefore, the distribution 

of sediment grain sizes is influential and important when studying organic matter and 

geochemical signatures of coastal and marine sediments. The lagoon sediments 

demonstrated a clear south to north gradient in size, reflecting the fluvial and marine 

sediment inputs and hydrological conditions. Fluvial delta sediments of finer grain size, 

richer in organic matter, derived from (freshwater) upper catchment sources dominated 

the southern region of the lagoon, presumably as a result of sediment transportation 

following rainfall events and reduced current velocities. In comparison, tidal forcing of 

sandy tidal delta sediments, sourced from southern Moreton Bay at the northern (marine) 

lagoon entrance (Lee et al., 2006), strongly influences the northern region sediment 
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regime of Coombabah Lake, resulting in coarser sediments. To a lesser extent, 

resuspension, and transport of sediments as a result of wind-induced waves may also play 

a role in sediment dynamics within the lagoon (Dunn et al., 2007a). 

 

Cahoon et al. (1999) previously demonstrated that sediment grain size is influential in 

benthic microalgal biomass (measured as chl-a) in shallow coastal waters by reporting a 

significant negative correlation between grain size and biomass. However, a significant 

but weak positive correlation was observed during this study with the greatest chl-a and 

phaeopigment concentrations measured in the sandy marine entrance sediments. This 

relationship is probably related to light availability at the sediment surface. During 

sampling, northern lagoon entrance waters were characteristically less turbid in 

comparison to the southern mud-dominated lagoon regions. In support of this 

observation, Lee et al., (2006) identified a constant reduction in average turbidity levels 

from the southern lagoon entrance to the major northern outlet during a hydrological 

survey of the lagoon. Decreased turbidity corresponds to an increase in euphotic depth 

(Kirk, 1985), potentially resulting in greater benthic productivity within the northern 

Coombabah Lake sediments. Phaeopigments are an early breakdown product of chl-a. As 

phaeopigments degrades more slowly than chl-a, the ratio of chl-a to phaeopigment 

concentration can suggest the relative rate and timeframe of phytoplankton deposition 

(Hagy III et al., 2005). The lagoon-wide ratio of chl-a/phaeopigment averaged 0.21 ± 

0.09 with a range from 0.04 to 0.42. These values are comparable to values obtained by 

Josefson and Conley (1997) of 0.15 to 0.60, with most values <0.4. Ratios observed 

within Coombabah Lake were less than ratios observed in Chesapeake Bay (0.7 to 1.4) 

reported by Hagy III et al. (2005). Higher chl-a/phaeopigment generally indicates rapid 

and recent deposition of phytoplankton to sediments. The relatively low ratios observed 

in Coombabah Lake provide a qualitative indication that small inputs of fresh 

phytoplankton occur or, alternatively, large inputs of phytoplankton take place before 

extensive degradation occurs. Higher ratios predominantly occurred at the seaward 

entrance of the lagoon, potentially indicating more recent depositions of phytoplankton 

compared to the southern regions of the lagoon. Observed chl-a and phaeopigment 

concentrations and ratios within the lagoon are, however, most likely a result of benthic 
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microalgae production on the sediment surface and not phytoplankton deposition. 

Therefore, the chl-a/phaeopigment may be more indicative of microalgal growth and 

productivity rather than time of phytoplankton deposition within the lagoon environment. 

 

4.4.2 Nutrient concentrations  
 
Sedimentary TP concentrations observed within the lagoon compared well with 

concentrations typically encountered within Australian estuarine systems measured using 

similar analytical procedures (Birch et al., 1999a). TP concentrations, when compared to 

the Australian average of 3.87 to 14.5 μmol g-1 (Heap et al., 2001), suggest typical 

estuarine sediment TP concentrations, however, sub-surface samples within the southern 

region of the lagoon were on average greater than 14.5 μmol g-1 (14.9 ± 3.08 μmol g-1). 

When compared to coastal Australian systems, Coombabah Lake TP concentrations 

exceeded concentrations recorded in Oldfield Inlet and Moore River estuary (Western 

Australia), Gippsland Lakes (Victoria) and the almost pristine Bellinger Estuary (New 

South Wales) (Smith, 1996) but were less than those found in Australian coastal systems 

characterised by greater urban and agricultural land uses (Hill et al., 1992; Smith, 1996; 

Birch et al., 1999b) such as the Maroochy River (Queensland), Beaufort Inlet, Irwin Inlet, 

and Canning River (Western Australia) (Heap et al., 2001). TP concentrations were 

similar to those in Australian systems that have been modified with nutrient inputs from 

agriculture and urban run-off inputs (Hill et al., 1992; Smith 1996; Birch et al., 1999b). 

Increased TP concentrations within the lagoon at both the surface and sub-surface depths 

occurred in localised areas dominated by fine sediments. Sub-surface samples collected 

from grids 13, 15 to 18, 21, 30, and 56 far exceeded the Australian average TP 

concentrations indicating localized pools of potentially available phosphorus in the 

sediment column. The occurrence of elevated phosphorus concentrations within lagoon 

sediments is believed to be a result of non-point source urban run-off from the catchment 

and immediate lagoon area containing P sorbed to colloidal material (clays and hydrous 

Fe- and Al-oxides) and soluble organic matter during rainfall events. A golf course 

development and an adjoining small tributary which encroaches into the lagoon at sample 

grid 10 appear to play an important role in the elevated concentrations of TP within the 
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sediments. This may potentially by explained by the run-off of regular applications of 

fertilisers generally used in course maintenance (Winter and Dillon, 2005). Run-off from 

urban areas and golf courses is often presumed to be a significant contributor to non-point 

source pollution originating from urban environments (Kohler et al., 2004). 

 

Coombabah Lake PO4
3-

bio concentrations were generally very low when compared to 

sediments in Australian estuarine systems detailed by Birch et al. (1999a). Concentrations 

showed similar patterns to TP concentrations at both sample depths, with increased 

concentrations located within the southern regions of the lagoon. Sediments generally 

demonstrated low NH4
+

bio concentrations with elevated values observed at sample grids 1 

to 6, 52, and 56. The more elevated concentrations within the lagoon were associated 

with finer sediments. Increased concentrations of NH4
+

bio may have occurred due to 

urban run-off from both the catchment and immediate urbanised lagoon surroundings 

containing fertilisers and decaying organic matter. Elevated NH4
+

bio and P concentrations 

also coincide with sediment exposure at low tide. The lagoon is an important area for 

sustaining large communities of water birds and the presence of N and also P may be due 

to excreta from birds that are commonly found in large numbers on the exposed sand and 

mud flats within the lake system. 

 

Differences in sediment nutrient concentrations are believed to be attributable to 

variations in sediment grain size (sediment source), which is influential in the absorption 

capacity of sediments (Meyers and Lellier-Vergès, 1999), the hydrodynamic regime of 

the lagoon, and point and non-point source inputs during periods of freshwater inflow 

after rainfall events. Nutrients associated with freshwater discharges entering the lagoon 

during rainfall events may be incorporated into the bottom sediments through a number 

of processes. These processes include coagulation or sorption onto particulates and 

subsequent removal through sedimentation (Birch et al., 1999a; Eyre, 1994), biological 

uptake (Eyre and Twigg 1997), flocculation, and precipitation reactions with humic 

material (Birch et al., 1999a and references therein). Benthic removal of nutrients plays 

an important role, as it largely determines the ability of a system to buffer changes in 
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external nutrient inputs (Birch et al., 1999a). However, nutrients may reach 

concentrations that result in the bottom sediments acting as a secondary source (Birch et 

al., 1999a; Eyre and McConchie, 1993), which impacts on the overlying water column. 

Nutrients may be supplied to the overlying water column through a number of processes 

including porewater advection, diffusion, desorption and dissolution following the 

anaerobic diagenesis of iron minerals, and mineralization of organic nutrients (Birch et 

al., 1999a). Additionally, resuspension events during periods of increased wind speeds 

potentially influence the exchange of solutes across the SWI (Ullman and Sandstrom, 

1987; Simon, 1989; Tengberg et al., 2003). These processes may regulate dissolved 

inorganic nutrient concentrations in estuarine water columns (Pomeroy et al., 1965; 

Froelich, 1988). Birch et al. (1999a) previously commented that this buffering 

mechanism suggests that when dissolved inorganic nutrient concentrations in the water 

column are low, nutrients will be supplied from suspended material and bottom 

sediments and, alternatively, when nutrient concentrations in the overlying waters are 

elevated, dissolved inorganic nutrients will be removed and sequestered in the surface 

sediments. This has important implications for the management of Coombabah Lake, 

since sediments may potentially supply P and N to the water column. 

 

4.4.3 Sedimentary organic matter sources as indicated by bulk sediment 
variables 
 
Sedimentary C/N ratios were consistent with documented Australian estuarine sediment 

ratios (10.1 to 24.3, Heap et al., 2001) and similar to values previously observed within 

the lagoon (9.7 to 18, Frank and Fielding, 2004). Generally, sedimentary organic matter 

characterised by low C/N ratios suggests input from microalgae and bacteria (C/N ratios 

4 to 10) and high C/N ratios are typically indicative of terrestrial plant origin (C/N ratio 

>20) (Meyers, 1994). Coombabah Lake C/N ratios were similar to those measured 

elsewhere in sediments receiving organic matter derived from mangrove forests (Boto 

and Bunt, 1981; Meziane and Tsuchiya, 2000) and suggest contributions from 

allochthonous sources (e.g. freshwater, mangrove and/or terrestrial vascular plants) to the 

lagoon (Meyers and Ishiwateri 1993; Meyers, 1994). Lower C/N ratios within the lagoon 
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corresponded to regions of increased concentrations of chl-a and phaeopigment 

concentrations, with significant negative correlations occurring between chl-a and 

phaeopigment concentrations and C/N ratios, reflecting the influence of the low C/N ratio 

algal biomass and bacterial communities. Surface sediments that exhibited the highest 

C/N ratios were characterised by shorelines dominated by high-density fringing 

mangrove stands (e.g northwestern arm), or input sources from terrestrial organic matter 

(e.g. freshwater entrance region). In the case of the northern central sediments hotspot of 

high C/N, mangrove vegetation colonising the island shorelines, in addition to the 

potential preferential deposition of sediments within the deeper waters, may have 

influenced the increased C/N ratios of the surface sediments. High C/N ratios in intertidal 

sediments within regions adjacent to mangroves have been related to significant 

mangrove out-welling signatures (Boto and Bunt, 1981). 

 

Measured δ13C values were similar to reported values for mangroves (-30 to -24‰) in 

coastal ecosystems (Hemminga et al., 1994; Lee, 2000; Schwamborn et al., 2002) 

suggesting mangroves are a major source of organic matter within the surface lagoon 

sediments. During the degradation of vascular plant detritus with high C/N values, the 

C/N ratio tends to decrease with time and to asymptotically approach a C/N value of ~10 

(Meyers, 1994). In contrast, δ13C values may remain relatively unchanged during 

bacterial colonisation and decomposition (Kennedy et al., 2004; Werry and Lee 2005), 

even after extensive and prolonged microbial decomposition (Haines, 1976; 

Schwinghamer et al., 1983). Thornton and McManus (1994) used δ13C, δ15N, and C/N 

ratios to investigate sources of sedimentary organic matter in an estuarine system and 

concluded that only δ13C was reliable as a provenance indicator because δ15N signatures 

and C/N ratios recorded not only the organic matter origin but also the degree of 

diagenetic alteration. During mangrove leaf decomposition, significant amounts of 

material are initially lost as dissolved organic matter, which is utilised by bacteria, some 

of which colonise the decaying leaves (Benner et al., 1986; Benner et al., 1988). The 

microbial immobilisation of N associated with decaying mangrove leaves has been 

observed in a variety of intertidal environments (Twilley et al., 1986; Benner et al., 1990; 

Cifuentes et al., 1996) and is believed to have influenced C/N values, which were 
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comparable with those of terrestrial plants (Cifuentes et al., 1996). Bacterial colonisation 

may also potentially shift δ15N values, as they assimilate N from sources other than the 

detritus itself. Values of δ15N reported for estuarine sediments cover a very wide range of 

values from +0.2 to +15.0‰ (Thornton and McManus, 1994; Middelburg and 

Nieuwenhuize, 1998) because of the large number of possible fractionation processes 

related to the ammonification, nitrification, denitrification, nitrogen fixation, and nutrient 

assimilation reactions (Carreira et al., 2002). Coombabah Lake δ15N values corresponded 

with values ≈+2‰, suggesting mangrove-derived organic matter input (Boutton, 1991; 

Coffin et al., 1994; Nadelhoffer and Fry, 1994). The addition of bacterial biomass to 

decaying leaf material may have reduced observed lagoon-wide C/N ratios (Rice, 1982; 

Rice and Hanson, 1984), as rapid declines in C/N ratios have been reported when 

bacterial colonization is optimized, e.g. through crab processing of mangrove leaf litter 

(Werry and Lee 2005), a pathway common in sub-tropical Indo-West-Pacific mangroves. 

The grazing of mangrove leaf litter has been proposed as an important link in coastal and 

estuarine food web dynamics (Lee, 1997, 1998). The faecal material of grazing intertidal 

crabs is initially characterised by low N. However, following a decrease of the C/N ratio 

with time (Lee, 1997), the nutritive quality of the faecal material is improved. Coupled 

with the dramatic decrease in tannin concentration (<3% in crab faeces) and particle size, 

this faecal material becomes of high value to coprophagous invertebrates within 

mangrove food webs (Lee, 1998). The low C/N ratios observed within the lagoon 

sediments, indicative of bacterial communities and the degradation of vascular plant 

detritus, were not contradictory with the more resilient C isotope signature. This 

suggested that mangroves were a major source of organic matter to the lagoon sediments.  

 

4.4.4 Sedimentary organic matter sources as indicated by fatty acid 
biomarkers 
 
The contribution of various specific, coupled, and grouped FAMEs characteristic of 

known organic matter sources were used to further evaluate the relative importance of 

organic matter inputs within deposited surface sediments of Coombabah Lake. LCFAs 

were investigated, in particular, as they are linked with the waxy leaf coatings of higher 
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plants (Wannigama et al., 1981) and considered to be an indicator of terrestrial organic 

matter inputs (Nichols et al., 1982; Reiley, et al., 1991) including mangroves (Meziane 

and Tsuchiya, 2000). Their spatial distribution and contribution to the overall FAMEs 

demonstrated the potential importance of the fringing mangrove communities of 

Coombabah Lake as a source of organic matter. In addition to LCFAs, the sum of 18:2ω6 

+ 18:3ω3 found in elevated amounts in most terrestrial plants (Ackman, 1986), was also 

used as a terrestrial biomarker (Napolitano et al., 1997; Budge and Parrish, 1998; 

Copeman and Parrish, 2003) and, more specifically, as a marker for mangroves (Meziane 

et al., 2006; Meziane et al., 2007) within the lagoon sediments (Figure 4.8).  

 

 

Figure 4.8 Distribution and contributing percentage of fatty acids 18:2ω6 + 18:3ω3 
(Note: sediments in the upper part of the channel within Coombabah Creek north of 
sample grids 58 and 59 appear white in colouration not as a representation of value but 
because they were not sampled) 
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Although distributed throughout much of the lagoon regions, the coupled FAMEs 

mangrove biomarker (18:2ω6 + 18:3ω3) demonstrated a more restricted distribution, 

based on elevated contributions to the total FAMEs, in comparison to the LCFAs. Fatty 

acids 18:2ω6 and 18:3ω3, compared to LCFAs, are also common in organisms other than 

vascular plants, such as fungi and macroalgae (Chen et al. 2001; Graeve et al. 2002), 

which may help to explain spatial differences in the distribution of the two alternative but 

confirmed mangrove biomarker approaches utilised. The behavior of these terrestrial 

fatty acid biomarkers, while they are in decomposing litter during sediment diagenesis 

and when ingested by benthic consumers, needs to be considered during the interpretation 

of distributions of the terrestrial biomakers (Meziane et al., 2007). These processes may 

have also influenced the observed differences between the terrestrial biomarker 

distributions within the lagoon sediments. Alfaro et al. (2006) reported, while utilising 

LCFAs and 18:2ω6 + 18:3ω3 as terrestrial biomarkers within the Matapouri Estuary 

(northern New Zealand), that 18:2ω6 and 18:3ω3 decreased in decomposing leaves 

compared to fresh leaves and that the amount of LCFAs was not affected between fresh 

or decomposing leaves. Increased 18:2ω6 + 18:3ω3 contributions observed within the 

northwestern lagoon region and additional areas characterised by elevated 18:2ω6 + 

18:3ω3 contributions appeared to generally correspond to the spatial distribution of 

elevated LCFAs within the lagoon. Elevated contributions of LCFAs and 18:2ω6 + 

18:3ω3 predominantly originated from, or occurred near, fringing mangrove forests. The 

detection of LCFAs and 18:2ω6 + 18:3ω3, within these sediments indicates the 

occurrence of outwelling events of POM from the fringing mangrove forests. Intertidal 

sediments containing elevated contributions of LCFAs occurred at approximate distances 

ranging from 150 m (40% of the overall FAMEs pool) to 500 m (20%) from the lagoon 

shore. The contributing value of the LCFAs to the overall FAMEs pool within each of the 

identified hotspots decreased with increasing distance from the lake shoreline. In addition 

18:2ω6 + 18:3ω3 was also generally characterised by greater contributing values at sites 

closer to the fringing mangrove forests, with the exception of a sandy sediment hotspot 

~250 m from the western shoreline. Maximum 18:2ω6 + 18:3ω3 contributing values 

(3.3%) occurred in the northwestern sediments, where values decreased with increasing 

distance from the maximum contributing sediments. Elevated contribution values for 
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both terrestrial biomarker approaches did not exceed a distance of ~500 m from the 

fringing mangroves. 

 

The degree of transport of mangrove organic matter within the lagoon is most likely a 

function of the geomorphology and resulting hydrology (Lee, 1995). Regions of elevated 

contributing mangrove biomarkers or hotspots demonstrated apparent similarities with 

the flow regime of Coombabah Lake, as depicted in Knight et al. (2008) and typically 

occur along curved sections of the flow route. The northwestern region of the lagoon was 

characterised by the largest area of high contributing values of both LCFAs and 18:2ω6 + 

18:3ω3 to the overall FAMEs pool. This region is relatively shallow and flat, adjacent to 

fringing riverine forests with deep and medium depth mangrove basins extending 

landward up to ~700 m (Knight et al., 2008). Large ephemeral pools located within the 

surrounding mangrove basins, flow into the lagoon system during large tidal and rainfall 

events (Knight et al., 2008) delivering POM to the receiving lagoon waters. This POM is 

deposited locally within the northwestern region of the lagoon, likely due to the 

topography and reduced water velocity of the lagoon region. While this study did not 

investigate any temporal (seasonal) variability in the distribution and contribution of 

FAMEs to the surface sediments, it is likely that variations would occur, including the 

magnitude of organic matter outwelling from the surrounding mangrove forests as a 

result of changes in environmental conditions and plant physiology (Mfilinge et al., 

2005). 

 

Leaf litter is the most important source of mangrove organic matter in estuarine systems 

(Meziane et al., 2007), contributing >70% of the total litter fall in many tropical and sub-

tropical mangroves (Mfilinge and Tsuchiya, 2008 and references therein). Although tidal 

flow provides the primary driving force for most material movement in mangroves, 

mangrove macrobenthos influence the dynamics of adjoining regions through linkages 

that are mediated by tidal flow, animal migrations, direct and indirect nutrient movement 

and, trophic relationships (Lee, 2008). Mangrove macrobenthos observed in Coombabah 

Lake, including burrowing crab and amphipod species, most likely help to influence 
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material movement through their impact on organic matter retention, bioturbating 

activities, and also active migration. Mangrove macrobenthos have been reported to 

process large quantities of mangrove leaf litter (Lee, 1998; Fratini et al., 2004; Proffitt 

and Devlin, 2005), profoundly changing the physical and chemical nature of this organic 

matter. The shredding of leaves into smaller particles by consumers increases the rate of 

litter breakdown by increasing the surface area available for microbial colonisation. The 

release of formerly solid associated nutrients from organic matter is important for the 

nutrient dynamics (Kristensen, 2000; Welsh, 2003) and potentially the overall nutrient 

budget (Mortimer et al., 1998) of Coombabah Lake. Furthermore, the deposition of 

mangrove POM is a potentially important trophic link and important for food web 

dynamics of the lagoon, which supports commercially and recreationally significant fish 

and crustacean species (GHD Pty. Ltd., 2003; Hollingsworth and Connolly, 2006). It is 

well documented that mangrove forests provide important habitats for many marine, 

estuarine, and terrestrial species (Boto and Bunt, 1981; Lee et al., 1999; Clynick and 

Chapman, 2002), providing a strong argument for their conservation and management 

(Lee et al., 2006). The quantification of mangrove outwelling and its role in near-shore 

food webs is of increasing concern because of increasing destruction of, and urban 

intrusion into, mangrove environments, including the wetlands of Coombabah Lake. 

 

The appearance of PUFAs within sediments is relatively rare due to their labile nature 

(Smith et al., 1983) and they may therefore be used to indicate recent detritus inputs 

(Shaw and Johns 1985; Carrie et al., 1998). The occurrence of PUFAs within Coombabah 

Lake confirmed the delivery of labile autochthonous organic matter to the surface 

sediments, with greater contributing values of PUFAs occurring in the sandy northern 

marine end sediments, including the northwestern arm and selected locations along the 

western shoreline. ΣC22 PUFAs, used as a general planktonic biomarker (Camacho-Ibar 

et al., 2003), were well dispersed throughout the lagoon sediments and contributed 6.19 ± 

3.36% to the overall FAMEs pool with relatively similar contributing values within the 

southern (5.33 ± 2.37%) and northern sediments (6.76 ± 3.82%). The lagoon-wide 

distribution of this diagnostic biomarker group suggests that relatively low chl-a/ 

phaeopigment ratios observed may be a result of low benthic algae production or the 
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degradation of fresh phytoplankton inputs to the lagoon sediments. Higher contributing 

PUFAs values correlated to sediments with increased chl-a/phaeopigment ratios, 

predominantly within the northern lagoon regions. Despite being influenced by 

environmental factors (Claustre et al., 1989), and their widespread distribution within the 

marine environment, PUFAs have been used to distinguish between phytoplankton 

taxonomic classes (Carrie et al., 1998 and references therein).  

 

PUFAs normally linked with phytoplankton, for example 20:5ω3 and 16:4ω1, are typical 

diatom fatty acids (Colombo et al., 1996); 18:2ω6, 18:3ω3, and 18:3ω6 have been used as 

markers of green macroalgae (Meziane and Tsuchiya, 2000), and 22:6ω3 usually 

indicates dinoflagellate origin (Colombo et al., 1996; Budge and Parrish, 1998; Carrie et 

al., 1998). However, with the exception of 20:5ω3, these PUFAs did not demonstrate 

significant contributions to the sediments FAMEs pool of Coombabah Lake, nor were 

they frequently observed throughout the lagoon system. Green macroalgae biomarkers 

18:2ω6, 18:3ω3, and 18:3ω6 showed limited contributing values of 0.37 ± 0.50, 0.19 ± 

0.45, and 0.46 ± 0.72%, respectively, occurring in 37, 41, and 20% of the total grids 

sampled. The biomarkers were observed more frequently in the northern sediments in 

comparison to the southern lagoon sediments, however this difference was not 

significant. The dinoflagellate biomarker, 22:6ω3 was very restricted in its occurrence, 

occurring within only 3 sampled grids (9, 35, 54) and contributing 0.35 ± 1.57% to the 

FAMEs pool. The fatty acid 16:4ω1 was not detected within the lagoon sediments. The 

PUFA 20:5ω3 has been strongly detected in diatoms (Pond et al., 1998) and also used 

extensively as a diatom marker in marine habitats (e.g. Currie and Johns, 1988; Canuel et 

al., 1995; Meziane and Tsuchiya, 2000; Mfilinge et al., 2005; Hu et al., 2006). The fatty 

acid 20:5ω3 was widespread throughout the lagoon and demonstrated a lagoon-wide 

mean contribution of 2.94 ± 2.50% with a maximum of 7.18%. The contribution of 

20:5ω3 was greatest within the northern sediments, including the marine entrance, 

northern central, and northwestern sediments of the lagoon, comprising ≥4.5% of the 

overall FAMEs pool in comparison to the finer southern lagoon sediments (mean 

contribution of 3.3%). The relative proportions of 20:5ω3 found within Coombabah Lake 

were comparable to previously reported values for intertidal flat areas including those of 
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Oura Bay (Japan; Meziane et al., 2002) and Mont-Saint-Michel Bay (France; Meziane et 

al., 1997). The ratio of 16:1/16:0 can be used to distinguish between diatom and 

dinoflagellate sources and values >1.6 have been employed as an indicator for diatom 

sources in different aquatic systems (Budge and Parrish, 1998). However, as a result of 

the higher vulnerability of unsaturated fatty acids to biological and chemical degradation, 

the ratio of 16:1/16:0 in surface sediments is usually well below 1 (Birgel et al., 2004). 

Ratios within Coombabah Lake averaged 0.14 ± 0.07 and ranged between 0 and 0.28. 

The low 16:1/16:0 lagoon ratios corresponded with high phaeopigment/chl-a, suggesting 

low benthic algae production within Coombabah Lake sediments and that large portions 

of the microphytobenthos were dead/moribund and not actively growing within the 

lagoon. The richness and abundance of phytoplankton species within Coombabah Lake 

have previously been documented by GHD Pty. Ltd. (2003). The lack of PUFAs within 

the lagoon sediments is not a direct indication of the absence of phytoplankton sourced 

organic matter but rather a result of the lability of PUFAs, which are subject to rapid 

losses by bacterial degradation and/or zooplankton grazing (Alfaro et al., 2006; Hu et al. 

2006). Thus the PUFAs associated with phytoplankton would not necessarily be expected 

to be preserved in their original amounts, which may partially explain the absence or 

depletion of several of the diagnostic PUFAs within the sediments (Carrie et al., 1998). 

Subsequently, the rapid loss of the original signatures of PUFAs from sediments makes it 

difficult to easily assess the source of microphytobenthos and/or phytoplankton 

community structures within receiving sediments (Carrie et al., 1998). 

 

The ratio of fatty acids representing terrestrial and aquatic organic matter was used to 

discern organic matter sources within the lagoon. The SCFAs/LCFAs ratio is a measure 

of even-numbered short chain fatty acids (∑14:0 + 16:0 + 18:0) to even-numbered long 

chain fatty acids (∑22:0 + 24:0 + 26:0 + 28:0 + 30:0), indicative of aquatic vs terrestrial 

organic matter sources (Meyers, 1997; Jaffé et al., 2001; Waterson, 2005). 

SCFAs/LCFAs ratios within the lagoon sediments demonstrated a high degree of 

variability, ranging from 0.42 to 34. Increased ratios, indicating dominant inputs of labile 

autochthonous (marine) sourced organic matter, occurred predominantly within the 

northern marine-end sediments (Figure 4.9). Lower ratios, indicative of reduced inputs of 
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autochthonous organic matter were observed within the southern lagoon sediments. 

Furthermore the northwestern arm also demonstrated terrestrially derived organic matter 

as a dominant source, consistent with the 18:2ω6 + 18:3ω3 biomarker approach.  

 

 

Figure 4.9 Surface sediment SCFAs/LCFAs ratios (Note: sediments in the upper part of 
the channel within Coombabah Creek north of sample grids 58 and 59 appear white in 
colouration not as a representation of value but because they were not sampled) 
 

SAFAs are more resistant to microbial degradation (Gong and Hollander, 1997) and 

indicative of older partially degraded sedimentary organic matter. Collectively SAFAs 

contributed to a large percentage of the overall FAMEs pool. Sediments characterised by 

high SAFAs contributions predominantly occurred in two patchy regions within the 

deeper waters within the centre of the lagoon, which may also represent ultimate 
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deposition zones within the lagoon after multiple sedimentation-resuspension events. 

Elevated contributions of SAFAs were also observed within the northwestern shoreline 

sediments. 

 

Bacteria occur in all present day sedimentary environments including polar, deep-sea, 

anoxic-basin, intertidal, saltmarshes, mangrove, and lacustrine sediments (Gong and 

Hollander, 1997 and references therein) and contain the most distinctive fatty acid 

compositions of all marine taxa (Canuel and Martens, 1993). BAFAs were prevalent 

within all sampled surface sediments of Coombabah Lake. The location of higher 

contributing BAFA profiles significantly correlated with sediment d0.5 (r = -0.539, p 

<0.001). Biomarkers iso-15:0, anteiso-15:0 and 15:0, which are abundant in sulphate-

reducing (Parkes and Taylor, 1983) and gram-positive bacteria (Kaneda, 1991), 

contributed 2.7 ± 0.93%, 2.5 ± 0.91%, and 3.7 ± 1.7%, respectively. BAFAs contributed 

significantly (t-test, p <0.001), more to the FAMEs within lagoon sediments dominated 

by mud (21 ± 4.7%) compared to sand (16 ± 3.2%). This has been previously 

documented within marine and estuarine sediments (Dale, 1974; DeFlaun and Mayer, 

1983; Mfilinge et al., 2005). Increased contributions of BAFA within the lagoon 

coincided with sediments adjacent to urban developments (e.g. residential dwellings, golf 

course, and STP), possibly in response to increased inputs of organic matter and nutrients 

from run-off events. Bacterial populations have been reported to respond positively to 

increases in organic matter deposition (Carrie et al., 1998). During this study, no 

significant correlation was observed between high BAFA contributions and low C/N 

ratios. However, a number of sites with increased contributions from BAFAs, including 

the maximum contribution site, coincided with low C/N ratios, supporting the notion that 

bacteria may have been influential in reduced C/N ratios or that labile low C/N ratio 

organic matter support greater bacterial populations. 

 

The composition of lipids and the effects of grain sizes has been the focus of previous 

studies (Barouxis et al., 1987; Harvey and Johnston, 1995; Jeng and Cheng, 1995). 

Lagoon sediment fatty acid profiles showed marked separation (nMDS analysis, stress = 
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0.13) between the mud- and sand-dominated sediments located within the southern and 

northern regions of the lagoon, respectively (Figure 4.10).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10 Result of MDS analysis of fatty acid methyl ester profiles within sediments 
characterised by d0.5 values of <63 μm (squares) and >63 μm (circles) (numbers within 
symbols refer to grid numbers shown in Figure 4.1) 
 
The apparent relationship between fatty acid profiles and grain size classes within the 

lagoon signifies the potential significance of the local hydrology in determining the 

spatial variability of fatty acid biomarker profiles through the transportation, 

resuspension, and deposition of organic matter and sediment within the lagoon 

environment. SIMPER analysis demonstrated that the average similarities of contributing 

fatty acids within the mud- and sand-dominated sediments were 72.5 and 74.4%, 

respectively. Fatty acids 16:0, 16:1ω7, and 18:0 collectively contributed 43.9 and 55.0% 

to the overall dissimilarity between fatty acid profiles within the mud- and sand-

dominated sediments, respectively. Contribution differences between the two size classes 

are presumed to be a result of higher inputs and retention of nutrients and organic matter, 

organic matter quality, and higher specific surface areas associated with smaller grain 

sizes (Alongi, 1994). 

 

Stress: 0.13 
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4.5 Conclusions 
 
This study investigated the surface and sub-surface sediments of Coombabah Lake to 

establish baseline physical, chemical, and biological data sets. Nutrient concentrations 

within the lagoon are typical of Australian estuarine settings and the concentrations 

suggest that Coombabah Lake is not heavily impacted by urban development within the 

catchment and lagoon surroundings, however areas of elevated concentrations were 

observed. The lack of historical nutrient data collected from Coombabah Lake sediments 

does not allow for temporal comparisons and the identification of any trends of 

increasing accumulation of nutrients within the system as a result of urban development. 

Although the impact of urbanisation can be inferred from local spatial patterns of 

sediment characteristics, time-series measurements of these variables would allow a 

better assessment of the importance of urbanisation as a driver of change within the 

lagoon system. The spatially explicit sampling design and use of selected indicators 

adopted during this study provides a model for future studies of sediment properties and 

changes. Continued monitoring of the sediment quality within the lagoon will be 

necessary to ascertain changes over time and responses to specific events or management 

actions. As a result of the intensive 2004 sampling regime, localised areas of elevated 

concentrations within the lagoon could be observed with potential sources of nutrients 

identified. To determine whether these areas are a substantial source of nutrients to the 

overlying waters of Coombabah Lake requires further information, such as the 

determination of the fluxes of N and P across the SWI and the investigation of processes 

that control both the uptake and release of P and N from the surface sediments. The latter 

process is particularly complex and would require understanding the role of resuspension 

events, settling and decomposition of organic material, and the effects of bioturbation by 

infauna within the surface sediments of Coombabah Lake. The determination of seasonal 

fluxes of N and P across the sediment-water interfaces within the lagoon and the effects 

of burrowing infauna on benthic fluxes and nitrogen cycling are discussed in future 

chapters of this thesis. 
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Biomarkers within Coombabah Lake suggest that the main food sources available to the 

macrozoobenthos in the intertidal surface sediments include organic matter derived from 

terrestrial vascular plants (i.e. mangroves), diatoms, and benthic bacteria. However, 

determining the degree of ingestion and assimilation by macrozoobenthic communities 

was beyond the initial aims of this study. Future studies may confirm the assimilation of 

specific organic matter sources within the lagoon regions, investigating the presence and 

contribution of respective biomarkers within the lagoon food web. The biomass of nekton 

within Coombabah Lake is dominated by detritovores (39%) (GHD Pty. Ltd. 2003) 

which, would supposedly be supported by the mangrove- and planktonic-sourced organic 

matter detritus in the surface sediments. Mangrove detritus within the lagoon thus 

appears to play a potentially important role in the food chain directly through direct 

ingestion and degradation by macrofaunal species of the lagoon, and through the 

potential supply of inorganic nutrients to benthic algae (at the base of the food chain). 

The importance of the fringing mangrove forests must thus be recognised during future 

management decisions regarding the Coombabah Lake wetlands. 
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Chapter 5: Short-term variability of physico-chemical 
variables and the estimated transport of filterable 

nutrients within the Coombabah Lake-Creek system 
 

5.1 Introduction 
 
Shallow estuarine environments are dynamic highly variable systems, structured 

primarily by the influences and interactions of physical elements. These include the 

prevailing wind conditions and resulting wave action, river flow, tidal and current 

movement, hydrological structure, and sediment transportation (Carter, 1988; Allen and 

Duffy, 1998; Le Hir et al., 2000; Trigueros and Orive, 2000; Kagan et al., 2005; Fujii, 

2007; Ara and Hiromi, 2008). The influence of each forcing variable also varies spatially 

and temporally, e.g. variations in freshwater discharge resulting from seasonal episodic 

rainfall events, fortnightly variations due to spring-neap variation in tidal current 

amplitude, and short-term variability due to wind and wave regimes. Additionally, daily 

and diel biological factors also influence estuarine system variability (Madariaga, 1995; 

MacIntyre and Cullen, 1996). 

 

Despite the presence of steep environmental gradients, estuaries provide important 

habitats and are generally characterised by high floral and faunal abundances and 

biomass (Stumpf and Haines, 1998; Fujii, 2007), resulting from high inputs and retention 

of organic matter and nutrients (Alongi, 1998; Fujii, 2007). Within coastal waters the 

primary point of entry for nutrients is from terrestrial sources (Pereira-Filho et al., 2001), 

including agricultural, industrial, and domestic waste runoff. In densely populated urban 

regions, the supply of nutrients is typically greater due to the input of both domestic and 

                                                 
 This chapter has previously been published in the Journal of Coastal Research as: Dunn, R.J.K., Ali, A., 
Lemckert, C.J., Teasdale, P.R., Welsh, D.T., 2007. Short-term variability of physico-chemical parameters 
and the estimated transport of filterable nutrients and chlorophyll-a in the urbanised Coombabah Lake and 
Coombabah Creek system, southern Moreton Bay, Australia. Journal of Coastal Research (SI) 50, 1062-
1068. Stylistic alterations and minor additions have been made to the article within this chapter in 
accordance with the thesis layout and theme. 
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industrial waste, and urban drainage (Lee et al., 2006). This pollution can potentially lead 

to excessive eutrophication, especially where the circulation is restricted such as in bays 

and coastal lagoons (Lin et al., 2006). 

 

Alterations in water quality and chemical characteristics within coastal systems occur due 

to changes in biogeochemical flows (Pereira-Filho et al., 2001), often as a consequence of 

modified land use resulting in various ecological consequences (Lee et al., 2006). In 

order to regulate and forecast water pollution issues, in addition to further understanding 

estuarine system behavior, many investigations have been carried out to characterise 

system dynamics (e.g. Cabrita and Moita, 1995; Sadhuram et al., 2005. Aguiar and 

Braga, 2007). However, such undertakings are often technically and financially very 

challenging (Kramer et al., 1994; Dunn et al., 2003), especially when incorporating large 

spatial scales (e.g. Chesapeake Bay estuary (USA), Río de la Plata (Argentina-Uruguay), 

and the Taz estuary (Russia)). Thorough characterisation of estuarine waters requires 

hourly sampling across tidal and diurnal cycles, on at least one occasion each major 

season, and consideration of tidal mixing and events on other occasions to determine 

spatial and temporal changes in water chemistry (Kramer et al., 1994). Non-intensive 

water collection approaches are of limited use for estuaries and other dynamic waterways 

(Dunn et al., 2003). 

 

Previous studies have examined nutrient dynamics within estuarine environments (e.g. 

Christian et al., 1991; Trott and Alongi, 1999; Pereira-Filho et al., 2001; Aguiar and 

Braga, 2007) but, with few exceptions (e.g. Thong et al., 1993; Rivera-Monroy et al., 

1995, Dittmar and Lara, 2001), most studies are characterised by infrequent sampling 

regimes. Furthermore, fewer studies within estuarine environments, which are the chief 

conduits for tidal exchange of nutrients, pollutants, and inorganic and organic matter with 

the adjacent coastal zone (Alongi, 1998), have assessed and quantified the transport of 

measured variables (e.g. Pereira-Filho et al., 2006). 
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The objective of this study was to investigate and analyse the intratidal variability of 

water quality parameters/variables (WQP), total (TSS), organic (OSS) and mineral (MSS) 

suspended solids, filterable nutrients (reactive PO4
3-, NO2

-, NO3
-, and NH4

+) and chl-a 

concentrations in the shallow semi-urbanised waters of the Coombabah Lake-Creek 

system. Bathymetric and collected hydrological data were used in conjunction with 

nutrient and chl-a measurements to estimate the transport of filterable nutrients and chl-a 

at the Coombabah Lake entrance. This chapter provides the first account of physico-

chemical intratidal variability, and transportation estimates of filterable nutrients and chl-

a within Coomabah Lake. Knowledge relating to physico-chemical variable dynamics is 

essential for quantifying fluxes of ecologically and chemically important substances and 

determining the fate of pollutants within estuarine systems (Patchineelam and Kjerfve, 

2004 and references therein). Such information permits an initial understanding of the 

system’s behavior that will assist future management decisions in the region. 

 

5.2 Methods and materials 

5.2.1 Experimental design 
 
Physico-chemical variables were monitored in situ and water samples were collected 

from Coombabah Lake and Coombabah Creek during summer (November 2005) and late 

autumn-early winter (May-June 2006). Three sampling events occurred at each site 

during both seasonal sampling periods. Sample collection and in situ measurements were 

conducted at 1 h intervals for typically 13 h at both sample locations, capturing ebb and 

flood tide phases. Sampling commenced during high tide and incorporated both neap and 

spring tide periods. Hydrological data and water samples were collected from the creek 

and lagoon simultaneously during the 4/11/05 and 11/11/05. 

 

Samples and data were collected in the main channel of the northeastern entrance of the 

lagoon (6913140 m N, 535070 m E; Figure 5.1). This site is ~160 m in width and is the 

only connection between the catchment and creek waters through the lagoon during low 

tide. A time lag of 3 h (Knight et al., 2008) was used to synchronise tidal observations 
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between high tides occurring at the Gold Coast tidal station and the Coombabah Lake-

Creek system. An assessment of measured variables at different sample depths was also 

conducted at the lagoon entrance during the summer sample periods. Water quality 

parameters/variables, chl-a, suspended solids, and nutrient concentrations were compared 

to the Broadwater sub-region values within the Queensland Water Quality Guidelines 

(QWQG) (Queensland Environmental Protection Agency, 2006). Statistical significance 

was measured at α = 0.05. 

 

 

 

 

 

 

 

 

 

 

Figure 5.1a) Study area of Coombabah Lake and Coombabah Creek including locations 
of ADCP transects, deployed sensor base, and lagoon and creek water sample and 
physico-chemical data collection sites in b) southern Moreton Bay, c) Australia  
 

5.2.2. Water sample collection and analysis 
 
Surface water samples for the determination of TSS, OSS, MSS, chl-a, and filterable 

nutrient (dissolved inorganic) concentrations were collected ~0.30 m below the water 

surface using a pole sampler and an acid washed (10% v/v HCl), sample rinsed, 500 mL 

low density polyethylene (LDPE) sample bottle (Nalgene). Additional samples from 

varying depths were also collected at the lagoon entrance using an adjustable custom 

built multiple-depth water sampler (Figure 5.2). Water samples were collected at heights 

a) b) 

c) 
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of ~0.06, 0.30 and 1.2 m above the surface sediments through acid washed tubing and 

collected by vacuum into acid washed, sample rinsed 500 mL LDPE bottles. Each sample 

port (1 cm i.d.) was covered with a LDPE protective sleeve with small windows (0.2 cm 

i.d.) to eliminate port and/or line blockage during sample collection by large debris. 

 

 

 

 

 

 

 

 

 

Figure 5.2 Multiple-depth water sampling apparatus 
 

Nutrient and chl-a samples were also collected from cross-channel surveys at the lagoon 

entrance (4/11/05 and 11/11/05). The cross-channel sites were nearly equally spaced 

across the lagoon entrance (~30 m) and were used to detect spatial variability of analyte 

concentrations passing through the cross-channel sample sites at any given time. If the 

concentrations from each of the sites were found to be equivalent, then a single mid-

channel sample site could be used as a representative sample of all waters passing 

through the sampled lagoon site. Cross-channel surveys indicated that concentrations 

were very similar, permitting the use of a single sample point. 

 

Following collection, nutrient sub-samples were immediately filtered through pre-

washed, pre-ashed GF/F filters (2.5 cm i.d., Whatman) and transferred into 10 mL 

sterilized polystyrene tubes. Additionally, chl-a sub-samples were filtered through pre-

Water surface 

SWI 
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washed, pre-ashed GF/C filters (2.5 cm i.d., Whatman) immediately after collection. 

Filters were then stored frozen in foil wrapped glass vials. Water samples were filtered in 

accordance with standard methods (APHA, 1998). The use of GF/C filters for the 

determination of chl-a concentrations is widespread (e.g. Corcoran et al., 1964; Marker et 

al., 1980; Howard-Williams et al., 1989; López-Figueroa and Niell, 1989; Hamilton et 

al., 2006; Attayde and Menezes, 2008). A previous comparative study by Prepas et al. 

(1988) found no difference in chlorophyll concentrations collected on either Whatman 

GF/F and GF/C glass fibre filters in concentrations over a wide range (2 to 175 µg L-1). 

All samples were stored frozen (-20 oC), typically 1 h after collection, awaiting analysis. 

 

Filterable nutrient concentrations were determined as described in section 3.2.2.6. 

Recoveries were good, averaging 93.2% for all filterable nutrients from the filtered 

seawater certified references. Suspended sediment fractions and concentrations were 

determined as described in section 3.2.2.2 and chl-a samples were analysed as described 

in section 3.2.2.3. 

 

5.2.3 In situ water quality variables 
 
Physico-chemical data were collected at the surface water collection depth as described in 

section 3.2.2.1 and 3.2.2.4. Calibration of the instruments was conducted daily. 

 

5.2.4 Field instrumentation 
 
During a continuous summer sampling period, a submersible sensor base was deployed at 

the lagoon entrance (see Figure 5.1 for deployed sensor base location) between 31/10/05 

to 12/11/05, that consisted of a: 1) conductivity, temperature, depth, and turbidity gauge 

(FSI-NIXIC-CTD, Falmouth Scientific, Inc.), 2) 3-dimensional acoustic Doppler current 

profiler (Aquadopp® side-seeing profiler 2 MHz, Nortek AS), 3) high resolution 3-

dimensional acoustic Doppler velocimeter (Vector fixed stem velocimeter, Nortek AS), 
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and 4) a submersible tide gauge (XR-420-TG, Richard Brancker Research Ltd.). High 

frequency CTD and turbidity data were collected using time-averaged data (3.5 min 

bursts at a frequency of 10 Hz) obtained every 15 min. ADV data collection were 

obtained using time-averaged data with burst intervals of 30 min at a frequency of 32 Hz 

and 4096 samples per burst. Submersible tide gauge data were acquired continuously at 1 

Hz. Velocity profiles (ADCP data) were measured at the lagoon entrance and along two 

Coombabah Creek transects (located approximately: 1) 6915290 m N, 537450 m E and 2) 

6914360 m N, 536800 m E) using ADCP fixed to the bottom sediments and a vessel 

mounted ADCP (Workhorse Monitor; Teledyne RD Instruments), respectively. ADCP 

transects were undertaken during the 4/11/05 and 11/11/05. Water sample collections and 

in situ WQP measurements were made along these transects. Transects were measured 

over consecutive ebb-flood tide phases. 

 

5.2.5 Transport estimations 
 
Transport estimations were determined during the summer sample periods at the lagoon 

entrance (Figure 5.3). Calculations of water volume were obtained from current velocity 

and depth measurements. The area of the entrance cross-section was determined during a 

bathymetric survey of the lagoon system as described in section 3.2.5.5. Mass transport 

values were derived from measurements of water flow and the depth-averaged analyte 

concentration using the following equation: 

 

iii cqf                                  (Eq. 5.1) 

 

where: f, q, and c are the instantaneous flux, flow, and concentration values, respectively.  

 

For instantaneous flux calculations, concentrations were converted from µg L-1 to g m-3 

and then multiplied by the instantaneous water volume transport (m3 s-1) at that time to 

compute flux rates in g s-1. Nutrient concentrations measured along the depth profile were 
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used to provide depth-average concentrations. During this study positive (+) and negative 

(-) values represent transport out of and into the lagoon, respectively.  

 

 

Figure 5.3 Cross-sectional depth of the lagoon entrance sample site looking downstream 
 

5.2.6 Meteorological measurements 
 
Meteorological conditions during sampling periods were obtained from a weather station 

(Australian Bureau of Meteorology station 040764, Gold Coast Seaway) positioned ~7 

km south-east of Coombabah Lake. Conditions during the 4/11/05 and 11/11/05 were 

recorded within the lagoon as described in section 3.2.5.6. 

 

5.3 Results and Discussion 

5.3.1 Hydrological data 
 
Tidal levels observed at the lagoon entrance displayed a mixed tidal regime with a 

maximum range of 1.00 and 0.68 m during the spring and neap tide, respectively (Figure 

5.4a). Tidal asymmetry was observed with a rising period of ~5.5 h and a falling period 

of ~7.5 h, indicating potential pumping of sediments from downstream Coombabah 
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Creek and other external southern Moreton Bay sources. The presented data supports 

findings by Frank and Fielding (2004), which suggest that the sandy sediments which 

dominate the lagoon entrance, have accumulated as a result of backfilling of the lagoon 

with sand supplied from the surrounding coastal sand-dominated systems, transported 

inward by flood-tidal currents. This trend in the transportation of suspended sediments 

may also facilitate the transfer of benthic primary producer biomass and nutrients (and 

also potential contaminants) once bound to surrounding surface sediments. 

 

 

 

 

 

 

 

Figure 5.4a) Water depth and b) sample velocity profiles of the sampled Coombabah 
Lake entrance channel 
 

Maximum depth-average velocities observed at the lagoon entrance during the flood and 

ebb tide periods were 0.80 m s-1 and 0.65 m s-1, respectively (Figure 5.4b). The peak 

flows observed at the lagoon entrance were 58.3 m3 s-1 and -57.2 m3 s-1. Downstream of 

the Coombabah Lake entrance sample site, ADCP data collected along the creek transects 

revealed peak flows of 164 m3 s-1 and -142 m3 s-1 during the sampled summer time ebb 

and flood tide phases, respectively. Higher maximum and lower minimum peak flows 

within the creek were observed at the downstream transect site compared to the upstream 

transect location.  

 

The local hydrology of coastal and estuarine settings influences a wide variety of 

physical, biological, and chemical processes including TSS concentrations (Reschke et 

al., 2002; Kitheka et al., 2003; Lohrer and Wetz, 2003), solute fluxes at the SWI (House 

a) b)
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et al., 1995; Larned and Atkinson, 1997; Sakamaki et al., 2006), transport rates of both 

nutrients and potential contaminants (Davis III et al., 2001; Pereira-Filho et al., 2001; 

Lillebø et al., 2005; Macias et al., 2006), the distribution of organic matter and food web 

dynamics (Wainright, 1990; Pereira-Filho et al., 2001; Hagy III et al., 2005; Usui et al., 

2006), and changes to benthic biota structure and mangrove communities (Wainright 

1990; Farnsworth and Ellison 1996; Madsen et al., 2001). The hydrological regime of the 

Coombabah Lake-Creek system will influence each of these processes contributing to the 

character and function of the wetland. 

 

Seasonal variability of flow volumes with respect to the magnitude of the mean flow is to 

be expected within the Coombabah Lake-Creek system. This current study does not take 

into account such seasonal events, including episodic periods of heavy rainfall, common 

during summertime thunderstorms, in which case flow values within the lagoon-creek 

system would be expected to increase significantly. 

 

5.3.2 Variability within Coombabah Lake and Coombabah Creek 
 

5.3.2.1 Physico-chemical water quality variables 

Physico-chemical parameters/variables measured within the lagoon-creek system showed 

characteristic cyclic variations with the influence of tidal and diurnal cycles apparent. 

Variability ranged between 0.37 and 155% RSD (Table 5.1). Observed pH values were 

characterised by the lowest variability due to the range of most riverine (~7-7.6) and 

ocean (~8.2) waters. Observed pH and salinity values were similar between the lagoon 

and creek systems. Mean pH values complied with the Broadwater values within the 

QWQGs of 8.0 to 8.4 (QEPA, 2006). Water temperature varied due to time of day, water 

column depth, and season with values ranging from 25.6 to 29.6 oC during the summer 

and 15.3 to 19.6 oC during the autumn-winter sample periods. Maximum water 

temperatures within the lagoon-creek waters occurred between 1500 to 1600 h. Dissolved 

oxygen (DO) concentrations were significantly greater within the creek compared to the 

lagoon waters (p <0.001) (Table 5.1), possibly due to a higher oxygen demand within the 
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shallower lagoon waters in addition to a lower rate of DO solubilisation within the less 

energetic lagoon waters. Low DO levels may be explained by high concentrations of 

organic matter within the lagoon sediments, as oxygen is consumed during the 

consumption of organic matter. Dissolved oxygen concentrations exhibited seasonality 

within the creek with significantly greater concentrations observed during the summer 

sampling events (p = 0.006). Concentrations of dissolved oxygen were significantly 

greater (p = 0.003) during daylight hours compared to night hours, presumably due to the 

net production of primary producers during hours of solar radiation within the lagoon-

creek system. DO saturation values within the lagoon ranged between 53 and 79%, which 

is below the Broadwater QWQG values (QEPA, 2006).  

 

Future reductions in the already low DO saturation values within the lagoon may induce 

negative species specific and trophic interaction effects (Kramer, 1987; Dauer et al., 

1992; Breitburg et al., 1997), which is of concern, as the lagoon is a known fish nursery 

and a declared fish habitat. Furthermore, due to the variation in effects on trophic 

interactions, low DO has the potential to cause major alterations in the relative 

importance of different pathways of energy flow in estuarine enviroinments (Breitburg et 

al., 1997). In comparison the creek DO water saturation values ranged between 62 and 

105%. The mean creek values during the summer (103%) and autumn-winter (80%) 

periods were comparable to the Broadwater QWQG values of 90 to 105% (QEPA, 2006). 

These results support previous findings by Cox and Moss (1999). 
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Table 5.1 Minimum (min), maximum (max), mean, standard deviation (SD), and % relative standard deviation (% RSD) of upper 
surface water physico-chemical variables, chl-a, and suspended solids within the Coombabah Lake-Creek system (n = 42) 

 
Sample period Coombabah Lake Coombabah Creek 

Summer min max mean SD % RSD min max mean SD % RSD 
pH     7.97     8.09     8.04     0.03     0.37     7.84     8.57     8.10     0.14     1.73 
Salinity (‰) 29.5 36.8 33.2     2.11     6.36 30.5 36.2 34.2     1.68     4.91 
Redox (mV) 42.0   285   182 53.4 29.3 -29.0   158 27.4 42.6    155 
Temperature (oC) 25.6 29.1 27.4     1.04     3.80 26.2 29.6 27.9     0.83     2.97 
DO (ppm)     4.52     6.06     5.46     0.34     6.23     5.94     8.18     6.84     0.49     7.16 
Chl-a (µg L-1)     0.11     3.53     1.48     0.94 63.5     0.11     3.32     1.60     0.92 57.5 
Turbidity (NTU)     6.25 36.0 16.5     7.90 47.9 - - - - - 
TSS (mg L-1) 93.2   520   227  112 49.3   158   437   286    63.9 22.3 
Autumn-Winter min max mean SD % RSD min max mean SD % RSD 
pH     8.00     8.37     8.12     0.09     1.11     8.01     8.24     8.11     0.07     0.86 
Salinity (‰) 29.6 35.5 33.5     1.86     5.55 30.3 36.2 34.1     2.01     5.89 
Redox (mV) 34.0   280   170 49.6 29.2    -26.0   162 51.3  37.4 72.9 
Temperature (oC) 15.4 19.6 17.8     1.33     7.47 15.3 19.4 17.7     1.24     7.01 
DO (ppm)     5.01     6.12     5.54     0.34     6.14     5.90     7.03     6.58     0.33     5.02 
Chl-a (µg L-1)     0.11     2.14     1.07     0.59 55.1     0.11     2.99     1.05     0.74 70.5 
Turbidity (NTU)     6.27 34.4 14.2     6.97 49.1 - - - - - 
TSS (mg L-1)     93.8   513   212  104 49.1 27.2   240   127 51.5 40.6 
where: DO represents dissolved oxygen, Chl-a represents chlorophyll-a, and TSS represents total suspended solids. 
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5.3.2.2 Chlorophyll-a 

Chlorophyll-a concentrations within the lagoon-creek system (Table 5.1) were 

comparable with concentrations previously reported in southern Moreton Bay waters 

(Abal and Dennison, 1996; Moss and Cox, 1999). Mean concentrations were below the 

broadwater QWQG value (2.5 µg L-1, QEPA, 2006), and suggested an oligotrophic-

mesotrophic system based on chl-a concentrations (Quinn, 1991). The mean chl-a 

concentrations within the lagoon and creek waters were not significantly different, nor 

was there any significant difference in concentrations within the lagoon and creek waters 

during the neap and spring-tide sampling events. Increased and maximum chl-a 

concentrations were observed during morning ebb tides, occurring during periods of 

increased solar radiation. Significantly greater concentrations were observed during 

daylight hours (p <0.001) compared with samples collected at night-time. Benthic algae 

associated with the flushing of mangrove vegetation on the margins of the lagoon and 

upper Coombabah Creek, during the ebb tide, may have contributed to the increased 

concentrations. Furthermore, resuspension, water column mixing and sedimentation 

events, may also influence the vertical exchange of chl-a within the lagoon-creek system, 

as has been previously observed within other estuarine and coastal waters (e.g. Scott, 

1978; Schoellhamer, 1996; Walker, 1981; Svensen et al., 2007; Song et al., 2008). The 

summer period, characterised by longer daylight hours and higher water temperatures, 

demonstrated significantly greater chl-a concentrations within the lagoon and creek 

waters compared with the autumn-winter concentrations (p = 0.039), suggesting greater 

phytoplankton biomass during the summer period. 

 

5.3.2.3 Suspended solids and turbidity 

Knowledge of suspended sediment dynamics in coastal and estuarine systems is essential 

for quantifying fluxes of ecologically and chemically important substances in addition to 

determining the fate of pollutants (Regnier and Wollast, 1993; Patchineelam and Kjerfve, 

2004). Bottom waters of the lagoon entrance ranged in turbidity from 13.67 to 403.7 

NTU during the summer period. In comparison, surface waters ranged between 6.25 and 
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36.0 NTU with an average of 15.4 ± 7.50 NTU. Mean turbidity values at the lagoon 

entrance exceeded the Broadwater QWQG value (6 NTU, QEPA, 2006) (Table 5.1). 

 

Shallow estuarine systems tend to be charcaterised by periodically high turbidity values 

as a result of tide- and wind-induced resuspension of bottom sediments and, therefore, 

turbidity is not always a useful health indicator of such systems. Turbidity and TSS 

values observed within the lagoon were significantly correlated (r = 0.906, p <0.001, n = 

83). TSS concentrations ranged between 93.2 and 520 mg L-1 and 27.2 and 437 mg L-1 

with seasonal mean values of 227 ± 112 and 212 ± 104 mg L-1and 286 ± 63.9 and 127 ± 

51.5 mg L-1 for the lagoon and creek, respectively (Table 5.1). TSS concentrations 

displayed changes in relation to tidal activity. Increased current velocities and shallower 

water depths during low tide periods resulted in an increase of TSS concentrations within 

the lagoon-creek system with maximum concentrations occurring during low tide. This 

was more pronounced within the shallower lagoon sample site. Turbidity values and TSS 

concentrations within the lake-creek system remained relatively constant (~50% RSD) 

with greater variability within the creek waters. TSS concentrations were not significantly 

different between seasons within the lagoon-creek system. TSS concentrations were 

influenced by both tidal action and locally generated winds. Wave heights of 20 cm are 

commonly observed in Coombabah Lake during strong winds. Increased TSS 

concentrations observed at the lagoon entrance coincided with increased flow values, in 

addition to increased wind speeds observed during the sample events. The maximum 

fetch at the lagoon entrance is ~1700 m with winds from a southwesterly direction. 

Northerly winds also create wave actions of interest. During the summer sampling period, 

increased lagoon TSS concentrations occurred during periods of elevated wind speeds 

(11/11/05) (Figure 5.5). 

 

During the summer sample event of 11/11/05, the maximum hourly wind speeds ranged 

between 8.2 and 27 km h-1 with an overall mean of 17 km h-1 (Figure 5.5a). Recorded 

maximum wind speeds originated from a north-east direction (Figurer 5.5b). Wind speeds 
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greater than 15 km h-1 were sustained for ~9.5 h and coincided with elevated TSS 

concentrations during the ebb tide sample period. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5a) Total suspended sediments and recorded mean hourly wind speeds during 
the sampling event characterised by increased wind speeds at the Coombabah Lake 
entrance and b) corresponding wind direction during the sample period (11/11/05) 
 

Alternatively, winds from the north with reduced speeds (max. 15.2 km h-1, mean 7.48 

km h-1) (4/11/05) corresponded to lower TSS concentrations compared to periods of 

increased wind speeds during the same sampled tide phases (ebb tide) (Figure 5.6a). 

Increased TSS corresponded to the commencement of the flood tide period during the 

sample event. 

 

Results suggest that prolonged winds, with speeds exceeding 15 km h-1 from a northerly 

direction, have the ability to influence TSS concentrations at the entrance and shallower 

regions of the lagoon. Winds originating from the south-east and north-west are the 

dominant wind directions for the region (Bureau of Meteorology, 2005 - see wind rose 

data available at: <http://www.bom.gov.au/climate/averages/wind/selection_map.shtml>) 

a) 

b) 
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and wind speeds experienced at the immediate lagoon site are reduced in comparison to 

speeds measured at the automated Gold Coast weather station (Gold Coast Seaway, 

station number: 040764) due to topographic sheltering and increased frictional effects. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6a) Total suspended sediments and recorded mean hourly wind speeds during 
the sampling event characterised by reduced wind speeds at the Coombabah Lake 
entrance and b) corresponding wind direction during the sample period (4/11/05) 
 

Even though this study captured periods of increased wind speeds, weather conditions 

during the data collection period did not include meteorological extreme events such as 

storms, cyclones, and major flood events, which would be expected to have a dramatic 

influence on the resuspension of surface sediments. Although the data collection period 

was only short, the lack of extreme events encountered during this project is typical for 

any study of this type, even those undertaken for extended periods, and reveals an 

expected shortcoming.  

 

TSS and OSS concentrations significantly correlated within the lagoon-creek system (r = 

0.990, p <0.001) with OSS contributing 9.98 ± 0.05% to the overall TSS concentrations 

a) 

b) 
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during all sample conditions. Organic suspended sediments originate largely from 

phytoplankton in marine environments, however no relationship was observed between 

OSS and chl-a concentrations. This is not uncommon in estuarine and coastal 

environments as part of the OSS is organic detritus originating from terrestrial run-off 

(Pereira-Filho et al., 2001) and/or sediment resuspension. 

 

Nutrient cycling within the shallow lagoon-creek system may be influenced by wind-

induced resuspension events (Tengberg et al., 2003), however the role of bioturbating 

macrofauna on nutrient fluxes at the sediment-water interface within the lagoon-creek 

system should not be discounted. 

 

5.3.2.4 Filterable nutrients 

Surface water filterable nutrient concentrations were not significantly different between 

the lagoon and creek waters through the duration of this study, demonstrating no 

significant spatial variability during both the summer and autumn-winter sample periods 

(Table 5.2).  

 

Mean NO2
- and NO3

- concentrations within the lagoon-creek system were 0.15 ± 0.13 and 

1.22 ± 0.63 µmol L-1, respectively. Mean NOx (NO2
- + NO3

-) concentrations greatly 

exceeded the Broadwater QWQG value (0.29 µmol L-1, QEPA, 2006). Maximum NOx 

concentrations were observed at the lagoon entrance during high tide phases, with 

concentrations ranging from 0.70 to 3.34 µmol L-1. NH4
+ was the biggest contributor to 

the dissolved inorganic nitrogen (DIN = NO2
-+NO3

-+NH4
+) concentrations with a mean 

contribution of 37.9 ± 16.1% and a mean concentration of 1.47 ± 0.67 µmol L-1. Mean 

NH4
+ concentrations exceeded the Broadwater QWQG value (0.57 µmol L-1; QEPA, 

2006). Reactive PO4
3- concentrations within the lagoon-creek system ranged between 

0.04 and 0.59 µmol L-1 with a mean concentration of 0.23 ± 0.14 µmol L-1. Elevated 

PO4
3- concentrations exceeded the Broadwater QWQG concentration of 0.194 µmol L-1 

(QEPA, 2006).  
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Table 5.2 Minimum (min), maximum (max), mean, standard deviation (SD), and % relative standard deviation (% RSD) of upper 
surface water filterable nutrient concentrations (µmol L-1) within the Coombabah Lake-Creek system (n = 42) 

 
Sample period Coombabah Lake Coombabah Creek 

Summer min max mean SD % RSD min max mean SD % RSD 
NO2

-   <0.01 0.38 0.11 0.09 75   <0.01 0.21 0.07 0.06 80 
NO3

- 0.61 3.07 1.57 0.57 36 0.50 2.93 1.28 0.61 48 
NOx 0.81 3.16 1.67 0.57 34 0.62 3.07 1.36 0.61 45 
NH4

+ 0.24 5.42 1.43 0.93 65 0.52 2.50 1.50 0.52 35 
DIN 1.53 6.59 3.12 1.09 35 1.43 5.56 2.69 1.06 39 
PO4

3- 0.04 0.45 0.15 0.08 51 0.07 0.48 0.22 0.08 38 
Autumn-Winter min max mean SD % RSD min max mean SD % RSD 
NO2

- 0.15 0.70 0.31 0.12 39   <0.01 0.26 0.09 0.05 58 
NO3

- 0.36 3.07 1.36 0.65 47 0.27 1.57 0.71 0.28 39 
NOx 0.69 3.35 1.64 0.67 41 0.36 1.71 0.79 0.29 37 
NH4

+ 0.50 2.50 1.21 0.52 43 0.88 2.88 1.76 0.52 29 
DIN 0.99 5.57 2.69 1.12 42 1.39 3.82 2.56 0.60 23 
PO4

3- 0.07 0.32 0.15 0.05 37 0.08 0.58 0.39 0.15 39 
where: DIN represents dissolved inorganic nitrogen. 
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Figure 5.7 illustrates combined data for the Coombabah Lake-Creek system for dissolved 

inorganic nutrients. 

 

Figure 5.7 Combined Coombabah Lake-Creek system filterable nutrient concentration 
box-plot representation  
 

Variability of the surface water concentrations within the lagoon-creek system included 

188% RSD for NO2
-, 195% RSD for NO3

-, 218% RSD for NH4
+, and 166% RSD for 

reactive PO4
3-. This was despite the physico-chemical variables, which have an influence 

on nutrient concentrations, being much less varied. Several observations indicate that the 

high variations of filterable nutrient concentrations in the lagoon-creek system were 

caused by dynamic processes within the estuarine system rather than analytical aspects. 

Firstly, nutrient concentrations measured were typical of concentrations reported in 

Australian and local coastal waters (Abal and Dennison 1996; Cox and Moss, 1999; Moss 

and Cox, 1999; Water ECOscience Pty. Ltd., 2003). Secondly, nutrient concentrations 

plotted against time, demonstrated patterns with respect to the high and low tide phases. 

Increased concentrations typically occurred during high water periods and during flood 

tide phases (low tide (LT)  high tide (HT)), while minimas typically occurred during 

low water periods and ebb tide phases (HT  LT) (Figure 5.8a-d).  
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Figure 5.8 Coombabah Lake entrance a) NOx, b) NH4

+, c) DIN, and d) PO4
3- mean concentrations during the summer ebb and flood 

tide sample periods at various sample depths (HT represents high tide and LT represents low tide) 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

+ 0.06 m + 0.3 m + 1.2 m - 0.3 m 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

+ 0.06 m + 0.3 m + 1.2 m - 0.3 m 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

+ 0.06 m + 0.3 m + 1.2 m - 0.3 m 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

+ 0.06 m + 0.3 m + 1.2 m - 0.3 m 

HT

HTHT

HT

HT

HTHT

HT LT LT

LT LT

P
O

43-
co

n
ce

n
tr

a
ti

o
n

(µ
m

o
l L

-1
)

D
IN

 c
o

n
ce

n
tr

a
ti

o
n

(µ
m

o
l L

-1
)

N
O

X
co

n
ce

n
tr

at
io

n
(µ

m
o

l L
-1

)

N
H

4+
  
co

n
ce

n
tr

at
io

n
(µ

m
o

l L
-1

)
Sample time (h) Sample time (h)

+ 0.06 m + 0.3 m + 1.2 m - 0.3 m 

Sample depths in water column above SWI (+) and below water surface (-)
+ 0.06 m + 0.3 m + 1.2 m - 0.3 m 

Sample depths in water column above SWI (+) and below water surface (-)

a) b)

c) d)



Chapter 5 

146 

The temporal variations of dissolved inorganic nutrients at the lagoon entrance suggest 

concentrations seem to be responding to natural cycles and indicate genuine changes. The 

maximas and minimas observed are likely due to the mixing of two end-member waters 

with different concentrations suggesting that the dominant sources of filterable nutrients 

are external to the lagoon-creek system. This observation may be explained by the 

hydrology of the Broadwater. During the flood tide phase waters entering the lagoon-

creek system originate from the heavily urbanised residential suburb of Paradise Point 

and Coomera River. The lower reaches of Coomera River are developed, including a 

number of canal and golf course developments. Upstream land uses include crop 

growing, dairy farming, and cattle grazing. The ebb tide brings waters from Paradise 

Point and Coomera River past the Coombabah Creek entrance and flood waters then 

enter the lower creek before entering Coombabah Lake. Additionally, ebbing waters from 

upstream Coombabah Creek may also aid in the downstream transportation of potentially 

elevated concentrations from upstream golf course developments and other catchment 

nutrient sources. This is admittedly one of several possible interpretations of the results. 

 

No significant differences were observed between periods of no rainfall and low recorded 

rainfall within the lagoon and creek waters. During heavy rainfall events industrial and 

commercial development, waterfront housing, and impervious surfaces within the 

catchment and along the lagoon-creek foreshores act as nutrient sources (GHD Pty. Ltd., 

2003). During the study period (and study year) the region experienced below average 

rainfall events, which would have resulted in a reduction in run-off from the surrounding 

point and non-point sources.  

 

No significant differences in filterable nutrients were identified between seasons within 

the lagoon-creek system, indicating no significant seasonal effects during the study 

duration. Within the lagoon waters, NO3
- (p = 0.035, F = 3.122) and NOx (p = 0.022, F = 

3.510) concentrations demonstrated differences between the four sample depths. Mean 

concentrations showed a general trend of greater concentrations in the surface waters 

(~0.3 m below the water surface) compared to the deepest sampled waters (~0.06 m 
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above surface sediments). This may potentially be explained by the consumption of 

filterable nutrients in the overlying waters by benthic planktonic and bacterial 

communities (Alongi, 1994) in the sandy lagoon entrance sediments. 

 

Within the complex web of wetland sediment-water components, the movement, 

availability, and possible adverse effects of nutrients and contaminants are affected by 

chemical and physical factors that are, in turn, influenced by hydrological variables that 

include residence time, tidal flushing, redox, pH and salinity gradients, and temperature 

(Lau and Chu, 1999). Temporal changes in these factors further compound their 

importance in governing the levels of bioavailable nutrients within the system (Lau and 

Chu, 1999). 

 

5.3.3 Filterable nutrient and chl-a transport estimates 
 
Tides are major agents of transport in most coastal environments. The transport of 

filterable nutrients and chl-a at the lagoon entrance sample site during ebb-flood tide 

phases were determined using equation 5.1.  

 

Mean instantaneous nutrient transport loads during the summer sample periods were all 

negative values indicating transportation of filterable nutrients into the lagoon. Transport 

estimations included -0.999 ± 4.854 mmol s-1 for NO2
-, -8.994 ± 42.542 mmol s-1 for 

NO3
-, -10.850 ± 54.034 mmol s-1 for NH4

+, and -0.323 ± 5.521 mmol s-1 for reactive 

PO4
3-. The mean flux value for surface water chl-a was 0.016 ± 0.066 g s-1, with a 

maximum transportation load of 0.167 g s-1. Flow-averaged mean chl-a transport rates 

were greater during the ebb tide phases at the lagoon entrance. Additionally, flow-

averaged transport rates during sampling events demonstrated greater fluxes during flood 

tide periods for NO2
-, NO3

-, and NH4
+ than ebb tide periods and were very similar for 

reactive PO4
3- during ebb and flood periods. The results indicate that external sources 

transported nutrients into the lagoon.  
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Estimates were derived solely from directly measured values of flow and analyte 

concentration collected across the range of measured flow values encountered during the 

summer sample periods. These estimations do not detail seasonal variations. The results 

do however provide estimations of filterable nutrients and chl-a transportation and their 

short-term summer variability at the lagoon entrance. It is also important to consider that 

in addition to the flux of dissolved inorganic nutrients intertidal waters are often 

characterised by high concentrations (and fluxes) of dissolved organic matter containing 

carbon (dissolved organic carbon, DOC), nitrogen (dissolved organic nitrogen; DON), 

and phosphorus (dissolved organic phosphorus; DOP) (Qualls and Richardson, 2003). 

The particulate and dissolved organic nutrients have previously been shown to contribute 

large and often dominant fractions of N and P transport within mangrove and saltmarsh 

environments (e.g. Boto and Wellington, 1988; Davis III et al., 2001; Dittmar and Lara, 

2001; Qualls and Richardson, 2003; Davies and Eyre, 2005; Bal Krishna Prasad and 

Ramanathan, 2008) and in many cases may revert the mass balance from import to export 

and vice versa, therefore playing an important role in determining the balance of N and P 

within systems.  

 

Increased pressures on estuarine and coastal ecosystems have resulted in progressively 

greater nutrient loads entering receiving coastal and estuarine waters, potentially 

influencing trophic status, species compositions, and nutrient cycling patterns (GHD Pty. 

Ltd., 2003; Faulkner, 2004; Lee et al., 2006), and at times leading to eutrophication (e.g. 

Gustafson et al., 2000; Lohrenz et al., 1999; Lee et al., 2006). Elevated nutrient loads 

within receiving waters may cause specific shifts in phytoplankton communities 

culminating in blooms (Bowen and Valiela, 2001). Such blooms often result in a 

significant increase in water column oxygen demand during the decomposition of the 

accumulated organic mater following the death of the algal bloom (Rapport et al., 1998). 

 

In a previous study conducted by GHD Pty. Ltd. (2003), nutrient levels within 

Coombabah Lake generally complied with current guideline water quality values in terms 

of median concentrations. However, phytoplankton abundance, diversity, and specific 
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taxa indicative of nutrient enrichment and eutrophication such as dinoflagellate Duriuskia 

balticium and ciliate Mesodinium sp. were observed within both Coombabah Lake and 

lower Coombabah Creek waters. The occurrence of these indicator phytoplankton species 

provided evidence that the lagoon and lower estuary system were, at least periodically, 

subjected to nutrient enrichment, demonstrating a real potential for eutrophication and 

that the estuarine system may not potentially be able to cope with increased nutrient 

inputs resulting from further development within the catchment. 

 

Responses of the estuarine system to current nutrient conditions should be considered as 

a threat to the wetland environment and limiting the nutrient loads entering the lagoon-

creek system would potentially prevent degradation of water quality and reduce the 

likelihood of deleterious effects from nutrient enrichment. 

 

Although the present study provides initial estimates of the transport rates at the main 

lagoon entrance it is important to note that the results obtained are a crude estimate and 

not representative of the entire lagoon entrance, as the secondary western channel was not 

measured during high tide or all seasonal periods. The initial estimations indicate a 

potential for eutrophication of lagoon waters as a result of nutrient input from 

downstream sources within southern Moreton Bay. Additionally waters that enter the 

lagoon through the secondary western shallower entrance channel during high tide 

periods would also be likely to increase nutrient loads entering Coombabah Lake. 

However, the lagoon currently appears to demonstrate no major signs of nutrient 

enrichment despite apparent external nutrient sources. This may potentially be a result of 

the very low residence times of the lagoon waters, as has been demonstrated in the 

episodically flushed Richmond River estuary (Eyre, 1997). 

 

To gain more reliable estimates of mass transport values at the lagoon entrance an 

intensive monitoring campaign is required with multiple water collection and 

hydrodynamic monitoring sites located across the entire lagoon entrance. Furthermore, 
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sampling and monitoring campaigns including additional measurements of dissolved and 

particulate organic N and P, and covering a greater number of tidal, seasonal, and 

weather specific events (e.g. neap and spring tides, characteristic wet and dry seasons, 

periods of heavy rainfall) are also required to gain a more comprehensive understanding 

of the mass transport rates at the lagoon entrance. 

 

5.4 Conclusions 
 
This study provides a “snapshot” of the hydrology, intratidal variability of WQP, TSS, 

OSS and MSS suspended solids, filterable nutrients (reactive PO4
3-, NO2

-, NO3
- and 

NH4
+), and chl-a concentrations, in addition to estimates of solute transport rates in the 

Coombabah Creek-Lake system. The lagoon exhibited a mixed tidal regime with the 

potential to transport downstream sediments and sediment-bound biota, nutrients, and 

contaminants into the lagoon wetland. Changes and variation to the current hydrology 

regime within the region will impact on the ecological processes within the lagoon and 

surrounding wetland. Observed physico-chemical variables, suspended solids and, chl-a 

concentrations within the lagoon-creek system demonstrated cyclic and temporal 

variations during the sample periods, with variability ranging from 0.37 to 155% RSD. 

Chl-a concentrations demonstrated increased concentrations during summer months 

potentially as a result of the greater light availability. Dissolved oxygen concentrations 

within the lagoon were shown to be reduced in comparison to the creek waters, 

presumably as a result of the shallow waters, greater organic matter input, and less 

energetic waters within the lagoon. Waters within the lagoon-creek system exceeded 

select regional QWQG values. An understanding of TSS dynamics is essential for 

quantifying fluxes of substances and solutes, in addition to monitoring/assessing 

ecological processes (e.g. reduced light availability) within estuarine systems. 

Hydrological and atmospheric conditions (wind speeds exceeding a threshold of 15 km  

h-1) where identified as potentially significant influential factors in elevating TSS 

concentrations within the Coombabah Lake-Creek waters. Increased TSS entering the 

lagoon may accelerate the transport of sediment-bound variables and rates of 

sedimentation throughout the lagoon. Filterable nutrient concentrations demonstrated 
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values typically encountered in Australian and local coastal waters and were tidally 

influenced with increased concentrations occurring during sampled high tide phases. 

Reactive PO4
3-, NOx, and NH4

+ concentrations exceeded Broadwater QWQG sub-region 

values. No significant differences were detected between the lagoon and creek nutrient 

concentrations indicating no spatial variability or influential processes/inputs between the 

sampling sites within the lagoon-creek system. Transport rates were influenced by tidal 

activity and external sources were presumably responsible for increased nutrient loads 

entering the lagoon. Increased nutrient concentrations sourced externally from the 

Coombabah Lake-Creek system entering the lagoon system indicate a potential for 

nutrient enrichment and ultimately eutrophication of the lagoon and associated wetland 

environment. 

 

The initial estimations of solute transportation at the lagoon entrance are the first account 

of this kind undertaken within Coombabah Lake. The sampling design and use of 

selected physico-chemical variables adopted during this study provides a model for future 

studies investigating the variability and transportation of solutes within the Coombabah 

Lake-Creek system and similar shallow estuarine environments. Additional and long-

term assessments of the hydrodynamics and biogeochemical processes of the Coombabah 

Lake-Creek system is required to provide a better understanding of the waterbody, which 

is an important link for material transfer to the Gold Coast Broadwater (southern Moreton 

Bay). Continued intensive spatial and temporal monitoring of the lagoon and creek 

waters will be necessary to provide a better overall understanding of mass transport rates 

within the lagoon systems and to ascertain changes over time in response to specific 

events (e.g. increasing urbanisation) or management actions occurring within the lagoon 

catchment and surroundings. 
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Chapter 6: Seasonal variations in biogeochemistry, 
solute fluxes, and nitrate reduction processes within 

Coombabah Lake 
 

6.1 Introduction 
 
Estuaries are dynamic ecosystems situated at the interface between marine and terrestrial 

environments and, as such, sedimentary organic matter pools within these systems are 

commonly the net result of autochthonous productivity and allochthonous organic matter 

inputs (Dunn et al., 2008). The surface sediments are significant sites for the 

accumulation of organic matter, intense microbial metabolism, and nutrient recycling 

(Cowan et al., 1996; Alongi et al., 1999, 2005). The sediment-water interface of estuaries 

is a particularly dynamic zone, characterised by steep biological and physico-chemical 

gradients that foster changes in the nature and quantity of the deposited organic matter 

(Berner, 1980). 

 

Surface sediment biogeochemistry in marine sediments is influenced by a large number 

of competing and interacting physical, biological, and chemical factors (e.g. Rysgaard et 

al., 1995; Sundbäck and Granéli, 1998; Sakamaki et al., 2006) often resulting in 

significant temporal and spatial variations in solute exchanges and nutrient cycling 

processes (e.g. Wilson and Brennan, 2004; Thornton et al., 2007). The distribution of 

both benthic infauna and microalgae often exhibit a high degree of heterogeneity (Mucha 

and Costa, 1999; Sandulli and Pinckney, 1999; Bartoli et al., 2003) creating shifting, 

complex mosaics of sediment patchiness characterised by changing solute and microbial 

dynamics. Similarly, rooted plant communities exert major influences on nutrient 

                                                 
 This chapter is currently under preparation for submission to Limnology and Oceanography as: Dunn, 
R.J.K., Welsh, D.T., Jordan, M.A., Teasdale, P.R. Spatial and temporal variations in benthic fluxes and 
nitrate reduction in a sub-tropical estuarine lagoon (Coombabah Lake, Australia). Stylistic alterations and 
minor additions have been made to the article draft within this chapter in accordance with the thesis layout 
and theme. 
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exchanges and cycling (Rivera-Monroy and Twilley, 1996; Welsh et al., 2000; 2001), 

especially nitrogen fixation (Welsh et al., 2000). 

 

In recent decades anthropogenic activities have increased nitrogen inputs into estuarine 

environments (Vitousek et al., 1997), which in some cases has ultimately resulted in 

eutrophication of the receiving waterbody (Rosenberg, 1985; Nixon, 1995). Therefore, 

the importance of understanding processes leading to the removal and recycling of N 

species from estuarine and marine systems is important. Surface sediments play a 

significant role in the microbially mediated transformations of nitrogen compounds in 

shallow water marine systems (Fenchel and Blackburn, 1979; Rysgaard et al., 1993) and, 

as a result, much consideration has been given to their regulatory role in nutrient 

dynamics. Denitrification has been recorded to eliminate as much as 10 to 60% of 

terrestrially produced N loads entering marine systems as gaseous products (Nedwell, 

1996; Ogilvie et al., 1997; Barnes and Owen, 1998; Berelson et al., 1998; Trimmer et al., 

1998). However, dissimilatory nitrate reduction to NH4
+ competes with denitrification for 

NOx, potentially limiting N losses via denitrification. DNRA can be a significant N 

cycling process (Rysgaard et al., 1996; Gardner et al., 2006), especially in metabolically 

active, organically enriched environments (Hattori, 1983; Tiedje, 1988; Christensen et al., 

2000; Nizzoli et al., 2006). In contrast to denitrification, DNRA recycles bioavailable N 

through the reduction of oxidised inorganic nitrogen to NH4
+, which can be directly 

assimilated by primary producers and microorganisms (Thronton et al., 2007). Thus, the 

rates and contributing values of denitrification and DNRA have profound implications, 

influencing the fate of N within a system. 

 

Whilst, denitrification and its role in N dynamics has been intensively studied, only a 

relatively small proportion of these studies have also determined the rates and role of 

DNRA (Gilbert et al. 1997; Bonin et al. 1998; Gardner et al. 2006; Thornton et al. 2007). 

Moreover, most studies of N dynamics, and particularly N reduction processes, have 

focussed on temperate estuaries of the northern hemisphere and much less is known 

about the nitrogen dynamics of tropical and sub-tropical estuaries. Differences between 

the geographical regions result in different seasonal temperature ranges and rainfall 
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patterns which would influence the delivery of organic matter and inorganic nutrients 

from terrestrial environments, potentially altering nutrient cycling processes.  

 

This chapter investigates seasonal sediment characteristics, solute fluxes (O2, NO2
-, NO3

-, 

NH4
+, and PO4

3-), and rates of NO3
- reduction within the intertidal sediments of 

Coombabah Lake. The objective of this study was to determine the spatial and temporal 

variability of solute exchanges occurring at the SWI and nitrate reduction processes in 

addition to variations of physico-chemical and biological surface sediment variables. To 

date, information relating to the balance and contribution of denitrification and DNRA to 

overall NO3
- reduction within the lagoon is completely lacking. The findings of this 

research are important, providing an initial understanding of the behaviour of nutrient 

cycling processes in the intertidal lagoon sediments of the ecologically important 

Coombabah Lake. 

 

6.2 Methods and materials 

6.2.1 Experimental design 
 
For the purpose of this study 6 undisturbed sediment cores were collected at random from 

the intertidal lagoon sediments at 4 sample sites (Figure 6.1) during 4 seasonal sampling 

events (i.e. 24 undisturbed sediment cores collected per seasonal sampling event and 96 

in total). Sediments were collected and subsequently incubated during consecutive 

meteorological seasons (winter, spring (2006), summer, and autumn (2007)). Each site 

was representative of different: i) sediment size/texture, ii) organic matter dynamics, iii) 

sediment nutrient concentrations, iv) bioturbating faunal communities, v) surrounding 

vegetation communities, vi) hydrological characteristics, and vii) geographical regions of 

the lagoon, based on data collected during Chapters 4.  

 

Table 6.1 shows the sediment characters of each selected sample site.  
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Figure 6.1a) Sediment sample sites of Coombabah Lake in b) the southern region of 
Moreton Bay, c) Australia 
 

 

a) 

b) c) 
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Table 6.1 Sample site sediment characteristics 
 

Site Texture Median 
grain size  

Chl-a Phaeo C/N 
 

NH4
+

bio TP 
 

PO4
3-

bio 

(μm) (µg g-1) (µg g-1) (atom  
atom-1) 

(µmol 
g-1) 

(µmol 
g-1) 

(nmol 
g-1) 

1 Silty 
sand 

28.80 1.06 11.85 15.5 0.07 9.69 8.07 

2 Silty 
sand 

16.36 2.56 11.16 14.5 0.07 6.46 4.84 

3 Silt 16.47 1.38   7.86 18.5 0.21 9.69 14.53 
4 Silty 

sand 
12.72 2.88 13.57 13.5 0.14 9.69 17.76 

where: Chl-a represents chlorophyll-a, Phaeo represents phaeopigment, NH4
+

bio 
represents surface sediment bioavailable NH4

+, TP represents surface sediment total 
phosphorus, and PO4

3-
bio represents surface sediment bioavailable PO4

3- (Note: different 
unit for PO4

3-
bio). 

 

Sediment cores were collected for the determination of spatial and temporal variations of 

oxygen and dissolved inorganic nutrient (NO2
-, NO3

-, NH4
+, and PO4

3-) fluxes across the 

SWI in addition to denitrification and DNRA rates. Solute flux and NO3
- reduction rates 

were investigated during light (3 cores) and dark (3 cores) seasonal incubation 

conditions. Furthermore, 3 smaller sediment cores were collected in addition to the 6 

cores collected for incubations at each sample site during each season for the 

characterisation of physico-chemical and biological surface sediment variables. All 

samples were collected over a one week period during each season. Site waters were 

collected for core maintenance and incubation during seasonal sediment collection 

periods. 

 

6.2.2 Sediment and water collection and incubation set-up 
 
To maintain the sediment integrity and natural chemical gradients intact sediment cores 

were carefully collected by hand using plexiglass core tubes (30 cm length × 19 cm 

internal diameter) during low water. Sediment cores ~12 cm in depth were collected and 

transported to a constant laboratory within 2 h. The sediment surface of each core was 
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generally smooth and uniformly horizontal with no visible disturbances following 

sediment collection. 

 

Waters required for core maintenance and incubation were collected from Coombabah 

Creek during the flood tide phase of the same day as sediment collection. Flood tide 

nutrient concentrations at the Coombabah Creek water collection site (~2 km downstream 

from the lagoon entrance) were previously shown to not be significantly different in 

nutrient concentrations to the waters of Coombabah Lake (see Chapter 5). Furthermore, 

no significant differences in water column nutrient concentrations between multiple 

sample sites within the lagoon were identified (data not shown). Therefore Coombabah 

Creek waters were used to represent lagoon waters for all incubations.  

 

Water was collected using cleaned (Milli-Q element water, 18 MΩ cm, Millipore Pty. 

Ltd. and creek water rinsed) 40 L plastic sample drums. During water collection physico-

chemical variables were recorded using a multi-probe analyser (TPS 90-FLMV, TPS Pty. 

Ltd.) and triplicate water samples were collected for the determination of chlorophyll-a, 

dissolved inorganic nutrient concentrations, and organic suspended solids content.  

 

Sediments collected for the determination of physico-chemical and biological variables 

were collected using PVC core tubes (40 cm length × 5 cm internal diameter.) before 

being immediately sliced into 6 depth horizons (0-1, 1-2, 2-4, 4-6, 6-10, and 10-15 cm). 

Samples were stored in the dark (<4 oC) before being returned to the laboratory. Cores 

were collected for the determination of sediment wet-bulk density, water content, loss-

on-ignition at 550 oC (LOI550), grain size distribution values, and chlorophyll-a, 

phaeopigment, NH4
+

bio (sediment bioavailable NH4
+), and PO4

3-
bio (sediment bioavailable 

PO4
3-) concentrations. Sediments were stored frozen (-20 oC) awaiting analysis. Chl-a 

and phaeopigment concentrations were only determined in the surface 0-1 cm sediment 

horizon. 
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Following the collection of sediments designated for incubation, cores were transferred 

into light and dark holding tanks (220 L) and were very carefully filled with unfiltered 

collected waters to above core height. Within each core aquarium pumps and air-stones 

were used to facilitate water circulation, aeration, and the exchange of water between the 

cores and holding tank. The resuspension of surface sediments was avoided. During each 

season 3 cores per site were equilibrated under light and dark conditions, respectively at 

seasonal in situ temperatures for ~12 h before incubations. Seasonal in situ illumination 

and temperature values were measured in the field (see sub-section 6.2.7) and replicated 

during sediment incubations. Sediments and waters were incubated at 16, 20, 24, and 20 
oC (± 2 oC) for winter, spring, summer and autumn periods, respectively and illuminated 

at ~80, 100, 120, and 100 µE m-2 s-1, respectively. 

 

Following the equilibration period, light and dark conditions were reversed and waters 

within the holding tanks were replaced by ~40% of new aerated water. The cores were 

left to re-equilibrate under the new conditions for ~2 h before incubations. 

 

6.2.3 Determination of sediment-water column flux rates 
 
To initiate flux determinations the air-stones were removed and the water level in the 

holding tank and incubation cores was lowered to below the core rims. Initial water 

samples for O2 and dissolved inorganic nutrients were collected and the cores closed 

using floating plastic lids to prevent gaseous exchange with the atmosphere. Cores were 

incubated for ~1.5 h. At the end of the inubation period, the pumps were stopped, floating 

lids removed, and final time samples collected immediately. Flux rates (µmol m-2 h-1) 

were determined using the initial and final solute concentrations according to Equation 

3.16 described in Chapter 3, sub-section 3.2.4.1. 
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6.2.4 Determination of denitrification and DNRA rates 
 
Following solute flux incubations, the air-stones were replaced in the cores, the water 

level in the holding tanks raised to above the core rims, and the cores were left to 

equilibrate for ~2.5 h prior to the determination of denitrification and DNRA rates. Cores 

were prepared for incubation in the same manner as for flux determinations. Following 

the collection of a water sample from each core for the determination of ambient NO3
- 

concentrations, an addition of 30 mmol L-1 99.9 atom % 15N-NO3
- (ISOTECTM) stock 

solution was made to each core to give a final concentration of ~30 µmol L-1 in the 

overlying water. The water column was mixed and an additional water sample for NO3
- 

concentration was taken ~10 min later to enable calculation of the actual 15N-NO3
- 

addition by difference (Nizzoli et al., 2006). Cores were sealed as previously described 

for the solute flux determinations and incubated under light or dark conditions. Cores 

were incubated for 1 to 2 h, depending upon the sediment oxygen demand. Actual 

incubation times were adjusted to ensure that the O2 concentrations remained above 80% 

of the initial concentration throughout the incubation, a prerequisite of the isotope pairing 

technique (Nielsen, 1992). At the end of the incubation the aquarium pumps were 

stopped, the floating lids removed and a sub-core (33 cm length × 5 cm internal diameter) 

was inserted into the sediment to the base of the incubation core. Microbial activity in the 

bulk sediment was inhibited by the addition of typically ~6 to 8 mL 50% ZnCl2 to the 

water outside the sub-core, depending on water volume. The sub-core including the 

overlying water was withdrawn and emptied into a sample bottle containing sufficient 

powdered KCl to give a final concentration of ~2 mol L-1. The sediment-KCl slurries 

were stored <4 °C and shaken intermittently over a 24 h period to extract the sediment 

bioavailable NH4
+ pool. Sub-samples were then taken, filtered (GF/F; 2.5 cm i.d., 

Whatman), and stored frozen (-20 oC) before being analysed for NH4
+ concentration and 

15N-enrichment of the NH4
+ pool (Nizzoli et al. 2006). The remaining sediment within 

the incubation core was gently stirred in order to mix the dissolved N2 pools in the water 

column and sediment porewater. Following a brief settling period (~1 to 2 min) a sub-

sample of the slurry was transferred to a gas-tight, 12 mL glass vial (Exetainer, Labco) 

before being fixed with ZnCl2. Samples were stored at 4 °C awaiting determination of the 

dissolved N2 pool and its isotopic composition. Denitrification and DNRA rates were 
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calculated according to the isotope pairing technique (Nielsen 1992), as described in 

Chapter 3, sub-section 3.2.4.2. 

 

6.2.5 Sampling handling and analytical technques 
 
Water column chl-a samples were filtered through pre-washed, pre-ashed GF/C filters 

(2.5 cm i.d., Whatman) immediately after collection. Filters were then stored frozen in 

foil wrapped glass vials awaiting analysis. Chlorophyll-a concentrations within collected 

waters were determined spectrophotometrically as described in Chapter 3, sub-section 

3.2.2.3. Suspended sediment organic matter content was determined as described in 

Chapter 3, sub-section 3.2.2.2. Water samples for nutrient concentrations were collected 

using acid (HCl 10% v/v) washed and Milli-Q element (18 MΩ cm) water (Millipore Pty. 

Ltd.) rinsed 60 mL syringes. Nutrient samples were immediately filtered (GF/F; 2.5 cm 

i.d., Whatman) and stored frozen (-20 oC), within 1 h after collection. Nutrient 

concentrations were determined as described in Chapter 3, sub-section 3.2.2.6. 

Recoveries for all filterable nutrients from the certified seawater references ranged 

between 90 and 104%. Dissolved gas samples (O2 and N2) were collected carefully with a 

60 mL syringe and tubing to avoid bubbles and agitation of the water sample. Oxygen 

and N2 samples were carefully transferred to gas tight 12 mL glass vials (Exetainer, 

Labco) before being fixed with 100 µL of Winkler reagents I and II (APHA, 1998) or 150 

µL of 50% ZnCl2, respectively, and stored at 4 °C. Oxygen concentrations were 

determined using the Winkler titration method with azide modification (APHA, 1998) 

within 48 h of sample collection as described in Chapter 3, sub-section 3.2.2.4. Dissolved 

N2 concentrations and the proportions of 29N2 and 30N2 and 15N enrichment of sediment 

bioavailable ammonium pools were analysed at the National Environmental Research 

Institute, Silkeborg, Denmark as previously described in Chapter 3, sub-section 3.2.1.11. 

 

Wet-bulk density and water content values were determined as described in Chapter 3, 

sub-sections 3.2.1.1 and 3.2.1.2. Sediment grain size was determined by dry sieving as 

described in Chapter 3, sub-sections 3.2.1.4. The determination of organic matter content 
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was determined by the loss-on-ignition technique as described in Chapter 3, sub-sections 

3.2.1.8. Chlorophyll-a and phaeopigment concentrations were determined as described in 

Chapter 3, sub-section 3.2.1.9. Sediment PO4
3-

bio and NH4
+

bio and concentrations were 

determined by preparing the samples as detailed in Chapter 3, sub-sections 3.2.1.13 and 

3.2.1.14 and anaylysed using an automated colourmetric analyser as described in Chapter 

3, sub-sections 3.2.2.6. 

 

6.2.6 Recovery and identification of macrofauna 
 
Sediments from each flux incubation core plus the corresponding KCl-sediment slurry 

were pooled and sieved (250 µm stainless steel mesh) to recover burrowing macrofauna 

shortly following nitrate reduction rate determination. Collected fauna were rinsed with 

freshwater to remove any adhering sediment or detritus and preserved in 70% ethanol. 

Specimens were later identified (species level) and quantified under a low powered 

microscope. Dry weight (biomassDW) was later recorded after drying at 80oC for 48 h 

before the determination of the ash content following incineration at 550 oC for 1 h. Ash-

free dry weight (biomassAFDW) was calculated by subtracting the ash weight from 

biomassDW. Species richness and eveness were calculated as described in Chapter 3, sub-

section 3.2.3.2. 

 

6.2.7 Environmental data collection 
 
Seasonal light intensities at the sediment surface were measured using a LI-COR 

radiation sensor (SA: LI-192SA quantum sensor) at a water depth of ~15-30 cm 

(representative of water column depth used during ex situ core maintenance and 

incubations). For consistency light intensity and temperature measurements were 

restricted to fixed monitoring periods during monitoring days (~12:00) for each season. 

In situ temperature data were collected using a thermometer (TPS 90-FLMV, TPS Pty. 

Ltd.). Furthermore, regional air temperature (oC) and rainfall (mm) data were obtained 
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from the Australian Bureau of Meteorology automated Gold Coast weather station (Gold 

Coast Seaway, station number: 040764) (Figure 6.2). 

 
Figure 6.2 Dailey recordings of air temperature (minimum and maximum) and rainfall in 
the southern Moreton Bay region (Australian Bureau of Meteorology weather station, 
Gold Coast Seaway, station number: 040764) 
 

6.2.8 Data analysis  
 
Sediment variable values, calculated fluxes, and nitrate reduction rates between triplicate 

cores from each site during seasonal sample events are shown as mean values ± standard 

deviation. Spatial and temporal variations (between-site and/or season) in the 

measured/calculated variables were assessed using t-tests and analysis of variance 

(ANOVAs), including Tukey HSD post hoc analysis. Correlations between physico-

chemical sedimentary conditions, burrowing faunal communities, benthic fluxes, and 

nitrate reduction rates were analysed using Pearson correlations (2-tailed). Statistical 

significance was determined at α = 0.05. All statistical analyses were performed using 

SPSS Windows (SPSS Inc., version 11.5.0). 
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6.3. Results  

6.3.1 Water column variables 
 
Physico-chemical water column variables demonstrated little seasonal variability (Table 

6.2). Maximum and minimum chl-a concentrations, LOI550 content, and water 

temperature occurred during the summer and winter sample periods, respectively. 

Dissolved inorganic nutrient concentrations demonstrated greater seasonal variability 

than the physico-chemical variables (Table 6.2). Maximum NOx, NH4
+, and near 

maximum PO4
3- water column concentrations were observed during the summer. 

Ammonium was the dominant form of dissolved inorganic nitrogen during all sample 

events, representing 73 to 84% of the mean seasonal total DIN. 

 

Table 6.2 Seasonal Coombabah Lake-Creek water variables (mean ± standard deviation) 
 

Season Physico-chemical variables 
pH Temperature 

(oC) 
Chl-a 

(µg L-1) 
OSS 
(%) 

Winter   8.1 ± 0.4   18.4 ± 0.5   1.1 ± 0.4 9.2 ± 2.1 
Spring   7.9 ± 0.6   21.3 ± 0.3   1.4 ± 0.2 11.2 ± 1.7 
Summer   7.9 ± 0.9   25.7 ± 0.8   1.8 ± 0.8 13.7 ± 1.3 
Autumn   8.0 ± 0.2   21.6 ± 0.7   1.4 ± 0.3 12.1 ± 1.9 
Season Dissolved inorganic nutrients (µmol L-1) 

NO2
- NO3

- NH4
+ PO4

3- 
Winter 0.17 ± 0.10 0.49 ± 0.38 2.66 ± 1.06 0.14 ± 0.04 
Spring 0.14 ± 0.11 0.34 ± 0.34 2.44 ± 1.41 0.37 ± 0.19 
Summer 0.11 ± 0.03 0.99 ± 0.28 2.93 ± 1.16 0.34 ± 0.08 
Autumn 0.11 ± 0.06 0.61 ± 0.26 2.75 ± 1.07 0.29 ± 0.09 
where: Chl-a represents chlorophyll-a and OSS represents organic suspended solids. 
 

6.3.2 Sediment physico-chemical variables 
 
Seasonal surface sediment variables of the lagoon are shown in Table 6.3. Sample sites 1 

and 2 in the north of the lagoon demonstrated similar phyisco-chemical variables, which 

were different to sites 3 and 4 in the south of the lagoon. Northern lagoon sediments were 

characterised by greater wet-bulk density, which was consistently greatest at site 1. 

Increased wet-bulk density values occurring within the north of the lagoon corresponded 

to the sandier sediments at sample sites 1 and 2. 
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Table 6.3 Annual mean sediment variables (mean ± standard deviation (n = 12)) 
 

Site Depth 
(cm) 

Wet-bulk density 
(g cm-3) 

Water content 
(%) 

<63 µm >250 µm LOI550 NH4
+

bio PO4
3-

bio 

(%) (%) (nmol g-1 dry wt.) 
1 0-1 1.9 ± 0.15 27.4 ± 4.82 6.9 ± 2.7 29.8 ± 4.46  1.6 ± 0.71 81.3 ± 102 6.9 ± 3.8 
 1-2 1.9 ± 0.17 23.7 ± 1.83 6.7 ± 5.7 26.1 ± 5.25  1.5 ± 0.32 70.0 ± 84.1 6.0 ± 2.7 
 2-4 1.9 ± 0.13 22.8 ± 1.75 3.4 ± 1.9 24.2 ± 1.33  1.8 ± 0.51 58.3 ± 54.5 5.0 ± 2.2 
 4-6 2.0 ± 0.19 23.7 ± 1.94 4.2 ± 1.9 26.0 ± 3.15  1.7 ± 0.44 86.4 ± 36.2 3.7 ± 1.9 
 6-10 2.0 ± 0.16 23.6 ± 2.02 7.5 ± 3.7 25.8 ± 3.62  1.7 ± 0.53 92.1 ± 77.9 5.2 ± 2.1 
 10-15 2.0 ± 0.15 24.9 ± 2.56 5.0 ± 1.4 32.6 ± 6.66  1.9 ± 0.52 78.2 ± 48.7 12 ± 5.6 
2 0-1 1.6 ± 0.24 47.3 ± 13.3 4.0 ± 2.9 42.4 ± 22.4  4.3 ± 2.4 100 ± 96.2 5.0 ± 3.0 
 1-2 1.6 ± 0.35 42.7 ± 12.7 1.5 ± 1.2 50.0 ± 28.6  3.6 ± 1.9 66.4 ± 69.4 6.3 ± 2.9 
 2-4 1.6 ± 0.27 40.7 ± 10.7   1.3 ± 0.72 58.7 ± 23.7  3.6 ± 1.4 67.1 ± 44.3 6.4 ± 1.8 
 4-6 1.7 ± 0.23 37.6 ± 9.18 4.1 ± 3.3 59.5 ± 28.8  2.9 ± 1.4 89.1 ± 48.7 7.0 ± 2.3 
 6-10 1.8 ± 0.26 33.0 ± 7.38   1.7 ± 0.74 67.8 ± 27.5  2.8 ± 1.0 118 ± 78.5 7.3 ± 2.2 
 10-15 1.8 ± 0.28 33.8 ± 7.35   1.7 ± 0.73 75.6 ± 23.6  2.7 ± 0.82 175 ± 121 11 ± 5.0 
3 0-1 1.6 ± 0.14 45.8 ± 4.13 6.7 ± 2.7 18.0 ± 3.43  5.2 ± 1.3 98.4 ± 46.4 3.5 ± 2.0 
 1-2 1.6 ± 0.13 43.4 ± 5.63 5.6 ± 5.6 18.4 ± 3.16  5.0 ± 1.2 113 ± 49.0 5.6 ± 3.2 
 2-4 1.6 ± 0.15 41.7 ± 5.42 5.5 ± 3.6 27.3 ± 7.97  5.1 ± 2.04 108 ± 52.7 4.6 ± 1.5 
 4-6 1.7 ± 0.18 38.6 ± 2.95 3.8 ± 1.6 33.8 ± 9.44  5.1 ± 1.5 102 ± 53.3 5.4 ± 1.3 
 6-10 1.7 ± 0.19 39.1 ± 2.22 6.4 ± 3.4 31.6 ± 5.32  4.8 ± 1.9 135 ± 88.3 7.2 ± 3.5 
 10-15 1.7 ± 0.17 40.3 ± 6.95 4.1 ± 1.7 34.6 ± 7.32  6.0 ± 3.7     181 ± 108 15 ± 11 
4 0-1 1.4 ± 0.16 59.5 ± 6.34 4.9 ± 4.3   0.00 ± 0.00  6.2 ± 2.4 99.8 ± 123 12 ± 5.0 
 1-2 1.5 ± 0.16 55.2 ± 5.27 11 ± 4.7   0.00 ± 0.00  5.8 ± 1.6     171 ± 134 7.0 ± 2.1 
 2-4 1.5 ± 0.14 53.6 ± 4.08 4.0 ± 3.6   0.00 ± 0.00  5.7 ± 2.1     141 ± 88.9 8.1 ± 4.2 
 4-6 1.5 ± 0.15 52.3 ± 3.83 6.8 ± 5.5   0.00 ± 0.00  5.5 ± 1.0      150 ± 131 7.1 ± 2.3 
 6-10 1.5 ± 0.11 48.6 ± 3.94 9.1 ± 2.6   5.21 ± 4.65  4.7 ± 1.8     229 ± 160 7.8 ± 2.7 
 10-15 1.6 ± 0.13 43.2 ± 3.15 6.2 ± 4.6   9.92 ± 4.13  4.2 ± 0.74     238 ± 180 14 ± 6.0 

where: <63 µm represents sediment grain size fraction less than 63 µm, >250 µm represents sediment grain size fraction greater than 
250 µm, LOI550 represents loss-on-ignition at 550oC, NH4

+
bio and PO4

3-
bio represent sediment bioavailable NH4

+ and PO4
3-, respectively. 
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The northern site sediments were characterised by a greater contribution of coarse sands 

(>250 µm) (Table 6.3) and below the surface (~10 cm) by a patchy horizon of mollusc 

shells, which was not observed at the southern sites. Sites 3 and 4 in the southern region 

of the lagoon consisted of soft upper muddy sediments rich in silts and clays (<63 µm). 

No significant seasonal differences were observed at each site for all physical sediment 

variables. Lake LOI550 ranged between 0.63 and 17% with a lagoon wide mean value of 

3.87 ± 2.18%. LOI550 within the southern muddy sediments were significantly greater (p 

<0.001) in comparison to the sandier northern sites and were greatest during the winter. 

Seasonal mean NH4
+

bio and PO4
3-

bio concentrations ranged between 3.12 and 440 and 1.79 

and 21.0 nmol g-1 dry wt., respectively. Increased concentrations of NH4
+

bio and PO4
3-

bio 

were observed at the muddy southern sites (Table 6.3). Highest NH4
+

bio concentrations 

were observed during summer and autumn at all sample sites. In contrast, PO4
3-

bio 

concentrations varied little between seasons or sites. Significant correlations were 

observed between measured physical and biological sediment variables (Table 6.4) with 

the muddier southern sediments being richer in organic matter (LOI550) and bioavailable 

inorganic nutrients. 
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Table 6.4 Pearson correlation coefficients for annual mean sediment variable values (n = 24, * = correlation significant at the 0.05 
level (2-tailed), ** = correlation significant at the 0.01 level (2-tailed)) 

 

  

Water 
content  

<63 µm 
 

>250 µm 
 

LOI550  
 

NH4
+

bio PO4
3-

bio 

(%) (%) (%) (%) (nmol g-1 dry wt.) 

Wet-bulk density  r -0.995** -0.205 -0.442* -0.921** -0.554** -0.161
 p <0.001 0.337 0.030 <0.001 0.005 0.453
Water content  r  0.226 -0.446* 0.905** 0.586** 0.188
 p  0.287 0.029 <0.001 0.003 0.379
<63 µm r  -0.713** 0.225 0.361 -0.057
 p  <0.001 0.290 0.083 0.792
>250 µm r   0.458* -0.403 -0.036
 p   0.024 0.051 0.868
LOI550 r   0.573** 0.224
 p   0.003 0.292
NH4

+
bio r   0.637**

 p   0.001
where: <63 µm represents sediment grain size fraction less than 63 µm, >250 µm represents sediment grain size fraction greater than 
250 µm, LOI550 represents loss-on-ignition at 550oC, NH4

+
bio represents sediment bioavailable NH4

+, and PO4
3-

bio represents sediment 
bioavailable PO4

3-. 
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Surface sediment chl-a concentrations varied seasonally at all sites (Figure 6.3) with the 

highest concentrations measured in summer and autumn. Chlorophyll-a concentrations at 

site 1 demonstrated the largest seasonal variations ranging from 0.21 to 10 µg g-1 in 

spring and autumn, respectively with an annual mean of 3.07 ± 2.98 µg g-1. The lowest 

mean chl-a concentrations observed (2.54 ± 1.52 µg g-1) occurred at site 3, where 

seasonality was less obvious than at the other sample sites. Concentrations measured at 

site 4 were the greatest within the lagoon and were characterised by a summer maximum 

of 12.9 ± 7.77 µg g-1 and an annual mean concentration of 7.28 ± 6.59 µg g-1.  

 
 
Figure 6.3 Seasonal mean chlorophyll-a concentrations in surface sediments at each 
sample site (Note: different y-axis scale for site 4) 
 
Phaeopigment (data not shown) and chl-a concentrations were significantly correlated (r 

= 0.661, p <0.001). Maximum and minimum phaeopigment concentrations were 
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observed in summer and spring, respectively. Annual mean phaeopigment concentrations 

were greatest at site 4 (37.11 ± 24.91 µg g-1) and ranged between 2.22 and 84.9 µg g-1 for 

all sites. 

 

6.3.3 Macrofauna dynamics 
 
Following the collection of burrowing macrofauna, 1029 individuals were identified 

consisting of 6 species from 3 orders, representing surface and sub-surface deposit 

feeding and filter feeding macrofaunal groups. The occurrence of each burrowing 

macrofauna species demonstrated temporal and spatial variability (Table 6.5). 

 

Table 6.5 Temporal and spatial variability of burrowing macrofauna 
 

Spatial and 
temporal 
condition 

Burrowing macrofauna 
 

AmphipodA 
 

WormB 
 

CrabC 
 

PrawnD 
 

ShrimpE 
 

BivalveF 
Site Season       
1 W √ √ √   √ 
1 Sp  √   √  
1 Su  √     
1 A  √ √ √ √  
2 W √ √ √    
2 Sp √ √     
2 Su √ √ √    
2 A √ √ √ √   
3 W √ √ √    
3 Sp √ √ √    
3 Su √ √     
3 A √ √     
4 W √ √ √    
4 Sp √ √     
4 Su √ √ √    
4 A √  √    
where: A represents the species Victoriopisa australiensis from the Melitidae family, 
 B represents the species Simplisetia aequisetis from the Nereididae family,  
 C represents the species Heloecius cordiformis from the Ocypodidae family,  
 D represents the species Penaeus plebejus from the Penaeidae family,  
 E represents the species Clorida depressa from the Squillidae family, and 
 F represents the species Pitar affinis from the Veneridae family. 
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Strong seasonal trends were observed in the macrofaunal densities (Figure 6.4a), with 

maximum densities occurring at each site during winter and minimum densities during 

summer. Following the summer sample period, autumn densities increased at all sample 

sites. Highest densities occurred at sites 3 and 4 (Figure 6.4a). Amphipods (Victoriopisa 

australiensis) and polychaete worms (Simplisetia aequisetis) dominated the faunal 

community (Figure 6.4b) with V. australiensis representing 49% of the total retrieved 

macrofauna. The contribution of V. australiensis increased from north to south within the 

lagoon with a maximum contribution of 92% to the total site macrofauna abundance 

observed at site 4. Simplisetia aequisetis populations showed a strong seasonal pattern, 

with increased densities at most sites during winter and spring. No single species was 

recorded at all sites during any seasonal sampling periods, however Victoriopisa 

australiensis, Simplisetia aequisetis, and Heloecius cordiformis were recorded at all four 

sites during one or more seasons (Table 6.5). Site 1 demonstrated the greatest seasonal 

Shannon diversity index values with increased values during winter (1.82) and autumn 

(1.74). Seasonal lagoon-wide diversity values ranged between 1.12 and 1.48 in spring and 

autumn, respectively with a mean value of 1.3 ± 0.16. Species eveness was low (data not 

shown). Total biomassAFDW ranged between 0.23 and 30 g m-2 (Figure 6.4c). Greater 

variability in biomass was observed at sites 1 and 2 as a result of the presence of large 

semaphore crabs (H. cordiformis), which accounted for only 20 and 3.1% of total site 

abundance, but 84 and 88% of the total recorded biomassAFDW at sites 1 and 2, 

respectively. Elevated crab biomass contributions occurred at the sandier lagoon sites 1 

and 2, with decreasing contribution to total biomass in the muddier southern sediments of 

site 3 and 4 (Figure 4d), where V. australiensis dominated. 
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Figure 6.4 Burrowing macrofaunal dynamics of Coombabah Lake sample sites including a) mean density, b) species contribution to 
mean density, c) total biomassAFDW, and d) species contribution to total biomassAFDW  
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6.3.4 Sediment-water column oxygen and dissolved inorganic nutrient 
fluxes 
 
Oxygen and nutrient fluxes showed seasonal (i.e. variation between seasons) and diurnal 

(i.e. variation between light and dark conditions) variations. Sediments at all sites, during 

all seasons were sinks for oxygen during both dark and light incubations (Figure 6.5). 

 

Figure 6.5 Seasonal mean oxygen fluxes during a) dark and b) light incubations 
(negative values indicate consumption and flux of oxygen into the sediment) across the 
sediment-water interface, and c) gross productivity of each sample site 
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Dark sediment oxygen demand ranged between -4736 and -1435 µmol m-2 h-1 with the 

highest rates occurring at the muddier sites 3 and 4 during summer and autumn (Figure 

6.5a). Gross benthic primary productivity, calculated as the difference between dark and 

light O2 fluxes, ranged between 8 and 3868 µmol m-2 h-1 (Figure 6.5c) with significantly 

greater (p <0.001) rates in the southern muddier sediments. The lowest gross rates of 

benthic productivity occurred during winter with a lagoon-wide mean rate of 746 ± 870 

µmol m-2 h-1 compared to the summer, which was characterised by a maximum lagoon-

wide mean productivity rate of 2282 ± 1586 µmol m-2 h-1.  

 

All nitrogen species effluxed from the sediments during both light and dark incubations, 

at all sites during all seasons (Figure 6.6). Dissolved inorganic nitrogen effluxes were 

greatest in the southern muddier sediments. Efflux of dissolved inorganic nitrogen was 

48.5 ± 29.9% greater during dark incubations in comparison to corresponding light 

incubations. Maximum dissolved inorganic nitrogen effluxes typically occurred during 

spring or summer at all sites. Ammonium dominated DIN effluxes at all sites 

representing on average 70 ± 14% of total DIN. 
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Figure 6.6 Seasonal mean dissolved inorganic nitrogen fluxes during light and dark 
incubations (positive values indicate efflux of solutes out of the sediment) across the 
sediment-water interface of each sample site 
 

Mean seasonal NO3
- effluxes ranged between 22 ± 8.6 and 35 ± 21 µmol N m-2 h-1 and 19 

± 8.1 and 45 ± 18 µmol N m-2 h-1 during light and dark incubations, respectively. The 

lagoon-wide mean contribution of NO3
- to NOx effluxes was 77 ± 13%. Phosphate fluxes 

were small and variable (<8 µmol P m-2 h-1) (data not shown). Nutrient fluxes 

significantly correlated with sediment organic matter content and chl-a concentrations 

(Table 6.6).  
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Table 6.6 Pearson correlation coefficients for light and dark mean nutrient fluxes and 
sediment variables (n =16, * = correlation significant at the 0.05 level (2-tailed), ** = 

correlation significant at the 0.01 level (2-tailed)) 
 

 Light Dark 
 LOI550

+ Chl-a LOI550
+ Chl-a 

NO3
- r 0.520* 0.751** 0.500* 0.684**

 p 0.039 0.001 0.049 0.003
NOx r 0.514* 0.042 0.525* 0.669**
 p 0.646** 0.007 0.037 0.005
NH4

+ r 0.423 0.443 0.376 0.545*
 p 0.103 0.086 0.152 0.029
DIN r 0.499* 0.555* 0.408 0.583*
 p 0.049 0.026 0.117 0.018
PO4

3- r 0.503* 0.503* 0.151 0.526*
 p 0.047 0.047 0.577 0.037
+ Mean content value for surface sediment sample depth = 0 to 3 cm 

Furthermore, at all sites during all seasons, mean dark sediment oxygen fluxes 

significantly correlated with NO3
- (r = -0.736, p = 0.001), NOx (r = -0.718, p = 0.002), 

NH4
+ (r = -0.677, p = 0.004), and DIN (r = -0.714, p = 0.002) effluxes during dark 

incubations. 

 

6.3.5 Nitrate reduction processes (denitrification and DNRA) 
 
Nitrate reduction rates showed seasonal, diurnal, and spatial variability (Figures 6.7 and 

6.8). Total NO3
- reduction rates within the muddy southern sediments were typically 

higher than those in the northern sediments with greatest rates occurring at site 4. Light-

incubated sediment cores exhibited greater total NO3
- reduction rates than dark 

incubation cores at all sites in all seasons. Rates of the contributing nitrate reduction 

processes, denitrification, and DNRA showed similar spatial and temporal trends to total 

nitrate reduction rates (Figures 6.7 and 6.8) with rates always being higher in the light 

compared to the corresponding dark incubation.  
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Figure 6.7 Seasonal mean rates of denitrification (Dn and Dw), DNRA (DNRAn and DNRAw), and total nitrate reduction (Dtotal and 
DNRAtotal) during light incubations within Coombabah Lake 
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Figure 6.8 Seasonal mean rates of denitrification (Dn and Dw), DNRA (DNRAn and DNRAw), and total nitrate reduction (Dtotal and 
DNRAtotal) during dark incubations within Coombabah Lake 
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DNRA was the dominant pathway of nitrate reduction. Mean DNRA rates represented 

63.8 ± 18.7% and 69.3 ± 10.2% of the annual lagoon-wide mean total NO3
- reduction 

during light and dark incubations, respectively. 

 

Water column NO3
- was a minor source of nitrate for nitrate reductions within the lagoon 

sediments, in comparison to nitrification, which fuelled 77.9 ± 9.53% and 85.6 ±12.8% of 

total nitrate reduction under light and dark conditions, respectively. The degree of 

coupling between nitrification and nitrate reduction processes can be calculated from the 

sum of the rates of Dn and DNRAn and the mass balance of nitrification rates (NOx flux 

+ Dn + DNRAn) (Table 6.7). As NH4
+ effluxed from the sediments during all light 

incubations it was assumed to be in excess for microphytobenthos and thus it was 

understood that no assimilation of NOx occurred during light conditions, and therefore 

that nitrification could also be calculated for light incubations using the same formula. 

This assumption was made as, although nitrogen can be acquired by microalgae as NO2
-, 

NO3
-, NH4

+, or N2 (in those capable of nitrogen fixation and even then only when the 

other preferred sources of N are exhausted), NH4
+ is the preferred form with the order of 

preferred uptake being NH4
+ > NO3

- > N2 (Tandeau de Marsac and Houmard, 1993; Hart 

and Grace, 2000). When NH4
+ is available microalgae (and cyanobacteria) do not 

assimilate alternative N sources (Turpin, 1991; Ochoa de Alda et al., 1996). The constant 

efflux of NH4
+ indicates it is in excess of the microaglae nitrogen needs and therefore 

other nitrogen sources would not be used or at least would be insignificant. 

 

Table 6.7 Mean site and seasonal nitrification rates and coupling between nitrification 
and denitrification in the lagoon sediments 

 
Site Season Condition Nitrification rate 

(µmol N m-2 h-1) 
% Coupling 

(Dn + DNRAn/nitrification) 
1 Winter Light 34.4 ± 2.61 13.4 ± 5.09 
 Spring Light 40.9 ± 4.01 18.6 ± 13.6 
 Summer Light 40.8 ± 12.5 26.8 ± 9.17 
 Autumn Light 48.9 ± 3.78 25.9 ± 26.0 
2 Winter Light 31.9 ± 5.47 8.56 ± 3.24 
 Spring Light 38.6 ± 7.49 19.1 ± 2.17 
 Summer Light 30.2 ± 5.05 12.2 ± 3.69 
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Table 6.7 (continued) 
 
Site Season Condition Nitrification rate 

(µmol N m-2 h-1) 
% Coupling 

(Dn + DNRAn/nitrification) 
 Autumn Light 47.8 ± 1.76 13.2 ± 5.30 
3 Winter Light 45.6 ± 15.2 11.9 ± 14.4 
 Spring Light 49.6 ± 2.88 8.16 ± 0.24 
 Summer Light 40.5 ± 14.3 7.90 ± 10.7 
 Autumn Light 52.0 ± 14.7 13.2 ± 9.14 
4 Winter Light 52.6 ± 6.65 17.3 ± 7.11 
 Spring Light 45.6 ± 22.0 10.8 ± 0.53 
 Summer Light 70.8 ± 12.5 20.8 ± 12.9 
1 Winter Dark 32.9 ± 8.00 13.4 ± 2.53 
 Spring Dark 43.9 ± 11.0 12.0 ± 11.4 
 Summer Dark 35.9 ± 8.67 21.8 ± 12.6 
 Autumn Dark 35.7 ± 4.52 15.5 ± 4.95 
2 Winter Dark 34.5 ± 11.1 7.86 ± 1.63 
 Spring Dark 41.0 ± 17.6 19.5 ± 10.1 
 Summer Dark 32.7 ± 18.1 4.57 ± 4.17 
 Autumn Dark 49.3 ± 17.1 12.7 ± 13.6 
3 Winter Dark 41.8 ± 15.8 9.09 ± 11.9 
 Spring Dark 36.7 ± 10.5 9.75 ± 3.37 
 Summer Dark 41.5 ± 10.1 4.75 ± 4.02 
 Autumn Dark 48.2 ± 11.2 11.2 ± 10.4 
4 Winter Dark 48.3 ± 13.4 9.22 ± 6.49 
 Spring Dark 36.4 ± 20.8 10.1 ± 11.0 
 Summer Dark 55.6 ± 21.3 5.22 ± 1.00 
 Autumn Dark 66.2 ± 7.05 29.2 ± 29.9 
 

Nitrification rates showed little variability between sampling sites or seasons. Mean 

nitrification rates were greater under light conditions, in comparison to corresponding 

dark incubations, although this increase was not statistically significant. Similarly, 

coupling between nitrification and nitrate reduction processes during light and dark 

conditions were not statistically different and were 16.3 ± 11.9% and 12.3 ± 11.3% for 

light and dark incubations, respectively.  
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6.4 Discussion 

6.4.1 Benthic metabolism and nutrient fluxes 
 
Lagoon sediments consistently demonstrated consumption of oxygen at each site in all 

seasons under both light and dark conditions. This sustained consistent sediment oxygen 

demand (SOD) during both light and dark conditions may impact water column O2 

concentrations, contributing to the low DO saturation values recorded in the water 

column (see Chapter 5, sub-section 5.3.2.1). This may, in turn, negatively impact benthic 

macrofauna and transient fish species (Kramer, 1987; Dauer et al., 1992; Breitburg et al., 

1997) of the lagoon. Based on the trophic oxygen status index proposed by Viaroli and 

Christian (2003), which provides a simple portrayal of oxygen processing over time and 

space for shallow aquatic systems, the lagoon was classified as net heterotrophic at all 

four sites during all seasons. The trophic status of aquatic systems results from the net 

biotic metabolism, which essentially represents the difference between primary 

production and community respiration (Viaroli and Christian, 2003 and reference 

therein). Within shallow-water sediments with no seagrasses present, the trophic status is 

mainly determined by the photosynthetic activity of MPB (Engelsen et al., 2008).  

 

Sediment oxygen demand was greater during dark incubations in comparison to light 

conditions and was higher in the muddier organic matter rich sediments of sites 3 and 4. 

Benthic microalgae were present at the sediment surface, as indicated by the reduced 

uptake of O2 during light compared to dark incubations. However oxygen fluxes 

remained negative even during light conditions. This reflects the high inputs of organic 

matter to the sediments from external sources (Dunn et al., 2008), which drives SOD and 

the high turbidity of the water column, which limits light availability for photosynthesis.  

 

Dark SOD was characterised by relatively low seasonal variation in comparison to 

temperate estuarine environments. Lower seasonal variations in temperature and more 

stable inputs of organic matter from perennial vegetation (i.e. mangroves) within the 

lagoon environment may contribute to this stability in benthic metabolism. In 
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comparison, large temperature changes and the occurrence of ephemeral primary 

producers within temperate systems often cause strong variations in oxygen dynamics as 

periods of high photoautotrophic oxygen production coupled to labile organic matter 

accumulation, as live plant biomass, are followed by predominantly heterotrophic phases, 

when the plant biomass dies and decompose. This can result in large pulsed oxygen 

variations in water column oxygen concentrations, spanning from supersaturation to 

complete anoxia on both seasonal and diurnal time scales (Viaroli and Christian, 2003 

and references therein). 

 

The strongly heterotrophic metabolism of the sediments drove sustained effluxes of 

nutrients under both light and dark conditions during all seasons at all sites. The relative 

percentages of the different forms of N effluxing from the sediments to the water column 

were quite consistent and were dominated by the efflux of NH4
+, which has important 

implications for the trophic status of coastal lagoons (Eyre and Ferguson, 2002; Friedrich 

et al., 2002). Within shallo water systems nitrogen returned to the overlying waters as 

NH4
+ and DON may stimulate productivity, resulting in the delivery of additional organic 

matter to the sediments leading to greater decomposition and SOD (Eyre and Ferguson, 

2002 and references therein).  

 

Burrowing macrofauna through their biodeposition, bioturbation, and bioirrigation 

activities (Welsh, 2003) have been shown to influence solute fluxes at the SWI (Bartoli et 

al., 2003; Michaud et al., 2006; Nizzoli et al., 2002, 2007) by creating diffusive sources 

or sinks for pore water solutes in their burrow walls within otherwise isolated portions of 

sediments (Aller, 2001). No significant correlations were observed within the lagoon 

between solute fluxes and burrowing macrofaunal abundance during light conditions, 

however increased populations of burrowing amphipods coincided with increased 

effluxes of nutrients at the muddier organic matter richer site 4. Significant correlations 

were observed between macrofaunal biomass and both NH4
+ (r = 0.302, p = 0.037) and 

DIN (r = 0.305, p = 0.035) effluxes within the lagoon sediments during dark incubation 

conditions. 
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Sample sites also demonstrated seasonality with greater light and dark efflux rates 

occurring during spring and summer. The tendency for increased effluxes of nutrients, 

especially NH4
+, has been shown to correspond to increased water temperatures (Nixon, 

1981; Kemp et al., 1990; Qu et al., 2003). Increases and decreases in temperature 

correlated to both increased and decreased efflux of nitrogen species, respectively, within 

Coombabah Lake, however maximal chl-a concentrations did not always correlate to 

nutrient efflux rates. Lower efflux rates during light conditions within sediments 

colonized by MPB have previously been observed (Sundbäck et al., 1991) resulting from 

direct uptake of nutrients to sustain MPB requirements.  

 

Although net heterotrophic conditions suggest a less active microalgal community, SOD 

and DIN fluxes during light conditions were reduced on average by 43.4 ± 31.2% and 

34.9 ± 30.5% (n = 48), respectively in comparison to the corresponding dark fluxes. 

These reductions were greatest during summer and autumn, coinciding with maximal 

sediment chl-a concentrations, with significantly larger (p <0.001) reductions occurring 

in the muddier southern lagoon sediments, which had higher chl-a contents.  

 

Previous investigations in shallow marine systems suggest that MPB are a significant 

regulatory influence on solute fluxes across the SWI (Rizzo 1990; Risgaard-Petersen et 

al., 1994; Thornton et al., 1999; Sundbäck et al., 2000; Qu et al., 2003). The distributions 

of microalgae (and benthic fauna) do exhibit a high degree of heterogeneity (Sandulli and 

Pinckney, 1999; Azovsky et al., 2004) within shallow systems, which can create local 

heterogeneity in benthic O2 and dissolved nutrient fluxes (Nizzoli et al., 2002; Bartoli et 

al., 2003). Furthermore, temporal variations may change considerably from season to 

season and year to year (Tyler et al. 2003). Microphytobenthos were present at all sites in 

all seasons, as indicated by sediment chl-a contents within the lagoon sediments. The 

influence of MPB on O2 and DIN fluxes was evident within the surface sediments of 

Coombabah Lake with decreased oxygen consumption and DIN effluxes during light 

conditions and increased rates of lagoon-wide productivity during autumn and spring 

coinciding with the occurrence of maximum sediment chl-a concentrations. The 
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influence of MPB on solute fluxes can be studied by plotting the mean light/dark shift in 

solute flux (Δ solute) against chl-a concentrations and Δ O2 fluxes (Sundbäck et al., 

1991). Increases in Δ O2 flux were significantly correlated (r = 0.598, p = 0.014) with 

surface sediment chl-a concentrations (Figure 6.9a), i.e. the higher chl-a content, the 

larger the Δ O2 flux. Significant correlations were also identified between Δ NH4
+ flux 

and both chl-a concentrations (r = 0.532, p = 0.034) and Δ O2 flux (r = 0.509, p = 0.044) 

(Figure 6.9b and c), i.e. similarly, the higher chl-a content and Δ O2 flux, respectively, 

the larger the Δ NH4
+ flux. Thus although the sediments remained O2 sinks and nutrient 

sources during light incubations, the MPB still played a significant role in moderating 

these fluxes through photosynthetic O2 evolution and the coupled photoassimilation of 

inorganic nutrients.  
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Figure 6.9 Correlations between a) chlorophyll-a and Δ oxygen flux, b) chlorophyll-a 
and Δ NH4

+ flux, and c) Δ oxygen flux and Δ NH4
+ flux (Δ oxygen flux = mean light – 

mean dark flux and Δ NH4
+ flux = mean dark – mean light flux) 

 

The sustained efflux of nutrients from the sediments demonstrates that the lagoon 

sediments are a constant nutrient source to the overlying lagoon waters, and potentially to 

the adjoining Coombabah Creek/Gold Coast Broadwater. However, previously estimated 

nutrient transport rates (see Chapter 5) showed no export of nutrients from the lagoon and 

suggested that external waters are nutrient sources for the lagoon over tidal cycles, rather 

than being sinks for exported nutrients. Therefore, it appears that regenerated nutrients 



Chapter 6 

 184

are recycled within the lagoon and adjoining wetlands. Within the lake the fate of the 

nutrients are determined by assimilation by MPB and phytoplankton communities or 

more likely assimilation by the large areas of fringing mangroves, which in turn are a 

dominant source of organic matter for the lake sediments (see Chapter 4). Therefore, the 

surrounding mangroves appear to provide a natural filter for nutrients entering and 

recycled within the lagoon, and thus the clearing of mangroves surrounding the lagoon 

for future urban development could threaten the trophic status of the lagoon and 

adjoining wetlands. The uptake of nutrients by higher plants is considered to be an 

important process in ameliorating the impact of elevated nutrient concentrations entering 

receiving waters (Wong et al., 1997 and references therein) and as such constructed and 

natural mangrove wetlands have previously been used as biological treatment systems in 

environments receiving waters containing elevated nutrient concentrations (e.g. 

municipal sewage and shrimp farm effluent) (Kadlec, 1987; Richardson and Davis, 1987; 

Robertson and Phillips, 1995). 

 

6.4.2 Nitrification and nitrate reduction processes  

6.4.2.1 Nitrification 

The efflux of NOx during all sediment incubations indicated nitrification was an 

important processes occurring within the lagoon sediments. Nitrification rates were 

significantly greater (p = 0.006) in the southern muddier lagoon sediments compared to 

the sandier northern sediments. The maximum mean lagoon-wide nitrification rate 

occurred during autumn (52.8 ± 17.0 µmol N m-2 h-1) and was significantly greater than 

mean winter and spring rates. Summer rates were also greater than winter and spring 

although this difference was not significant.  

 

Although nitrification has been shown to be influenced by various variables including 

substrate concentration (Berounsky and Nixon, 1985), suspended particulate matter 

(Helder and de Vries, 1983), pH (Jones and Hood, 1980; Strauss et al., 2002), salinity 

(Jones and Hood, 1980; Magalhães et al., 2005), temperature (Nixon, 1981), and light 

(Horrigan and Springer, 1990), sediment nitrification is generally regulated by the 
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availabilities of dissolved O2 and NH4
+ (Henriksen and Kemp, 1988; Rysgaard et al., 

1994). The tendency for nitrification rates to be higher during light conditions within the 

lagoon, combined with the continued efflux of NH4
+, indicates that O2 availability in the 

surface sediment was the primary regulatory mechanism for nitrification within the 

lagoon (Rysgaard et al., 1994). This is in contrast to sediments limited by NH4
+, which 

results in the availability of NH4
+ being largely responsible for the regulation of 

nitrification rates (Berounsky and Nixon, 1993; Rysgaard et al., 1994; Magalhães et al., 

2005) resulting in lower rates under light conditions despite high availability of O2 due to 

competition with MPB for NH4
+.  

 

6.4.2.2 Denitrification and dissimilatory nitrate reduction to ammonium 

Light-dark variations in total NO3
- reduction rates were observed within the lagoon, 

however rates demonstrated limited spatial and seasonal variability with little difference 

found between sites and seasons. Temporal variations within the lagoon were not 

characterised by the distinct seasonal patterns commonly recorded with temperate 

systems. Maximum or near maximum rates occurred during spring and autumn periods 

and minimums predominantly occurred during winter. At all sample sites NO3
- reduction 

rates demonstrated near identical seasonal variations. The magnitude of the observed 

seasonal variation within Coombabah Lake differs from the majority of studies relating to 

northern hemisphere environments which report increased, and often, maximum 

denitrification rates during spring and winter seasons (e.g. Jørgensen and Sørensen, 1988; 

Rysgaard et al., 1995; Norwicki et al. 1997; Dong et al., 2000; Nizzoli et al., 2006; 

Hietanen and Kuparinen, 2008) coinciding with elevated NO3
- concentrations within the 

water column. Differences in temperature ranges, and rainfall and runoff patterns may 

serve to provide differentiation between observed seasonality in the geographically (and 

climatically) different regions.  

 

Denitrification rates were significantly greater (p = 0.001) during light compared to dark 

incubations within the lagoon. This indicated a daytime enhancement of denitrification by 

benthic primary production presumably due to higher nitrification rates, as this was the 



Chapter 6 

 186

dominant source of NOx for denitrification. Diel denitrification patterns with greater 

denitrification rates occurring during light periods have previously been described for 

shallow aquatic environments (e.g. An and Joye, 2001; An et al., 2001; Laursen and 

Seitzinger, 2004) where O2 production during daytime periods by benthic microalgae 

enhanced rates of, and/or coupling between, nitrification and denitrification.  

 

Dw was an insignificant process at all sites during all seasons for both denitrification and 

DNRA, presumably as a result of the low NO3
- water column NOx concentrations. During 

this study, the lagoon and surrounding region did not experience typical “dry” and “wet” 

seasons, but rather extended periods of dry conditions and limited rainfall events. The 

lack of rainfall events, which typically occurr during summer “wet” seasons, presumably 

resulted in smaller freshwater inputs and extended flushing times, potentially influencing 

the contribution of Dw. During a more typical period within the region, rainfall events and 

associated run-off (Gutteridge et al., 2003) may enhance Dw and potentially total NO3
- 

reduction rates resulting from elevated NO3
- water column concentrations, as water 

column NO3
- concentrations have been shown to influence total nitrate reduction rates 

(Jørgensen and Sørensen, 1988; Nizzoli et al., 2006). Indeed, seasonal rainfall patterns 

within temperate systems of the northern hemisphere during winter/spring have been 

shown to be influential in stimulating Dw and seasonal total NO3
- reduction rates 

(Jørgensen and Sørensen, 1988; Rysgaard et al., 1995; Dong et al., 2000; Nizzoli et al., 

2006; Thornton et al., 2007). 

 

Conversely, Dn contributed 90% to total denitrification and DNRA in the lagoon 

sediments. Within Coombabah Lake the amount of total denitrification was closely 

connected to the nitrate formed by nitrification in the sediment (Dn), which, in turn, was 

regulated by O2 availability in the sediment. 

 

The efficiency of denitrification has been expressed as the percentage of the total 

inorganic N released as N2 during organic matter decomposition (N2-N/(DIN + N2-N)  

100; Eyre and Ferguson, 2002). Denitrification efficiency reports the proportion of 

remineralised N that is subsequently converted to nitrogen gas (Heap et al., 2001; 
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Fredericks et al., 2002), providing a process-indicator of sediment quality and ecosystem 

health (Heap et al., 2001). High denitrification efficiencies ensure efficient processing of 

N from benthic sediments, while low denitrification efficiencies indicate a high chance of 

escalating NH4
+ concentrations within the system (Heap et al., 2001). Coombabah Lake 

sediments were characterised by very low denitrification efficiencies ranging between 0.9 

± 0.7 and 2.2 ± 1.7%. Efficiencies within the sandier northern sediments (2.2 ± 1.6) were 

significantly greater (p >0.001) compared to those of the muddier southern sediments (1.0 

± 0.8). Seasonal mean denitrification efficiencies ranged between 1.0 ± 0.4 and 2.5 ± 

1.4%, with the greatest efficiencies occurring during autumn. Denitrification efficiencies 

of Australian systems and associated categorised sediment quality indicator values based 

on denitrification efficiencies are discussed by Heap et al. (2001) and Eyre and Ferguson 

(2009). 

 

The rate of carbon decomposition (which can be considered a proxy for carbon loading) 

appears to be an important control on the efficiency with which systems recycle nitrogen 

as N2 (Berelson et al., 1998; Heggie et al., 1999; Eyre and Ferguson, 2002; Grice and 

Hillman, 2005). Utilising a data set of 22 shallow coastal ecosystems in Australia, Eyre 

and Ferguson (2009) demonstrated that maximum denitrification efficiencies occurred 

between CO2 efflux rates of 500 and 1500 µmol m-2 h-1 and decreased rapidly to 

<10% at CO2 effluxes greater than about 6000 µmol m-2 h-1 (Eyre and Ferguson, 2009 

references therein). Decreased efficiencies (including near zero values) resulting from 

increased carbon loadings have also been reported by Sloth et al. (1995), Berelson et al. 

(1998), Heggie et al. (1999), and Cook et al. (2004). Low dissolved oxygen 

concentrations in bottom waters (Eyre and Ferguson, 2002; Grice and Hillman, 2005) and 

increased sulphate reduction (Kemp et al., 1990; Joye and Hollibaugh, 1995) have also 

been identified as influential variables reducing denitrification efficiencies within marine 

environments.  

 

The low denitrification efficiencies of the lagoon are presumed to be a result of the 

comparatively organic-rich sediments (characterised by a lagoon-wide mean LOI550 of 

3.87 ± 2.18%) and continual sediment oxygen demand. The lower denitrification 
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efficiencies of the southern sediments may therefore reflect the increased organic matter 

loadings and SOD of the muddier sediments of sites 3 and 4 (Christensen et al., 2000; 

Eyre and Ferguson, 2002).  

 

Similar to sediments of Waquoit Bay (USA) reported by LaMontague et al. (2002), 

denitrification efficiencies within the lagoon were significantly negatively correlated (p 

<0.005) with NH4
+ efflux rates (Figure 6.10). 

 

 

Figure 6.10 Ammonium efflux versus denitrification efficiency 
 

Decreased denitrification efficiencies corresponding to increased NH4
+ efflux within the 

lagoon sediments reflect the content and degradation of organic matter within the benthic 

sediments. If anoxia occurs through the mineralization of excess organic matter 

nitrification-denitrification may be limited and thus more nitrogen recycled back into the 

overlying water column as ammonium. Alternatively, as the organic matter loading 

increases, dissimilatory nitrate reduction to ammonium may become quantitatively more 

important (Eyre and Ferguson, 2002 and reference therein). 

 

Within the lagoon sediments DNRA was the predominant nitrate reduction pathway. The 

contribution of denitrification and DNRA to overall rates of NO3
- reduction within a 

system is ecologically significant as a domination of denitrification leads to a loss of 

nitrogen from the system while DNRA recycles N as NH4
+, which is available for 
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biological uptake (Kelly-Gerreyn et al., 2001). The contribution of DNRA to total nitrate 

reduction was similar during light (63.8 ± 18.7%) and dark (69.3 ± 10.2%) conditions, 

and relatively constant between seasons. The contribution of DNRA to total NO3
- 

reduction within the muddier southern lagoon sediments was 73.4 ± 10.9% in comparison 

to 59.7 ± 15.9% for the sandier northern sediments. Several factors have been proposed 

to favour DNRA over denitrification, including high temperature, high ratios of labile 

organic carbon to NO3
- (electron donor:electron acceptor) and/or low nitrate availability, 

and reduced (especially sulphidic) sediment conditions (Kaspar et al., 1988; Nizzoli et al., 

2006 and references therein). Tiedje (1988) suggests DNRA is generally favoured in 

organically enriched, highly metabolic sediments. The lagoon data is in general 

agreement with this idea, as the contribution of DNRA was greatest in the southern 

muddy lagoon sediments (sites 3 and 4) characterised by greater organic matter, sulfide 

content (Dunn pers. obs.), and higher SOD.  

 

Coupling between nitrification and nitrate reduction was higher during light compared to 

dark incubations, although this difference was not significant. Microphytobenthos have 

been shown to influence both denitrification of NO3
- from the water column and 

denitrification of NO3
- produced by nitrification during light and dark conditions within 

freshwater and estuarine environments (Rysgaard et al. 1993; Risgaard-Petersen et al. 

1994). During dark conditions when the assimilation of N is low and the depth of the oxic 

zone is restricted due to high O2 consumption in the sediment, denitrification of water 

column NO3
- is increased due to a shortening of the diffusional path length to the 

denitrification zone, while denitrification of NO3
- from nitrification is decreased. 

Alternatively, during light conditions when the assimilation of N is high and the depth of 

the oxic zone is lengthened due to phytobenthic production of O2, nitrification and 

coupled nitrification-denitrification increases, while denitrification of the water column 

NO3
- decreases (Rysgaard et al., 1994). Coupling between nitrification and total NO3

- 

reduction was greatest during autumn and lowest during winter with mean seasonal rates 

ranging between 18.5 ± 16.8% to 11.8 ± 7.19%, respectively. The degree of coupling at 

each station was varied and ranged from 18.5 ± 11.9% to 9.83 ± 8.55% (site 1>4>2>3). 

Nitrification and coupling between nitrification and denitrification were increased by a 
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factor of 1.15 ± 0.31 and 5.56 ± 3.11, respectively in the light compared to dark 

conditions. Enhancement of denitrification coupled to nitrification during light conditions 

within the lagoon is reduced in comparison to a reported enhancement factor of 2.1 to 22 

for denitrification coupled to nitrification during light conditions within the sub-tropical 

shallow estuarine waters of Galveston Bay (USA) (An and Joye, 2001). These increases 

within the lagoon demonstrate that enhancement of denitrification coupled to nitrification 

in sediments can contribute strongly to diurnal patterns of denitrification. 

 

The regulation of total NO3
- reduction rates is complex and may be attributed to 

variations in and interactions between sediment nitrification (Eyre and Ferguson, 2005), 

temperature (Zimmerman and Benner, 1994; Seitzinger, 1988; Hietanen and Kuparinen, 

2008), benthic productivity (Eyre and Ferguson, 2005; Hietanen and Kuparinen, 2008), 

organic carbon delivery (Tiedje, 1988; Seitzinger, 1988; Hietanen and Kuparinen, 2008), 

water column NO3
- concentrations (King and Nedwell, 1985, 1987; Seitzinger, 1988; 

Eyre and Ferguson, 2005; Hietanen and Kuparinen, 2008), sediment sulphide 

concentrations (Joye and Hollibaugh 1995; Eyre and Ferguson, 2005; Nizzoli et al., 

2006), and the abundance of burrowing macrofauna (Thornton et al., 1999; Nizzoli et al., 

2007; Tang and Kristensen, 2007).  

 

Being microbial processes, denitrification and DNRA are temperature dependant, and as 

such may be expected to respond to changes in seasonal lagoon temperatures. 

Denitrification has been recorded to occur over a large range of temperatures (e.g. 

Dalsgaard and Thamdrup, 2002; Hietanen and Kuparinen, 2008). Minimum and 

maximum denitrification rates within the lagoon generally coincided with seasonal 

periods characterised by minimum and maximum or near maximum temperatures 

(winter: ~18.5 and summer: ~26 oC), respectively. Maximum denitrification and DNRA 

rates occurring during autumn, when temperatures were reduced in comparison to 

summer, suggests that although increases in temperature related to increases in total NO3
- 

reduction rates, variation in rates may also be related to other factors such organic matter 

content and SOD. Presumably, nitrification influenced seasonal denitrification rates and 

not water column NOx concentrations, as Dw was insignificant. In temperate regions 
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increased NO3
- reduction rates occur during periods of increased NOx inputs, which 

coincide with cold periods during which increased rainfall occurs.  

Although no significant correlations were observed between organic matter content and 

NO3
- reduction pathways, increased reduction rates coincided with sediments 

characterised by greater sediment organic matter content and SOD, occurring within the 

southern lagoon region. Chl-a concentrations were also shown to influence mean 

denitrification and DNRA rates with significant correlations between Dw (light: r = 0.511, 

p = 0.043; dark: r = 0.646, p = 0.007), DNRAw (light: r = 0.780, p < 0.001; dark: r = 

0.711, p = 0.002), DNRAn (light: r = 0.785, p < 0.001), DNRAtotal (r = 0.785, p = < 

0.001), and total NO3
- reduction rates (p = 0.778, p = < 0.001). Additionally, sites 1 and 4 

demonstrated corresponding trends of increased denitrification and total NO3
- reduction 

rates with increased SOD, indicating O2 as a regulatory mechanism of lagoon NO3
- 

reduction rates, as has previously been observed during other studies (Seitzinger, 1994; 

Saunders and Kalff, 2001; Eyre and Ferguson, 2002). 

 

6.5 Conclusions 
 

This study investigated the seasonal sediment and water column characteristics, oxygen 

and dissolved inorganic nutrient fluxes across the sediment-water interface, and rates of 

NO3
- reduction within the intertidal sediments of Coombabah Lake. Seasonal sample 

events indicated that physico-chemical water column variables and physical sediment 

variables demonstrated little seasonal variability in comparison to surface sediment chl-a 

concentrations and macrofauna populations, which demonstrated spatial and seasonal 

variability according to sediment type and sample season. Oxygen fluxes were 

continually directed toward the sediment during each sample event at all sample sites 

under both light and dark conditions. The consistently high SOD may contribute to the 

previously reported low DO saturation values of the lagoon waters, which may have 

implications for the lagoon in its ability to function as a fish nursery and habitat for 

recreational and economically important species. Heterotrophic sediments acted as a 

continual source of DIN under both light and dark conditions, with the greatest effluxes 
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occurring in the southern mud-dominated sediments. The exchange of solutes across the 

lagoon SWI varied over diel cycles with increased influxes of O2 and effluxes of nutrients 

occurring during dark conditions and reduced influxes of O2 and nutrient effluxes during 

light conditions, indicating the influence of the activities of MPB. 

 

Regenerated inorganic nutrients effluxing from the sediment appear to be largely 

assimilated by surrounding mangroves and wetlands, rather then being exported. 

Therefore, future removal of the fringing mangrove and wetland communities to 

accommodate expanding urban development, could potentially threaten the current 

trophic status of the lagoon and adjoining wetlands.  

 

Nitrogen cycling processes exhibited only relatively minor seasonal variation, with no 

distinct patterns observed. The reduced seasonality observed within this sub-tropical 

lagoon contrasts with temperate systems that typically show distinct seasonal patterns. 

The lack of seasonality within the lagoon may be attributable to both a limited seasonal 

temperature range and lack of a distinctive “wet” season in the study year resulting in low 

stable water column NO3
- nitrate concentrations. Reduced temperature ranges and 

constant low NO3
- concentrations within the lagoon resulted in more stable nitrogen 

cycling rates in comparison to recorded northern hemisphere environments. Nitrogen 

cycling processes tended to be increased during light incubations and O2 appeared to be 

the primary factor regulating nitrification within the sediments, and thereby nitrate 

reduction rates, as these were fuelled almost exclusively by nitrification. DNRA was the 

predominant nitrate reduction pathway, recycling more nitrogen as bioavailable NH4
+ 

than was removed as N2 via denitrification. Contributing values of DNRA were greater 

within the southern lagoon sediments in comparison to the sandier northern sediments. 

This observation is in agreement with previous observations suggesting DNRA is more 

important in sediments characterised by greater organic matter and sulfide contents, and 

high SOD. 
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Chapter 7: Influence of natural population densities of 
amphipods (Victoriopisa australiensis) on benthic 

metabolism, solute fluxes, and nitrogen cycling within 
muddy lagoon sediments 

 

7.1 Introduction 
 
Coastal marine sediments are permanently or temporarily colonised by benthic infauna 

(Aller, 1988; Kristensen, 1988; Reise, 2002). Through their feeding, burrow construction, 

bioturbation, and burrow irrigation activities, infauna can influence rates of organic 

matter inputs to the sediment, the vertical distribution of this organic matter within the 

sediment, rates and pathways of organic matter mineralization, and the fluxes of the 

regenerated dissolved nutrients back to the overlying water (Graf and Rosenberg, 1997; 

Aller, 1988; Kristensen, 1988; Hansen and Kristensen, 1998; Kristensen, 2000; Reise, 

2002). These benthic processes are largely part dependant upon the population density, 

biomass, community structure, and feeding mode of the infauna (Welsh, 2003). The 

impacts of infauna on benthic metabolism, microbial dynamics, nutrient fluxes, and 

denitrification have been well documented (e.g. Hansen and Kristensen, 1998; Tuominen 

et al., 1999; Bartoli et al., 2000; Welsh, 2003; Michaud et al., 2006; Nizzoli et al., 2007). 

In contrast the effect of burrowing infauna on dissimilatory nitrate reduction to 

ammonium, which competes with denitrification for nitrate, has received little attention.  

 

Potential relationships between benthic processes and infauna are most commonly 

reported following ex situ mesocosm incubation of homogenised sediments with the 

incorporation of specific faunal groups (e.g. Caradec et al., 2004; Michaud et al., 2006; 

Papaspyrou et al., 2007) and, in some cases, additional materials of interest such as 

                                                 
 This chapter has previously been accepted for publication in Hydrobiologia as: Dunn, R.J.K., Welsh D.T., 
Jordan, M.A., Teasdale, P.R., Lemckert, C.J., 2009. Influence of natural amphipod (Victoriopisa 
australiensis) (Chilton, 1923) population densities on benthic metabolism, nutrient fluxes, denitrification 
and DNRA in sub-tropical estuarine sediment. Hydrobiologia 628, 95-109. Stylistic alterations and minor 
additions have been made to the article within this chapter in accordance with the thesis layout and theme. 
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organic matter (Papaspyrou et al., 2004; Sun and Dai, 2005; Karlson et al., 2007). This 

methodological approach allows the establishment of defined experimental conditions 

with controlled abundances of macrofauna (van Duyl et al., 1992), however the original 

physical and chemical characteristics of the sediment are altered limiting the 

extrapolation of the data to natural systems (Welsh, 2003). Such experimental 

simulations to a large extent mimic the short-term effects of colonisation events, rather 

than those of meta-stable natural communities, which may persist through time, albeit 

with some degree of variation in biomass and taxonomic composition. Consequently, 

mesocosms represent non-steady state situations. Although natural communities may 

show seasonal and interannual variability, they may be considered as near steady state 

systems over long time periods. Therefore, faunal-induced flux enhancements measured 

in non-steady state incubations are most likely overestimates of field conditions (Welsh, 

2003). 

 

Alternatively, ex situ incubations employing intact sediment cores (e.g. Hansen and 

Kristensen, 1997; Mortimer et al., 1999; Nizzoli et al., 2007), used in an attempt to 

maintain in situ sediment conditions, or in situ benthic chamber incubations (e.g. Webb 

and Eyre, 2004a) represent a more useful methodological approach in obtaining data 

indicative of selected natural systems. However, the influence of burrowing infauna is 

often difficult to assess in situ due to heterogeneity with respect to macrofaunal 

abundances, population structures, and sediment composition. The lack of adequate 

control sediments, characterised by the absence of macrofaunal activity, hinders the 

direct assessment of bioturbation (Papaspyrou et al., 2004). As a result, studies utilising 

intact sediments to investigate relationships between benthic processes and abundances of 

burrowing infauna, typically report reduced stimulations in comparison to mesocosm 

studies employing homogenised sediments (Pelegrí and Blackburn, 1995; Mortimer et al., 

1999; Nizzoli and Welsh, 1999; Bartoli et al., 2000; Howe et al., 2004; Jordan et al., 

2009). 
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Victoriopisa australiensis (Chilton, 1932) (Eriopisa group) belonging to the Melitidae 

family, is a distinctive species living in restricted habitats (Lowry and Springthorpe, 

2005) within the littoral zone in estuarine, mangrove, mudflat, and seagrass colonised 

sediments of eastern Australia (Lowry et al., 2000), extending from southern Queensland 

to southern New South Wales. V. australiensis inhabit fixed burrows, feeding on sub-

surface sediments, which they excavate, process and immediately redeposit within their 

burrow system (Thiel et al., 1997a, 1997b). 

 

In this study, intact sediment cores were collected and incubated in order to maintain the 

ambient physical and chemical gradients within the sediments, containing natural 

population densities of V. australiensis. The objective of the study was to quantify any 

effects of V. australiensis on benthic metabolism, nutrient fluxes, denitrification, and 

DNRA within the sediment and overlying water of Coombabah Lake. 

 

7.2 Methods and materials 

7.2.1 Experimental design 
 
For the purpose of this study, sediment cores were randomly collected from the intertidal 

sediments of Coombabah Lake during winter (2007) and returned to the laboratory for 

incubation. Sediment incubations were performed to investigate any effect of the local 

amphipod population on dissolved oxygen, total dissolved inorganic carbon, dissolved 

inorganic nitrogen species (DIN; NO2
-, NO3

-, and NH4
+) and dissolved PO4

3- fluxes at the 

sediment-water interface, and also denitrification and DNRA rates, under dark conditions 

within the sampled lagoon region. Sediments were collected from sample grid 11 shown 

in Chapter 4 (which also corresponds to site 4 shown in Chapter 6), as the benthic infauna 

of the lagoon region had previously been described as being dominated by V. 

australiensis (see Chapter 6). 
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7.2.2 Sediment and water collection and incubation set-up 
 
To maintain sediment integrity and ambient chemical gradients, 21 intact sediment cores 

were carefully collected (core sediment depth of ~12 cm) by hand using PVC core tubes 

(33 cm length × 7.7 cm internal diameter) during low water. Site water required for core 

maintenance and incubations was collected from Coombabah Creek during the flood tide 

phase of the same day as sediment collection. Water was collected using cleaned (Milli-Q 

element water, 18 MΩ cm, Millipore Pty. Ltd. and creek water rinsed) 40 L sample 

drums. During water collection physico-chemical variables were recorded using a multi-

probe analyser (TPS 90-FLMV, TPS Pty. Ltd.) and triplicate water samples were 

collected for the determination of chl-a and dissolved inorganic nutrient concentrations. 

 

Following sediment collection, cores were transported to a constant temperature 

laboratory within 1.5 h. Cores were transferred into three holding tanks (55 L) and were 

carefully filled with the collected water to above the height of the cores. Small aquarium 

pumps and air-stones fitted inside each core (Figure 7.1) were used to facilitate both 

water circulation and oxygenation between the sediment cores and holding tanks. Cores 

were then left to stabilise under in situ diurnal (12 h/12 h) light (Halogen lamps: ~100 E 

m-2 s-1 at the sediment surface) and dark conditions for ~36 h at 17 ± 2 oC. The 

resuspension of sediments was avoided at all times. Following equilibration, tank water 

was replaced by ~40% of unused aerated creek water and left to equilibrate for 2 h under 

dark conditions before the commencement of flux incubations. 

 

7.2.3 Determination of sediment-water column flux rates 
 
To initiate flux determinations, air-stones were removed from the cores and the water 

level in each incubation tank was lowered to slightly below that of the core rims. Initial 

water samples for O2, CT, dissolved inorganic nitrogen species, and PO4
3- concentrations 

were collected and the cores sealed from the atmosphere using floating plastic lids. Cores 

were incubated under dark conditions for ~1 to 1.25 h, before the aquarium pumps within 

each core were stopped, the floating lids removed and water samples collected 
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immediately for final time O2, CT, dissolved inorganic nitrogen species, and PO4
3- 

concentrations. 

 

Internal 
diameter
7.7 cm

18 cm

~12 cm

Floating 
lid

Aquarium pump

Air stone

Overlying 
water

Power supply
2.9 
cm

33 cm

Sub-core for NO3
-

reduction determination

a) b)

Intact 
sediment

Collection of GF/F filtered and 
unfiltered seawater samples for 
nutrient and dissolved O2 and CT

concentration determination 

 

Figure 7.1 Diagram of a) microcosm used during nutrient flux and nitrate reduction 
measurements and b) sub-core used during nitrate reduction rate determination following 
the completion of nutrient flux rate incubations (figure not to scale) 
 

Flux rates (µmol m-2 h-1) were determined using the initial and final solute concentrations 

according to Equation 3.16 described in Chapter 3, sub-section 3.2.4.1.  
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7.2.4 Determination of denitrification and DNRA rates 
 
Following solute flux incubations, the air-stones were replaced in the cores, the water 

level in the holding tanks raised to above the core rims, and the cores were left to 

equilibrate for ~2.5 h prior to determinations of denitrification and DNRA rates. Cores 

were prepared for incubation in the same manner as for flux determinations and were 

incubated for denitrification and DNRA rate determination as described in Chapter 6, 

sub-section 6.2.4. However, due to the smaller incubation core size used during this 

study, smaller sub-cores and subsequently smaller volumes of 50% ZnCl2 were used in 

comparison to those discussed in Chapter 6, sub section 6.2.4. 

 

7.2.5 Oxygen consumption and ammonium excretion rates of V. 
australiensis 
 
V. australiensis were used for respiration and NH4

+ excretion assays. Individuals were 

washed with seawater before being placed in completely filled 0.07 L Wheaton bottles 

containing either unfiltered seawater or unfiltered seawater + sterile sediment (n = 9, 

respectively). Amphipods incubated in seawater were used to represent free swimming 

rates of respiration and excretion. The sediment used was sieved (125 µm), cleaned (1% 

HCl bath 24 h, followed by duplicate Milli-Q element water rinse 24 h) and dried (80 oC, 

24 h) prior to assays in order to asses the behaviour of burrowing/burrow dwelling 

amphipods using sterile substrate. Blank bottles (seawater) and control bottles (seawater 

+ sediment) were also used to represent water and water + sediment processes, 

respectively. Bottles were incubated in the dark for ~1.5 h. Oxygen consumption and 

NH4
+ excretion rates were calculated from the change in water column concentration with 

time and corrected for changes in the relevant blank or control incubations. 

 

7.2.6 Sample handling and analytical techniques 
 
Chlorophyll-a samples were filtered and analysed as described in Chapter 3, sub-section 

3.2.2.3. Water samples for nutrient concentrations were collected using acid (HCl 10% 
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v/v) washed and Milli-Q water rinsed 60 mL syringes. Nutrient samples were filtered 

(GF/F, 2.5 cm i.d.,Whatman) and stored frozen (-20 oC). Nutrient concentrations were 

determined as described in Chapter 3, sub-section 3.2.2.6. Recoveries for all filterable 

nutrients from the filtered certified seawater references ranged between 90 and 102%. 

Dissolved gas samples (O2, N2, and CT) were collected carefully with a 60 mL syringe 

and tubing to avoid bubbles and agitation of the water sample. Oxygen and N2 samples 

were carefully transferred to gas tight 12 mL glass vials (Exetainer, Labco) before being 

fixed with 100 µL of Winkler reagents I and II (APHA, 1998) or 150 µL of 50% ZnCl2, 

respectively, and stored at 4 °C. Oxygen concentrations were determined within 48 h of 

sample collection as described in Chapter 3, sub-section 3.2.2.4. Total dissolved 

inorganic carbon concentrations were determined using a total organic carbon analyser 

(TOC-VCSH, Shimadzu Corporation) as described in Chapter 3, sub-section 3.2.2.5. 

Dissolved N2 concentrations and the proportions of 29N2 and 30N2 and 15N enrichment of 

sediment bioavailable ammonium pools were analysed as described in Chapter 3, sub-

section 3.2.1.11. 

 

7.2.7 Recovery and identification of macrofauna 
 
At the conclusion of the incubations, all sediments from each individual core and the 

corresponding bottle for bioavailable NH4
+ extractions were pooled and sieved (250 µm) 

to collect sediment infauna. Collected fauna were rinsed with water to remove any 

adhering sediment or detritus and preserved in 70% ethanol. Specimens were later 

identified (species level) and quantified under a low powered microscope. Individual 

length (head + thorax + abdomen) and biomass was recorded. Amphipods were dried on 

tissue paper prior to the determination of individual wet weight (biomassWW). Dry weight 

(biomassDW) was determined after drying at 80 oC for 48 h. 
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7.2.8 Data analysis 
 
Relationships between length and biomassWW of V. australiensis was investigated using 

non-linear regression power function (y = a xb) with additive errors. Relationships 

between amphipod core density and biomass between solute flux rates, and nitrate 

reduction processes were investigated using Pearson correlations. Comparisons of solute 

flux rates and nitrate reduction processes within categorised amphipod density and 

biomass groups were analysed using one-way ANOVA. Data was not transformed. 

Significant differences between the flux/process values for each density group were 

compared using non-parametric Tamhane’s post hoc analysis. Amphipod oxygen 

consumption and NH4
+ excretion rates under differing incubation conditions were 

compared by one-way ANOVA.  

 

7.3. Results  

7.3.1 General observations 
 
Surface sediments were characterised by burrows and cavities varying in diameter and 

density according to size and abundance of V. australiensis, which was the only 

burrowing species collected, with the exception of one specimen of S. aequisetis (12 mm 

length and 0.0107 g biomassWW), occurring in core nine (amphipod density 3223 ind.    

m-2). The presence of this worm was excluded from subsequent analyses relating to 

biogeochemical processes. Morphological characteristics and population parameters of 

the retrieved amphipods are shown in Table 7.1. Amphipod densities ranged between 859 

and 3438 ind. m-2 with a mean density of 2067 ± 836 ind. m-2. Recorded individual 

lengths ranged between 1 and 15 mm with a mean length of 6.4 ± 2.9 mm, which 

significantly correlated with biomassWW (Figure 7.2). BiomassWW ranged between 0.0173 

and 0.1564 g. Physico-chemical variables, nutrient and chl-a concentrations of the 

incubation waters are shown in Table 7.2. 
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Table 7.1 Morphological characteristics and population parameters of amphipods within 
incubation cores (mean length and individual biomass values are given as means ± SD) 

 
Core  
i.d. 

Abundance 
(ind. core-1) 

Density  
(ind. m-2) 

BiomassWW  
(g m-2) 

Mean length  
(mm) 

Mean individual 
biomassWW (mg)

  1 
  2 
  3 
  4 
  5 
  6 
  7 
  8 
  9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

  4 
12 
  9 
15 
  8 
  8 
  8 
  4 
15 
14 
11 
  5 
13 
  5 
13 
  6 
  8 
13 
  9 
16 
  6 

  859 
2578 
1934 
3223 
1719 
1719 
1719 
  859 
3223 
3008 
2364 
1074 
2793 
1074 
2793 
1289 
1719 
2793 
1934 
3438 
1289 

    4.45 
21.3 
12.4 
23.0 
  9.76 
33.6 
25.5 

    3.72 
21.2 
19.5 
14.7 
13.9 
14.2 
10.7 
20.2 
11.2 
30.3 
19.4 
14.1 
26.3 

    9.84 

6.0 ± 2.7 
6.0 ± 3.0 
5.6 ± 2.7 
6.5 ± 3.5 
5.0 ± 3.3 
7.3 ± 2.5 
9.7 ± 2.0 
4.6 ± 0.9 
6.0 ± 2.4 
6.2 ± 2.0 
5.4 ± 3.0 
9.6 ± 1.0 
5.2 ± 3.0 
6.9 ± 3.8 
6.0 ± 3.3 
6.8 ± 1.4 
6.9 ± 2.1 
6.8 ± 2.8 
6.1 ± 4.4 
6.9 ± 3.5 
8.3 ± 1.4 

5.2 ± 5.3 
8.3 ± 7.0 
6.4 ± 4.2 
7.1 ± 7.4 
5.7 ± 4.8 

        20 ± 33 
        15 ± 7.9 

4.3 ± 1.8 
6.3 ± 6.3 
6.5 ± 5.7 
6.2 ± 6.4 

        13 ± 4.4 
5.1 ± 4.9 

        10 ± 7.5 
7.2 ± 7.9 
8.7 ± 2.4 

        18 ± 34 
6.9 ± 5.9 
7.3 ± 8.3 
7.7 ± 7.9 
9.2 ± 3.3 

 

 

Figure 7.2 Individual V. australiensis body length versus biomassWW (n = 201). A non-
linear regression power function with additive errors was fitted to the data 
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Table 7.2 Collected water characteristics for core maintenance and flux incubations (chl-
a and nutrient concentrations reported as mean ± SD (n = 3)) 

 
Physico-chemical variables 

Temperature 
(oC) 

Salinity (‰) pH Dissolved O2 
(% saturation) 

Chl-a 
(µg L-1) 

17.5 34 8.27 80.4 1.7 ± 0.7 
 Dissolved inorganic nutrients (µmol L-1) 

NO2
- NO3

- NH4
+ PO4

3- 
 0.6 ± 0.3 0.8 ± 0.4 0.6 ± 0.1 0.4 ± 0.1 
 

7.3.2 Relationships between amphipod abundance, sediment-water 
column fluxes and Nitrogen cycling processes 
 
No differences were observed in the statistical analyses between sediment-water column 

fluxes/nitrogen cycle process rates and V. australiensis populations in terms of either 

population density or biomass density. Therefore, data are presented only for correlations 

with population density and categorised population density ranges.  

 

7.3.2.1 Dissolved oxygen and inorganic carbon fluxes 

Sediment oxygen demand ranged between 0.91 and 3.6 mmol m-2 h-1, with a mean value 

of 2.2 ± 0.95 mmol m-2 h-1. Whilst, lower SOD corresponded to lower V. australiensis 

densities and SOD increased for higher categorised amphipod density groups (Figure 

7.3a), no significant correlation was observed (Table 7.3). Increased SOD at categorised 

densities; 1501-2500 ind. m-2 (p = 0.008) and 2501-3500 ind. m-2 (p = 0.021) were 

significantly greater in comparison to the SOD at the lowest categorised density (500-

1500 ind. m-2) (Figure 7.3a). 
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Figure 7.3 Rates of a) Sediment oxygen (O2) demand, b) total dissolved inorganic 
carbon (CT) fluxes at the sediment-water interface and c) community respiratory quotient 
(CRQ) at theoretical zero abundance and categorised V. australiensis density ranges 
under dark incubation conditions. Theoretical 0 density (0 ind. m-2) value was estimated 
as the y-axis intercept of the linear regressions with amphipod density (n = 21; Note: zero 
density extrapolations derived from non-statistically significant correlations are quite 
uncertain). (Catergorised rates/values are given as means ± SD) 
 
Dissolved inorganic carbon fluxes ranged between 1.2 and 7.7 mmol m-2 h-1 with a mean 

value of 3.3 ± 1.5 mmol m-2 h-1 and a weak, but significant correlation was observed 

between amphipod densities and CT flux values (Table 7.3). 
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Table 7.3 Relationships between V. australiansis density (ind. m-2) and benthic solute 
fluxes and nitrate reduction pathways within surface sediments of Coombabah Lake  

(n = 21,* significant at the 0.05 level (2-tailed)) 
 

Flux/Process Slope 
(µmol ind.-1 h-1) 

R2 p 

O2 -0.4573 0.1634 0.069 
CT  0.9261 0.2742   0.015* 
CRQ   0.0000 0.0009 0.889 

    

NO2
- -0.0005 0.0041 0.783 

NO3
-  0.0053 0.0028 0.819 

NOx  0.0047 0.0021 0.843 
NH4

+  0.0877 0.1156 0.131 
DIN  0.0924 0.0919 0.181 
PO4

3-  0.0008 0.0057 0.745 
    

Dn  0.0000 0.0004 0.929 
Dw  0.0000 0.0210 0.569 
D14  0.0000 0.0005 0.926 
DNRAn  0.0004 0.0108 0.654 
DNRAw  0.0000 0.0322 0.419 
DNRAtotal  0.0003 0.0064 0.730 
Total NO3

- 
reduction 

 0.0052 0.0025 0.830 

Nitrification  0.0003 0.0039 0.789 
where: CT represents total dissolved inorganic carbon, CRQ community respiratory 
quotient, and DIN represents dissolved inorganic nitrogen. 
 

Although, the mean CT production rates at theoretical zero (y-axis intercept from linear 

regression of density against flux) amphipod density was less than half that at 2500-3500 

ind. m-2 (Figure 7.3b), no significant differences were observed between the mean CT 

production rates at the categorised amphipod densities. The community respiratory 

quotient under dark conditions (CRQ: CT production/O2 consumption) ranged between 

0.6 and 3 with a mean value of 2 ± 0.6. No significant differences were observed between 

mean CRQ values at the categorised amphipod densities (Figure 7.3c) and no significant 

correlation was observed with amphipod population densities (Table 7.3). 

 

7.3.2.2 Dissolved inorganic nutrient fluxes 

There were net effluxes of all dissolved inorganic nutrients for all categorised V. 

australiensis densities (Figure 7.4).  
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Figure 7.4 Comparison of dissolved inorganic nutrients (NOx, NH4
+, DIN, and PO4

3-) fluxes across the sediment-water interface at 
theoretical zero and categorised V. australiensis densities under dark incubation conditions. Theoretical 0 density (0 ind. m-2) value 
was estimated as the y-axis intercept of the linear regressions with amphipod density (n = 21; Note: zero density extrapolations 
derived from non-statistically significant correlations are quite uncertain). (Catergorised rates are given as means ± SD) 
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Mean NOx fluxes ranged between 27.2 and 73.8 µmol m-2 h-1, with NO3
- contributing 

74.3 ± 48.1% to all observed NOx fluxes (Figure 7.4a). Although mean flux values varied 

across categorised amphipod densities no significant differences were observed, nor were 

any significant correlations observed between amphipod density categories and NO2
-, 

NO3
- or NOx fluxes (Table 7.3). 

 

Individual core NH4
+ effluxes ranged between -98.67 and 672.1 µmol m-2 h-1 but showed 

no significant correlation with amphipod density (Table 7.3). Whilst there was a trend for 

higher NH4
+ effluxes at higher categorised amphipod densities (Figure 7.4b), these 

differences were not significant. Mean DIN fluxes ranged between 250.4 and 427.9 µmol 

m-2 h-1 (Figure 7.4c) and followed the similar trends to NH4
+, which dominated DIN 

effluxes with a mean contribution of 80.7%. No significant correlation was observed 

between DIN effluxes and amphipod density (Table 7.3) or between the contributing % 

value of NOx to DIN and amphipod density (data not shown). Although there was a trend 

of increased DIN efflux at higher categorised animal densities this trend was again not 

significant. Phosphate fluxes were highly variable and showed no significant trends 

(Figure 7.4d and Table 7.3). 

 

7.3.2.3 Denitrification and dissimilatory nitrate reduction to ammonium 

Rates of total denitrification (D14 = Dn + Dw) ranged between 1.00 and 9.79 µmol m-2 h-1. 

Total denitrification rates did not significantly correlate with amphipod densities (Table 

7.3). Nor were they significantly different between categorised amphipod density groups 

(Figure 7.5a). The mean coupled nitrification-denitrification (Dn) rate was 4.42 ± 2.45 

µmol m-2 h-1 and accounted for almost all of the measured denitrification (99 ± 0.84%). 

The minimal contribution of Dw was presumably a result of the initial low NO3
- 

concentrations in the incubation waters (Table 7.2). Mean Dn rates of the categorised 

density groups ranged between 4.03 and 4.45 µmol m-2 h-1 (Figure 7.5a) and were not 

significantly different. DNRAtotal (DNRAn + DNRAw) rates were not significantly 

different between categorised amphipod densities and ranged between 1.98 and 3.86 

µmol m-2 h-1 (Figure 7.5b). 
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Figure 7.5 Rates of nitrate reduction processes during dark incubation conditions for 
theoretical zero and categorised amphipod density ranges: a) denitrification rates based 
on nitrate diffusing from the water column (Dw) and coupled to nitrification (Dn), b) 
DNRA rates based on diffusion of nitrate from the water column (DNRAw) and coupled 
to nitrification (DNRAn), and c) Total nitrate reduction rates via denitrification and 
DNRA. Theoretical 0 density (0 ind. m-2) values for each process were determined as the 
y-axis intercept of the regression analyses (Note: zero density extrapolations are quite 
uncertain as they are derived from non-statistically significant correlations). 
(Catergorised rates are given as means ± SD) 
 

Mean rates of DNRA coupled to sediment nitrification (DNRAn) ranged between 1.96 

and 3.83 µmol m-2 h-1 (Figure 7.5b). Nitrate diffusing from the water column contributed 
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little (0.2 to 3%) to DNRAtotal rates and no significant differences were observed between 

categorised density groups (Figure 7.5b). Similarly, there was no significant correlation 

between rates of DNRA and amphipod density (Table 7.3). Total NO3
- reduction rates 

(D14 + DNRAtotal) ranged between 1.45 and 20.0 µmol m-2 h-1, but showed no significant 

correlation with amphipod density (Table 7.3). 

 

Group total nitrate reduction rates demonstrated no significant differences and ranged 

between 6.33 and 7.93 µmol m-2 h-1. Recycling of N within the sediment in the form of 

NH4
+ through DNRA was comparable to the loss of N through denitrification (Figure 

7.5c). The mean contribution of DNRAtotal to rates of total NO3
- reduction ranged 

between 31.7 and 39.7% (Figure 7.6) and was not significantly different between 

categorised density groups.  

 

 

Figure 7.6 Percent contribution of total DNRA to the overall nitrate reduction rates at 
theoretical zero and categorised V. australiensis density ranges under dark incubation 
conditions. Theoretical 0 density (0 ind. m-2) percentage value was calculated from the 
theoretical zero values for denitrification and DNRA which were estimated as the y-axis 
intercepts of the respective regressions determined from the slope intercept on the y-axis 
during variable correlation (n = 21; Note: zero density extrapolations are quite uncertain 
as they are derived from non-statistically significant correlations). (Catergorised rates are 
given as means ± SD) 
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Nitrification rates were not significantly different between categorised density groups and 

ranged between 33.4 ± 35.4 (500-1500 ind. m-2) and 82.9 ± 91.3 µmol m-2 h-1 (1500-2500 

ind. m-2). No significant correlation was observed between amphipod densities and 

nitrification rates (Table 7.3). 

 

7.3.3 Oxygen consumption and ammonium excretion rates of V. 
australiensis 
 
Mean O2 consumption rates of V. australiensis were 2.7 ± 0.73 µmol ind.-1 d-1 for burrow 

dwelling and 3.8 ± 2.2 µmol ind.-1 d-1 for free swimming amphipods with an overall 

mean rate of 3.2 ± 1.7 µmol ind.-1 d-1. No significant difference was observed between 

amphipod NH4
+ excretion rates and incubation conditions with an overall mean NH4

+ 

excretion rate of 0.31 ± 0.19 µmol ind.-1 d-1. Based on the amphipod densities measured 

in the incubation cores, this rate could account for <1 to ~3% of the determined gross 

sediment NH4
+ effluxes. In comparison the SOD could have maximally accounted for 

between ~2 and 6% of the total SOD, based on the O2 consumption of free swimming 

individuals or more probably, ~1 and 2.5% based on the respiration rate of the burrow 

inhabiting individuals. 

 

7.3.4 Sediment ammonium pools 
 
Sediment bioavailable NH4

+ concentrations were determined following solute flux 

incubations as required for the calculation of DNRA rates. Integrated for the entire 

sediment depth, bioavailable NH4
+ pools per core were greater in cores characterised by 

lower amphipod densities. Mean bioavailable NH4
+ concentrations of the categorised 

density ranges were 41.9 ± 31.1 (500-1500 ind. m-2), 36.5 ± 22.8 (1501-2500 ind. m-2), 

and 24.3 ± 2.54 µmol L-1 (2501-3500 ind. m-2), but were not significantly different 

between groups. 
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7.4 Discussion 

7.4.1 Influence of amphipods on benthic metabolism and DIN fluxes 
 
Although, SOD, sediment CT, and DIN effluxes all increased with amphipod density, 

with rates at the highest categorised density of 2500-3500 ind. m-2 being 70 to 220% 

greater than the theoretical values at zero density (y-axis intercept of regressions shown 

in Table 7.3), these increases were only statistically significant for SOD. Only DIC 

effluxes showed a significant correlation with amphipod density (Table 7.3). Specifically, 

increased amphipod densities were shown to stimulate SOD under dark incubation 

conditions, with stimulations of the theoretical oxygen demand at 0 ind. m-2 of 88.5 and 

72.2% for density groupings at 1501-2500 and 2501-3500 ind. m-2, respectively. 

Although minimum SOD was lower at the lowest amphipod densities, overall increases 

in amphipod densities were not shown to progressively enhance O2 consumption rates 

within the lagoon sediments with no significant correlation between amphipod density 

and SOD. Instead increased oxygen demand was shown to be relatively constant and 

greater at densities >1500 ind. m-2. Categorised CT production rates were shown to 

progressively increase at greater amphipod densities. The theoretical 0 ind. m-2 amphipod 

density CT efflux value was stimulated by 103.5, 137.7, and 210.5% with increases in 

categorised amphipod densities, respectively. 

 

Observed SOD values within the lagoon sediments were relatively high, as would be 

expected for the muddy sediments, characterised by greater organic matter content 

compared to generally sandier sediments (see Chapter 6). Microcosm O2 fluxes of the 

incubated lagoon sediments were in the upper part of the range, or at times exceeded 

those, reported in other studies observing the effects of bioturbating macrofauna 

(including differing amphipod sp.) (e.g. Pelegrí et al., 1994; Pelegrí and Blackburn, 1995; 

Karlson et al., 2007). Reported differences in SOD may not only relate to bioturbating 

macrofauna dynamics but also differences in sediment and water conditions under 

incubation. 
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Although significant correlations were not observed between amphipod densities and 

nutrient flux rates, incremental increases in NH4
+ and DIN effluxes were observed to 

coincide with increasing amphipod densities (Figure 7.4b and c). Effluxes of NH4
+ and 

DIN were not significantly correlated with amphipod densities, however effluxes of NH4
+ 

and DIN were shown to be stimulated by 123, 223, 278% and 88.2, 203, 222% in 

sediments categorised by 500-1500, 1501-2500, and 2501-3500 ind. m-2, respectively, 

compared to the theoretical zero density rate. The identification of such stimulations of 

NH4
+ and DIN effluxes within the undisturbed lagoon sediments, which like typical 

coastal and estuarine sediments are characterised by high spatial variations in sediment 

processes as a result of both single and combined effects of biotic and abiotic influences, 

demonstrated an influence of V. australiensis densities on benthic effluxes in the lagoon 

sediments. Both NH4
+ and DIN effluxes were sustained at greater rates within sediments 

categorised by greater densities despite the decreased availability of bioavailable NH4
+ 

emphasising the influence of the amphipod populations in stimulating these effluxes, as 

much lower concentration gradients between the sediment and the water column would 

normally result in lower diffusive effluxes. DIN effluxes were shown to vary within 

lagoon sediments, however the proportion of NH4
+ making up the DIN efflux remained 

relatively unchanged despite differences in amphipod density. 

 

Whilst the results of this study are consistent with studies of other small amphipod 

species employing undisturbed, intact sediment cores (Rysgaard et al., 1995; Nizzoli et 

al., 2002; Nizzoli, 2003), they are in contrast to mesocosm studies of amphipods, which 

often record large, statistically significant effects (Pelegrí et al., 1994; Pelegrí and 

Blackburn, 1994; Autio et al., 2003; Karlson et al., 2007). Moreover, such contrasting 

results between studies of natural populations using benthic chambers or undisturbed 

sediment cores and mesocosms are not limited to amphipods. In general, with the 

exception of filter-feeding organisms which induce large effects in both types of study 

approaches (e.g. Doering et al., 1987; Pelegrí and Blackburn, 1995; Bartoli et al., 2001; 

Nizzoli et al., 2006), mesocosm experiments consistently report larger faunal impacts on 

benthic metabolism and sediment-water column nutrient fluxes. These differences 

between the incubation approaches may be dependent upon several factors. 
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Firstly, the faunal densities added to experimental mesocosms tend to be in the higher 

part of the range or even greater than those that naturally occur in the corresponding 

ecosystem. Therefore the mesocosms tend to exaggerate the in situ impacts of the fauna. 

Secondly, the homogenisation of the sediments during the preparation of mesocosms 

removes heterogeneity in the distribution of other factors such as large particulate organic 

matter and microphytobenthos, which also influence SOD and nutrient exchanges. For 

example, microphytobenthos will influence benthic oxygen, dissolved inorganic carbon, 

and nutrient exchanges under both light and dark conditions via photosynthesis, 

respiration, and photoassimilation of inorganic nutrients. Rates of SOD and nutrient 

fluxes in situ have been shown to correlate with small scale heterogeneity of 

microphytobenthos biomass (Bartoli et al., 2003). Consequently, in situ heterogeneity in 

microphytobenthos and particulate organic matter distributions, and both positive and 

negative interactions between these and faunal distributions would enhance overall 

spatial variability, obscuring direct statistical correlations with fauna densities. Finally, 

the homogenisation of the sediments used in mesocosms creates an artificial situation 

where faunal effects on benthic metabolism and nutrient regeneration rates coupled to 

this metabolism principally reflect the capacity of faunal populations to enhance rates of 

organic matter turnover, whereas in natural sediments faunal effects may be more closely 

coupled to their capacity to enhance organic matter inputs to the sediment (Kristensen, 

2000; Welsh, 2003). 

 

Several studies have demonstrated that faunal stimulations of benthic metabolism in 

mesocosms is primarily due to enhanced turnover of the older, more recalcitrant organic 

matter pools already present in the sediment (Andersen and Kristensen 1988; Kristensen 

et al., 1992; Andersen and Kristensen, 1992; Andersen, 1996). Thus, mesocosm 

experiments may represent a better simulation of colonisation events than of permanently 

inhabited sediments (Welsh, 2003). In permanently inhabited sediments, prolonged 

stimulation of organic matter turnover would deplete these finite organic matter pools. 

Therefore, in natural sediments with persistent macrofaunal communities these 

recalcitrant organic matter pools may be largely exhausted. Fauna could only cause a 

significant stimulation of benthic metabolism if they caused a similar stimulation of 
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sediment organic matter inputs in order to fuel this increased metabolism (Kristensen, 

2000, Welsh, 2003, Papaspyrou et al., 2007).  

 

Filter-feeding infauna, which actively harvest particulate organic matter from the 

overlying water and deposit much of it in the sediment as faeces or pseudofaeces, can 

induce massive deposition of organic matter (Vedel et al., 1994; Graf and Rosenberg, 

1997; Norkko et al., 2001), and have been shown to greatly enhance sediment 

metabolism both in situ and during mesocosm incubations (Doering et al., 1987, Bartoli 

et al., 2001, Nizzoli et al., 2006). Organisms, such as some callassinid shrimps, which 

collect large particulate organic detritus at the sediment surface and transport this into 

their burrow networks (e.g. Vonk et al. 2008, Kneer et al. 2008), would also be expected 

to cause a local stimulation of benthic metabolism. Although deposit feeders, such as V. 

australiensis the subject of this study, would not be expected to directly influence 

sediment organic matter inputs through these mechanisms, they could increase inputs of 

organic matter within the lagoon sediments by more subtle indirect mechanisms. 

 

The feeding pits, towers, tubes, and other structures, formed by infauna at the sediment 

surface, interact with water movements indirectly enhancing organic matter inputs by 

increasing the entrainment and sedimentation of particles within the benthic boundary 

layer (see Graf and Rosenberg, 1997). Additionally, transport of suspended particles into 

animal burrows during irrigation cycles, leading to their sedimentation during periods of 

water stagnation, could also increase sediment organic matter inputs, as deposit feeders 

typically only intermittently irrigate their burrows (Kristensen, 1989; Riisgård, 1991; 

Forster and Graf, 1995; Christensen et al., 2000). Unlike filter-feeders, which irrigate in 

order to feed, deposit-feeders rely on these irrigation flows only to supply oxygen for 

their respiratory needs (Welsh, 2003). For example, deposit-feeding Nereis virens 

irrigates its burrow for periods of 5 to 8 minutes separated by resting phases of 30 

minutes (Kristensen, 1989), whereas, when suspension-feeding, the closely related Nereis 

diversicolor irrigates its burrow semi-continuously with only short pauses of a few 

minutes (Riisgård, 1991). Moreover, not only does N. diversicolor irrigate its burrow 
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more continuously than N. virens, but irrigation rates for similar sized individuals of N. 

diversicolor are 4-fold higher than those for N. virens (Christensen et al., 2000). 

Consequently, in mesocosm experiments comparing N. diversicolor and N. virens at 

similar population and biomass densities, total sediment irrigation rates were estimated to 

be 15-fold greater for suspension-feeding N. diversicolor compared to deposit-feeding N. 

virens populations (Christensen et al., 2000). 

 

Such mechanisms of indirect biodeposition of organic matter would be quantitatively less 

important than direct biodeposition by filter-feeders (Graf and Rosenberg, 1997). The 

fact that the low-to-moderate population densities of deposit-feeding V. australiensis 

observed within the lagoon sediments caused an overall stimulation of benthic 

metabolism, as measured by SOD, CT, and DIN fluxes of between 70 and 220%, 

indicates that the presence of the amphipod burrows, and the pits and tubes they form at 

the sediment surface were sufficient to enhance organic matter deposition to a measurable 

extent. The degree of stimulation of benthic metabolism measured during this study is of 

a similar level to that recorded in undisturbed sediments colonised by other small 

amphipods (Rysgaard et al., 1995; Nizzoli et al., 2002; Nizzoli, 2003). Such effects may 

be common and it may well be true that most burrowing infauna, and not just filter-

feeders, enhance metabolic rates in natural sediments to an extent. From an evolutionary 

point of view, it would benefit infaunal deposit-feeders to construct burrows and burrow 

associated structures that induce increased rates of organic matter deposition to the 

sediments they inhabit, since ultimately this organic matter represents their own food 

source. 

 

The results of this study highlight the problems associated with extrapolating data from 

mesocosm simulations of faunal effects to the real world. The homogenised sediments, 

commonly employed in mesocosms studies, simplify the study of faunal effects by 

removing other sources of heterogeneity. However, they create an artificial situation 

where both colonised and uncolonised sediments have quantitatively and qualitatively 

similar organic matter pools, resulting in the influences of fauna on organic matter 
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turnover rates being exaggerated. Natural, permanently inhabited, sediments would have 

quantitatively and qualitatively different organic matter pools to uninhabited sediments, 

due to prolonged stimulation of organic matter turnover rates and faunal influences. This 

would mainly depend upon the effect of the fauna on sediment organic matter inputs. 

Thus, although mesocosm simulations provide a powerful tool to investigate mechanisms 

by which fauna can influence sediment biogeochemistry, only studies of natural fauna 

populations in undisturbed sediments can assess the degree to which such mechanisms 

operate in situ. 

 

7.4.2 Influence of amphipod respiration and nutrient excretion on 
benthic fluxes 
 
Benthic infauna can directly contribute to SOD and DIN fluxes through the consumption 

of oxygen for their respiration and the excretion of inorganic waste products. However, 

parallel mesocosm studies and incubations of individual amphipods during this study, to 

determine respiration and NH4
+ excretion rates, indicated that faunal stimulations of SOD 

and DIN effluxes were primarily due to increased microbial metabolism in the sediment, 

mass transport during bioturbation, and the increased surface area of sediment available 

for diffusive exchanges with the water column offered by burrow walls, rather than the 

metabolism of the amphipods themselves. The respiratory oxygen demand and NH4
+ 

excretion rates of infauna can only account for a relatively small proportion of the 

increased SOD and DIN fluxes measured in the animal addition mesocosms (Pelegrí and 

Blackburn 1994; Hansen and Kristensen, 1997; Bartoli et al. 2000; Jordan et al., 2009). 

The data from this study support the hypothesis that the effects of infauna on SOD and 

DIN effluxes are mainly due to their physical rather than physiological activities, as the 

determined respiratory and NH4
+ excretion rates for individuals inhabiting burrows in 

acid washed, rinsed, and sterilised sands represented only 24 and 15% of the per 

individual stimulations in SOD and NH4
+ effluxes. Additionally, the significantly higher 

respiration rates determined for free swimming compared to burrow dwelling individuals 

of V. australiensis demonstrates that care must be taken to recreate “natural” conditions 
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for such incubations if extrapolations of data to natural or mesocosm populations are to 

be accurate. 

 

7.4.3 Influence of amphipods on nitrogen cycling processes 
 
Measured denitrification and DNRA rates within the collected lagoon sediments were 

low, although within the range of those found in previously performed laboratory and in 

situ studies (Conley et al., 1997; Bonin et al., 1998; Gilbert et al., 1998; Tuominen et al., 

1999; Wang et al., 2003a; Howe et al., 2004; Karlson et al., 2007). Within the intact 

sediment cores no significant correlations were observed between amphipod population 

density and any of the determined or estimated nitrogen cycle processes, with all 

regression slopes being close to zero, with p-values ranging from 0.419 and 0.929 (Table 

7.3). These results are in contrast with the vast majority of mesocosm studies of surface 

and sub-surface deposit feeders which have generally reported large stimulations of 

nitrification and denitrification rates (e.g. Pelegrí and Blackburn, 1994; Pelegrí et al., 

1994; Pelegrí and Blackburn, 1995; Bartoli et al., 2000), although this is not always the 

case (e.g. Karlson et al., 2007). Whereas, studies of undisturbed sediments yield more 

variable data with both large stimulations and zero effects having been reported 

(Rysgaard et al., 1995; Bartoli et al., 2003; Webb and Eyre, 2004a; Hietanen et al., 2007). 

 

Burrowing infauna are proposed to influence nitrification and nitrate reduction rates, by 

increasing the total surface area of the sediment-water and sediment oxic-anoxic 

interfaces due to the presence of their burrows, and the transport of oxygen and nitrate 

bearing water to these surfaces during burrow irrigation (Welsh, 2003 and references 

therein). The transported NO3
- can diffuse across the burrow wall and oxic-anoxic 

interfaces to support denitrification and DNRA in the underlying anoxic sediment. 

Similarly, oxygen diffusing into the burrow wall can support aerobic nitrifying bacteria 

and the nitrate generated during ammonium oxidation can subsequently diffuse across the 

sediment oxic-anoxic interface to fuel nitrate reduction processes. Estimates for natural 

estuarine infauna populations indicate that their presence increases the total sediment 
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surface available for diffusive exchanges by between 150 to 700% (Hylleberg and 

Henriksen, 1980; Kristensen, 1984; Forster and Graf, 1992; Davey, 1994; Fenchel, 1996; 

Webb and Eyre, 2004a) and both burrow wall sediments and even the surfaces of the 

animals themselves can be heavily colonised by nitrifying bacteria (Mayer et al., 1995; 

Welsh and Castadelli, 2004). For example, Hylleberg and Henriksen (1980) estimated 

that burrows of the amphipod C. volutator enhanced the volume of oxic sediment 

amenable to nitrification by 100 to 150% (at densities up to 6000 ind. m-2). 

 

Vicoriopisa australiensis forms simple ‘Y’ shaped burrows and a recent study has shown 

that these burrows are lined by a layer of oxidised sediment (Robertson et al., 2009). 

Therefore this amphipod sp. would have been expected to stimulate rates of nitrate 

reduction processes linked to water column nitrate (Dw and DNRAw) and nitrification 

rates due to diffusion of nitrate and oxygen respectively from the burrow water into the 

sediments lining the burrows. Increased nitrification would subsequently stimulate nitrate 

reduction rates coupled to this process (Dn and DNRAn). Yet not only were there no 

significant differences in any of these process within the rates between categorised 

amphipod density groups within the lagoon sediments, but the slopes of all regressions of 

process rates against amphipod density for the 21 intact incubated cores were all very 

close to zero. This lack of effect may be related to the burrow irrigation cycles of V. 

australiensis and the low concentration of nitrate present in the water column. 

 

Although the burrow irrigation habits of V. australiensis have not been directly studied, it 

would be expected to consist of relatively short periods of irrigation, separated by 

relatively long pauses, as has been observed for other sub-surface deposit feeders 

(Kristensen, 1989; Riisgård, 1991; Forster and Graf, 1995; Christensen et al., 2000). 

Consequently, the quantities of nitrate and oxygen transported into the burrows would be 

relatively small and may be rapidly depleted during the rest periods (Foster and Graf, 

1992; Foster and Graf, 1995; Welsh, 2003). Thus, due to its low concentration in the 

overlying water, little additional nitrate may be available to support Dw and DNRAw in 

the burrow wall sediments, resulting in the observed lack of correlation between these 
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processes and amphipod density within the incubated cores. Similarly, oxygen 

concentrations in the burrow water may rapidly decline during the pauses in the irrigation 

cycle, leading to only limited availability in the burrow walls. Nitrifiers may be out-

competed for this oxygen by aerobic heterotrophs and other chemoautotrophs, which 

generally have a higher affinity for oxygen than nitrifying bacteria (Sharma and Ahlert, 

1977; Laanbroek and Gerrads, 1993). Additionally, although not statistically significant, 

this study observed a decrease in sediment bioavailable NH4
+ pools with increasing V. 

australiensis density and therefore NH4
+ may also have been a limiting substrate for 

nitrification in the burrow wall sediments. Thus, the absence of stimulation of 

nitrification rates with increasing amphipod population density may be because the 

burrow wall sediments were not significantly colonised by nitrifying bacteria. This would 

also explain the lack of stimulation of Dn and DNRAn which are fuelled by nitrate 

production via nitrification.  

 

The population density of V. australiensis within the lagoon sediments also had no 

discernable influence on the partitioning of nitrate between denitrification and DNRA, 

with DNRA representing a similar proportion of total nitrate reduction in all categorised 

density ranges. The proportion of nitrate reduced via this pathway showed no correlation 

with amphipod density during regression analyses. It has been proposed that DNRA will 

be a more important pathway for nitrate reduction in organic rich, reduced, highly 

metabolic sediments where ratios of potential electron donors to respiratory electron 

acceptors are high (Tiedje et al., 1988; Dalsgaard and Bak, 1994; Childs et al., 2002; 

Nizzoli et al., 2006). Recent studies (Brunet and Garcia-Gil, 1996, An and Gardner, 2002, 

Christensen et al., 2003) have proposed that free sulphides play a critical role in the 

switch in nitrate reduction away from denitrification towards DNRA, through direct 

inhibition of denitrification and provision of an electron donor for DNRA. However, 

these two factors are difficult to separate as organic rich, highly metabolic marine 

sediments will also tend to be richer in free sulphides (Nizzoli et al., 2006). In the 

incubated lagoon sediments, total benthic metabolism did tend to increase with increasing 

abundance of V. australiensis, although these changes were relatively small and there was 

no corresponding shift in community respiratory quotient with amphipod density, which 
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indicates that amphipod abundance did not influence the overall balance between aerobic 

and anaerobic microbial metabolisms. Therefore, it is unlikely that the amphipods caused 

any significant changes in the sediment characteristics such as redox status or free 

sulphide concentrations, which are proposed to regulate the partitioning of nitrate 

between denitrification and DNRA. 

 

7.5 Conclusions 
 
This study investigated the effects of natural population densities of the deposit-feeding 

amphipod, Victoriopisa australiensis, within the southern sediments of Coombabah Lake, 

where the benthic infauna is dominated by this species. Data from the ex situ incubation 

of collected intact sediment cores indicate that V. australiensis stimulated sediment 

processes. All measures of overall benthic metabolism (sediment oxygen demand, and 

effluxes of inorganic carbon and nitrogen) showed increasing trends with amphipod 

density, with rates being stimulated by between 70 and 220% at the highest categorised 

density range of 2500-3500 ind. m-2. However, only the correlation between density and 

dissolved inorganic carbon flux was statistically significant. Although significant 

correlations were not observed between amphipod densities and nutrient flux rates, 

incremental increases in NH4
+ and DIN effluxes from the lagoon sediments were 

observed to occur with increasing amphipod densities. The identification of such 

stimulation of NH4
+ and DIN effluxes within the undisturbed lagoon sediments, 

demonstrated V. australiensis densities influenced nutrient effluxes in the lagoon 

sediments. Both NH4
+ and DIN effluxes were sustained at greater rates within sediments 

categorised by greater densities despite the decreased availability of sedimentary 

bioavailable NH4
+. In contrast to benthic metabolism and nutrient effluxes, there were no 

discernable trends between amphipod densities and any of the nitrogen cycle processes 

occurring within the muddy southern lagoon sediments, with the slopes of all correlations 

being very close to zero.  
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The results from this study also highlight how differences in mesocosm simulations of 

faunal effects, which primarily relate to shifts in rates of organic matter turnover, 

compare to natural sediments where fauna effects relate more to induced changes in rates 

of organic matter deposition. This indicates potential problems with extrapolating data 

from mesocosm simulations of faunal effects to “real world” situations. Whilst 

mesocosms containing homogenised sediments represent a powerful tool for 

investigating the mechanisms by which fauna influence microbial metabolism in the 

sediment, only studies of natural (intact) sediments should be used to determine to what 

extent these mechanisms function in situ. 
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Chapter 8: General conclusions and recommendations 
for future research and monitoring 

 

8.1 Conclusions 
 
This chapter summarises the important findings of this study and provides 

recommendations for future research and monitoring within Coombabah Lake and the 

surrounding wetlands relating to physico-chemical and biogeochemical processes. A 

summary of the research described in each chapter (Chapters 4 to 7) is given below.  

 

In order to characterise the lagoon sediments by establishing baseline sediment nutrient 

concentrations and identifying the distribution and sources of sediment organic matter, 

sediments were sampled from 51 intertidal sample grids. Surface sediments were sampled 

at two depth horizons using five randomly taken and homogenised sediment cores from 

each grid. Comparisons were also made between nutrient concentrations from sediments 

collected during sampling periods separated by a 12-month period (October-November 

2004 and November 2005). The source and distribution of organic matter was measured 

using bulk analyses (C/N ratios and δ13C and δ15N signatures) and specific fatty acid 

biomarker techniques. This investigation provided the first comprehensive survey of the 

lagoon. The survey also identified regions of the lagoon representative of similar and 

different characteristics, which was important for future site selections utilised during this 

study. Conclusions from the investigation are as follows: 

 

1) Nutrient concentrations measured during this study were typical of 

concentration ranges observed within Australian estuarine settings, even 

though some regions of the lagoon demonstrated elevated concentrations in 

comparison to adjoining lagoon grid sediments. However, future monitoring 

is needed to asses if urban development within the catchment and 
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surroundings are responsible for increasing nutrient loading within the 

lagoon.  

2) The use of multiple biomarkers within Coombabah Lake indicated that the 

lagoon sediments receive organic matter from a variety of autochthonous 

and allochthonous sources and suggested potentially important food sources 

available to the macrozoobenthos in the intertidal surface sediments includes 

organic matter derived from terrestrial vascular plants (i.e. surrounding 

mangroves), diatoms, and benthic bacteria. 

3) This study also demonstrated the usefulness and importance of combining 

multiple biomarkers for determining sources of organic matter within 

estuarine environments. 

 

The dynamics of the water column within both Coombabah Creek and Coombabah Lake 

were investigated. Intratidal variability of hydrological and physico-chemical variables in 

addition to estimates of filterable nutrient and chlorophyll-a transport loads were 

determined using a deployed sensor base station, roving ADCP transects, in situ physico-

chemical measurements, and the collection and analysis of water samples within both the 

lagoon and creek waters. Estimations of transportation rates at the lagoon entrance were 

determined using hourly collected nutrient and chl-a data in conjunction with 

hydrological and bathymetric data collected at the lagoon entrance. Conclusions from the 

investigation are as follows: 

 

1) Coombabah Lake is characterised by a mixed tidal regime with the potential 

to transport downstream (marine sourced) sediments and sediment-bound 

biota, nutrients, and contaminants into the lagoon.  

2) Observed physico-chemical variables, suspended solids and, chl-a 

concentrations within the lagoon-creek system demonstrated cyclic and 

temporal variations during the sample periods with some variables, such as 

dissolved oxygen saturation and turbidity, exceeding the local Broadwater 

sub-region values of the Queensland Water Quality Guidelines (2006). Both 

hydrological and atmospheric conditions where identified as potentially 
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influential factors in elevating TSS concentrations within the Coombabah 

Lake-Creek waters. 

3) Filterable nutrient concentrations were tidally influenced and demonstrated 

values within the range typically encountered in Australian and local coastal 

waters. However, NOx and NH4
+ concentrations and, at times, reactive PO4

3-

concentrations exceeded local Broadwater sub-region values of the 

Queensland Water Quality Guidelines (2006). 

4) Transport rates were influenced by tidal activity. Increased nutrient 

concentrations sourced externally from the Coombabah Lake-Creek system 

entering the lagoon system indicated a potential for nutrient enrichment and 

ultimately eutrophication of the lagoon and associated wetland environment. 

 

Fundamental biogeochemical and nitrogen cycling processes (benthic metabolism, 

nutrient fluxes, denitrification, and DNRA) occurring at the sediment-water interface 

within the lagoon were investigated. Furthermore, their interactions with physico-

chemical sediment, biological, and environmental variables were examined using intact 

sediment cores collected from four select sampling sites characteristic of different lagoon 

regions, e.g. sand- or mud-dominated sediments. Sediment cores were collected over four 

seasons and incubated ex situ under corresponding seasonal light and dark conditions. 

Conclusions from the investigation are as follows: 

 

1) Physico-chemical water column variables of Coombabah Creek and 

physical sediment variables demonstrated little seasonal variability. 

Conversely, surface sediment chl-a concentrations varied seasonally at all 

sites with higher concentrations occurring during summer and autumn. 

2) Six species representing deposit and filter feeding macrofaunal groups 

inhabiting the surface sediments of the lagoon showed temporal and spatial 

variability with amphipod and polychaete worm species dominating the 

burrowing faunal community. 

3) Oxygen and nutrient fluxes were characterised by diurnal and spatial 

variations. Sediments at all sites, during all seasons behaved as sinks for 
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oxygen during both dark and light incubations, which may have implications 

for the ecology of the lagoon. Nitrogen species were continually effluxed 

from the heterotrophic sediments during both light and dark incubations, 

during all sites and seasons with greatest effluxes occurring in the southern 

mud-dominated sediments. Solute exchanges across the lagoon sediment-

water interface were influenced by the activity of microphytobenthos in the 

lagoon. 

5) Nitrogen cycling processes exhibited only relatively minor seasonal 

variation, however no distinct seasonal patterns were observed, which is in 

contrast with temperate systems which typically show distinct seasonal 

patterns. Nitrogen cycling processes also showed diurnal and spatial 

variability with light and dark maximum or near maximum rates occurring 

during autumn with the highest rates generally occurring within the southern 

sediments. Nitrogen cycling processes tended to be increased during light 

incubations and oxygen appeared to be the primary factor regulating 

nitrification within the sediments, and thereby nitrate reduction rates, as 

these were fuelled almost exclusively by nitrification. 

6) Within the lagoon dissimilatory nitrate reduction to ammonium was the 

predominant nitrate reduction pathway, recycling more nitrogen as 

bioavailable NH4
+ than was removed as N2 via denitrification. Contributing 

values of DNRA were greater within the muddier southern lagoon sediments 

in comparison to the sandier northern sediments, suggesting DNRA was 

more important in sediments characterised by greater organic matter, sulfide 

contents, and high sediment oxygen demand. 

 

Intact sediment cores were collected and incubated to investigate the influence of natural 

population densities of amphipods (Victoriopisa australiensis) on benthic metabolism 

and nutrient dynamics within Coombabah Lake. Sediments were collected from the 

southern mud-dominated lagoon region where V. australiensis was previously observed 

to dominate the burrowing macrobenthos assemblage. Conclusions from the investigation 

are as follows: 
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1) V. australiensis stimulated benthic metabolism (sediment oxygen demand 

and effluxes of inorganic carbon) and nitrogen effluxes with increased 

population densities with rates being stimulated between 70 and 220% at the 

highest categorised density range of 2500-3500 ind. m-2. 

2) In contrast to measured benthic metabolism and nitrogen effluxes, no 

stimulation or discernable trends were observed between amphipod densities 

and any of the nitrogen cycle processes measured within the selected lagoon 

sediments. 

3) The results of the investigation highlighted the potential problems associated 

with extrapolating data from mesocosm simulations of faunal effects to “real 

world” situations. 

 

In summary, the lagoon was dominated by fine sands and mud-dominated sediments in 

the north and south regions of the lagoon, respectively. Typical Australian sediment 

nutrient concentrations for estuaries were observed. Organic matter was received from 

various autochthonous and allochthonous sources. Lagoon sediments were net 

heterotrophic acting as a constant sink for oxygen and continual source of nitrogen 

species during light and dark conditions. The diurnal exchange of oxygen and nitrogen 

species across the sediment-water interface were influenced by the presence and activities 

of microphytobenthos. Natural population densities of the burrowing amphipods were 

also found to be influential in the exchange of solutes at the sediment-water interface 

within the southern muddy lagoon sediments. Nitrogen cycling processes exhibited only 

relatively minor seasonal variations within the lagoon with maximum nitrate reduction 

rates occurred in the muddy southern sediments. Dissimilatory nitrate reduction to 

ammonium was the principal nitrate reduction pathway, recycling more nitrogen as 

bioavailable NH4
+ than was removed as N2 via denitrification within the lagoon 

sediments. 

 

The main measurements and processes observed within Coombabah Lake and the 

adjoining creek are summarised in Tables 8.1 and 8.2.  
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Table 8.1 Summary of measured sediment variables and biogeochemical processes studied in Coombabah Lake 
 

 Chapter related sample sites   
Sediment variables Chapter 4 Chapter 6 Comments Thesis 

 section/s 
Lagoon-

wide mean 
1 

mean 
2 

mean 
3 

mean 
4 

mean 
 

Grain size (d0.5 µma/ 
% <63 µmb) 

86.8 ± 82.5a 5.58 ± 3.45b 2.37 ± 2.22b 5.31 ± 3.40b 7.13 ± 4.92b Sandier northern region 
sediments and muddier 
southern sediments. 

4.3.1, 6.3.2 

Texture Silty sand Silty sand Silty sand Silt Silty sand  
LOI550 (%) 4.32 ± 2.07 1.70 ± 0.51 3.32 ± 1.61 5.14 ± 2.08 5.34 ± 1.77  4.3.1, 6.3.2 
TP (µmol g-1) 10.2 ± 4.81      4.3.1 
PO4

3- (nmol g-1) 12.4 ± 9.21 6.46 ± 4.16 7.13 ± 3.43 6.78 ± 6.03 9.25 ± 4.63  4.3.1, 6.3.2 
NH4

+ (nmol g-1) 294 ± 379 77.7 ± 69.3 102 ± 86.3 119 ± 74.5 188 ± 139  4.3.1, 6.3.2 
Chl-a (µg g-1) 2.81 ± 12.3 3.67 ± 2.98 3.29 ± 2.44 2.54 ± 1.52 7.28 ± 6.59 Seasonal variability 4.3.1, 6.3.2 
C/N (atom atom-1) 13.9 ± 2.48 16.3 11.0 14.3 12.3  4.3.3 
δ13C and δ15N -23.9 ± 2.82 

 2.82 ± 0.79 
     -25.5 

  3.1 
     -23.0 

  2.4 
     -24.4 

  2.8 
     -23.5 

  3.5 
 4.3.3 

Organic matter sources Organic matter derived from terrestrial vascular plants, diatoms, and benthic bacteria. 4.4.3, 4.4.4 
Dominant macrofauna  Mixed Worm  Worm  Worm Amphipod Seasonal variability 6.3.3 
O2 flux light and dark 
(µmol O2 m

-2 h-1) 
 -1581 ± 292 

-2042 ± 456
-1730 ± 422 
-2275 ± 741

-1024 ± 335 
-3323 ± 813

-1320 ± 857 
-3885 ± 803

Solute exchange  
influenced by activities 
of microphytobenthos. 

6.3.4, 7.4.1 

Gross productivity 
(µmol O2 m

-2 h-1) 
    459 ± 430    671 ± 453  2358 ± 784 2597 ± 990 6.3.4 

DIN efflux light and 
dark (µmol N m-2 h-1) 

  83.8 ± 24.3 
  127 ± 50.5 

 96.5 ± 41.9 
  137 ± 54.3 

 128 ± 51.4 
 179 ± 63.6 

176 ± 46.6 
259 ± 99.3 

6.3.4, 7.4.1 

D14 light and dark  
(µmol N m-2 h-1) 

  2.90 ± 1.47 
 1.91 ± 0.92 

 3.18 ± 1.84 
 1.95 ± 1.11 

 1.79 ± 1.27 
 1.13 ± 0.94 

2.98 ± 2.31 
1.70 ± 1.11 

Dn contribution: ~90% 6.3.5 

DNRAtotal light and dark 
(µmol N m-2 h-1) 

  6.72 ± 5.90 
 4.72 ± 2.81 

 2.30 ± 1.96 
 2.60 ± 1.99 

 3.82 ± 4.43 
 3.09 ± 3.59 

11.9 ± 12.0 
6.64 ± 9.28 

DNRAn contribution:  
~85% 

6.3.5 
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Table 8.2 Summary of measured hydrological and physico-chemical variables studied in Coombabah Lake and Coombabah Creek 
 

 Chapter related sample sites   
Water variables Chapter 3 Chapter 5 Chapter 6 Comments Thesis 

section/s 
Coombabah 

Lake 
Coombabah 

Lake 
(entrance) 

Coombabah 
Creek 

Coombabah 
Creek 

  

Water depth (MWL ma 
and mb) 

-0.26 ± 0.44a ~1.8b ~2.5b ~1.5b Large exposed areas of lagoon 
sediments during low tide. 

3.1.3, 5.2.5, 
6.2.2 

Tidal characteristics Mixed tidal regime. Tidal asymmetry was observed with a rising period of ~5.5 h and a falling 
period of ~7.5 h, indicating potential pumping of sediments from downstream Coombabah Creek 
and other external southern Moreton Bay sources. 

5.3.1 

Maximum depth-
average velocities  
(m s-1) 

During the flood and ebb tides recorded maximum depth-average velocities were 0.80 m s-1 and 
0.65 m s-1, respectively. 

5.3.1 

Peak flows (m3 s-1)   58.3 
-57.2 

 164 
-142 

   5.3.1 

Physico-chemical and 
nutrients 

Lagoon and creek values demonstrated cyclic and temporal variations during the sample periods 
with some variables exceeding regional Water Quality Guidelines values (2006).  

5.3.2 

Nutrient transport rate Increased nutrient concentrations sourced externally from the Coombabah Lake-Creek system 
entered the lagoon during flood tides, indicating a potential for nutrient enrichment. 

5.3.3 
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8.2 Recommendations for future research and monitoring 
 

This study investigated and identified for the first time some important physico-chemical 

and biogeochemical processes within Coombabah Lake. The information obtained from 

this study has also presented a number of new research opportunities, which would 

compliment the current study, furthering knowledge relating to the processes and 

behaviour of Coombabah Lake and other sub-tropical lagoons. An increased 

understanding would further assist management and protection of the lagoon and 

surrounding wetlands. Recommended future research topics include: 

 

1) As a result of the continually expanding urban development within the 

lagoon catchment, regular time-series measurements of sediment nutrient 

concentrations should be undertaken to monitor any potential increases in 

nutrient loadings. This current study only provides an initial survey of the 

lagoon sediments and the lack of historical sediment data currently prevents 

any assessment of the importance of urbanisation as a driver of change 

within the lagoon system. Increased temporal data sets would allow better 

opportunity to investigate the influence of urban development on nutrient 

concentrations (and other analytes of interest, e.g. trace metals) in the 

lagoon sediments. 

2) While this study established the spatial variability of the source and 

distribution of sedimentary organic matter, temporal (seasonal) variations in 

the distribution and contribution of FAMEs to the surface sediments was not 

investigated. It is possible that variations would occur, including for 

example, the magnitude of organic matter outwelling from the fringing 

mangrove forests as a result of changes in environmental (seasonal) 

conditions and plant physiology. As a result, any seasonal variability in the 

source and distribution of sediment organic matter should be investigated to 

compliment this study.  

3) Although this study established the source and distribution of sediment 

organic matter the determination of the degree of ingestion and assimilation 
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of organic matter by macrozoobenthic communities was beyond the initial 

aims of this study. Future studies should, attempt to confirm the assimilation 

of specific organic matter sources identified during this study. Investigating 

the presence and contribution of respective biomarkers within the lagoon 

food web would provide important information on trophic level 

relationships. 

4) Seasonal variability of flow volumes with respect to the magnitude of the 

mean flow is to be expected within the Coombabah Lake-Creek system. Due 

to a low number of rainfall events experienced during the study period, this 

current study did not take into account such seasonal episodic periods of 

heavy rainfall, typically common during summertime thunderstorms. During 

such storm events, flow values within the lagoon-creek system would be 

expected to increase significantly. Therefore the impact of heavy rainfall on 

the local hydrology and its effects on the condition and functioning (e.g. 

sediment and nutrient transportation) of the Coombabah Lake-Creek system 

should be the focus of future studies. In conjunction with this study, the 

collection of additional information would permit the estimation of mass 

transport rates over a wider range of conditions (with corresponding water 

nutrient collection and analysis), allowing a better understanding of the lake-

creek system during flood conditions. 

5) Future monitoring of the lagoon and creek waters should also be performed 

regularly in the future to investigate changes over time in response to 

specific events (e.g. increasing urbanisation within the Coombabah Creek 

catchment) or management actions occurring within the lagoon 

surroundings.  

6) Although this study investigated the seasonal variability of benthic 

metabolism, nutrient fluxes, and nitrogen cycling processes, regular rainfall 

events typical of the summer wet season within the region were not 

encountered during the study term. Therefore, future studies should 

endeavour to capture this seasonal occurrence as increased rainfall events 

would be expected to potentially influence rates of sedimentation, organic 
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matter delivery, nutrient loads, and primary productivity. Such an additional 

study would allow for comparisons between ‘dry’ and ‘wet’ summer time 

sampling efforts, providing additional information for determination of 

nutrient budgets. Furthermore, specific episodic events such as strong winds 

were not investigated during this study and should also be the focus of 

future research. Periods of increased winds would be expected to influence 

benthic metabolism and nutrient dynamics due to disturbances of the SWI. 

The degree of change these influential variables have on the biogeochemical 

processes occurring within the lagoon sediments are currently unknown and 

should be incorporated into future studies. Such studies would allow insight 

into the behaviour of the lagoon and provide supplementary data for event 

based, seasonal, and annual nutrient budgets for Coombabah Lake. 

7) The current study identified sustained effluxes of nutrients from the lagoon 

sediments indicating a source to the overlying lagoon waters, and potentially 

to the adjoining Coombabah Creek/Gold Coast Broadwater. However, 

nutrient transport estimates determined during this study showed no export 

of nutrients from the lagoon but rather nutrient inputs from external waters 

over sampled tidal cycles. The apparent incoming nutrients and regenerated 

inorganic nutrients effluxing from the sediment appear to be largely 

assimilated by surrounding mangroves and wetlands, rather then being 

exported. The uptake of nutrients by higher plants is considered to be an 

important process in ameliorating the impact of elevated nutrient 

concentrations entering receiving waters containing elevated nutrient 

concentrations. Future studies should be undertaken in an attempt to confirm 

the theory, and quantify to what extent, fringing mangroves of Coombabah 

Lake are behaving as a natural filter for nutrients entering and being 

recycled within the system. 

8) In addition to the current understanding of benthic metabolism within the 

lagoon sediments, future studies could investigate pelagic metabolism in 

addition to carbon cycling processes (e.g. remineralization and burial rates 

of organic matter), which combined, would increase the understanding of 
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the benthic-pelagic coupling of the lagoon and similar shallow estuarine 

systems.  

9) Finally, comparative studies of the characteristics of sediment variables and 

benthic biogeochemical processes observed within the semi-urbanised 

Coombabah Lake with those in sub-tropical, largely non-urbanised, shallow, 

estuarine systems could be undertaken. Comparisons of biogeochemical 

processes occurring within systems characterised by different degrees of 

urban development may assist in understanding the effects of urban 

influences on biogeochemical processes within sub-tropical shallow 

estuarine environments. 
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Table A1.1 Coombabah Lake sample grid locations and characteristics for works presented in Chapter 4 
 

 Sample details and physical features of sample grids 
Sample 

grid 
Northing - grid  

centre (m) 
Easting - grid  

centre (m) 
Date 

sampled 
Vegetation dominance Relative 

water depth 
Low tide 
exposure 

Adjacent 
shorelinea 

 

Adjacent 
creek 

Developed 
region 

Approx. 
area per 

cores (m2)c 
1 6911610 534210 25/10/2004 Mangrove Deep - √ √ - 10000 
3 6911950 534080 25/10/2004 Mangrove - saltmarsh Deep - √ √ - 1875 
4 6911850 534210 19/10/2004 Mangrove Deep - √ √ - 8750 
6 6912210 533870 16/10/2004 Mangrove - saltmarsh Shallow √ √ - √ 625 
7 6912100 533900 19/10/2004 Mangrove - saltmarsh Average √ √ √ - 750 
8 6912100 534220 19/10/2004 Mangrove Deep - √ √ - 10000 
9 6912100 534440 19/10/2004 Mangrove Average - √ - - 9375 
10 6912100 534650 19/10/2004 Mangrove Average - √ √ √ 11875 
11 6912100 534880 19/10/2004 Mangrove Shallow √ √ - √ 6250 
13 6912360 533900 16/10/2004 Mangrove - saltmarsh Shallow √ √ - √ 6250 
14 6912350 534000 20/10/2004 - Average √ - - - 12500 
15 6912340 534230 20/10/2004 - Deep - - - - 12500 
16 6912340 534440 20/10/2004 - Average - - - - 12500 
17 6912340 534660 20/10/2004 - Average - - - - 12500 
18 6912350 534880 20/10/2004 - Shallow √ - - √ 12500 
19 6912350 535090 26/10/2004 Mangrove Shallow √ √ - √ 6250 
20 6912610 533900 16/10/2004 Swamp oak Shallow √ √ - √ 11250 
21 6912600 534000 25/10/2004 - Average √ - - - 12500 
22 6912590 534210 26/10/2004 - Deep √ - - - 12500 
23 6912600 534440 25/10/2004 - Deep - - - - 12500 
24 6912600 534670 25/10/2004 - Average - - - - 12500 
25 6912590 534880 26/10/2004 - Shallow √ - - √ 12500 
27 6912780 533900 16/10/2004 Swamp oak Shallow √ √ - √ 2500 
28 6912840 534000 19/10/2004 - Shallow √ - - - 12500 
29 6912850 534220 19/10/2004 - Deep √ - - - 12500 
30 6912850 534440 19/10/2004 - Deep - - - - 1250 
31 6912830 534670 19/10/2004 - Deep - - - - 1250 
32 6912850 534900 19/10/2004 - Deep - - - - 1250 
33 6912840 535110 19/10/2004 Mangrove Shallow √ √ √ - 6250 
34 6912950 535330 25/10/2004 Mangrove Shallow √ √ √ √ 625 
35 6913020 533880 15/10/2004 Mangrove - saltmarsh Shallow √ √ - √ 625 
36 6913100 534000 15/10/2004 Mangrove - saltmarsh Shallow √ √ - - 11250 
37 6913090 534230 16/10/2004 - Average √ - - - 12500 
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Table A1.1 (continued) 
 

 Sample details and physical features of sample grids 
Sample 

grid 
Northing - grid  

centre (m) 
Easting - grid  

centre (m) 
Date 

sampled 
Vegetation dominance Relative 

water depth 
Low tide 
exposure 

Adjacent 
shorelinea 

 

Adjacent 
creeksb 

Developed 
region 

Approx. 
area per 

cores (m2)c 
38 6913090 534440 19/10/2004 - Average - - - - 12500 
39 6913100 534660 16/10/2004 Mangrove Average - - - - 7500 
41 6913100 534900 25/10/2004 Mangrove - saltmarsh. Average - √ - - 8750 
42 6913090 535100 16/10/2004 Mangrove Average √ √ - - 3125 
43 6913280 534060 15/10/2004 Mangrove Average √ √ - - 11875 
44 6913350 534230 16/10/2004 Mangrove Shallow √ √ - - 11875 
45 6913330 534450 16/10/2004 Mangrove Shallow √ √ √ - 11250 
46 6913350 534670 20/10/2004 Mangrove Shallow √ √ √ - 8125 
47 6913350 534880 20/10/2004 Mangrove - saltmarsh Shallow √ √ √ - 4375 
48 6913290 535060 15/10/2004 Mangrove Average - √ - - 1875 
49 6913680 534120 15/10/2004 Mangrove Shallow √ √ - - 8125 
50 6913610 534220 20/10/2004 Mangrove Average - √ √ - 6250 
51 6913590 534670 20/10/2004 Mangrove Deep - √ √ - 12500 
52 6913590 533980 15/10/2004 Mangrove Shallow - √ - - 12500 
55 6913870 534100 25/10/2004 Mangrove Deep - √ √ - 1250 
56 6913780 533770 15/10/2004 Mangrove Average - √ - - 1250 
58 6913830 534890 25/10/2004 Mangrove Deep - √ √ - 6250 
59 6914200 533900 25/10/2004 Mangrove Deep - √ √ - 6250 

where: a represents grid boundaries which are connected to the shoreline, b represents grid boundaries which are connected to an 
adjoining creek system, c represents area of benthic intertidal sediments per collection core per grid (excluding terrestrial regions 
within grid), - represents no, and √ represents yes. 
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Appendix 2 
 

Table A2.1 General characterisation of surface (0 to 2 cm) sediments of Coombabah Lake 
 
Sample 

grid wb
 

D  W    Sediment grain size 
distribution (μm) 

Wentworth size class (%) Texture Colour Chl-a 
 

Phaeo 
 

LOI550 LOI950 

d(0.1) d(0.5) d(0.9) Clay Silt Sand (µg g-1 dry wt.) (%) 
1 
3 
4 
6 
7 
8 
9 
10 
11 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

1.53 
1.44 
1.52 
1.49 
1.53 
1.67 
1.62 
1.47 
1.40 
1.45 
1.74 
1.58 
1.63 
1.53 
1.49 
1.43 
1.65 
1.55 
1.64 
1.67 
1.60 
1.58 
1.49 
1.67 
1.71 
1.66 
1.74 
1.57 
1.52 
1.34 
1.93 
1.73 
1.73 

95.10 
118.2 
87.99 
104.1 
96.22 
65.43 
75.19 
104.5 
125.8 
133.1 
49.25 
79.73 
71.77 
94.67 
104.9 
125.9 
66.36 
78.02 
77.20 
67.01 
78.09 
92.42 
97.88 
50.49 
56.93 
51.94 
54.84 
77.82 
93.30 
120.2 
30.83 
52.82 
55.49 

48.75 
54.19 
46.81 
51.00 
49.04 
39.55 
42.92 
51.11 
55.71 
57.11 
33.00 
44.36 
41.78 
48.63 
51.19 
55.74 
39.89 
43.83 
43.57 
40.13 
43.85 
48.03 
49.46 
33.55 
36.28 
34.18 
35.42 
43.76 
48.27 
54.59 
23.57 
34.57 
35.69 

74.75 
78.24 
71.17 
75.96 
75.24 
66.02 
69.40 
74.89 
78.14 
82.61 
57.45 
70.18 
68.03 
74.26 
76.36 
79.48 
65.94 
68.15 
71.27 
66.85 
70.02 
76.03 
73.70 
56.03 
62.15 
56.77 
61.46 
68.63 
73.32 
73.16 
45.38 
59.87 
61.68 

2.54 
2.58 
2.54 
2.63 
2.51 
2.58 
2.92 
2.57 
2.84 
2.36 
3.63 
3.12 
3.08 
3.16 
3.07 
2.83 
2.80 
3.28 
2.99 
3.61 
2.74 
3.40 
2.11 
3.16 
4.05 
4.71 
4.50 
3.03 
3.21 
3.43 
4.05 
5.54 
4.49 

11.21 
12.33 
14.15 
17.47 
12.63 
16.47 
22.24 
16.23 
12.72 
10.49 
44.99 
27.87 
41.53 
28.97 
23.97 
16.41 
16.36 
41.48 
36.10 
91.94 
15.82 
49.97 
10.74 
29.98 
116.5 
176.5 
158.9 
34.06 
86.33 
162.8 
225.3 
259.8 
161.6 

139.5 
138.2 
132.4 
165.7 
117.2 
164.3 
156.6 
489.8 
111.7 
 98.21 
147.3 
113.6 
189.9 
167.7 
229.1 
299.9 
187.1 
268.3 
189.2 
311.6 
117.5 
295.5 
452.1 
222.1 
326.8 
363.8 
346.2 
225.9 
342.4 
388.0 
458.4 
511.5 
367.7 

7.75 
7.61 
7.87 
9.29 
8.02 
7.73 
6.43 
8.06 
6.46 
8.89 
5.52 
5.92 
6.44 
3.54 
5.94 
6.65 
6.68 
6.01 
6.74 
5.31 
7.03 
5.64 
10.6 
5.75 
4.66 
3.94 
4.08 
6.18 
6.09 
5.49 
4.81 
3.24 
4.50 

79.38 
76.89 
69.99 
64.06 
76.66 
83.82 
69.02 
82.27 
82.31 
80.47 
58.50 
69.76 
61.56 
73.36 
72.17 
79.44 
75.39 
68.16 
65.88 
64.18 
73.83 
67.66 
80.41 
68.73 
61.97 
65.57 
64.66 
58.57 
41.70 
53.69 
26.52 
35.60 
28.18 

12.87 
15.50 
22.14 
26.65 
15.32 
 8.451 
24.55 
9.672 
11.23 
10.64 
35.98 
24.32 
32.04 
23.10 
21.89 
13.91 
17.93 
25.83 
27.38 
30.55 
19.14 
26.70 
 9.032 
25.52 
33.37 
30.49 
31.26 
35.25 
52.21 
40.82 
68.67 
61.16 
67.32 

Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Silt 
Sandy silt 
Silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Silty sand 
Sandy silt 
Silty sand 
Silty sand 
Silty sand 

Greyish brown 
Brownish grey 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Grey 
Greyish brown 
Greyish brown 
Grey 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Grey 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 

1.18 
0.75 
2.54 
0.96 
1.48 
1.38 
1.28 
2.23 
2.88 
0.53 
1.07 
3.28 
3.73 
3.20 
2.87 
0.43 
2.56 
4.87 
4.80 
3.20 
2.45 
1.60 
0.85 
4.92 
5.41 
3.82 
4.15 
0.85 
2.65 
0.53 
1.17 
3.73 
2.98 

6.93 
11.0 
7.66 
9.40 
7.94 
7.86 
5.61 
11.3 
13.6 
8.89 
9.21 
15.9 
15.3 
12.4 
13.5 
10.3 
11.1 
15.1 
17.4 
14.4 
13.3 
11.6 
11.2 
17.8 
18.3 
13.4 
15.1 
 5.52 
12.4 
10.4 
10.5 
14.5 
15.5 

9.01 
7.45 
8.70 
7.79 
7.10 
4.87 
7.06 
4.59 
6.39 
7.11 
5.34 
3.84 
4.56 
6.35 
6.05 
7.51 
3.65 
3.13 
4.18 
3.92 
4.68 
4.26 
4.79 
4.17 
3.44 
3.44 
3.20 
5.40 
7.20 
7.91 
1.10 
3.03 
3.31 

1.79 
1.36 
1.89 
1.41 
1.96 
1.95 
2.04 
4.00 
0.96 
1.10 
0.83 
1.04 
0.93 
0.95 
0.97 
0.93 
1.15 
1.20 
1.20 
0.87 
1.07 
0.99 
0.82 
0.79 
1.17 
0.88 
0.97 
0.91 
0.97 
1.15 
0.96 
1.44 
1.27 
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Table A2.1 (continued) 
 
Sample 

grid wb
 

D  W    Sediment grain size 
distribution (μm) 

Wentworth size class (%) Texture Colour Chl-a 
 

Phaeo 
 

LOI550 LOI950 

d(0.1) d(0.5) d(0.9) Clay Silt Sand (µg g-1 dry wt.) (%) 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
54 
55 
56 
58 
59 

1.82 
1.73 
1.90 
1.89 
1.93 
1.60 
1.66 
1.69 
1.96 
1.73 
1.71 
1.71 
1.88 
1.83 
1.66 
1.99 
1.72 
1.54 
2.27 
1.90 

46.22 
50.48 
44.85 
41.01 
31.93 
63.57 
61.87 
60.55 
33.86 
60.95 
58.62 
57.54 
31.08 
24.52 
67.46 
30.08 
52.66 
93.81 
25.53 
38.72 

31.61 
33.55 
30.96 
29.08 
24.20 
38.86 
38.22 
37.72 
25.30 
37.87 
36.96 
36.52 
23.71 
19.69 
40.29 
23.12 
34.50 
48.40 
20.33 
27.91 

57.42 
57.92 
58.75 
54.92 
46.81 
62.00 
63.46 
63.68 
49.51 
65.42 
63.37 
62.60 
44.63 
36.00 
66.91 
45.93 
59.35 
74.35 
46.14 
53.02 

6.89 
8.32 
11.1 
7.80 
5.16 
3.09 
3.45 
5..94 
6.60 
2.30 
4.60 
3.44 
128 
171 
3.37 
23.9 
3.31 
3.00 
148 
5.08 

186.5 
170.9 
214.8 
208.1 
199.4 
28.80 
75.52 
177.0 
214.2 
21.15 
95.94 
43.10 
230.9 
261.1 
21.99 
211.3 
147.4 
16.44 
232.0 
193.7 

351.1 
284.8 
375.4 
339.8 
456.7 
249.1 
205.2 
339.1 
341.2 
358.3 
271.6 
233.5 
353.4 
389.9 
233.9 
334.1 
335.6 
167.3 
339.3 
341.9 

2.73 
2.46 
1.98 
2.42 
3.50 
3.49 
5.71 
3.21 
2.77 
9.37 
3.91 
12.9 
0.90 
0.06 
1.28 
1.57 
5.79 
6.00 
0.29 
3.32 

18.73 
16.32 
14.09 
14.99 
26.19 
25.89 
37.36 
20.09 
15.24 
54.28 
38.99 
46.41 
7.091 
1.522 
67.07 
9.952 
29.86 
71.03 
4.311 
21.82 

78.54 
81.22 
83.93 
82.59 
70.31 
70.61 
56.93 
76.60 
81.99 
36.35 
57.10 
40.68 
92.01 
98.42 
31.65 
88.48 
64.35 
22.97 
95.40 
74.86 

Silty sand 
Silty sand 
Silty sand 
Silty sand 
Silty sand 
Silty sand 
Silty sand 
Silty sand 
Silty sand 
Sandy silt 
Silty sand 
Sandy silt 
Sand 
Sand 
Sandy silt 
Silty sand 
Silty sand 
Sandy silt 
Sand 
Silty sand 

Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Grey 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Grey 
Grey 
Grey 
Grey 
Grey 
Dark greyish 
brown 

6.04 
4.48 
4.14 
5.44 
4.26 
1.06 
2.35 
2.02 
2.99 
1.06 
2.44 
1.49 
2.88 
0.85 
2.66 
2.12 
0.74 
2.65 
4.78 
14.40 

20.04 
15.75 
14.08 
18.80 
13.50 
11.85 
15.04 
10.28 
9.433 
8.782 
10.02 
8.241 
9.141 
6.272 
10.05 
7.323 
9.872 
11.55 
14.67 
34.49 

3.15 
2.79 
2.51 
1.69 
1.78 
5.55 
3.96 
4.10 
1.78 
3.29 
4.27 
3.30 
1.43 
0.70 
5.41 
1.94 
2.32 
7.02 
0.77 
0.64 

0.90 
1.22 
0.89 
1.23 
1.21 
1.03 
0.83 
0.41 
5.56 
0.49 
0.56 
0.07 
0.16 
0.69 
1.58 
0.57 
7.97 
1.30 
4.24 
0.79 

where: wbρ  represents wet-bulk density (g cm-3), D  represents dry-water content (%), W  represents wet-water content (%), and   

represents sediment porosity (%). 
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Table A2.2 General characterisation of sub-surface (2 to 5 cm) sediments of Coombabah Lake 
 

Sample 
grid wb  

 
D  W    Sediment grain size distribution 

(μm) 
Wentworth size class (%) Texture Colour LOI550 LOI950 

d(0.1) d(0.5) d(0.9) Clay Silt Sand (%) 
1 
3 
4 
6 
7 
8 
9 
10 
11 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 

1.50 
1.50 
1.51 
1.53 
1.56 
1.69 
1.67 
1.58 
1.49 
1.56 
1.72 
1.64 
1.63 
1.58 
1.52 
1.36 
1.80 
1.61 
1.60 
1.68 
1.62 
1.54 
1.85 
1.67 
1.76 
1.83 
1.77 
1.61 
1.72 
1.53 
1.93 
1.85 
1.81 
1.86 
1.82 
1.94 
1.80 
2.01 
1.61 

103.1 
94.88 
94.52 
97.75 
85.38 
60.76 
70.52 
92.01 
108.6 
82.79 
49.70 
68.04 
66.17 
77.92 
76.92 
125.6 
41.83 
71.11 
77.10 
54.10 
65.85 
89.64 
38.70 
62.68 
53.40 
41.14 
49.03 
76.97 
65.50 
79.48 
32.64 
40.12 
45.47 
39.20 
44.81 
38.05 
39.41 
28.52 
72.27 

50.77 
48.69 
48.59 
49.43 
46.06 
37.79 
41.35 
47.92 
52.07 
45.29 
33.20 
40.49 
39.82 
43.79 
43.48 
55.67 
29.49 
41.56 
43.53 
35.11 
39.70 
47.27 
27.90 
38.53 
34.81 
29.15 
32.90 
43.49 
39.58 
44.28 
24.61 
28.63 
31.26 
28.16 
30.94 
27.56 
28.27 
22.19 
41.95 

75.97 
73.25 
73.34 
75.45 
72.03 
63.82 
68.87 
75.80 
77.81 
70.61 
56.96 
66.25 
64.91 
69.14 
66.04 
75.56 
52.97 
67.06 
69.74 
58.81 
64.44 
72.59 
51.50 
64.37 
61.12 
53.27 
58.27 
70.10 
68.07 
67.76 
47.56 
53.08 
56.65 
52.43 
56.20 
53.54 
50.90 
44.57 
67.66 

2.58 
2.02 
2.24 
3.04 
2.30 
2.51 
2.33 
2.58 
2.39 
2.50 
3.30 
2.74 
2.92 
2.69 
2.55 
2.43 
2.25 
2.91 
3.04 
2.94 
2.92 
3.02 
2.03 
3.07 
3.29 
3.91 
2.91 
2.17 
2.77 
3.38 
3.81 
4.01 
3.23 
3.61 
7.78 
7.54 
8.26 
6.03 
3.39 

11.15 
10.26 
10.24 
27.62 
10.45 
15.15 
10.26 
13.57 
9.981 
12.75 
43.54 
16.63 
28.09 
15.98 
12.88 
10.08 
10.70 
21.03 
40.51 
24.20 
26.97 
30.50 
9.012 
45.18 
69.98 
134.4 
48.72 
11.29 
30.79 
165.3 
204.2 
167.6 
73.89 
92.95 
156.5 
197.5 
196.6 
247.4 
45.17 

140.7 
114.9 
111.8 
224.3 
78.25 
160.8 
63.27 
779.0 
55.33 
110.0 
135.8 
97.66 
108.0 
80.94 
71.55 
57.94 
183.9 
114.4 
212.0 
175.6 
121.4 
172.7 
158.7 
247.2 
293.9 
318.0 
283.0 
92.09 
147.4 
391.1 
488.6 
421.8 
320.4 
283.6 
259.5 
379.1 
352.4 
491.8 
213.4 

7.22 
11.1 
9.63 
6.11 
9.26 
8.16 
9.10 
7.85 
8.70 
8.17 
6.19 
7.08 
6.54 
7.38 
7.93 
8.43 
9.57 
6.60 
6.58 
6.40 
6.52 
6.20 
11.1 
6.56 
5.98 
4.85 
6.82 
10.1 
6.96 
5.78 
4.80 
4.72 
5.14 
12.0 
6.18 
6.20 
5.75 
7.20 
13.3 

87.09 
71.26 
71.74 
58.93 
76.85 
65.95 
80.05 
77.04 
82.62 
72.79 
55.25 
72.27 
66.25 
75.94 
78.57 
81.57 
64.04 
70.19 
52.90 
62.55 
63.61 
60.27 
68.36 
48.92 
41.74 
28.86 
46.05 
70.60 
55.27 
35.02 
34.38 
30.26 
42.17 
30.35 
10.57 
15.02 
12.09 
18.94 
42.34 

5.69 
17.60 
18.63 
34.96 
13.89 
25.89 
10.85 
15.11 
8.68 

19.04 
38.56 
20.65 
27.21 
16.68 
13.50 
  9.82 
26.39 
23.21 
40.52 
31.05 
29.87 
33.53 
20.46 
44.52 
52.28 
66.29 
47.13 
19.28 
37.77 
59.20 
60.82 
65.02 
52.69 
57.65 
83.25 
78.78 
82.16 
73.86 
44.32 

Silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Sandy silt 
Silty sand 
Silty sand 
Sandy silt 
Sandy silt 
Sandy silt 
Silty sand 
Silty sand 
Silty sand 
Silty sand 
Silty sand 
Silty sand 
Silty sand 
Silty sand 
Silty sand 
Sandy silt 

Grey  
Grey  
Grey  
Grey  
Grey  
Dark grey 
Dark grey 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Grey  
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Grey  
Grey  
Grey  
Grey  
Grey  
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 
Greyish brown 

7.33 
6.51 
5.89 
7.99 
7.28 
3.60 
5.74 
5.95 
7.55 
6.20 
6.18 
5.16 
4.98 
3.03 
4.99 
7.19 
2.60 
4.55 
4.57 
4.24 
4.23 
3.97 
2.31 
4.40 
3.36 
3.05 
3.33 
3.79 
5.03 
5.45 
1.75 
2.78 
2.90 
2.77 
2.20 
2.02 
1.39 
1.62 
5.98 

1.93 
1.64 
1.94 
1.20 
1.49 
0.55 
6.52 
24.3 
1.83 
2.14 
1.59 
0.14 
0.98 
1.17 
0.43 
0.59 
0.76 
0.40 
0.83 
0.73 
0.99 
0.92 
0.64 
1.02 
0.74 
1.02 
0.81 
0.46 
0.74 
0.82 
0.88 
0.95 
0.54 
0.35 
0.45 
0.53 
0.46 
0.58 
0.76 
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Table A2.2 (continued) 
 

Sample 
grid wb  

 
D  W    Sediment grain size distribution 

(μm) 
Wentworth size class (%) Texture Colour LOI550 LOI950 

d(0.1) d(0.5) d(0.9) Clay Silt Sand (%) 
44 
45 
46 
47 
48 
49 
50 
51 
52 
54 
55 
56 
58 
59 

1.75 
1.76 
1.93 
1.71 
1.71 
1.81 
2.05 
1.94 
1.61 
1.88 
1.84 
1.53 
1.79 
1.86 

57.31 
48.58 
31.07 
59.52 
54.46 
45.39 
28.64 
25.00 
62.57 
38.77 
41.11 
97.20 
47.54 
40.42 

36.43 
32.69 
23.70 
37.31 
35.26 
31.22 
22.27 
20.00 
38.49 
27.94 
29.13 
49.29 
32.22 
28.78 

63.82 
57.66 
45.79 
63.91 
60.46 
56.40 
45.59 
38.89 
61.85 
52.56 
53.69 
75.41 
57.60 
53.59 

3.04 
5.12 
22.9 
3.63 
4.03 
3.55 
115 
165 
3.53 
5.73 
2.76 
2.77 
5.63 
4.93 

54.23 
159.3 
207.4 
155.5 
58.27 
40.87 
225.7 
256.3 
31.25 
202.0 
133.5 
12.90 
216.5 
178.1 

156.3 
329.0 
324.3 
358.6 
316.0 
224.7 
370.8 
396.3 
223.0 
374.0 
377.6 
79.72 
355.6 
345.7 

14.8 
8.53 
4.11 
12.0 
10.9 
12.4 
2.95 
0.00 
12.9 
3.34 
7.25 
6.84 
2.77 
3.67 

38.50 
21.15 
  7.68 
23.06 
39.54 
49.26 
  5.41 
 0.00 
91.64 
20.29 
43.53 
78.77 
19.49 
19.90 

46.67 
70.32 
88.21 
64.87 
49.52 
38.26 
91.64 
100. 0 
35.39 
76.37 
49.22 
14.39 
77.74 
76.43 

Sandy silt 
Silty sand 
Silty sand 
Silty sand 
Sandy silt 
Sandy silt 
Sand 
Sand 
Sandy silt 
Silty sand 
Sandy silt 
Silty sand 
Silty sand 
Silty sand 

Olive grey 
Olive grey 
Light olive grey 
Greyish brown 
Greyish brown 
Greyish brown 
Light grey 
Light grey 
Grey  
Grey  
Grey  
Greyish brown 
Grey 
Grey 

3.84 
3.31 
1.43 
4.87 
8.19 
3.29 
1.31 
0.47 
5.40 
1.86 
3.37 
7.86 
4.02 
2.37 

0.62 
0.80 
0.41 
0.78 
0.89 
0.41 
0.41 
0.62 
0.75 
0.94 
0.37 
0.66 
0.55 
0.37 

where: wbρ  represents wet-bulk density (g cm-3), D  represents dry-water content (%), W  represents wet-water content (%), and   

represents sediment porosity (%). 
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Table A3.1 Mineralogy of surface (0 to 2 cm) and sub-surface (2 to 5 cm) sediments of 
Coombabah Lake 

 
Sample 

grid 
Mineralogy of surface sediments Mineralogy of sub-surface sediments 

1 
3 
4 
6 
7 
8 
9 
10 
11 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
54 
55 
56 
58 
59 

Halite, pyrite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, pyrite, anorthite, quartz, and kaolinite 
Halite, pyrite, anorthite, quartz ,and kaolinite 
Halite, anorthite, quartz ,and kaolinite 
Halite, anorthite, and quartz  
Halite, pyrite, anorthite, quartz, and kaolinite 
Halite, pyrite, anorthite, quartz, and kaolinite 
Halite, pyrite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, pyrite, anorthite, and quartz  
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, pyrite, anorthite, quartz and kaolinite 
Halite, pyrite, anorthite, quartz and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, and quartz 
Anorthite and quartz 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, and quartz 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite and quartz 
Halite, anorthite, and quartz 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, and quartz 
Halite, anorthite, and quartz 
Halite, anorthite, and quartz 
Halite, anorthite, and quartz 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, and quartz 
Halite and quartz 
Halite, pyrite, anorthite, and quartz 
Halite, anorthite, and quartz 
Halite, anorthite, and quartz 
Halite and quartz 
Halite and quartz 
Halite, anorthite, quartz, and kaolinite 
Halite and quartz 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite and quartz 
Halite and quartz 

Halite, pyrite, anorthite, quartz, and kaolinite 
Halite, pyrite, anorthite, quartz, and kaolinite 
Halite, pyrite, anorthite, quartz, and kaolinite 
Halite, pyrite, anorthite, quartz, and kaolinite 
Halite, pyrite, anorthite, quartz, and kaolinite 
Halite, pyrite, anorthite, quartz, and kaolinite 
Halite, pyrite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, and quartz 
Halite, anorthite, and quartz 
Halite, anorthite, and quartz 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite and, quartz 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, quartz, and kaolinite 
Halite, anorthite, and quartz 
Halite, anorthite, and quartz 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, and quartz 
Halite, pyrite, anorthite, quartz, and kaolinite 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, and quartz 
Halite, anorthite, and quartz 
Halite, anorthite, and quartz 
Halite, anorthite, and quartz 
Halite, anorthite, and quartz 
Halite, anorthite, and quartz 
Halite and quartz 
Halite and quartz 
Halite and quartz 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, and quartz  
Halite, anorthite, and quartz 
Halite and quartz 
Halite, anorthite, and quartz 
Halite, anorthite, and quartz 
Halite, anorthite, and quartz 
Halite and quartz 
Halite and quartz 
Halite, anorthite, quartz, and kaolinite 
Halite, anorthite, and quartz 
Halite and quartz 
Halite and quartz 
Halite and quartz 
Halite and quartz 
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Table A4.1 Bulk organic matter source indicators and nutrient concentrations of surface (0-2 cm) and sub-surface (2-5 cm) sediments 
of Coombabah Lake 

 
Sample 

grid 
% C  13C 

(‰) 

% N  15N 
(‰) 

Total Phosphorus 
(μmol-1 dry wt.) 

Filterable reactive PO4
3- 

(μmol-1 dry wt.) 
2M KCl Extractable NH4 

(μmol-1 dry wt.) 

Surface Surface Surface Surface Surface Sub-surface Surface Sub-surface Surface Sub-surface 

1 - - - - 11.47 16.05 0.031 0.034 0.941 1.854 
3 - - - - 9.43 14.44 0.041 0.040 0.812 1.595 
4 1.76 -25.3 0.10 2.8 32.23 14.15 0.028 0.031 0.960 1.825 
6 1.58 -24.5 0.10 2.8 12.97 14.31 0.021 0.033 0.783 1.426 
7 1.29 -24.4 0.09 2.8 10.45 14.33 0.014 0.018 0.372 0.758 
8 1.45 -24.9 0.07 3.3 10.02 13.58 0.033 0.022 0.159 0.217 
9 1.35 -23.5 0.07 2.9 11.33 12.92 0.012 0.025 0.131 0.214 
10 1.12 -23.8 0.08 3.3 10.12 15.16 0.013 0.016 0.146 0.251 
11 1.23 -23.5 0.10 3.5 10.21 13.10 0.045 0.027 0.188 0.324 
13 1.07 -23.3 0.09 3.3 9.34 19.15 0.017 0.021 0.656 1.161 
14 0.87 -25.1 0.05 1.7 8.62 15.96 0.007 0.016 0.295 0.409 
15 0.88 -24.1 0.06 2.3 8.28 23.04 0.011 0.012 0.323 0.606 
16 0.84 -23.8 0.06 2.0 10.02 13.51 0.010 0.019 0.207 0.420 
17 1.00 -23.6 0.07 2.3 11.71 17.83 0.016 0.017 0.149 0.265 
18 1.06 -23.7 0.08 2.3 12.93 18.44 0.019 0.018 0.141 0.487 
19 1.25 -23.5 0.10 2.7 12.64 16.60 0.015 0.026 0.148 0.362 
20 0.84 -24.3 0.06 2.4 7.62 17.25 0.007 0.008 0.146 0.197 
21 0.76 -23.9 0.06 2.0 9.10 10.82 0.010 0.010 0.166 0.320 
22 0.70 -23.3 0.05 2.0 11.32 8.08 0.006 0.012 0.158 0.306 
23 0.66 -23.7 0.05 2.3 4.43 14.60 0.007 0.006 0.115 0.190 
24 1.33 -24.6 0.08 2.0 9.58 14.06 0.008 0.009 0.114 0.270 
25 0.88 -23.5 0.07 2.0 12.12 14.08 0.007 0.012 0.143 0.296 
27 0.88 -23.0 0.08 2.4 9.59 13.84 0.010 0.007 0.234 0.314 
28 - - - - 8.92 12.57 0.009 0.009 0.186 0.290 
29 0.63 -23.3 0.05 2.2 6.65 9.40 0.009 0.008 0.157 0.233 
30 0.63 -23.4 0.05 2.9 7.31 12.76 0.009 0.007 0.065 0.090 
31 0.47 -23.3 0.04 2.5 10.44 11.42 0.011 0.005 0.052 0.079 
32 1.01 -23.3 0.07 2.3 7.85 13.32 0.011 0.008 0.061 0.103 
33 1.05 -24.2 0.07 3.0 10.55 12.97 0.010 0.007 0.177 0.279 
34 1.31 -24.3 0.09 3.0 11.76 14.20 0.017 0.010 0.260 0.434 
35 0.33 -23.4 0.03 2.1 3.25 14.54 0.006 0.006 0.052 0.066 
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Table A4.1 (continued) 
 
Sample 

grid 
% C  13C 

(‰) 

% N  15N 
(‰) 

Total Phosphorus 
(μmol g-1 dry wt.) 

Filterable reactive PO4
3- 

(μmol g-1 dry wt.) 
2M KCl Extractable NH4 

(μmol g-1 dry wt.) 

Surface Surface Surface Surface Surface Sub-surface Surface Sub-surface Surface Sub-surface 

36 0.46 -22.7 0.04 3.0 7.03 8.40 0.006 0.006 0.079 0.110 
37 0.50 -23.0 0.04 2.4 7.57 11.92 0.006 0.005 0.084 0.119 
38 - - - - 6.00 10.56 0.004 0.004 0.072 0.107 
39 0.54 -25.0 0.03 3.4 2.00 7.30 0.005 0.003 0.078 0.115 
40 0.37 -22.8 0.03 3.3 4.32 9.09 0.007 0.005 0.114 0.103 
41 0.35 -23.5 0.03 4.1 4.44 8.18 0.005 0.004 0.062 0.085 
42 0.34 -22.8 0.03 2.2 7.20 5.96 0.007 0.005 0.033 0.044 
43 1.30 -25.2 0.08 3.1 10.83 10.89 0.009 0.009 0.045 0.078 
44 0.77 -24.2 0.05 2.3 8.45 13.41 0.007 0.009 0.067 0.094 
45 0.64 -23.5 0.05 2.6 8.33 9.08 0.005 0.005 0.065 0.092 
46 0.13 -24.6 0.01 4.0 2.38 5.35 0.007 0.003 0.083 0.100 
47 0.87 -20.9 0.06 3.4 6.49 12.89 0.009 0.006 0.063 0.092 
48 1.10 -25.8 0.06 1.7 6.98 10.57 0.007 0.011 0.201 0.339 
49 0.58 -23.6 0.04 2.4 9.03 12.81 0.003 0.008 0.063 0.084 
50 0.22 -22.9 0.02 4.6 0.18 318 0.003 0.009 0.087 0.091 
51 <MDL - 0.01 4.8 0.05 3.35 0.021 0.022 0.062 0.062 
52 1.52 - 0.08 2.5 8.07 11.66 0.004 0.009 0.590 1.084 
54 0.22 -23.8 0.02 1.8 1.08 6.55 0.007 0.010 0.030 0.033 
55 0.75 -23.3 0.07 4.2 6.28 9.10 0.019 0.035 0.045 0.040 
56 1.65 -25.4 0.12 2.6 12.90 17.34 0.003 0.010 0.683 1.386 
58 0.12 -25.4 0.01 4.8 0.05 5.74 0.005 0.010 0.031 0.050 
59 0.32 -24.0 0.03 3.8 4.82 5.52 0.006 0.006 0.051 0.058 

where: - represents no sample analysis and <MDL represents sample analysis value below method detection limit. 
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Table A5.1 Fatty acid methyl ester contributions (%) to surface sediments of Coombabah 
Lake 

 
 Sample grid  

FAME 3 4 6 7 8 9 10 13 14 15 16 
13:0 1.3 3.7 2.7 1.0 2.5 1.6 1.2 1.7 2.7 2.0 1.4 
13:1 1.0 0.0 0.7 0.0 0.0 0.4 0.0 0.7 0.0 0.0 0.0 
iso-14:0  1.5 2.6 1.7 0.0 0.0 1.4 0.0 0.8 1.0 1.1 0.0 
anteiso-14:0  0.0 1.6 0.7 1.1 0.0 0.0 0.8 1.0 0.0 1.6 2.4 
14:0 3.1 2.3 3.3 2.0 4.2 2.9 2.4 2.4 3.0 2.1 2.4 
iso-15:0  3.7 3.0 3.1 2.6 5.2 3.7 2.8 3.1 3.0 3.0 2.8 
anteiso-15:0  3.8 2.9 2.9 2.6 4.6 3.4 2.7 2.8 2.6 2.6 2.7 
15:0 3.7 1.7 7.5 4.7 0.0 3.3 3.3 6.8 4.0 2.8 3.3 
15:1 0.7 2.9 0.8 0.0 0.0 0.0 0.0 0.7 0.0 1.3 0.0 
iso-16:0  3.1 3.5 3.7 1.5 0.0 2.5 1.7 2.1 1.6 2.7 1.5 
16:0 18 16 14 17 33 23 19 15 25 24 21 
16:1ω9 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16:1ω7 8.4 6.7 6.7 8.6 18 13 11 6.8 16 16 18 
16:1 3.7 3.4 3.1 2.3 0.0 3.9 3.5 2.9 2.8 3.4 3.5 
iso-17:0  1.3 0.0 1.0 1.1 0.0 1.9 1.1 1.3 1.9 2.1 2.0 
anteiso-17:0  1.5 0.0 1.1 1.1 0.0 1.6 1.1 0.9 1.0 1.3 0.9 
17:0 1.4 1.1 1.4 1.5 0.0 1.5 1.3 1.2 1.3 1.5 1.3 
cyclopropyl-17:0 1.6 3.3 1.4 3.0 0.0 1.7 1.2 3.0 1.8 1.4 1.7 
17:1 0.9 0.0 0.7 0.6 0.0 0.0 0.0 0.6 0.0 0.0 0.8 
18:0 8.4 8.8 5.1 6.5 15 9.0 5.7 6.1 9.7 7.2 5.7 
18:1ω9 4.3 3.6 2.3 3.1 6.8 5.2 3.0 3.7 5.2 3.5 2.6 
18:1ω7 4.7 2.4 3.7 4.0 5.5 4.9 3.7 3.5 3.9 4.3 3.2 
18:2ω6 1.1 0.0 0.0 0.9 0.0 1.3 0.7 0.6 0.0 0.0 0.9 
18:3ω6 0.8 0.0 0.0 1.1 0.0 0.0 0.0 0.8 0.0 0.0 0.0 
18:3ω3 0.0 0.0 0.0 0.6 0.0 0.0 0.0 1.1 0.0 0.0 0.0 
20:0 1.3 1.4 1.3 1.2 0.0 1.2 1.1 1.1 0.0 0.0 0.0 
20:1 0.9 0.0 1.0 0.9 0.0 0.0 0.0 0.6 0.0 0.0 0.0 
20:2 0.0 0.0 0.7 0.0 0.0 0.0 0.0 1.4 0.0 0.0 1.2 
20:4ω6 2.5 2.2 1.6 2.2 5.5 3.8 1.8 1.3 4.1 5.5 3.7 
20:3ω3 0.0 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:5ω3 2.5 2.6 2.7 1.9 0.0 3.4 0.0 2.1 4.5 5.1 2.6 
22:0 2.0 2.7 2.9 2.1 0.0 1.2 2.0 1.5 1.3 1.4 1.0 
22:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22:6ω3 0.0 0.0 0.0 0.0 0.0 3.1 0.0 0.0 0.0 0.0 0.0 
24:0 6.4 7.6 7.4 9.0 0.0 0.0 9.6 7.2 3.6 4.6 4.5 
24:1 0.0 0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
26:0 2.8 5.3 5.1 6.4 0.0 1.1 8.1 5.4 0.0 0.0 3.8 
28:0 0.0 2.3 3.1 4.1 0.0 0.0 6.0 4.0 0.0 0.0 2.5 
30:0 0.0 0.0 2.4 3.6 0.0 0.0 5.8 3.8 0.0 0.0 2.6 
Unknowns 4.1 5.2 2.8 2.3 0.0 0.0 0.0 1.0 0.0 0.0 0.0 
16:1ω7/16:0 0.5 0.4 0.5 0.5 0.6 0.6 0.6 0.4 0.7 0.7 0.9 
18:2ω6 + 18:3ω3 1.1 0.0 0.0 1.6 0.0 1.3 0.7 1.7 0.0 0.0 0.9 
ΣPolyunsaturated FAs  
(PUFAs) 

 
6.9 

 
6.0 

 
4.3 

 
6.8 

 
5.5 

 
11.6 

 
2.4 

 
5.8 

 
8.6 

 
10.6 

 
7.3 

ΣSaturated FAs (SAFAs) 48 53 56 59 54.2 45 65 57 51 45 49 
ΣLong chain FAs (LCFAs) 9.2 15 18 23 0.0 1.1 30 20 3.6 4.6 13 
C16/C18 1.7 2.0 2.5 1.8 1.9 2.1 2.7 1.7 2.4 3.0 3.6 
ΣBacterial FAs (BAFAs) 23 17 24 21 15 22 18 24 20 20 19 
ΣOdd branched FAs (BrFAs) 10 5.9 8.0 7.4 9.8 11 7.7 8.0 8.5 8.9 8.4 
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Table A5.1 (continued) 
 

 Sample grid  
FAME 17 18 19 20 21 22 23 24 25 27 28 

13:0 1.1 0.7 2.3 2.5 3.1 1.6 2.4 1.2 0.9 0.28 0.2 
13:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
iso-14:0  0.8 0.8 2.9 0.0 1.1 0.0 0.0 0.0 1.3 1.0 0.0 
anteiso-14:0  0.0 0.7 2.3 1.2 0.0 0.9 1.4 0.0 0.0 0.0 1.0 
14:0 2.1 2.1 2.9 3.5 3.5 1.7 3.9 1.2 3.3 3.3 4.2 
iso-15:0  2.8 2.5 4.0 4.1 3.8 2.1 4.4 2.4 3.8 3.4 3.8 
anteiso-15:0  2.7 2.4 3.4 4.1 3.5 1.7 3.8 1.8 3.6 3.2 3.7 
15:0 3.5 3.7 8.3 6.3 4.2 1.8 4.0 2.1 4.9 6.1 7.3 
15:1 0.0 0.7 3.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
iso-16:0  1.9 1.9 4.6 2.4 2.0 1.5 2.1 0.0 3.1 1.9 1.7 
16:0 19 17 17 26 25 15 26 17 20 20 25 
16:1ω9 0.6 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16:1ω7 11 11 5.8 15 16 6.8 17 6.1 12 13 18 
16:1 4.0 2.9 3.5 4.1 2.7 2.7 3.1 3.5 3.4 3.1 3.1 
iso-17:0  1.4 1.1 1.4 0.0 2.0 0.9 2.0 0.0 1.5 1.6 1.9 
anteiso-17:0  1.3 1.0 0.0 0.0 1.3 0.7 0.0 1.6 1.2 1.3 0.7 
17:0 1.6 1.3 1.4 0.0 1.4 0.9 0.0 1.4 1.2 1.4 1.5 
cyclopropyl-17:0  2.6 2.0 2.8 3.0 2.1 0.9 1.6 0.0 1.8 3.5 3.3 
17:1 1.2 1.1 4.5 0.0 0.0 0.6 0.0 0.0 0.0 1.3 0.0 
18:0 7.5 8.1 8.1 9.0 7.8 5.8 6.4 12.5 7.4 7.6 7.8 
18:1ω9 3.9 3.0 2.4 3.6 3.4 2.3 7.4 6.9 3.6 4.7 3.5 
18:1ω7 4.5 2.9 4.2 6.2 3.9 3.6 5.1 4.8 4.6 5.1 4.7 
18:2ω6 1.0 0.6 0.0 0.0 1.2 0.0 0.0 0.0 0.0 1.1 .00 
18:3ω6 0.9 0.6 0.0 0.0 0.0 0.6 1.2 0.0 0.0 1.0 .00 
18:3ω3 0.5 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:0 1.1 1.1 0.0 0.0 0.0 1.1 0.0 1.8 0.0 0.0 0.0 
20:1 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 
20:2 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:4ω6 3.9 2.9 0.0 3.5 3.2 0.9 3.6 2.8 2.9 4.8 4.7 
20:3ω3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:5ω3 3.1 2.4 2.3 3.3 2.2 0.0 3.1 0.0 3.8 5.5 4.6 
22:0 1.6 1.3 0.0 0.0 0.0 3.1 0.0 3.1 0.0 0.0 0.0 
22:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22:6ω3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
24:0 6.1 6.5 4.4 2.4 1.9 14.4 1.5 12.4 6.3 2.8 0.0 
24:1 0.0 0.0 0.0 0.0 1.7 0.0 0.0 0.0 0.0 0.0 0.0 
26:0 4.0 5.5 0.0 0.0 1.1 11.0 0.0 10.6 4.6 0.0 0.0 
28:0 2.2 4.0 0.0 0.0 1.0 7.7 0.0 7.1 3.3 0.0 0.0 
30:0 0.0 3.9 0.0 0.0 0.0 7.4 0.0 0.0 1.5 0.0 0.0 
Unknowns 1.2 2.5 8.5 0.0 1.0 2.5 0.0 0.0 0.0 1.6 0.0 
16:1ω7/16:0 0.6 0.7 0.4 0.6 0.6 0.5 0.7 0.4 0.6 0.7 0.7 
18:2ω6 + 18:3ω3 1.5 1.2 0.0 0.0 1.2 0.0 0.0 0.0 0.0 1.1 0.0 
ΣPolyunsaturated FAs  
(PUFAs) 

 
9.3 

 
7.1 

 
2.3 

 
6.8 

 
6.6 

 
1.5 

 
7.9 

 
2.8 

 
6.6 

 
12.3 

 
9.3 

ΣSaturated FAs (SAFAs) 50 55 44 50 49 72 44 70 53 42 46 
ΣLong chain FAs (LCFAs) 12 20 4.4 2.4 4.0 40.4 1.5 30.1 15.7 2.8 0.0 
C16/C18 2.0 2.1 2.1 2.5 2.8 2.1 2.4 1.1 2.5 2.0 3.0 
ΣBacterial FAs (BAFAs) 22 19 33 246 22 13 21 14 23 27 27 
ΣOdd branched FAs (BrFAs) 8.3 6.9 8.7 8.2 10 5.4 10 5.7 10 9.5 10 
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Table A5.1 (continued) 
 

 Sample grid  
FAME 29 30 31 32 33 34 35 36 37 38 39 

13:0 4.6 1.5 2.0 2.9 1.8 2.3 1.0 2.5 2.1 1.9 1.9 
13:1 0.0 0.0 0.0 0.6 1.0 0.0 0.0 0.0 2.0 0.0 0.0 
iso-14:0  0.9 1.0 0.0 1.9 1.2 0.0 0.6 0.0 1.9 0.0 1.2 
anteiso-14:0  0.0 0.0 0.7 0.6 0.0 1.3 0.0 1.2 0.0 1.1 1.2 
14:0 2.5 2.5 2.2 3.5 2.6 3.2 2.6 3.2 2.4 1.7 2.3 
iso-15:0  3.0 2.6 2.4 3.3 3.2 3.8 2.1 2.4 2.5 1.6 1.7 
anteiso-15:0  2.8 2.6 2.4 3.3 3.3 3.9 2.0 2.4 2.3 1.4 1.0 
15:0 2.8 2.5 2.3 1.9 2.4 3.0 4.3 3.6 3.3 3.6 4.8 
15:1 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.9 1.1 
iso-16:0  1.4 1.6 1.4 2.5 2.2 2.2 1.8 0.0 2.9 1.5 1.7 
16:0 21 21 22 22 15 21 24 24 24 27 26 
16:1ω9 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
16:1ω7 12 16 11 7.0. 9.2 8.7 23 17 18 12 23 
16:1 3.2 3.4 3.3 2.8 2.9 3.7 2.2 2.4 2.8 2.8 1.8 
iso-17:0  1.5 1.8 1.8 1.3 1.5 1.2 1.5 1.2 2.3 0.8 1.3 
anteiso-17:0  1.0 1.0 1.2 1.2 0.0 1.4 0.0 0.0 0.0 0.7 0.0 
17:0 1.2 1.3 1.4 1.1 0.9 1.2 1.2 1.3 0.0 1.7 1.5 
cyclopropyl-17:0  0.8 1.4 1.1 1.0 1.1 0.0 2.0 1.1 0.0 1.7 1.6 
17:1 0.0 0.5 0.5 0.0 1.6 0.0 0.0 0.0 0.0 0.8 0.0 
18:0 6.1 6.0 10 13 4.3 11 5.9 6.1 7.2 9.4 5.1 
18:1ω9 2.0 2.7 3.2 5.9 2.6 4.5 3.2 10 3.4 4.0 2.9 
18:1ω7 2.9 3.6 3.7 3.2 3.2 4.7 3.0 3.3 3.2 2.6 2.4 
18:2ω6 0.0 0.6 1.0 1.2 1.0 0.0 0.0 0.0 0.0 0.0 0.0 
18:3ω6 0.0 0.7 0.6 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.9 
18:3ω3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.8 0.0 0.0 
20:0 0.0 1.0 1.0 1.4 1.1 0.0 0.0 0.0 0.0 0.9 0.0 
20:1 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:2 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:4ω6 2.0 4.5 2.6 2.0 2.5 0.0 0.0 2.0 4.8 0.8 4.3 
20:3ω3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:5ω3 0.0 4.2 1.7 1.4 2.1 0.0 4.3 0.0 5.4 0.0 7.0 
22:0 1.7 1.7 1.5 1.5 2.3 1.8 0.0 0.0 0.0 1.6 0.0 
22:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22:6ω3 0.0 0.0 0.0 0.0 0.0 0.0 4.4 0.0 0.0 0.0 0.0 
24:0 8.2 6.4 6.1 4.4 11 7.8 0.0 5.9 4.8 5.8 1.1 
24:1 0.0 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 
26:0 7.0 3.3 8.0 1.9 8.1 6.6 2.9 5.4 3.2 5.0 0.0 
28:0 5.4 1.3 2.7 0.9 5.5 5.8 2.4 4.5 0.0 3.6 0.0 
30:0 6.1 0.0 1.8 0.0 4.6 0.0 0.0 0.0 0.0 3.4 0.0 
Unknowns 0.1 1.2 0.5 3.6 2.2 0.0 1.0 0.0 0.0 2.1 3.4 
16:1ω7/16:0 0.6 0.8 0.5 0.3 0.6 0.4 1.0 0.7 0.7 0.5 0.9 
18:2ω6 + 18:3ω3 0.0 0.6 1.0 1.2 1.0 0.0 0.0 0.0 1.8 0.0 0.0 
ΣPolyunsaturated FAs  
(PUFAs) 

 
2.0 

 
9.9 

 
5.8 

 
5.8 

 
5.6 

 
0.0 

 
13 

 
2.0 

 
12 

 
0.8 

 
12 

ΣSaturated FAs (SAFAs) 66 49 61 55 59 65 44 57 47 65 42 
ΣLong chain FAs (LCFAs) 27 11 19 7.2 29 20 5.3 16 8.0 18 1.1 
C16/C18 3.4 3.1 2.0 1.4 2.6 1.7 4.2 2.2 3.1 2.7 4.7 
ΣBacterial FAs (BAFAs) 16 17 17 16 17 9.2 17 15 14 16 15 
ΣOdd branched FAs (BrFAs) 8.3 8.1 7.8 9.2 8.0 10.3 5.6 6.1 7.1 4.3 4.0 
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Table A5.1 (continued) 
 

 Sample grid  
FAME 41 42 43 44 45 46 47 48 49 50 51 

13:0 2.0 0.0 4.1 0.8 0.0 0.6 2.5 1.4 0.0 1.4 1.3 
13:1 0.0 0.0 0.0 0.0 0.0 0.0 2.5 0.0 0.0 0.0 0.0 
iso-14:0  0.0 0.0 0.0 0.8 0.0 0.0 1.6 1.3 0.0 0.7 1.0 
anteiso-14:0  0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.9 
14:0 3.2 1.7 1.3 3.3 0.9 2.0 2.5 2.0 0.9 3.0 2.4 
iso-15:0  2.7 1.1 2.3 2.7 1.4 2.4 2.0 1.5 1.9 1.8 2.6 
anteiso-15:0  2.3 1.3 1.9 2.4 1.2 1.6 2.1 1.1 1.8 1.6 2.6 
15:0 5.4 3.4 2.3 4.0 3.4 2.2 2.5 2.5 2.7 5.4 2.8 
15:1 0.0 0.0 0.0 0.0 0.0 0.0 2.4 1.3 0.0 0.0 1.1 
iso-16:0 0.0 0.0 1.9 1.3 1.2 1.3 3.0 1.8 1.7 0.9 2.7 
16:0 29 22 14 26 18 21 15 21 18 25 19 
16:1ω9 0.0 0.0 0.0 0.0 0.0 3.1 1.0 0.0 0.0 0.7 1.0 
16:1ω7 22 25 3.0 24 12 13 6.1 6.0 9.6 24 9.0 
16:1 3.6 0.0 3.1 2.2 2.5 0.0 2.3 1.5 3.8 1.7 3.1 
iso-17:0  1.4 1.4 0.0 2.0 0.8 1.6 0.0 0.0 1.3 1.0 1.1 
anteiso-17:0  0.0 0.0 0.9 0.0 0.9 0.8 0.0 0.0 1.2 0.0 0.0 
17:0 1.8 1.2 1.3 1.2 1.1 1.0 0.0 0.0 1.4 1.4 1.2 
cyclopropyl-17:0  2.0 2.2 2.5 2.1 0.8 1.2 2.1 0.0 2.5 0.7 1.0 
17:1 0.0 0.0 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
18:0 5.6 7.3 6.8 6.4 6.4 11 8.6 12 8.6 6.2 9.8 
18:1ω9 3.3 2.8 1.9 3.3 2.4 3.4 3.5 7.9 2.8 3.2 4.3 
18:1ω7 3.7 3.2 2.4 3.3 4.3 3.7 2.4 3.9 4.9 2.9 3.3 
18:2ω6 0.0 0.0 0.0 0.9 0.5 0.0 0.0 0.0 0.0 0.0 0.0 
18:3ω6 0.0 0.0 0.0 0.8 0.8 1.1 0.0 1.4 0.0 0.9 0.9 
18:3ω3 0.0 0.0 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.0 0.0 
20:0 0.0 0.0 1.3 0.0 0.9 0.9 1.5 0.0 0.0 0.0 1.1 
20:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:2 0.0 0.0 0.0 0.0 0.9 0.8 0.0 0.0 0.0 0.0 0.0 
20:4ω6 3.2 6.5 0.0 5.1 4.1 4.0 2.3 5.4 5.1 5.9 1.9 
20:3ω3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
20:5ω3 0.0 7.2 0.0 5.4 4.1 5.7 3.0 5.6 5.1 5.2 2.1 
22:0 0.0 0.0 2.9 1.1 2.5 1.2 1.9 1.1 2.8 0.0 1.7 
22:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
22:6ω3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
24:0 4.9 7.7 16 0.0 9.8 4.2 9.0 12 12 1.0 7.6 
24:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
26:0 4.3 5.7 13 0.0 7.4 3.3 7.0 4.0 7.7 0.0 5.7 
28:0 0.0 0.00 8.9 0.0 4.5 2.8 4.6 2.4 4.4 0.0 3.7 
30:0 0.0 0.0 9.0 0.0 3.6 0.0 4.4 0.0 0.0 0.0 4.1 
Unknowns 0.0 0.0 0.0 0.8 4.0 3.9 4.5 2.4 0.0 5.6 1.2 
16:1ω7/16:0 0.8 1.2 0.2 0.9 0.7 0.6 0.4 0.3 0.5 1.0 0.5 
18:2ω6 + 18:3ω3 0.0 0.0 0.0 0.9 0.5 0.7 0.0 0.0 0.0 0.0 0.0 
ΣPolyunsaturated FAs  
(PUFAs) 

 
3.2 

 
14 

 
0.0 

 
12 

 
9.5 

 
12 

 
5.3 

 
12 

 
10 

 
12 

 
4.9 

ΣSaturated FAs (SAFAs) 56 49 80. 43 58 51 59 59 58 43 60 
ΣLong chain FAs (LCFAs) 9.2 13 47 0.0 25 10 25 18 24 1.0 21 
C16/C18 4.3 3.6 1.9 3.6 2.3 2.0 1.9 1.2 2.0 4.0 1.9 
ΣBacterial FAs (BAFAs) 19 14 14 19 14 15 13 10 18 15 16 
ΣOdd branched FAs (BrFAs) 6.5 3.9 5.1 7.1 4.4 6.3 4.1 2.5 6.2 4.3 6.2 
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Table A5.1 (continued) 
 

 Sample grid  
FAME 52 55 56 58 59 Mean SD % RSD 

13:0 1.8 0.7 0.0 3.4 4.8 1.8 1.1 63.9 
13:1 0.0 0.0 0.0 0.0 0.0 0.2 0.5 279 
iso-14:0  1.2 0.9 0.6 2.5 0.0 0.7 0.8 105 
anteiso-14:0  0.0 0.0 0.0 1.9 0.0 0.5 0.7 130 
14:0 2.5 3.6 1.2 3.9 3.3 2.6 0.9 33.3 
iso-15:0  2.6 2.5 2.1 2.5 2.5 2.7 0.9 33.3 
anteiso-15:0  3.0 2.0 2.4 1.7 1.6 2.5 0.9 36.7 
15:0 4.2 2.2 4.2 2.7 5.4 3.7 1.7 45.3 
15:1 0.4 0.9 0.6 2.7 0.0 0.5 0.8 181 
iso-16:0  1.6 1.7 2.3 3.1 1.3 1.9 1.0 51.6 
16:0 14 26. 15 28 30 21 4.9 23.4 
16:1ω9 0.4 0.0 0.0 0.0 0.0 0.2 0.5 248 
16:1ω7 8.9 18 6.6 16 22 13 6.0 46.5 
16:1 3.3 2.8 4.0 0.0 1.9 2.7 1.1 40.5 
iso-17:0  1.1 1.4 1.2 0.0 1.5 1.2 0.6 52.3 
anteiso-17:0  1.0 1.3 1.3 0.0 0.0 0.7 0.6 84.6 
17:0 1.1 0.8 1.4 0.0 1.6 1.1 0.5 44.4 
cyclopropyl-17:0  2.2 0.7 3.2 0.0 2.7 1.6 1.0 61.4 
17:1 0.7 0.0 0.9 0.0 0.0 0.4 0.7 201 
18:0 3.2 4.3 5.3 11 7.7 7.9 2.5 32.3 
18:1ω9 2.2 4.2 2.3 5.4 3.3 3.8 1.7 44.1 
18:1ω7 4.2 4.0 4.9 4.0 2.4 3.8 1.0 25.8 
18:2ω6 1.1 1.4 1.3 0.0 0.0 0.4 0.5 136 
18:3ω6 0.6 4.2 0.6 0.0 0.0 0.5 0.7 155 
18:3ω3 0.3 1.0 2.0 0.0 0.0 0.2 0.5 235 
20:0 0.9 0.0 1.2 0.0 0.0 0.7 0.6 108 
20:1 0.4 0.0 0.8 0.0 0.0 0.2 0.3 210 
20:2 0.0 0.0 0.9 0.0 0.0 0.2 0.5 242 
20:4ω6 2.5 4.1 2.1 4.0 3.3 3.2 1.6 48.9 
20:3ω3 0.0 0.0 0.0 0.0 0.0 0.0 0.2 707 
20:5ω3 2.8 6.3 2.3 4.6 3.0 2.9 2.1 69.7 
22:0 0.5 0.0 3.7 0.0 0.0 1.2 1.0 91.1 
22:1 0.0 0.0 0.0 0.0 0.0 0.1 0.5 707 
22:6ω3 0.0 0.0 0.0 0.0 0.0 0.4 1.6 452 
24:0 18 1.6 11.6 0.0 0.0 5.9 4.4 74.7 
24:1 0.7 0.0 0.5 0.0 1.7 0.1 0.4 277 
26:0 6.7 0.0 6.2 0.0 0.0 4.2 3.6 85.1 
28:0 1.6 0.0 2.7 0.0 0.0 2.3 2.4 104 
30:0 0.7 0.0 1.8 0.0 0.0 1.4 2.3 162 
Unknowns 4.3 2.9 2.9 2.9 0.0    
16:1ω7/16:0 0.6 0.7 0.5 0.6 0.8 0.6 0.2 33.5 
18:2ω6 + 18:3ω3 1.4 2.4 3.3 0.0 0.0 0.6 0.8 135 
ΣPolyunsaturated FAs  
(PUFAs) 

 
7.3 

 
17 

 
8.3 

 
8.6 

 
6.3 

 
7.6 

 
4.2 

 
55.5 

ΣSaturated FAs (SAFAs) 55 39 54 49 53 54 8.6 16.1 
ΣLong chain FAs (LCFAs) 27 1.6 22 0.0 0.0 14 11 81.5 
C16/C18 2.4 2.6 1.7 2.3 4.1 2.5 0.9 34.8 
ΣBacterial FAs (BAFAs) 20 16 22 14 18 18 4.6 25.3 
ΣOdd branched FAs (BrFAs) 7.6 7.2 7.0 4.2 5.6 7.1 2.1 29.8 

where: Mean represents the lagoon-wide mean contribution of given FAME, SD 
represents the standard deviation, and % RSD represents % relative standard deviation. 
 
 


