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Abstract 

Sewage pollution from humans, animal and domestic sources (land and 

agricultural run-off) are recognized as a major cause of deteriorating water quality 

along Australia’s coastline. Management of water quality has primarily relied on 

the use of bacterial indicator methods. However the validity and source-specificity 

of these methods have been met with increasing reservations for several years 

now. A relatively recent methodology uses a different chemical biomarker 

approach using ‘sterols’, a group of compounds related to the common bio-

membrane lipid cholesterol and its derivatives.  Sterols can offer an additional 

diagnostic tool to distinguish and discriminate between sources of faecal 

contamination in marine, freshwater and estuarine environments in both sediments 

and the water column. 

This study investigates for the first time, the degradation of coprostanol and 

selected faecal sterols in ‘natural’ sediments from a highly mixed (marine and 

estuarine) sub-tropical environment following a simulated pollution event 

(primary effluent); the use of faecal sterols as an additional indicator for 

determining non-point source sewage discharges at popular anchorages in the 

Moreton Bay and Gold Coast Broadwater system; and the use of sterol ratios in 

the determination of the fate and transportation of nutrients from a Sewage 

Treatment Plant (STP) point-source outlet pipe during plant malfunction. 

The microcosm degradation experiment revealed that faecal and selected sterols 

are continually synthesised and degraded over time by auto- and hetero trophic 

organisms within the sediment matrix. Coprostanol was the only sterol to degrade 
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continually, with only minor fluctuations over a time period of two months. 

Results from this degradation experiment further revealed a sharp decline of 

coprostanol within the first week. From this it could be concluded that, without 

any further addition, external inputs of coprostanol are reduced to background 

levels within this time period. Therefore, removal of coprostanol after six days 

was 94% and 73% in mud and sand, respectively. The removal of coprostanol was 

much higher in mud than sand, reflecting a higher level of microbial activity in 

muddy sediments for assimilation of sterols. 

The field study undertaken at popular anchorages in Moreton Bay and the Gold 

Coast Broadwater revealed extremely low levels of sterols and bacterial indicators 

over both a spatial and temporal scale consistent with a shallow, oligotrophic, 

highly dynamic sand dominated system. Even though sterols analysed were found 

at extremely low levels (mostly in the nano-gram range), they were found to be 

highly correlated and were successful in identifying an unexpected once off 

pollution event from a point source at Moreton Bay Island. Other than this one 

incident, both sterol and bacterial levels were consistently low even when 

anchorages were at full capacity. Thus, sewage from recreational vessels was 

found to have very little, if any, effect on the water quality at anchorages in 

Moreton Bay and Gold Coast Broadwater. 

The point-source study conducted during a local sewage treatment plant 

malfunction revealed that even though absolute concentrations of sterols did not 

change during this event, the distribution of sterols within the samples changed, 

hence changing the sterol ratios. Further, nutrients (mainly nitrogen) can be 

transported several kilometres by currents, flocculate out of the water column and 
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settle out into the sediment in areas with low tidal and hydrological flushing. 

There, the nutrients can cause in situ production of sterols in sediments changing 

sterol ratios. Overall, this study revealed that analyses of sterol biomarkers have 

the potential to indicate nutrient inputs (such as nitrogen) as well as sewage, post-

hoc pollution events at extremely low levels/high dilutions in coastal sediments.  
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CHAPTER ONE INTRODUCTION 

1.1 RATIONALE 

One of the world's main environmental challenges over the next 20 to 50 years is 

the prevention of further deterioration of the world's current water quality.   

Prevention of the deterioration in water quality relates not only to water used for 

drinking, but also water bodies used for recreation (swimming, boating and 

skiing) and aquaculture (oysters, fish farms etc) (ANZECC/ARMCANZ, 2000; 

WHO, 1998, 2003; US EPA, 1986b). Sewage inputs from domestic and human 

sources (direct and indirect, treated and untreated) are regarded as one of the main 

contributors to the deterioration of these water bodies (Mudge and Duce, 2005; 

Carreira et al., 2004; Mudge and Bebianno, 1997). The current decline of water 

quality around many coastal or riverine waterways is a reflection of the intense 

economic development in these much sought after areas (Munn, 2004). 

Water quality monitoring and management for faecal pollution has traditionally 

focused on human health issues.  Raw sewage contains high levels of nutrients 

(nitrogen and phosphorus) and human pathogens (bacteria and viruses).  Elevated 

nutrients are known to cause detrimental changes in ecological communities 

(Costanzo et al., 2001; Dennison and Abal, 1999).  The release of human 

pathogens increases health risks for recreational users of the affected water body 

(WHO, 1998).  Nutrients and pathogens are not easily dispersed, but rather 

accumulate in sediments to such concentrations that may affect marine 

communities or, in the case of pathogens, the health of swimmers and divers 

(Coelho et al., 1999; Nichols et al., 1993) - if resuspended. 
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Studies of swimmers, divers and windsurfers have shown measurable health 

effects associated with exposure to sewage-polluted waters (WHO, 2003; Dufour 

and Cabelli, 1981).  In NSW for example, a microbiological survey of rivers (EPA 

NSW, 1997), the Coastal Zone Sewage Management Inquiry (Stewart, 1997), and 

an epidemiological survey of the Hawkesbury/Nepean River undertaken by 

Sydney Water Co-operation in 1991, have all shown that there is an increased risk 

of waterborne diseases such as ear, eye, nose and throat, and gastro-intestinal 

infection from bathing in excrement contaminated water.  Some 250 million cases 

of waterborne diseases are reported worldwide each year.  Among them as many 

as 75% were reported in tropical regions (WHO/UNICEF, 2000). 

Indirect exposure to human excreta as a result of consuming foods such as oysters 

that have been contaminated with pathogenic laden water is a major health hazard 

as highlighted by the hepatitis A outbreak in Wallis Lake, Australia in 1997.  

Currently, in NSW alone, there are 31 waterways where oysters are commercially 

farmed for human consumption, with a commercial value of around $28 million 

(Conaty et al., 2000). 

In the early part of the 20th century, the Australian government adopted primary 

water quality criteria to address associated human health problems through 

microbiological testing methods called thermotolerant coliforms (TC’s) 

(Escherich, 1885).  Since the introduction of thermotolerant coliforms, many other 

methods for detecting sewage pollution have been proposed including testing for 

specific organic and inorganic compounds and also other biological and 

microbiological indicators (Vivian, 1986).  Many researchers have repeatedly 

demonstrated that traditional microbiological assays for sewage monitoring have 
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serious downfalls (Cabelli et al., 1983; Mc Calley et al., 1981; Mc Calley et al., 

1980; Dukta, 1973). 

More recently, determination of sewage inputs have focused on developing 

methods that can discriminate between specific sources, for example, human 

sources (e.g. from a Sewage Treatment Plant (STP)) versus animal sources (e.g. 

from agricultural runoff) (Leeming et al., 1998a; Leeming et al., 1996; O’Leary et 

al., 1994).  Water Quality Guidelines for human health (ANZECC and 

ARMCANZ, 2000) have also been updated to account for the great variability and 

complexity of aquatic ecosystems.  Furthermore, guidelines have been established 

to protect waters for recreational activities, such as swimming and boating, and to 

preserve the aesthetic appearance of the water bodies.  Guideline values are 

provided for the following indicators: 

• Microbiological stressors (pathogens, viruses) 

• Nuisance organisms (e.g. algae) 

• Physical and chemical stressors (e.g. colour, clarity, turbidity, pH, and 

toxic chemicals). 

The microbiological stressors are normally the main focus of recreational water 

quality guidelines. 

Additionally, for the first time, guidelines are provided for low risk concentrations 

of toxicants in sediments (Batley, 2003; ANZECC/ARMCANZ, 2000).  It is well 

known that sediments can act as a sink for pollutants and as a contaminant source, 

and can be detrimental to aquatic organisms living in or using bottom substrates 
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(Gagne et al., 2001; Bachtiar et al., 1996; Arakel, 1995).  However, due to the 

lack of local Australian data, the recommended guidelines draw heavily on the 

large North American database, thus highlighting the need for further research 

into pollutants in coastal sediments. 

One of the most promising methodologies for tracing sewage inputs relies on 

sterol biomarkers, offering many diagnostic and quantitative advantages over 

traditional techniques (Bull et al., 2002 and references therein).  Coprostanol (5β-

cholestan-3β-ol) is the major human sewage biomarker produced in the digestive 

tract of humans (Murtaugh and Bunch, 1966).  Together with other closely related 

sterols, a number of studies have proven that sterol compounds have the ability to 

discriminate between sources of faecal contamination from humans, agricultural 

animals, birds and wildlife (Leeming et al., 1996; Leeming and Nichols, 1995; 

O’Leary et al., 1994; Leeming et al., 1994).  Additionally, in aquatic systems, 

sterols have proven their ability to discriminate between algal and terrestrial 

sources, important in the distribution and mixing of marine versus freshwater 

environments (Jaffe et al., 2001).  Thus, sterols present a number of advantages 

for detecting sewage pollution, not to mention additional information within 

community structures- all obtainable from a single water or sediment sample. 

Many of the pioneering studies on faecal sterols in sediment were undertaken in 

temperate to cool environments including estuaries of the United Kingdom 

(McCalley et al., 1980; Goodfellow et al., 1977) and the New York Bight, United 

States (Hatcher and McGillivary, 1979).  Accordingly, threshold pollution levels 

were set from within these cooler latitudes.  Additionally, most of these studies 

related to large and/or persistent sewage inputs.  However, there have been very 
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few sterol studies relating to small scale, non-continuous sewage inputs in low 

latitudes (tropical climates). 

Therefore, this study examines the use of sterol biomarkers in sediments as a tool 

for detecting human sewage inputs in a dynamic sub-tropical environment.  An 

overview of previous research is given in the next section and in greater detail 

within each chapter.  This thesis attempts to fill in more of the gaps in our 

understanding of how faecal sterols can be used as a tool to discriminate complex 

suites of both autochthonous and allochthonous pollution sources of organic 

matter in highly varied, shallow, sub-tropical, estuarine and marine systems in 

Queensland, Australia. 
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1.2 LITERATURE REVIEW 

1.2.1 Traditional sewage pollution indicator 

The enumeration of faecal coliform (FC) bacteria has been the traditional method 

for the determination of sewage contamination.  Concerns have been raised about 

the reliability of coliform counts as an accurate indicator of sewage pollution 

(Cabelli et al., 1983; Dukta, 1973).  The perceived lack of reliability is mainly due 

to: 

• extreme variability found for coliform survival under varying environmental 

conditions, particularly in saline environments (Ashbolt et al., 1993; Rhodes 

and Kator, 1988) indicating that streptococci and E. coli bacteria have a 

general marine survival of 2 hrs to 2 days. 

• lack of source specificity, since FC’s may come from a multitude of sources 

(Cabelli et al., 1983). 

• lack of correlation between FC’s and the occurrence of pathogens including 

viruses (Morris, 1991; Rhodes and Kator, 1988), heightened by the fact that 

coliforms are more vulnerable to disinfection (particularly chlorination) than 

many pathogens and viruses (Dukta, 1973).  Chlorination of coliforms can 

cause the degree of sewage pollution in a sample to be greatly underestimated 

in comparison to measurements of coprostanol, pathogens and viruses (Tabak 

et al., 1972).  

• FC’s can provide false positive readings of sewage pollution due to their 

growth in water (Mackey and Riddley, 1983), or from the inclusion of 
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coliforms of non-faecal origin (such as those common in pulp mill effluents) 

in the FC assay (Cabelli et al., 1983).  Survival rates of bacterial indicators 

can also be greatly affected by toxic compounds, whereas they are deemed to 

have little effect on coprostanol (Dureth et al., 1986; Tabak et al., 1972). 

 

1.2.2 Sterols as sewage pollution indicators 

1.2.2.1 Coprostanol and the sterol fingerprint 

Due to the shortcomings of bacterial indicators, a number of researchers started to 

examine the potential of specific organic compounds as tracers of sewage in the 

marine environment (Chan et al., 1998; Nichols et al., 1996a) as an alternative to 

microbial indicators.  Sewage tracers can be used to examine (a) the presence of 

current, past or even historic sewage inputs and (b) the distribution and transport 

of sewage in the environment. 

In this respect, biomarkers are organic compounds that, once released into the 

environment, retain sufficient structural integrity for their source to be recognised 

(Leeming et al., 1996).  In effect, they are ‘finger prints’ of the pollutant.  One 

such compound is the saturated sterol coprostanol (5β-cholestan-3β-ol) (Figure 

1.1), produced exclusively by stereo-specific bacterial reduction of cholesterol 

(the main steroid found in the tissues of vertebrates) mostly in mammalian 

digestive tracts, including humans (Vivian, 1986 and Walker et al., 1982), and is 

one of the principal sterols found in the faeces of these species. 

Figure 1.1 Structure of coprostanol (5β-cholestan-3β-ol) 
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A chemical signature such as coprostanol overcomes many of the shortcomings 

(e.g. die-off, lack of correlation with faecal pathogens) of classical 

microbiological indicators of sewage (Nichols and Leeming, 1991; Readman et al, 

1986).  The distribution of sterols found in faeces, and hence their source 

specificity, is caused by a combination of diet, the animal’s ability to synthesise 

its own sterols and the intestinal microbiota in the digestive tract.  The 

combination of these factors determines “the sterol fingerprint” (Leeming PhD 

Thesis, 1996). 

Unlike most other mammals (see Figure 1.2), the principal human faecal sterol is 

coprostanol, which constitutes approximately 60% of the total sterols found in 

human faeces.  On average, humans excrete from 200 mg to 1g of coprostanol per 

day per capita (Walker et al., 1982, and references therein), with a mean 

concentration of 3400 µg/g dry weight.  Due to its specifically faecal origin and 

high concentration, coprostanol has been used as a reliable biomarker, indicating 

human faecal pollution (for example, Chalaux et al., 1995; Greens et al., 1992; 

Leeming and Nichols, 1992 a and b; Nichols et al, 1991 a and b; Hatcher and 

McGillivary, 1979).  Coprostanol may also indicate the distribution pattern of 

other sewage-derived pollutants, such as pathogens, toxic metals, and other 

organic compounds that are associated with particulate matter (Shigenaka and 

Price, 1988; Pierce and Brown, 1984).  Numerous studies have also shown 

significant correlations between coprostanol concentrations and certain pollution 

parameters, mainly of organic origin (Writer et al., 1995; Venkatesan and Kaplan, 

1990; Sherwin et al., 1993; Brown and Wade, 1984; Hatcher and McGillivary, 

1979). 
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Since reduction of cholesterol by enteric microbial activity is the main source of 

coprostanol (Sherwin et al., 1993), we can consider elevated levels of coprostanol 

in natural environments as evidence of mammalian (mostly human) faecal 

contamination.  Some marine mammals have also been shown to contain a high 

percentage of the α- isomer, epicoprostanol (5β-cholestan-3α-ol) in addition to 

coprostanol; however human waste contains only coprostanol and not 

epicoprostanol (Sherwin et al., 1993).  Figure 1.2 lays out the biotransformation 

pathways, and the major sterols found in humans and animals (Leeming et al, 

1996). 
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Figure 1.2 Sterol structure (C27 sterols and stanols), biotransformation 
pathways and indication of the major sterols in human and animal 
faeces (Venkatesen and Santiago, 1989). 

The C29 homologue of coprostanol is 24-ethylcoprostanol (24-ethyl-5β (H)-

cholestan-3β-ol) which is the principal faecal sterol excreted by herbivores. In 

theory, it is therefore possible to determine the contribution of faecal matter from 

these two sources relative to each other by calculating the ratio of coprostanol to 

24-ethylcoprostanol in human and herbivore (e.g. sheep and cow) faeces 

(Leeming PhD Thesis, 1996).  Other animals such as dogs and birds either do not 

produce coprostanol in their faeces, or it is only present in environmentally 

insignificant amounts (Leeming et al., 1994).  Table 1.1 outlines the description 

of sterols that can be used to distinguish sources. 
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Table 1.1 Systematic (IUPAC) and trivial names and description of sterols for 
source identification. 

Systematic Name (IUPAC) Trivial name Description 
C27 sterols   
5β-cholestan-3β-ol coprostanol Human faecal biomarker-high relative 

amounts indicate fresh human faecal 
contamination 

5β-cholestan-3α-ol epicoprostanol Present in sewage sludges-high 
relative amounts to coprostanol 
suggest older faecal contamination 

cholest-5-en-3β−ol cholesterol Major ubiquitous sterol.  C27 precursor 
to 5α and 5β- stanols 

5α-cholestan-3β-ol cholestanol Normal reduction product of 
cholesterol.  Thermodynamically most 
stable isomer is ubiquitous- if the ratio 
of coprostanol/cholestanol is <0.3, 
origin of 5α-stanols may not be 
(human) faecal 

C28sterols   
24-methylcholest-5en-3β-ol campesterol Terrestrial, typical in higher plants 
24-methylcholesta-5,22E-dien-3β-ol brassicasterol Algal sterol biomarker 
24-methylcholesta-5,24(28)-dien-3β-ol 24-methylenecholesterol Algal sterol biomarker and precursor 

to C29- higher plant sterols 
   
C29sterols   
24-ethyl-5β-cholestan-3β-ol 24-ethylcoprostanol Herbivore faecal biomarker- high 

relative amounts to sitostanol indicate 
herbivore faecal contamination- 

24-ethyl-5β-cholestan-3α-ol 24-ethyl-epicoprostanol Also present in some herbivore faeces
24-ethylcholest-5-en-3β−ol 24-ethylcholesterol 

(sitosterol) 
C29 precursor to 5α and 5β- stanols 
Usually used as a terrestrial sterol 
biomarker 

24-ethyl-5α-cholestan-3β-ol 24-ethylcholestanol 
(sitostanol) 

thermodynamically most stable isomer 
is ubiquitous- if the ratio of 24-ethyl 
coprostanol/24-ethylcholestanol is 
<0.3, origin of 5β stanols may not be 
(herbivore) faecal 

24-ethylcholestan-5,22E-dien-3β-ol stigmasterol Usually used as a terrestrial sterol 
biomarker 

24-ethyl-5α-cholestan-22E-en-3β-ol stigmastanol Algal sterol biomarker, also found in 
reducing environments 

4,23,24-trimethyl-5α-cholest-22E-en-3β-ol dinosterol Derived from dinoflagellates 

(modified from Leeming et al., 1998a) 
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1.2.2.2 Degradation and persistence of coprostanol in sediments 
and water column 

The majority of organic matter deposited on the sediment surface is remineralised 

during early diagenesis. Diagenesis refers to the biological, physical, and 

chemical alteration of organic matter (both marine and terrestrial) in sediments 

prior to significant changes caused by heat (Henrichs, 1993). Much of this 

remineralisation occurs at the sediment-water interface where many physical and 

chemical processes occur, mainly through the physical re-working and 

assimilation by microbes and macrofaunal organisms (Aller, 1982). 

Degradation of organic matter in surface sediments is controlled by many factors 

such as bioavailability, food resources, sediment type, and depositional conditions 

(e.g. temperature and O2 concentration, etc). Coprostanol is associated with 

organic solid particles in the water column (Brown and Wade, 1984), and as such 

is likely to be incorporated into sediments.  If sediments are anoxic, coprostanol 

will persist (Bartlett, 1987) and any decline in coprostanol concentration will most 

likely be due to physical sediment transport. 

Experiments conducted by Nishimura and Koyama (1977) on the degradation of 

cholesterol and cholestanol in lake sediment found that there was little observed 

decay over a period of 450 days.  In 1979, Muller et al., concluded that 

coprostanol was very persistent in anoxic muds when examining cores from Lake 

Constance, United States, where coprostanol levels reflected the sewage inputs 

over 160 years.  More recently, Canuel and Martens (1996) studied the reactivity 

of recently deposited organic matter from Cape Lookout Bight, North Carolina, 

United States.  This area was chosen due to its lack of bioturbation and high rates 
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of carbon remineralization and burial (Martens and Klump, 1984).  Degradation 

rates for sterols and hydrocarbons were found to be higher in the surficial 

sediment layer (0-2.5 cm) deposited, suggesting that organic matter reactivity 

changes over time and degradation rates varied with depth (Canuel and Martens, 

1996).  They also found that degradation rates increased with increasing 

temperatures.  During winter months, lower rates of microbial degradation were 

found during the period when the sediments were at the surface (Canuel and 

Martens, 1996). 

Bartlett (1987) attempted a degradation experiment under environmental 

conditions using sewage sludges and artificial sediments.  He concluded that little 

or no degradation of coprostanol in sediment under varying conditions occurred, 

however, in sludges of raw sewage and diluted with seawater, only 15% remained 

after 30 days.  Leeming (PhD Thesis, 1996) found that in sewage 

effluent/seawater mixture, the degradation rates of faecal sterols were essentially 

the same, and were dependent on both time and temperature.  Both Leeming (PhD 

Thesis, 1996) and Switzer-Howse and Dukta’s (1978) found removal rates of 

coprostanol in seawater of about 8 days, although, Leeming (1996) found an 

initial induction period of 2 days prior to any removal. 

Finally, Thoumelin et al., (1990) and Marty et al., (1996), conducted degradation 

experiments on the POM and DOM from coastal seawaters.  They found synthesis 

of some sterols such as cholesterol and sitosterol, concluding that degradation of 

sterols is not a simple phenomenon.  Synthesis of sterols could be the result of 

either the lysis of dead and decaying organisms over time, or to successive 

development of bacterial populations. 
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Much of our knowledge on sterol decay has been derived from degradation 

experiments conducted in artificial sediments under some varying environmental 

conditions, however, little is known about sterol degradation in ‘natural’ 

sediments from sub-tropical to tropical, highly dynamic environments. 

 

1.2.2.3 Relationships between coprostanol and microbiological 
indicators 

Coprostanol has been successfully used as a sewage tracer in a wide range of 

environments (Chan et al., 1998; Mudge and Bebianno, 1997; Nichols et al., 

1993; Grimalt et al., 1990).  However, the measurement of coprostanol has not 

been totally accepted as a sanitary indicator for sewage pollution because its 

presence is not considered a direct indication of a health risk (Leeming PhD 

Thesis, 1996).  Coprostanol itself is not a contaminant of concern, but it has the 

potential to assess other sediment and particulate bound contaminants including 

bacteria and viruses, PCB’s, hydrocarbons and endocrine disrupters (Writer et al., 

1995). 

It has been well documented that more than 90% of coprostanol is associated with 

particulate matter (Writer et al., 1995; Brown and Wade, 1984; Hatcher and Mc 

Gillivary, 1979).  Sterols are known to exhibit a high binding capacity with 

organic-rich, fine-grained sediments, which are ubiquitous in many coastal and 

estuarine sediments (Writer et al., 1995 and references therein) and can provide 

good indication of sewage loads (Venkatesan and Kaplan, 1990). 

14 



 

The primary reason for the association of coprostanol with particulate matter is 

the fact that coprostanol is non-ionic and non-polar, so partitioning interactions 

occur with organic coatings on these smaller particles (Leenheer, 1991).  Organic 

matter binding mechanisms are heavily dependent on surface interactions.  Due to 

the large surface area to volume ratio, smaller particles have a proportionally 

higher organic matter composition (Leenheer, 1991). 

However, in areas dominated by fine organic-rich sediments, coprostanol and 

contaminants such as bacteria and viruses are well correlated (Leeming and 

Nichols, 1996).  Sites that are influenced by dynamic processes such as fluvial 

inputs and tidal currents may control sediment grain size and may exert influence 

over the relationship between percent coprostanol and total organic matter 

(Sherwin et al., 1993).  It has also been suggested that inputs of organic material 

from terrestrial and estuarine systems could contribute to low and/or highly varied 

relationships between coprostanol and total organic matter, and therefore 

correlation with bacteria (Reeves and Patton, 2001).  Previous studies on organic 

matter origin and transport have reported that elevated organic matter may be the 

result of transport of mangrove-derived detritus and/or input from marine 

plankton and seagrasses (Jaffe et al., 2001). 

Periods of rainfall and flood flow have also shown reduction in faecal sterol 

loadings, and re-suspension of fine particulate bed material, resulting in variable 

sterol to Total Organic Matter (TOM) relationships (Reeves and Patton, 2001; 

Writer et al., 1995).  As a result of these findings, researchers have now 

discovered that quantifying a concentration value of coprostanol that relates to 

microbiological indicators is much more complex than once thought.  Still, since 
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bacterial assays have been the accepted means of water quality testing for many 

years, researchers have conducted studies to find coprostanol concentrations that 

compliment water quality guidelines for bacterial primary and secondary aquatic 

recreational contact limits (Leeming and Nichols, 1996). 

As mentioned earlier, sterol analysis has many advantages over bacterial assays.  

Knowing the amount of coprostanol expected, given a certain amount of human 

sewage pollution, provides a measure against which water managers could 

quantitatively assess faecal pollution as a whole and relate that assessment to 

variables with which they are more familiar.  Sterols can provide an extra tool 

along with bacterial analysis for sewage pollution measurements and source 

identification. 

Leeming (PhD Thesis, 1996) noted that a broad correlation between coprostanol 

and thermotolerant coliforms exists, but the relationships are largely dependent on 

the type of environment considered, so much so, a case by case calculation would 

need to be considered.  For example, Leeming and Nichols (1996) found that out 

of the thermotolerant coliforms, enterococci correlated best with coprostanol 

compared with faecal streptococci and the spores of Clostridium perfringens.  The 

study was carried out from a range of environments in the water column; 

however, this study was undertaken in cold-temperate to sub-Antarctic conditions, 

the Derwent Estuary, Tasmania. 

On the other hand, Isobe et al., (2002) investigated the relationship between 

coprostanol and three bacterial indicators i.e. total coliform, Escherichia coli and 

faecal streptococcus in tropical waters in Western Malaysia and the Mekong 
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Delta, Vietnam.  Among the three bacterial indicators measured, E. coli showed 

the strongest correlation with coprostanol concentrations in both Malaysia and 

Vietnam.  They concluded that E. coli is the most suitable representative of a 

bacterial index in tropical regions.  The bacterial indicator, enterococci, showed 

the weakest correlation in both tropical sites, with E. coli resulting in the strongest 

correlation, whereas Leeming’s (1996) work in a cold-temperate climate showed 

enterococci correlated strongest.  These results suggest that temperature, and most 

likely a culmination of other physico-chemical factors have differing effects on 

both coprostanol and bacteria, and possibly viruses (Leeming and Nichols, 1996). 

Accordingly, Leeming and Nichols (1996) reported that for cold Australian and 

Canadian waters (combining a series of investigations), coprostanol 

concentrations of 60 ng/L and 400 ng/L in the water column correspond to 

enterococci bacterial counts of 150 CFU/100 mL and 1000 CFU/100 mL 

respectively.  In tropical Asian waters, Isobe et al., (2002) recorded for secondary 

contact limits, coprostanol concentrations of 30-100 ng/L corresponding to 1000 

CFU/100 mL of E. coli (see Table 1.2 below). 

Even though results presented in the literature highlight major differences in 

bacterial indicator to coprostanol correlations (mainly due to temperature), all 

findings do confirm that, overall coprostanol is much more stable and resistant to 

stress than faecal coliform bacteria.  Therefore, coprostanol may be a more 

reliable indicator of sewage pollution (Isobe et al., 2002; Leeming and Nichols, 

1996; McCalley et al., 1981). 
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A summary of the ANZECC/ARMCANC (2000) water quality guidelines are 

given below for primary and secondary contact limits for microbiological 

indicators for recreational waters, aquaculture and human food consumption of 

aquatic foods (Table 1.2). 

 

Table 1.2 Primary and Secondary contact limits for recreational water and 
aquaculture from Australian and New Zealand Guidelines for fresh 
water and marine water quality (ANZECC/ARMCANC, 2000). 

Recreational Waters  
Microbiological Indicators Guidelines 
Primary Contact Limit Median bacterial contact in fresh and marine 

should not exceed: 
150 FC/100 mL or 35 enterococci/100 mL 

Secondary Contact Limit Median value in fresh and marine should not 
exceed: 
1000 FC/100 mL or 230 enterococci/100 mL 

Aquaculture  
Toxicant (Faecal Coliforms) Median faecal coliform bacterial should not 

exceed 14 MPN/100 mL 
For human consumption should not exceed a 
limit of 2.3 MPN E. coli/g 

FC: Faecal Coliforms 
MPN: Most Probable Number 

Recreational guidelines accommodate two categories of sporting activities: 

• Primary Contact: 

Sports in which the user requires direct contact with water and may have a 

chance of swallowing water; for example swimming or surfing. 

• Secondary Contact: 

Sports where the user is less frequently in contact with water; for example 

boating, canoeing or fishing. 
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The philosophy of the aquaculture guidelines has been developed mainly to: 

• promote the quality of water necessary for use by the aquaculture industry 

and 

• protect human consumers of harvested aquatic food species. 

The sterol biomarker technique has shown to provide more accurate and precise 

measurements of sewage inputs than standard bacterial indicators mainly through 

analysis of coprostanol. However, the sterol biomarker technique has not to date 

been included in the ANZECC guidelines even though results clearly show it 

could potentially become not just an additional indicator for water quality of 

sewage inputs, but could replace bacterial indicators for assessment of both the 

water column and sediments. 

 

1.2.3 Sterol signatures as indicators of distributions of pollution 
from point sources 

Coprostanol and related sterols are known to be associated with organic colloids 

(Brown and Wade, 1984). Bound in such a way, sterols are then more likely to be 

incorporated into sediments. Alternatively, colloids and with them steroids remain 

in suspension in the water column to be transported downstream and then 

incorporated in bed sediments at a distance from the point of origin (Jaffe et al., 

2001; Writer et al., 1995 and references therein).  Sediments therefore, reflect the 

cumulative effects of pollutants, whereas the water column only shows a 

momentary representation of effluent dispersion at the time of sampling (Nichols 

et al., 1993). 
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Most studies of sewage pollution by means of sterol analysis have been conducted 

near and around point sources (Isobe et al., 2002; Chan et al., 1998; Mudge and 

Bebianno, 1997; Nichols et al., 1993; Walker et al., 1982 and references therein 

and others).  Point sources are discharges directly emitted from a single clearly 

identifiable point (MB Water Quality Management Strategy, 1998).  Examples 

include deep water pipes (Nichols et al., 1993), Sewage Treatment Plants (STP’s) 

(Sequel et al., 2001; Mohamed et al., 2000; Bachtiar et al., 1996; Green and 

Nichols, 1995; Le Blanc et al., 1992; Venkatesan and Mirsadeghi, 1992; 

Goodfellow et al., 1977), combined sewer overflows (Eganhouse and Sherbloom, 

2001), untreated, domestic and agricultural inputs (Isobe et al., 2002; Reeves and 

Patton, 2001; Writer et al., 1995; Escalona et al., 1980; Teshima and Kanazawa, 

1978), accidental spillages (Mudge and Bebianno, 1997), and marine disposal 

sites (Chan et al., 1998; Jeng and Han, 1994)(Table 1.3). 

Additionally, most of the earlier studies (Gardner and Pruell, 1987; Eganhouse 

1986; Boehm et al., 1984) of sterols at point sources mainly focused on 

calculating levels of coprostanol only or coprostanol, cholesterol and its other 

major reduction products (Writer et al., 1995; Jeng and Han, 1994). 

 

1.2.3.1 Review of sterol concentrations from point source 
investigations 

Cholesterol is probably the most ubiquitous of all sterols as it is found in almost 

all organisms and environments (Volkman, 1986). Accordingly, cholesterol 

usually presents the highest fraction relative to most other sterols within a sample 
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taken from the environment (Grimalt et al., 1990; Volkman, 1986).  However, 

depending on temperature and endemic microbial activity, cholesterol can vary. 

For example, in cold to polar regions of the world, cholesterol is usually found in 

highest concentrations (Elhmmali et al., 2000; Green and Nichols, 1995). With 

increasing water temperature, the percent of cholesterol within a sample begins to 

vary somewhat as it is driven to reduction to its associated isomers (Chan et al., 

1998; Jeng and Han, 1994) (for a summary of these studies see Table 1.3). 

In primary effluent and sewage sludge, however, both coprostanol and cholesterol 

are present in relatively high amounts ranging from 630 µg/g to 1240 µg/g 

(coprostanol) and 300 µg/g to 826 µg/g in primary effluent and sludge, 

respectively (Gonzalez-Oreja and Saiz-Salinas, 1998; Grimalt et al., 1990) (Table 

1.3). 

Coprostanol 

As mentioned previously, most of the earlier studies using sterols and indicators 

of sewage pollution focused on the distribution of levels of coprostanol only 

(Gardner et al., 1987; Eganhouse, 1986; Boehm et al., 1984) or coprostanol, 

cholesterol and its other major reduction products around point sources (Writer et 

al., 1995; Jeng and Han, 1994). 

These investigations (Table 1.3) varied widely from grossly contaminated sites in 

sediments from an estuary near Bilbao, Spain with coprostanol concentrations of 

293 µg/g (Gonzalez-Oreja and Saiz-Salinas, 1998) to much lower coprostanol 

concentrations in sediments from the Mississippi River, United States at 0.10 µg/g 
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(Writer et al., 1995).  Detection limits of sterols using GC-MS were proposed to 

be about 1 ng/g (Writer et al., 1995), before uncertainty is introduced through 

laboratory contamination or naturally occurring coprostanol concentrations found 

from within anaerobic sediments.   

Epicoprostanol 

The α-isomer (of coprostanol) epicoprostanol is usually found in similar 

concentration ranges to coprostanol, albeit at slightly lower levels (Table 1.3).  

The highest levels of up to 67.4 µg/g were found in anoxic sediment from the 

Tan-shui estuary where untreated sewage was discharged (Jeng and Han, 1994).  

The production of epicoprostanol is thought to occur in anoxic environments such 

as mud and sewage sludge as a result of non-preferential reduction by diverse 

anaerobic bacterial populations (McCalley et al., 1981). 

Cholestanol 

Cholestanol is another sterol compound that is usually found in a similar 

concentration range to cholesterol, albeit at slightly lower levels (Jaffe et al., 

2001, Mudge and Norris, 1997).  However, in polluted tropical regions, 5α-

cholestanol sometimes exceeded the range of cholesterol by one and a half times 

(Poon et al., 2000; Chan et al., 1998; Jeng and Han, 1994).  It appears that in 

areas of high nutrient inputs from sewage combined with high water temperatures, 

microbial reduction of cholesterol to its associated isomers is much greater (Table 

1.3). 

Sterol Ratio Indices 
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There is a wide range of coprostanol concentrations and environments due to 

sediment variability (from particle size and total organic matter), tidal currents, 

depths, as well as influences from detritus transported from estuarine and marine 

sources.  Consequently, there have been many discrepancies over the coprostanol 

concentrations that signify sewage pollution (Isobe et al., 2002).  To overcome 

many of these discrepancies so that comparisons of sewage pollution is uniform 

worldwide, the so-called Ratio Index Concept (RIC) was introduced (Grimalt et 

al., 1990; Hatcher and McGillivary, 1979).  Two main reasons for the use of RIC 

are: 

• Coprostanol is known to naturally occur in the environment (especially in 

anaerobic sediments), albeit, usually at extremely low levels. However, it is 

now acknowledged that during microbiological assimilation processes of 

introduced sterols, a very small percentage of sterols occurring in plant 

material or faecal matter from local animal populations can be converted to 

coprostanol as part of the normal environmental degradation processes (Bull 

et al., 2002). Writer et al., (1995) therefore expressed that coprostanol 

concentrations in marine sediments should exceed 0.01 µg/g to indicate areas 

affected by sewage contamination from anthropogenic sources. 

• The other reason for using ratio indices is that in many environments, particle 

size of bed sediments and percent total organic matter differ substantially 

within and between sites (Grimalt et al., 1990; Hatcher and McGillivary, 

1979).  Due to positive correlations between coprostanol concentrations, 

particle size and %TOM, several researchers suggest the use of a sterol ratio 

to remove any bias induced by differing particle size and %TOM (Bull et al., 
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2002 and references therein).  For example Writer et al., (1995), found that in 

marine systems by using ratios of sterol compounds in bed sediments the 

results were independent of organic matter percentage, whereas absolute 

coprostanol concentrations increased with increasing percent TOM.  Thus, in 

highly mixed marine systems, spatial measurements could be questionable. 

In the past 15 years a range of ratios have been tested to indicate sewage 

pollution.  Sherwin et al., (1993), introduced the ratio of coprostanol abundance to 

total sterols to investigate the dispersal and accumulation of untreated sewage in 

Venetian lagoonal sediments.  This ratio coprostanol/total sterols, was successful 

in sample sites with similar sediment types, but less successful when attempting to 

measure spatial comparisons with mixed sediments.  Takada et al., (1994), 

proposed the ratio of coprostanol to cholesterol and found a positive correlation 

with other markers of sewage pollution.  However, cholesterol is ubiquitous and 

can be degraded in aerobic environments (Quirk et al., 1980); therefore the 

validity of this ratio should be used with caution.  Although the somewhat 

successful results from Takada’s (1994) study revealed that ratios based on 

abundance of individual molecular compounds components is a more robust tool 

with the use of sterol ratios (Bull et al., 2002). 

Grimalt et al., (1990) proposed the most promising ratio index of coprostanol to 

5α-cholestanol.  This ratio gives an indication of human sewage contribution.  

This ratio has been found to be particularly reliable as strong correlations were 

found to occur with levels of pollution from known point sources of human faecal 

matter (Seguel et al., 2001; Elhmmali et al., 2000; Golzalez-Oreja and Saiz-

Salinas, 1998; Chan et al., 1998), so that for both sediment and water particulates; 
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ratios were set at 0.7 for faecal pollution.  At this level, it was proposed that 5β-

stanols have been preferentially reduced from Δ5-sterols by intestinal microbiota, 

whereas ratios less than 0.3 suggest non-preferential reduction by diverse 

communities of anaerobic bacteria in sediments.  The naturally occurring C27 

stanol found in pristine environments is 5α-cholestanol.  This compound was used 

against coprostanol as it has been considered the most thermodynamically stable 

isomer (Nishimura, 1982). 

However, the coprostanol/5α-cholestanol ratio level proposed by Grimalt et al., 

(1990) was set based on studies in temperate waters.  More recent studies from 

tropical waters such as Malaysia and Vietnam (Isobe et al., 2002) revealed that 

even in known polluted sites all ratio levels of coprostanol/5α-cholestanol were 

below 0.7.  Thus, it was argued that in situ conversion of cholesterol to stanols 

was higher in lower latitudes, and that the ratio value proposed by Grimalt et al., 

(1990) was too high. Leeming (PhD Thesis, 1996) and Leeming et al., (1997, 

1998), in a major validation study, had further reviewed and refined the 

coprostanol/5α-cholestanol ratio to indicate sewage pollution at a level of 0.5. 

Results from studies to date revealed levels of coprostanol/5α-cholestanol 

associated with known point sources ranging from 0.21 to 0.59 in tropical regions 

(Chan et al., 1998), 0.6 to 0.9 in temperate regions (Seguel et al., 2001; Gonzalez-

Oreja and Saiz-Salinas, 1998) and 0.66 to 0.90 in polluted cold waters of the 

United Kingdom (Elhmmali et al., 2000) (Table 1.3). 

Results from these studies also confirmed that coprostanol was found to 

accumulate around the point source of discharge. Although, depending on the 
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geographical location (i.e. open- bays and channels to closed inlet type 

waterways), tidal currents, prevailing winds and sedimentology characteristics, 

pollutants can be carried several kilometres from their point source (Nichols et al., 

1993).  Thus, analysis of sediments can provide a spatial and geological time scale 

representation from the study area of interest.  For example, Goodfellow et al., 

(1977) investigated contamination from sewage treatment plants in the Clyde 

Estuary, U.K. and like other researchers, found a progressive decline in the 

concentration of coprostanol with distance away from the Sewage Treatment 

Plants.  Leeming and Nichols (1992a& b) and Nichols et al., (1993) measured 

coprostanol down to dilutions of 1:10,000 from the initial concentration measured 

in the sewage effluent.  The sewage plume was traced from the Sydney Malabar 

deep ocean outfall for distances of over 50 km.  In this respect, the ability to trace 

sewage derived organic matter in sediments can help to obtain much needed 

information on the dispersion, assimilation and fate of sewage in the environment. 

Therefore, the assessment of aquatic sediment quality often requires additional 

knowledge of the nature, temporal/spatial variability of sediment-bound pollutants 

and their likely impacts on the water environment within a geographic area that 

commonly extends far beyond the physical limits of the primary contaminated 

source (Jaffe et al., 2001; Chan et al., 1998).  Holm and Windsor (1990) 

emphasised that mapping of the distribution of coprostanol can also be a valuable 

tool for assessing the extent of sewage plume transport, particularly in high-

density urban populations. 



 

Table 1.3 Overview of faecal and selected sterol levels in sediments and the water column in coastal and estuarine environments from major 
point sources reported in previous studies (sterol concentrations are reported in µg g-1 for sediment (#) and µg L-1 for water 
samples).

Location Climate Environment Organic Sterols (µg g-1 for sediment (#) and µg L-1 for water samples (*)) 
   matter copro- 

stanol(1) 
α-copro- 
stanol(2) 

choles-
sterol(3) 

chole- 
stanol(4) 

brassica- 
sterol(5) 

campe- 
sterol(6) 

stigma- 
sterol(7) 

stigma- 
stanol(8)

sito- 
sterol(9) 

sito- 
stanol(10) 

dino- 
sterol(11) 

cop/α-
chol(12) 

North America                
                
Massachusetts    TOC%             

Boston (2001) 
(Eganhouse and Sherblom)

cold estuarine/harbour 
water* 

 0.0017-
0.0049m

NI NI NI NI NI NI NI NI NI NI NI 

  sediment# 1.3-4.8 0.26-12.00 NI NI NI NI NI NI NI NI NI NI NI 
Boston (1984) 
(Boehm et al.,)

 sediment# 1-4 0.60-15.90 NI NI NI NI NI NI NI NI NI NI NI 

Salem (1986) 
(Eganhouse)

 sediment# NI 0.40-14.70 NI NI NI NI NI NI NI NI NI NI NI 

Boston (1987) 
(Gardener  and Pruell)

 sediment# 1-4 1.0-26.60 NI NI NI NI NI NI NI NI NI NI NI 

Boston (1991) 
(Durell et al.,)

 sediment# 3.82±0.25 4.20-31.00 NI NI NI NI NI NI NI NI NI NI NI 

Boston (1995) 
(Durell)

 sediment# 2.54±1.45 1.60-32.20 NI NI NI NI NI NI NI NI NI NI NI 

                
Conneticut                 

Narragansett Bay 
(1992) 
(Leblanc et al.,)

cold estuarine 
sediment# 

NI 0.13-33.30 NI NI NI NI NI NI NI NI NI NI NI 

Providence (1992)  effluent 10# NI 933±247            
Narragansett Bay 
(1992) 

 estuarine 
river waterIS* 

NI <0.01-0.66 NI NI NI NI NI NI NI NI NI NI NI 
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Table 1.3 continued … 

Location Climate Environment Organic Sterols (µg g-1 for sediment (#) and µg L-1 for water samples (*)) 
   matter copro- 

stanol(1) 
α-copro- 
stanol(2) 

choles-
sterol(3) 

chole- 
stanol(4) 

brassica- 
sterol(5) 

campe- 
sterol(6) 

stigma- 
sterol(7) 

stigma- 
stanol(8)

sito- 
sterol(9) 

sito- 
stanol(10) 

dino- 
sterol(11) 

cop/α-
chol(12) 

Narragansett Bay 
(1992) 

 estuarine 
river waterIB* 

NI <0.01-0.26 NI NI NI NI NI NI NI NI NI NI NI 

Pawtuxet (1992)  estuarine 
river waterP* 

NI 3.24±1.25            

RhodeIsland 
(1992) 
 

 marine surface 
sedimentT# 

NI 41.7-504 NI NI NI NI NI NI NI NI NI NI NI 

                
South Dakota                

Mississippi River                
Minneapolis (1995) 
(Writer et al.,)

temp freshwater 
sedimentb# 

<0.1-3.5 0.10-7.53 NI 0.5-10.5 0.26-10 NI NI NI NI NI NI NI NI 

USA                
30 statesf (2000) 
(Koplin et al.,)

temp, dry 
& cold 

freshwater 
streams* 

NI 0.005-0.6RL NI 0.005-
1.5RL

NI NI NI NI NI 20 NI NI NI 

                
California  marine/seds#              

San-Pedro Shelf 
(2000) 
(Maldonado et al.,)

temp ocean-outfall 0.23 (21) 8.3M NI NI NI NI NI NI NI NI NI NI NI 

                
Cape Lookout 
Bight (1996) 
(Canuel et al.,)

 marine 
sedimentb# 

NI NI NI 5.1 NI 6.7 NI NI NI 5.0 NI NI NI 
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Table 1.3 continued…. 

Location Climate Environment Organic Sterols (µg g-1 for sediment (#) and µg L-1 for water samples (*)) 
   matter copro- 

stanol(1) 
α-copro- 
stanol(2) 

choles-
sterol(3) 

chole- 
stanol(4) 

brassica- 
sterol(5) 

campe- 
sterol(6) 

stigma- 
sterol(7) 

stigma- 
stanol(8)

sito- 
sterol(9) 

sito- 
stanol(10) 

dino- 
sterol(11) 

cop/α-
chol(12) 

Canada                
Ontario                
                
Hamilton (1996) 
(Bachtiar et al.,)

cold estuarine 
harbour 

sediments# 

0.77-18 0.11(4km)- 
47.16 

(0.17km) 

NI NI NI NI NI NI NI NI NI NI NI 

Fraser (1996) 
 

temp river/estuary* NI 0.26-2.75 NI NI NI NI NI NI NI NI NI NI NI 

                
South America                
Chile  temp anoxic              

Concepcion Bay 
(2001) 
(Seguel et al.,)

 estuarine 
sediments# 

1.1-21 0.22-240 NI 38-96a NI 0-10a NI NI NI NI NI NI 0-0.9 

                
Europe                
Spain                

Bilbao (1998) 
(Gonzalez-Oreja and Saiz-

Salinas)

temp               

  sludge 10# NI 1240RL NI 826RL 148 NI 60RL NI NI 356RL 83RL NI 8.4 RL

  estuary sediments              

  estuary summer# NI 10.8-138 NI 8.7-86 4.3-26 NI N/D-60 NI NI 14-59 2.3-40 NI 0.6-0.83 
  estuary winter# NI 18-293 7.5-16.3 4.7-35 NI 4.2-111 NI NI NI 9-51 5.7-51 NI 0.63-

0.80 
Plentzia (1998) temp estuary summer# NI 2.2 NI 2.9 0.9 NI 2.9 NI NI N/D 12.9 NI NI 
Reference site 
(1998) 
 

 estuary winter# NI 5.3 NI 18.1 3.1 NI 4.4 NI NI 0.7 20.6 NI NI 

NE Spain (1990) temp effluent 10# NI 630RL 5RL 300RL 10RL NI NI NI NI 50RL 20RL NI NI 
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Table 1.3 continued … 

Location Climate Environment Organic Sterols (µg g-1 for sediment (#) and µg L-1 for water samples (*)) 
   matter copro- 

stanol(1) 
α-copro- 
stanol(2) 

choles-
sterol(3) 

chole- 
stanol(4) 

brassica- 
sterol(5) 

campe- 
sterol(6) 

stigma- 
sterol(7) 

stigma- 
stanol(8)

sito- 
sterol(9) 

sito- 
stanol(10) 

dino- 
sterol(11) 

cop/α-
chol(12) 

Barcelona (1990) 
(Grimalt et al.,) 
 

temp around sewage 
dump 

sediment# 

TOC%             

   0.5-8 1-390 0.1-5 0.5-80 0.4-16 NI NI NI NI 0.15-30 0.3-4 NI NI 
                
Portugal                

Ria Formosa 
(1999) 
(Mudge et al.,)

temp estuarine 
lagoonal 

sediments# 

NI 0.1-42 0-119 0.2-29 0-6.6 0-2.3 0-3.4 0-2.4 NI 0.1-12.4 NI NI NI 

                
Bristol (2000) Avon 
(Elhmmali et al.,)

cold estuary 
waters* 

NI 0.1-7.8 0-0.46 1-5 0-0.66 NI NI NI NI 1.8-8 0-1.5 NI 0.66-
0.93 

Mersey (1986) 
(McCalley et al.,)

 estuary 
river* 

NI 9.0RL NI NI NI NI NI NI NI NI NI NI NI 

Dundee Tay (2001) 
(Reeves and Patton)

 estuary 
sediments# 

             

  sandy mid bank# NI neg neg neg neg neg neg neg neg neg neg neg NI 
  mudflats# NI 0.5-1.53 0.15-0.33 0.4-0.9 0.24-0.4 NI 0.16-0.35 NI 0.18-0.41 0.73-1.7 0.24-0.4 NI NI 
                
Antarctica                

Davis station 
(1992) 

 anoxic seds              

(Green et al.,) polar sewer outfall 10# NI 250RL NI NI NI NI NI NI NI NI NI NI NI 
Davis station 
(1995) 

polar sewer outfall# NI 0.04-0.88 
 

TR 0.5-2.34 0.13-1.45 0.09-1.42 NI NI NI 0.16-0.59 NI 0.05-0.5 NI 

(Green and Nichols)                
Mc Murdo Sound 
(1992) 

polar sewer outfall 10 NI 0.0015c NI NI NI NI NI NI NI NI NI NI NI 
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Table 1.3 continued…. 

Location Climate Environment Organic Sterols (µg g-1 for sediment (#) and µg L-1 for water samples (*)) 
   matter copro- 

stanol(1) 
α-copro- 
stanol(2) 

choles-
sterol(3) 

chole- 
stanol(4) 

brassica- 
sterol(5) 

campe- 
sterol(6) 

stigma- 
sterol(7) 

stigma- 
stanol(8)

sito- 
sterol(9) 

sito- 
stanol(10) 

dino- 
sterol(11) 

cop/α-
chol(12) 

Asia                
Taiwan                 

Kaoshiung (1994) trop estuarine              
  anoxic 

sediments# 
NI 0.58-128 0.15-22.3 1-47.7 0.8-68.8 NI NI NI NI NI NI NI NI 

Tan-shui (1994) 
(Jeng and Han)

 anoxic 
sediments# 

NI 0.71-163 0.29-67.4 1.76-79 1-230 NI NI NI NI NI NI NI NI 

Hong Kong (1998) trop marine/coastal 
sedimentss# 

TOC%             

(Chan et al.,)  estuarine 
harbour mouth# 

0.4-1.2 0.5-1.86 NI 0.64-2.02 0.65-1.8 NI NI NI NI NI NI NI 0.39-
0.56 

  disposal site 
sediment# 

1.0-1.3 0.27-5.09 NI 1.18-3.92 0.92-3.87 NI NI NI NI NI NI NI 0.21-
0.59 

                
Australia                

Derwent (1996) 
(Leeming, PhD thesis)

temp estuary* NI 0.007-0.954 NI NI NI NI NI NI NI NI NI NI NI 

Sydney (1993) temp marine coastal 
water* 

NI 0.0094 
(0.9)- 

0.00005 
(27.8) 

NI NI NI NI NI NI NI NI NI NI NI 

(Nichols et al.,)  water* NI ND-3.81 NI NI NI NI NI NI NI NI NI NI NI 
 temp marine 

coastal inner 
shelf# 

             

  sediment# NI 0.02-0.53 NI NI NI NI NI NI NI NI NI NI NI 
  sediment# NI 0.04-2.80T NI NI NI NI NI NI NI NI NI NI NI 

Note- legend for Table 1.3 is presented directly after Table 1.4 (both table legends are identical). 
 - climate classification was referenced from Koeppen’s climate classification system (FAO-SDRN-Agrometeorology group, 1997)
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1.2.4 Sterol signatures as indicators of point and non-point 
source contributions 

As described previously, most of the earlier work on sterol concentrations in 

sediment analysis focused mainly on tracing point source discharges, and levels of 

coprostanol and associated isomers.  Later work sought to investigate the use of 

sterols as biomarkers for other source contributions such as algal and terrestrial 

inputs (Mudge and Duce, 2005; Burns et al., 2004; Carreira et al., 2004 and 2002; 

Fernandes et al., 1999; Mudge et al., 1999; Gonzalez-Oreja and Saiz-Salinez et 

al., 1998; Mudge et al., 1997) and further, non-point sources. Non-point sewage 

sources are defined as ‘diffuse discharges of wastewater that cannot be traced to a 

specific location’ (MB Water Quality Management Strategy, 1998).  In effect, 

these studies began to use molecular markers to classify suites of autochthonous 

and allochthonous sewage sources from large water bodies (Mudge and Duce, 

2005; Carreira et al., 2004; Fernandes et al., 1999) (for a summary of these 

studies see Table 1.4). 

Coprostanol 

Many of the more recent studies focusing on identification of inputs from a 

variety of possible sources either did not detect or include coprostanol (Table 1.4). 

For example coprostanol was not detected at all in sediment traps off the Gulf of 

Papua, thereby reflecting the pristine conditions of this region (Burns et al., 

2004). On the other hand, temperate estuarine sediments from the Ria Formosa 

estuary, Portugal revealed coprostanol concentrations of up to 477 μg/g (Mudge 

and Duce, 2005) constituting 10% of the total sterols.  These relatively high levels 

were indeed found at sampling stations closest to a possible sewage source.  
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Coprostanol/5α-cholestanol ratios were found to range from 0.10 to 1.00 in 

tropical sediments from Brazil and Asia (Isobe et al., 2002; Poon et al., 2000; 

Fernandes et al., 1999), and 0.00 to 0.83 in temperate estuarine sediments from 

Spain and Portugal (Mudge et al., 1999; Gonzalez-Oreja and Saiz-Salinas, 1998).  

Again the highest ratios were found closest to a known possible sewage source. 

Epicoprostanol 

As with coprostanol, epicoprostanol was often not included or found in trace 

amounts within the non-point source studies (Sequel et al., 2001; Canuel et al., 

1990) even when sediments were anoxic.  Relatively high levels of epicoprostanol 

were found in Antarctica at two sites (Venkatesan et al., 1986).  Levels at these 

sites either exceeded or equalled coprostanol levels of up to 38 µg/g and therefore, 

were reported to originate from marine mammals and not humans.  Studies that 

compared sandy and muddy sediment revealed levels an order of magnitude 

higher in muddy sediments (Reeves and Patton, 2001; Mudge and Norris, 1997), 

thus confirming that epicoprostanol is more likely to be found in reducing 

environments (McCalley et al., 1981). 

Cholesterol 

As indicated earlier, cholesterol was the most abundant sterol found in samples 

and usually presented the highest concentration range.  However, the amount of 

cholesterol found is also dependent on the type of sample.  Samples with a strong 

marine phytoplanktonic origin usually contain high cholesterol levels (Burns et 

al., 2004; Canuel et al., 1995).  On the other hand, cholesterol is found in all plant 
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and animal sources, and therefore of limited value as a biomarker on its own.  

Accordingly, cholesterol levels in sediments of up to 1500 μg/g and higher are not 

unusual (Mudge and Duce, 2005) (Table 1.4). 

Cholestanol 

As described earlier (section 1.2.3.1), cholesterol’s major reduction product 5α-

cholestanol concentrations within a sample is usually found within the same order 

of magnitude, albeit, at slightly lower concentrations.  However, in pristine 

tropical environments such as the Gulf of Papua north of Australia, cholesterol 

concentrations exceeded 5α-cholestanol concentrations by about 250 times (Burns 

et al., 2004), revealing a strong phytoplankton origin (Table 1.4). 

Algal sterols 

Algal sterol levels around the world mostly reflected their marine proximity.  

Dinosterol, usually used as a biomarker for dinoflagellate blooms (Boon et al., 

1979; Shimizu et al., 1976) was found at elevated levels of up to 373 µg/g in 

Antarctica (Venkatesan and Kaplan, 1986), offshore coastal sites off Australia (up 

to 34.3 µg/g; Burns et al., 2004) and shelf sediments off Florida, North America 

(Jaffe et al., 2001) (up to 1.6 µg/g).  These regions of the world are predominantly 

influenced by marine phytoplankton sources.  On the other hand, relatively high 

levels of dinosterol and brassicasterol were also found in lagoonal sediments in 

Portugal (Mudge et al., 1999) (i.e. up to 5 and 100 µg/g, respectively). 
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Terrrestrial sterols 

The C29 sterols, sitosterol and stigmasterol, are usually used as terrestrial 

biomarkers from higher plants (Volkman, 1986).  Sitosterol, the major sterol 

found in mangroves (Jaffe et al., 2001) varied widely from non-detects in 

temperate estuarine sediments in Spain (Gonzalez-Oreja and Saiz-Salinas, 1998) 

to an unusually high level in Antarctic marine sediment of 746 µg/g (Venkatesan 

et al., 1986).  Stigmasterol, the major sterol in seagrass (Jaffe et al., 2001) was 

found in similar concentrations to sitosterol, however it was not detected at all in 

Antarctic marine sediment, as was sitosterol.  The concentrations of this sterol 

also varied widely with the highest value of 6.7 µg/g in mud flats from Wales, 

United Kingdom (Mudge and Norris, 1997).  However both sterols were similar in 

that within investigations of both marine and estuarine environments, these sterols 

were generally higher in estuarine or bay samples than in samples collected from 

sediments in open waters (Burns et al., 2004; Canuel et al., 1993; Volkman, 

1986).  Furthermore, investigations of sandy (oxic) versus muddy (anoxic) 

sediments revealed that both C29 sterols were generally higher in muddy sediment 

compared with sand (Mudge and Norris, 1997).  These results were considered as 

confirming the sediments proximity to land, and therefore to sources from higher 

plant systems.  Additionally, the same scenario was present for these sterols 

reduction products, sitostanol and stigmastanol (Table 1.4). 

Campesterol, another higher plant biomarker was found at an elevated level of 60 

µg/g in the Bilbao estuary, Spain (Gonzalez-oreja and Saiz-Salinas, 1998) and up 

to 10 µg/g in anoxic sediments in Concepcion Bay, Chile (Seguel et al., 2001).  
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Much lower levels were found in coastal waters off Sydney and intertidal 

sediments off Victoria, Australia (Nichols et al., 1993) (Table 1.4). 

Organic matter and sterols 

For samples analysed for sterol fingerprints, the levels of organic matter (OM) 

were found to vary widely depending on temperature, salinity, sediment type and 

proximity to land.  In temperate estuaries, organic matter in oxic sediments ranged 

from 1 to 16.2 percent dry weight (Eganhouse and Sherbloom, 2001; Saiz-Salinas 

and Gonzalez-Oreja, 1997). Organic matter in anoxic sediment were slightly 

higher ranging from 1.1 to 21 percent dry weight, thereby reflecting the refractory 

nature of organic matter to anoxic sediments.  The range of organic matter in 

tropical regions was low in comparison to temperate and cold regions, ranging 

from 0.4 to 1.3 percent dry weight in Asia (Chan et al., 1998) and 3 to 5 percent 

dry weight in Cuba (Grimalt et al., 1990).  The differences due to temperature 

may be a function of the higher microbial activity in higher water temperatures 

causing higher rates of OM breakdown (Table 1.4). 

Although physico-chemical factors are important in the distributions of OM, 

proximity to land would probably be the main factor contributing to OM loadings 

to estuaries and marine areas.  Offshore sediments would also be more 

oxygenated with stronger currents and transportation for fast breakdown of OM 

detritus (Jaffe et al., 2001). 
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Factors affecting sterol concentrations in sediments 

According to interpretation in the literature, factors that appear to influence levels 

of sterols in coastal regions worldwide are: 

i) water temperature- higher water temperatures appear to cause in situ 

conversion of sterols to stanols. 

ii) sediment type- sterols appear to exhibit a refractory nature in anoxic 

sediments, i.e. once the chemicals are incorporated into fine grained 

sediments with very limited interstitial water and oxygen exchanges, 

degradation is negligible. 

iii) marine versus terrestrial source- depending on proximity to land C29 sterols 

will dominate, while marine influenced samples are influenced by algal 

sterols. 

iv) nutrients- inputs of nutrients from sewage treatment plants and land run-off 

are associated with elevated levels of the 5β-stanols. Where nutrients are one 

of the limiting factors to microbial activity in sediment, anthropogenic or 

higher than usual natural nutrient inputs (major rainfall) can alter sterol 

concentrations. 

v) differences in microbial communites- differing microbial populations in 

sediments worldwide may cause sterol reduction rates to vary especially 

when combined with varying water temperatures. 

Overall, results of sterol analyses from previous studies around the world (Table’s 

1.3 and 1.4) have mostly been conducted in the Northern Hemisphere and/or from 
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within cooler climatic conditions. Based on a comparison of studies presented in 

this chapter, it appears that there is a latitudinal (temperature) gradient that affects 

the levels of sterols in both the water column and sediment. There is certainly a 

lack of literature that has dealt with sterol levels in lower latitudes, especially in 

sand-dominated sediments low in nutrients such as the Moreton Bay system off 

south-eastern Queensland Australia. 

Nevertheless, sterol analysis of sediments still appears to be a more robust way of 

determining short and long term sewage impacts on the environment at both a 

spatial and temporal scale. 

 

Special point and non-point source discharge or emission scenarios 

The apparent robustness and longevity of sterol compounds in the environment 

would, in theory, allow identification and tracing of pollution events and scenarios 

that are difficult to capture with traditional microbiological indicator assays. One 

typical example is intermittent discharge from a varying number of small point 

sources such as small- to medium size recreational vessels, which, until very 

recently were permitted to discharge their (usually) untreated sewage into 

surrounding water bodies without any restrictions. Onboard toilets are commonly 

used at sheltered anchorages to avoid seasickness and discomfort. One vessel 

alone may not be problematic, but when aggregated, e.g. >100 vessels at one 

anchorage, especially during peak events such as school holidays, untreated 

sewage emitted from these sources could present a real health risk for general 

recreational users at such anchor sites. Using traditional bacterial indicators 

(concentration in the water column) would require extensive sampling and could 
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be confounded by natural events such as king tides or major rainfall. A difference 

of sterol signatures in sediments between anchor and reference sites, e.g. elevated 

coprostanol to cholestanol or cholesterol ratios in anoxic layers, would not only 

indicate release of untreated sewage, but also changes that have, over time, 

exceeded natural assimilation capacities. 

Another equally challenging monitoring scenario relates to determining the effects 

of equipment failures of sewage treatment systems, e.g. sewer pump stations, 

treatment plant malfunctioning or wet weather overflows. Again, traditional 

bacterial indicators are difficult to use because samples have to be collected in 

sufficient numbers at the time of the incident, and they have to be processed 

within 8 to 24 hours. Detecting a difference in sterol fingerprints several days or 

even weeks following the pollution event would indicate not only that pollution 

occurred, but also the likely source of the pollution. Further, it would also 

demonstrate that the pollution event was of a magnitude that resulted in an 

enduring disturbance to natural conditions. 

For both scenarios, integrated baseline information (Arakel, 1995) and a good 

understanding of how sterol signatures respond to sewage input are essential for 

evaluating contributions from different sources and for determining the short- and 

long-term average contaminant loadings in bottom sediments. This study attempts 

to fill some of these knowledge gaps for some of Australia’s most heavily used 

coastal environments: dynamic, sand-dominated, mostly oligotrophic, sub-tropical 

estuarine embayment systems, i.e. the Moreton Bay and Gold Coast Broadwater 

system in south-east Queensland, Australia. 



 

Table 1.4 Overview of faecal and selected sterol levels in sediments and the water column in coastal and estuarine environments from non-
point sources reported in previous studies (sterol concentrations are reported in µg g-1 for sediment (#) and µg L-1 for water 
samples (*)). 

Location Climate Environment Organic Sterols (µg g-1 for sediment (#) and µg L-1 for water samples (*)) 
   matter copro- 

stanol(1) 
α-copro- 
stanol(2)

choles- 
sterol(3) 

chole- 
stanol(4) 

brassica- 
sterol(5) 

campe- 
sterol(6) 

stigma- 
sterol(7) 

stigma- 
stanol(8) 

sito- 
sterol(9)

sito- 
stanol(10) 

dino- 
sterol(11) 

cop/α-
chol(12) 

North America                
                
    Florida (2001) 
    (Jaffe et al.,)

   Relative Abundance % of sterols in sediments 

Harney river 
(2001) 

temp estuarine 
sediment# 

4.4-88 NI NI 1.2-48 0.3-12.6 0.53-13 0.5-10 3.3-16 ND-10 13.9-59 6.8-29 ND NI 

Florida shelf 
(2001) 

 sediment# 3.9 NI NI 22-53 ND-17 6.6-13 1.6-9.7 3.3-12.6 ND-4.3 7.5-38 ND-5.8 ND-1.6 NI 

Taylor river 
(2001) 

 freshwater 
sediment# 

10-17 NI NI 5.1-23 5.0-10 1.9-5.5 5.2-8.9 9.2-15 ND-7.4 20-33 7.2-20 ND NI 

                
                
  estuarine              
Santa Ana Bay  river sediment# ND-0.6 NI NI NI NI NI NI NI NI NI NI NI NI 
and Newport  
Bay (2000) 

               

 (Maldonado et al.,)                
                
San Francisco  
(1995) 
(Canuel et al.,)

temp               

North Bay  
(1990) 

bloom seston* NI NI NI 0.91 NI 0.37 0.25 NI NI 0.19 NI NI NI 

North Bay  
(1991) 

flood seston* NI NI NI 0.50 NI 0.22 0.15 NI NI 0.38 NI NI NI 

Central Bay  
(1991) 

flood 
 

seston* NI NI NI 0.09 NI 0.07 0.02 NI NI 0.06 NI NI NI 

                
South Bay  
(1991) 

flood seston* NI NI NI 0.81 NI 0.31 0.19 NI NI 0.19 NI NI NI 
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Location Climate Environment Organic Sterols (µg g-1 for sediment (#) and µg L-1 for water samples (*)) 
   matter copro- 

stanol(1) 
α-copro- 
stanol(2)

choles- 
sterol(3) 

chole- 
stanol(4) 

brassica- 
sterol(5) 

campe- 
sterol(6) 

stigma- 
sterol(7) 

stigma- 
stanol(8) 

sito- 
sterol(9)

sito- 
stanol(10) 

dino- 
sterol(11) 

cop/α-
chol(12) 

                
San Pablo Bay  
(1991)  
 

flood water* NI NI NI 0.17 NI 0.68 0.04 NI NI 0.06 NI NI NI 

Carolina 
(1996) 

temp marine 
sediments# 

NI NI NI 10.5 NI 5.3 NI NI NI 11 NI NI NI 

(Canuel and Martens et al.,)                
South America   TOC%             
Brazil trop estuarine 0.6-3.6 0.52-7.32 58-793 0.45-5.1 0.28-1.4 0.93-1.1 NI 0.15-1.3 0.05-0.4 0.17-1.4 0.09-0.61 NI 0.7-1.0 

                
Capibaribe  
River (1999) 

 sediment#              

(Fernandes et al.,)   TOC             

Guanabara  
Bay (2002) 
(Carreira et al.,)

trop estuarine 
sediment# 

2-5 mg NI NI 0.10-7.8 0.11-8.9 NI 0.03-5.0 0.06-4.4 NI 0.13-13.4 NI 0.41-153.3 NI 

                
Guanabara  
Bay (2004) 
(Carreira et al.,)

trop estuarine 
sediment# 

2-5 mg 0.01-40 ND-2.24 0.10-7.8 0.11-9.8 NI NI NI NI NI NI NI 0.06-0.84 

                
Europe                

                
Spain                 

Plentzia  
(1998) 

temp estuary summer# NI 2.2 NI 2.9 0.9 NI 2.9 NI NI N/D 12.9 NI NI 

Reference site  
(1998) 

 estuary winter# NI 5.3 NI 18.1 3.1 NI 4.4 NI NI 0.7 20.6 NI NI 

(Gonzalez-Oreja and Saiz-

Salinez.,)
               

Bilbao  
(1997) 
(Saiz-salinas and Gonzalez-

Oreja.,)

temp estuarine 
sediments# 

2.4-16.2 10.8-135 NI NI NI NI NI NI NI NI NI NI NI 

                
Barcelona  
(1990) 

 marine 
offshore water* 

NI 0.29 RL 0.005RL 021RL 0.04 RL NI NI NI 0.04 RL 0.174 RL NI NI NI 

(Grimalt et al.,)                
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Location Climate Environment Organic Sterols (µg g-1 for sediment (#) and µg L-1 for water samples (*)) 
   matter copro- 

stanol(1) 
α-copro- 
stanol(2)

choles- 
sterol(3) 

chole- 
stanol(4) 

brassica- 
sterol(5) 

campe- 
sterol(6) 

stigma- 
sterol(7) 

stigma- 
stanol(8) 

sito- 
sterol(9)

sito- 
stanol(10) 

dino- 
sterol(11) 

cop/α-
chol(12) 

Ebre River  
(1990) 

temp fresh 
river  water* 

NI 0.29-0.5 0.02-0.03 0.5-0.99 0.09-0.24 NI NI NI NI 0.19-0.78 0.02-0.1 NI NI 

(Grimalt et al.,)                
Alfacs Ebre  
(1990)  

 estuarine water* NI 0.006-0.014 ND 0.07-0.25 0.03-0.055 NI NI NI NI 0.013-
0.16 

0.043- 0.14 NI NI 

(Grimalt et al.,)                
   TOC%             
Ria Formosa  
(1999) 

temp estuarine 
lagoonal 

sediments# 

0.15-8.3 NI NI 10-68a NI 0-100a NI NI NI 0.7-48.3 a NI 0-5 a 0->0.5 

 (Mudge et al.,)                
Ria Formosa  
(2005) 

temp estuarine 
lagoonal 

sediments# 

NI 0.0004-477 NI 0.03-1236 NI NI NI NI NI NI NI NI NI 

(Mudge and Duce)                
                

France                
Mont-seint  
Michel Bay 

cold estuarine 
sediments# 

             

 (1997)  tidal flats              
 (Meziane et al.,)   NI NI NI 0.532-6.45 NI 0.32-3.11 0.22-3.71 NI NI 0.45-4.1 NI NI NI 

                
United Kingdom                

                
England                
                
Tamar & Dee  
(1986) 

cold estuaries 
sediments# 

NI 1.6&1.4 NI NI NI NI NI NI NI NI NI NI NI 

 (Readman et al.,)                
Severn  
(1980) 

cold estuary 
sediments# 

NI 0.9-3.1 NI NI NI NI NI NI NI NI NI NI NI 

 (McCalley et al.,)                
  river              
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Location Climate Environment Organic Sterols (µg g-1 for sediment (#) and µg L-1 for water samples (*)) 
   matter copro- 

stanol(1) 
α-copro- 
stanol(2)

choles- 
sterol(3) 

chole- 
stanol(4) 

brassica- 
sterol(5) 

campe- 
sterol(6) 

stigma- 
sterol(7) 

stigma- 
stanol(8) 

sito- 
sterol(9)

sito- 
stanol(10) 

dino- 
sterol(11) 

cop/α-
chol(12) 

Wales                
Conwy  
(1997) 

cold estuary              

 (Mudge and Norris)  sandy  
sediments# 

NI 0.1-0.2 0-02 5.4-21 0-0.5 0-1.6 0-0.1 0-0.4 0 1.1-3.7 0-0.1 NI NI 

  mud flats  
sediments# 

NI 0.5-9.5 0-1.9 0.8-42.8 0.3-2.8 0.3-4.3 0-1.8 0-6.7 0-0.2 1.6-26.9 0.3-4.1 NI NI 

  stream   
sediments# 

NI 0-0.1 0 0.1-0.3 0 0-0.1 0-0.1 0 0 0.5-5.5 0-0.1 NI NI 

                
  river sediments# NI 0-0.6 0-0.1 0.3-1.4 0-0.1 0-0.5 0-1.7 0-0.7 0 0.3-7.5 NI 0-0.2 NI 
                
Swansea  
Bay (1980)  
(McCalley et al.,)

 bay 
sediment# 

NI 1.6-5.2 NI NI NI NI NI NI NI NI NI NI NI 

                
Scotland                

                
Glasgow  
Clyde  
(1977)  
(Goodfellow et al.,)

cold estuary 
sediments# 

NI 0.1-6 NI NI NI NI NI NI NI NI NI NI NI 

                
Caribbean                 

Cuba   marine 
impacted 

sediment# 

3-5 0.41-1 0.04-0.1 1-3.2 0.55-0.68 NI NI NI NI 1.3-2.1 0.36-0.69 NI NI 

Havana City  
(1990)  
(Grimalt et al.,)

 coastal sediment# 
estuarine 

3-3.5 1-3.5 0.05-1.0 11-25 12-17 NI NI NI NI 10-22 6.4-25 NI NI 
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Location Climate Environment Organic Sterols (µg g-1 for sediment (#) and µg L-1 for water samples (*)) 
   matter copro- 

stanol(1) 
α-copro- 
stanol(2)

choles- 
sterol(3) 

chole- 
stanol(4) 

brassica- 
sterol(5) 

campe- 
sterol(6) 

stigma- 
sterol(7) 

stigma- 
stanol(8) 

sito- 
sterol(9)

sito- 
stanol(10) 

dino- 
sterol(11) 

cop/α-
chol(12) 

Antarctica                
Davis station  
(1992)  

 anoxic seds              

(Green and Nichols)  coastal sites# NI 67-1280 NI NI NI NI NI NI NI NI NI NI NI 
  marine 

coastal sites# 
NI TR -0.44 ND 0.11-5.26 0.05-1.2 NI NI NI NI 0.076-0.9 NI TR-0.2 NI 

Granite  
Harbour  
(1992) 

polar marine 
reference site* 

NI TR- 0.04 NI NI NI NI NI NI NI NI NI NI NI 

New Harbour  
(1992) 

polar reference site* NI 0-TR NI NI NI NI NI NI NI NI NI NI NI 

Cinder Cones  
(1992) 

polar marine 
impact site* 

NI 0.021RL NI NI NI NI NI NI NI NI NI NI NI 

(Venkatesan and 

Mirsadeghi)
               

Cape  
Armitage  
(1986) 

polar marine 
impact site* 

NI 0.93RL NI NI NI NI NI NI NI NI NI NI NI 

Bransfield  
Strait  
(1986) 

polar marine 
sediments# 

NI 19.34RL 37.62RL ND ND NI ND TR NI TR NI 90RL NI 

 McMurdo  
Sound (1986) 

polar marine 
sediments# 

NI 25 RL 25 RL 1322 RL 171 RL NI 101 ND NI 746 RL 411 RL 373 RL NI 

(Venkastesan et al.,)                
                

Asia                
  estuarine 

reference site# 
N/I 0.34-0.46 NI 2.41-3.47 2.97-.3.3 NI NI NI NI NI NI NI 0.10-0.12 

Hong Kong  
(2000)  
(Poon et al.,)

trop marine coastal 
sediments# 

NI 0.02-7.26 NI 0.29-5.4 0.17-5.81 NI NI NI NI NI NI NI 0.043-
0.555 

Malaysia  
(2002) 

trop estuarine 
waters* 

NI 0.008-10 NI NI NI NI NI NI NI NI NI NI NI 

(Isobe et al.,)  sediment s# NI 0.05-0.5 NI NI NI NI NI NI      
Vietnam  
(2002) 

trop estuarine 
waters* 

NI 0.001-20 NI NI NI NI NI NI NI NI NI NI NI 

  estuarine 
sediment s# 

NI 0.06-20 NI NI NI NI NI NI NI NI NI NI NI 
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Location Climate Environment Organic Sterols (µg g-1 for sediment (#) and µg L-1 for water samples (*)) 
   matter copro- 

stanol(1) 
α-copro- 
stanol(2)

choles- 
sterol(3) 

chole- 
stanol(4) 

brassica- 
sterol(5) 

campe- 
sterol(6) 

stigma- 
sterol(7) 

stigma- 
stanol(8) 

sito- 
sterol(9)

sito- 
stanol(10) 

dino- 
sterol(11) 

cop/α-
chol(12) 

Australia                
                
Derwent  
(1996) 
(Leeming, PhD thesis)

temp estuary* NI 0.007-0.95 NI NI NI NI NI NI NI NI NI NI NI 

 Victoria  
(1976) 

temp estuarine 
intertidal seds# 

NI NI NI 0.088RL 0.12RL 0.147RL 0.123RL 0.1RL 0.05RL 0.468RL 0.18RL NI NI 

 Sydney  
(1986) 

temp marine 
coastal waters* 

NI NI NI 0.082 & 
0.059 

0.003 & 
0.012 

0.024 & 
0.038 

0.003 & 
0.008 

0.0128 & 
0.023 

0.0024 & 
0.0036 

0.72 & 
0.053 

0.0086 & 
0.0177 

NI NI 

 (Volkman)                
Papua New 
Guinea 
 

               

 Gulf of Papua  
(2004)  

trop marine 
offshore 

             

(Burns et al.,)  waterp * NI NI NI 114.6 -4709 0.4-30.9 2.5-108.7 0.2-19.3 0.3-25.4 0.5-2.7 0.5-46.4 0.1-12.5 N/D-34.3 NI 
 Fly estuary  
(2004)  

trop estuarine 
waterd* 

NI NI NI 0.03RL 0.001RL 0.0015RL 0.0009RL 0.0008RL ND 0.005RL 0.001RL 0.001RL NI 

 Fly river  
(2004)  
 

trop water d* NI NI NI 0.24 RL 0.02RL 0.006RL 0.012RL 0.013RL 0.003RL 0.045RL 0.017RL 0.011RL NI 

Note – climate classification was referenced from Koeppen’s climate classification system (FAO-SDRN-Agrometeorology group, 1997) 

 



 

Legend for Table 1.3 and 1.4 

a =  % of total sterols ( ) = brackets indicate km from source 
b = bottom water or sediment neg = negligible <10ng 
c = coprostanol + epi-coprostanol NI = not included 
d = dissolved phase (ng/L) ND = not detected 
f = reference paper-includes 30 states 
across America 

IS = impacted sewage 

i = impacted P = particulate fraction 
m = may include epicoprostanol as well (#)= μg/g 
p = particulate matter in water column ( 
sediment trap μg/g) 

(*) = μg/L 

s = surface water or sediment seds = sediments 
1o = primary treated sewage temp = temperate 
2o = secondary treated sewage trop = tropical 
D = dry weather FW = freshwater 
T = transect NB = Northern region of San-Francisco 

Bay 
MA = maximum concentration only 
reported 

SB = southern region of San-Francisco 
Bay 

RL = reported level seston = refers to all particulate matter 
which is in suspension in the water column 

DOC = dissolved organic carbon TOM = total organic matter 
TOC = total organic carbon  

 
IUPAC and trivial names for sterol compound identification from Table 
1.3 and 1.4. 
 

(1) = 5β-cholestan-3β-ol (coprostanol) 

(2) = 5β-cholestan-3α-ol (epicoprostanol) 

(3) = cholest-5-en-3β−ol (cholesterol) 

(4) = 5α−cholestan-3β−ol (cholestanol) 

(5) = 24-methylcholesta-5, 22E-dien-3β−ol (brassicasterol) 

(6) = 24-methylcholest-5-en-3β−ol (campesterol) 

(7) = 24-ethylcholestan-5, 22E-dien-3β-ol (stigmasterol) 

(8) = 24-ethyl-5α-cholestan-22E-en-3β-ol (stigmastanol) 

(9) = 24-ethylcholest-5-en-3β−ol (24-ethylcholesterol) 

(10) = 24-ethyl-5α-cholestan-3β-ol (24-ethylcholestanol) 

(11) = 4,23,24-trimethyl-5α−cholest-22E-en-3β-ol (dinosterol) 

(12) = ratio of coprostanol/5α−cholestanol (cop/5α−chol) 
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1.3 AIMS AND OBJECTIVES 

This thesis assesses the use of faecal sterols in sediments to investigate sewage 

inputs on a spatio-temporal scale in the Moreton Bay and Gold Coast Broadwater 

system, Australia. 

The specific aims are: 

(i) To measure in situ degradation rates of coprostanol and selected sterols in  

natural sediments from two typical sediment types (sand and mud) 

following a simulated, major sewage pollution event. 

(ii) To determine sterol and faecal coliform levels (baselines) at popular anchor 

and reference sites around the Moreton Bay system over time. 

(iii) To identify whether coprostanol and selected sterols can be used to detect 

additional intermittent non-point sources above and beyond natural 

processes within a highly dynamic marine/estuarine system. Specifically, 

determine whether release of untreated sewage from small to medium 

recreational vessels can have an impact on sediment and water quality. 

(iv) To study the fate of sterol signatures around a known major outfall site 

following a malfunctioning of the sewage treatment process at a major 

treatment plant in the study area. 

(v) To assess shortcomings and opportunities for determining sterol fingerprints 

in subtropical, dynamic estuarine embayment systems. 
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CHAPTER TWO GENERAL LABORATORY METHODOLOGIES 

2.1 LIPID EXTRACTION, SAPONIFICATION AND 
DERIVATISATION OF NEUTRAL LIPIDS 

Sediments were quantitatively extracted using a modified one-phase 

CHCl3/MeOH/H2O (1:2:0.8 v/v/v) Bligh and Dyer extraction method (Nichols et 

al. 1996 and Bligh and Dyer, 1959).  Approximately 30 mL water, 75 mL 

methanol and 37.5 mL of chloroform were added to a 500 mL separatory funnel.  

Approximately 30 g of sediment was then carefully scooped into the funnel using 

a stainless steel spatula, followed by 100 µl of 100 ppm surrogate standard 

solution ((approximately 10 µg on column), (5α-cholestane)), which was injected 

using a glass/stainless steel calibrated Hamilton syringe.  Surrogate standard 

recoveries were calculated with each analysis to assess extraction efficiency and 

to track losses.  A complete procedural blank was run with every batch of 20 

sediment extracts to check for cross- contamination and to determine detection 

limits. 

Samples were shaken vigorously several times and left overnight.  The phases 

were separated next morning by adding 37.5 mL chloroform and 37.5 mL water, 

shaken vigorously and allowing the solvent phase and aqueous phases to separate.  

The lower solvent layer was then drained into a 250 mL round bottom flask (any 

water that inadvertently collected was aziotroped by addition of methanol to the 

extract prior to roto-evaporation) and extracts were evaporated at 30-35oC under 

reduced pressure using a rotary evaporator. 
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The dried extract was then quantitatively transferred into glass screw cap test 

tubes using 2 mL of chloroform.  Following reduction to dryness under nitrogen, 

2 mL of a 10 % NaOH mixture in methanol: water (80:20) was added to the tube 

and heated for 2 hours at 800C (saponification).  The tubes were removed, allowed 

to cool and 3 mL of Milli-Q H2O and 2 mL of 4:1 hexane/chloroform added. 

The sample was then rapidly shaken and centrifuged at 2000 rpm for two minutes.  

The top solvent layer containing the non-saponifiable lipids was removed and the 

extraction repeated in triplicate.  The volume was then reduced under a nitrogen 

stream and transferred to a GC vial with 500 μl of chloroform.  This volume was 

again reduced to dryness under nitrogen and derivatised using bis-(trimethylsilyl) 

triflouroacetamide (BSTFA, 100 μl, 600C, 24 hr).  Once derivatised, the volume 

was made up to a final volume of 500 μl for GC analysis. 

Occasionally, derivatisation was found to be incomplete.  This occurred mainly 

during summer.  Researchers have previously reported this to be a particular 

tropical-region phenomenon due to higher climatic temperatures in lower 

latitudes, and subsequently opted for other derivatisation methods (Isobe et al., 

2002).  Routine checks addressed this problem through calculation of calibration 

standards and a Standard Reference Material (SRM) was run with every batch of 

20 samples and compared with concentrations from the same batch of SRM 

analysed at CSIRO Marine Laboratories.  Derivatisation experiments were also 

conducted over various time-periods (i.e. 1 hr, 4 hr, 8 hr, 16 hr and 24 hr).  It was 

found that most samples were derivatised in full after 4hrs.  Therefore, samples 

were left for 8 hrs to ensure complete derivatisation. 
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This problem was not foreseen as the Gold Coast is still considered a sub-tropical 

region.  For future reference, it would be advisable to use a different derivatisation 

technique such as those used for tropical regions (Burns et al., 2004; Isobe et al., 

2002). 

2.2 GAS CHROMATOGRAPHY AND GAS-CHROMATOGRAPHY-
MASS SPECTROMETRY 

Quantitative gas chromatographic analyses were performed using a Varian 3400 

GC fitted with a 50 m x 0.32 I.D. cross-linked methyl silicone (0.25 µm film 

thickness) fused-silica capillary column (Varian Cp-sil 8-CB), with helium as the 

carrier gas.  Operating conditions were set at 70 kPa head pressure, a total flow of 

35 mL/min, a purge flow of 1 mL/min, 2900C injector temperature, and 3100C 

detector temperature.  The temperature program was modified, based on Nichols 

et al. (1996), with an initial oven temperature of 500C for 1 minute raised at 250C 

/min to 1800C, 20/min to 2800C, and finally 100/min to 3100C, which was held for 

15 minutes.  One-microlitre injections were standard.  Peak areas were quantified 

using Saturn Chromatography Software (Varian Australia).  Recoveries of the 

internal standard, 5α-cholestane, were typically between 75 % and 100 % unless a 

spillage took place.  Any spillage losses and variations in extraction efficiency 

were accounted for by quantifying analytes using the internal standard method.  

The response factor of selected sterols was calculated in relation to 5α-cholestane 

over a series of concentrations.  Peak identification was based on a comparison of 

retention time data with that obtained for authentic and laboratory standards and 

GC mass spectral data. 
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An inter-laboratory calibration was conducted with CSIRO (Marine Institute, 

Hobart), using a Standard Reference Material (SRM) provided and analysed by 

Dr Leeming (Appendix A1).  The results obtained by the author agreed well with 

those by Dr Leeming with one exception: epicoprostanol concentrations in 

extractions conducted at Griffith University were relatively low in comparison.  

The SRM was also run with each sample batch of about 20 to show 

reproducibility, accuracy and precision of the instrument.  The relative standard 

deviation (coefficient of variation x 100) was relatively high in direct comparison 

to the official SRM performed by Dr Leeming and the author.  This was probably 

due to degradation of the compounds over time, as it was used many times over a 

period of at least two years.  However, the coefficient of variation for coprostanol 

was only 7%, revealing the stability of this compound over time.  The SRM and 

calibration standards also endorsed the efficiency of the derivatisation technique. 

Mass-spectral data were acquired on a Varian 3800 GC coupled to a Saturn 2000 

mass-spectral detector.  GC-MS operating conditions and temperature programs 

were the same as those for GC-FID.  The mass-spectral detector operating 

conditions were: electron multiplier ~2000 V; transfer line 1700C, 0.7 scans/sec; 

mass range 100-550 amu; solvent delay 5 min; EI -auto.  The column was a 

Varian cp-sil 8-CB low bleed/MS, same used with GC-FID. 

Individual sterols were often found in trace amounts (ng/g); therefore, compounds 

were manually identified and re-integrated to ensure correct peak identification 

and quantitation. 
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All sterol work (laboratory set-up, extraction and instrumental analysis) was 

performed entirely by the author. 

2.3 BACTERIOLOGICAL ANALYSIS 

Faecal coliform (FC) and E. coli were enumerated following standard membrane 

filtration techniques (APHA, 1998) and incubation on membrane lauryl sulphate 

broth (MLSB, Oxoid) agar (10% w/v) supplemented with 100 mgL-1 MUG (4-

methylumbelliferyl-ß-D-glucuronide, Oxoid BR071E), for 4 hours at 30°C 

followed by 14 ± 1 hours at 44 ± 0.2°C.  Sample filtration volumes (SFVs) were 

50, 75, 90 and up to 250 mL, filtered through sterile 45 mm diameter Type HA 

Millipore® filters (0.45 μm pore size).  All yellow colony-forming units (CFUs) 

were reported as presumptive faecal coliforms in accordance with Apte et al. 

(1995).  Only those colonies that exhibited blue-white fluorescence under long 

wave UV light, or those surrounded by a fluorescent halo, were counted as β-

glucuronidase positive E. coli (Gauthier et al. 1991).  Agar plates were stored at 

4°C prior to enumeration to enhance and confirm their fluorogenic activity. 

All microbiological work was performed entirely by the author except for the 

initial pilot study, which formed part of an honours thesis by Alyssa Pratt at 

Griffith University, Gold Coast campus. 
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2.4 DETERMINATION OF DRY WEIGHT AND TOTAL ORGANIC 
MATTER (TOM) 

The dry weight of sub-samples of each sediment extraction were determined 

following desiccation at 1050C for 12 hrs.  Total organic matter content was 

measured for dried sub-samples by loss on ignition at 5000C for 24 hours after 

acidification to remove carbonates.  Weights were taken before and after 

acidification, resolving minimal losses, thus carbonates were not a significant 

interference. 

2.5 GRAIN-SIZE ANALYSIS 

General sediment samples were collected for each site to characterise bottom 

substrates for grain size distribution and total organic matter.  Each time, three 

replicate samples were retrieved similarly to those for sterol analysis using a corer 

from the boat instead of diver-operated syringes.  For each sample, grain size 

fractions were determined for seven fractions (> 2000, 2000-1000, 1000-500, 500-

250, 250-125, 125-63 and > 63 μm) in triplicates. 

2.6 STATISTICAL ANALYSIS 

All statistical analyses were performed on SPSS vs.12.  Following 

recommendations contained in the ANZECC guidelines for Fresh and Marine 

Water Quality, central tendencies for bacterial counts were presented as medians 

and log10 transformed for further analysis.
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CHAPTER THREE PILOT STUDIES OF STEROLS AND BACTERIAL 
INDICATORS IN SEDIMENTS AND THE WATER 
COLUMN AT THE MARINE STADIUM, GOLD 
COAST BROADWATER 

3.1 INTRODUCTION 

Prior to the main sampling program, an intensive pilot study was conducted for 

analysis of bacterial indicators in the water column and sterols in both the water 

column and sediments.  The pilot study served several purposes.  Firstly, to 

provide insight into existing concentrations of both types of water quality 

indicators.  Additionally, methods required specific tailoring to understand the 

study area of interest (Moreton Bay and Gold Coast Broadwater).  In a first step, 

water quality guidelines (ANZECC/ARMCANZ, 2000), and existing reports from 

South East Queensland were reviewed for methodologies and data relating to 

water quality appraisals in the study area (Webb, 2001; Moss and Cox, 1999). 

The logistics of the sampling program needed to be explored.  This included 

timing of travel (by boat and collection of samples by scuba), knowledge of tides 

and currents, and the effort to collect ancillary measurements such as water 

temperature and salinity.  These latter measurements were initially considered 

important for final statistical analyses of data over both a spatial and temporal 

scale. 

The Marine Stadium anchorage in the Gold Coast Broadwater was chosen for the 

pilot study because this site was potentially affected by a number of point sources 

for both faecal coliforms and sterols: run-off (urban and vegetated areas), sewage 
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(STP seaway discharge), and possible inputs from recreational vessels.  It was 

therefore considered as a site that would most likely reveal varying levels (high 

and low) of bacteria and sterols. 

This type of analysis was novel for Griffith University, Gold Coast Campus.  The 

laboratory set-up, extraction and instrumental analyses had to be established 

entirely by the author.  The Coombabah STP scientific services laboratory was 

also utilised, therefore it was also necessary to co-ordinate between the two 

laboratories. 
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Figure 3.1 Location of random sampling transects for both bacterial and sterol 
pilot studies across the Gold Coast Marine Stadium, SE 
Queensland. 



 

3.1.1 Bacterial indicators 

Despite prior ongoing investigations into water quality in Moreton Bay, there was 

only limited information about spatial and temporal variations of bacterial water 

quality indicators at popular anchor sites.  Under such circumstances, various 

guidelines (NZ Ministry for the Environment 2003; WHO 2003; ANZECC & 

ARMCANZ, 2000) recommend to conduct prior testing of the sampling 

methodology selected for the main study.  Accordingly, a spatially limited, though 

temporally extended pilot study was conducted at the Marine Stadium, Gold 

Coast (Figure 3.1) to gauge sampling volumes for different conditions, and to 

determine the accuracy of the methodology for detecting indicator bacteria.  

Furthermore, this pilot study was also conducted to determine general fluctuations 

in concentrations of indicator organisms in response to changes in vessel numbers 

and other physico-chemical parameters. 

Bacterial indicators have been and still are one of the most widely used indicators 

for water quality.  A number of water quality guidelines or manuals for collecting 

or processing water samples for bacterial analysis are now available 

(ANZECC/ARMCANZ, 2000; ANZECC, 1992; US EPA, 1986a).  With few 

exceptions, these are broadly similar in their approach and in the threshold values 

they recommend.  Previous water quality guidelines and water quality literature 

dealt with only two categories of waters (freshwater and marine) (ANZECC, 

1992).  Subsequently, there has been much debate over which bacterial indicators 

should be used for fresh or marine waters.  The NHMRC (1990) favours the use 

of faecal coliforms and enterococci, whereas New Zealand and the United State’s 

favour enterococci and E. coli. 
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However, the most recent water quality guidelines (ANZECC/ARMCANZ, 2000) 

supposedly consider the protection of ecosystem types: upland rivers, lowland 

rivers, lakes and reservoirs, wetlands, estuaries and marine systems.  Australian 

guidelines for recreational water quality and aesthetics are currently still under 

revision; it is intended that the new guidelines be largely based on 

recommendations from the World Health Organisation (WHO, 2003).  Until these 

guidelines are revised and endorsed, users should apply the guidelines from the 

Australian Water Quality Guidelines for Fresh and Marine Waters (ANZECC, 

1992).  Thus, guidelines for estuaries (which cover most of the sites in this 

project) are still not recognised.  Guidelines for biological indicators throughout 

this study will be largely sourced from the ANZECC/ARMCANZ, (2000) and 

ANZECC, (1992).  Threshold values of bacterial indicators were sourced from 

ANZECC, (2000), Chapter 4, section 4.4 for aquaculture and human consumption 

of aquatic foods and Chapter 5 for recreational water quality and aesthetics. 

Furthermore, it is still unclear whether one or all types of bacterial indicators for 

recreational purposes in fresh or marine waters should be used (i.e. faecal 

coliforms, E. coli and/or enterococci).  In regards to aquaculture, only faecal 

coliforms and E. coli are suggested. However, it is clearly stated within the 

guidelines that they are not mandatory and nor should they be regarded as such. 
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Therefore, for the purpose of this study, it was decided that faecal coliforms and 

E. coli would be the chosen indicators over enterococci bacteria for several 

reasons: 

• Comparison with data from previous studies conducted in the Gold Coast 

Broadwater and Moreton Bay (Moss and Cox, 1999).  This ongoing long-

term study was initiated to assess the effects of treated sewage inputs from 

Gold Coast STP’s into the Broadwater and adjacent ocean.  Bacterial 

indicators used for this study were faecal coliforms only.  Recent studies 

of bacterial contamination in oysters within the Gold Coast Broadwater 

region also used FC’s and E. coli (Keys and Mortimer, 2002).  

Additionally, Webb (2003) studied recreational water quality of beaches, 

lakes and rivers of the South Eastern Queensland region, but used both 

faecal coliforms and enterococci, although 90% of faecal coliforms in 

faeces are in fact E. coli. 

• As indicated above, many water quality guidelines recommend 

enterococci and not FC’s or E. coli as indicators for marine recreational 

water quality (WHO, 2003 and APHA, 1998).  Most of the sites chosen for 

this study were however subjected to (occasionally major) freshwater 

inputs.  Under such conditions (estuarine water type) the ANZECC (2000) 

guidelines suggest the use of both FC’s and enterococci.  For logistical 

reasons it proved impossible to analyse both types of bacterial indicators 

(i.e. FC’s and enterococci).  Instead, it was decided to choose only one 

type of indicator, due to uncertainty about being able to return samples 

back to the laboratory within 6-8 hours (sometimes under rough weather 
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conditions) and not being able to simultaneously process the samples 

within the given timeframe. 

• Lastly, in tropical waters, correlations between a range of bacterial 

indicators and faecal sterols revealed E. coli to provide the strongest 

relationships, whereas streptococci was found to be the weakest (Isobe et 

al., 2002).  On the other hand, in cool waters of the Derwent estuary, 

Australia (Leeming PhD Thesis, 1996), enterococci was found to correlate 

better with faecal sterols.  Even though enterococci have been regarded as 

hardier and more resistant to environmental stress than FC’s (Cabelli et 

al., 1983) their effectiveness in higher water temperatures remains 

questionable. 

With over 20 years of locally comparable data, faecal coliforms and E. coli were 

considered a better compromise for this study. 

3.1.2 Faecal and selected sterols 

Measurements of faecal and sewage pollution by means of sterol analysis is 

relatively recent (Isobe et al., 2002; Nichols et al, 1996; McCalley et al., 1980, 

etc).  Prior to this study, information to estimate spatial and/or temporal variations 

of sterols in Moreton Bay in the water column and sediments at popular anchor 

sites was sparse.  Although, Webb (2003) had conducted a study of bacterial 

indicators and sterols at popular beaches in southeast Queensland, sterols were 

only measured when bacterial counts exceeded primary contact levels (<150 

FC/100 mL).  This occurred only a couple of times during that study. 
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Accordingly, a spatial pilot study for measurements of faecal and selected sterols 

was conducted at the Marine Stadium, Gold Coast (Figure 3.1) in both the water 

column and sediments.  Vessel numbers and ancillary measurements such as 

temperature and salinity were also measured and compiled to obtain baseline 

levels for the main study. 

Another aim of this pilot study was to analyse sterols in both the water column 

and sediments and decide whether it was logistically feasible to analyse sterols in 

both types of environments.  Additionally, results from the pilot study would help 

identify which sterols were to be analysed for interpretation of the main study.  

This was accomplished in consultation with Dr R. Leeming from the CSIRO 

Marine Institute.  Finally, the pilot study was conducted to consider implications 

of sample amounts, and whether these could have affects on extraction and 

instrumental analysis. 

3.2 SAMPLE DESIGN, COLLECTION AND PREPARATION 

3.2.1 Bacteriological analysis 

Water samples were collected over several months along a transect of five stations 

across the entrance of the Marine Stadium (Figure 3.1), the southern-most 

anchorage in the Moreton Bay/Broadwater system and close to Australia’s biggest 

purpose-built tourist destination, the Gold Coast.  Sampling times included winter 

and summer aspects, and periods of high and low recreational and boating 

activities.  Apart from one occasion, sampling times were separated by 5-6 days 

and therefore considered independent.  During each sampling time, surface water 

temperature, tide level, salinity and boat numbers were recorded.  At each station 
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along the transect, three replicate water samples were collected in sterile 250 mL 

glass bottles about -20 cm to -30 cm from the surface.  For the three stations in the 

middle, three additional replicates were collected at a depth of about -1 m from 

the surface.  All samples were put on ice immediately after collection.  

Bacteriological indicators were enumerated as described in Chapter 2, Section 2.3. 

3.2.2 Sterol analysis 

Four water and sediment samples were collected from within the Marine Stadium, 

Gold Coast (Figure 3.1) using a random sampling grid.  At this time there was low 

to intermediate boating activity (≈ 10 boats) and no rainfall. 

Sediment samples were hand collected by scuba divers using cut-off 60 mL 

plastic syringes in order to avoid disturbance of the surface sediment (Figure 3.2).  

Each corer was immediately sealed from the bottom using an extra plunger and 

returned to the surface.  The sediment core was analysed as a whole and not cut 

into segments as executed in further chapters.  Samples were immediately stored 

on ice. 
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1) 

2) 

3) 
4) 

5) 

6) 

Figure 3.2 Schematic diagram of sample collection for undisturbed bottom 
substrate 

Water samples were collected through 142 mm filter cartridges through a pre-

weighed and pre-combusted glass fibre filter (GFF Schleicher and Schuell, 

nominal pore size 0.45 μm).  Filters were muffled in a furnace at 450oC for 24 hr 

prior to use.  Approximately 10-20 L of water was filtered or until filters became 

clogged, which ever came first.  The filters were then folded in half and slotted 

into polypropylene (Sarstedt) tubes, sealed and immediately stored on ice.  All 

samples were kept frozen until further analysis.  Sterols were extracted and 

analysed as described in Chapter 2, section 2.4. 
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3.3 RESULTS 

3.3.1 E. coli levels at the Marine Stadium, Gold Coast 

In general E. coli levels were low, especially in winter.  Weather conditions for 

the year 2000-2001 were observed to be one of the driest on record.  Levels of E. 

coli in summer were also generally very low, but revealed extreme variations in E. 

coli levels, not always coinciding with high boat counts.  During peak summer 

holiday season (28th December, 2000), levels of presumptive E. coli were found to 

exceed primary contact levels (< 150 FC/100 mL) at the Marine Stadium (i.e. 260 

E. coli/100 mL) when vessel numbers were high (>50).  These high levels, 

however, also coincided with a short but heavy rainfall event prior to sampling. 

Closer statistical analysis (multiple regression, Table 3.1) revealed that not only 

boats, but also salinity had a significant effect on bacterial counts at an α level of 

0.05.  Further inspection of the data revealed that median E. coli concentrations 

were not normally distributed.  After log10 transformations, the p values were no 

longer significant. 
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Table 3.1 Multiple Regression Analysis of presumptive E. coli concentrations 
at Marine Stadium (all data), not transformed. 

   Unstandardised 
Coefficients 

 Standardised 
Coefficients 

t Sig. 

Model  B Std. Error Beta   
1 (Constant) 1434.969 506.681  2.832 .011 
 No. of vessels 3.749 .865 1.054 4.334 .000 
 Water temp. -7.488 4.591 -.427 -1.631 .120 
 Salinity (EC)  -39.020 15.873 -.356 -2.458 .024 
 Rain 72h prior 4.677 3.370 .179 1.388 .182 
 Tide difference 11.157 23.782 .062 .469 .645 

a  Dependent Variable: MEDIAN of presumptive median E. coli CFU 
 

It has to be emphasised, however, that bacterial indicator levels exceeded 

ANZECC/ARMCANZ (2000) guidelines recommended for primary contact 

(<150 FC organisms/100 mL) at least once, and that levels reached up to within 

two thirds of this guideline value almost twice during the one month of sampling 

in summer.  These results highlight that more samples should have been collected, 

particularly during summer, to further investigate the relationship between 

rainfall, salinity, water temperature and boat numbers of presumptive E. coli 

levels. 

Overall, transect data collected for the Marine Stadium in 2000 to 2001, indicated 

that recreational vessels have the potential to contribute to concentrations of 

faecal bacterial indicator organisms (Figure 3.3). 
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Figure 3.3 Concentrations of E. coli at Marine Stadium, Gold Coast. 

3.3.2 Faecal and selected sterol biomarkers in sediment and the 
water column 

Sterol levels in the water column were an order of magnitude lower than levels in 

sediments.  All water column samples from the Marine Stadium anchorage, Gold 

Coast, contained trace concentrations of coprostanol (i.e. 3 to 8 ng/L), while 

coprostanol in sediments revealed much higher levels ranging from 57 ng/g to 

1365 ng/g (Table 3.2).  The human sewage biomarker ratio of coprostanol/5α-

cholestanol proposed by Grimalt et al., (1990) and later reviewed by Moss and 

Cox (1999) in consultation with Dr.Leeming (CSIRO) revealed low levels in the 

water column samples (0.11 to 0.17), however, two of the sediment samples 

revealed ratios of 0.36 and 0.48 (threshold levels are >0.3) (see Table 1.1, Chapter 

1 for details) indicating human sewage pollution.  The main faecal herbivore 

sterol biomarker 24-ethylcoprostanol was also found at trace levels in the water 

column (i.e. 1 to 4 ng/L), but found in much higher levels in sediments ranging 
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from 35 ng/g to 1242 ng/g, relatively similar to concentrations of coprostanol.  

The faecal sewage herbivore ratio of 24-ethylcoprostanol/sitostanol was also low 

in the water column (0.16 to 0.29); however, two of the sediment samples 

revealed values of 0.5 and 0.8 (see Table 1.1, Chapter 1-Introduction for details).  

The second human sewage sterol epicoprostanol (usually found in older sewage 

sludge) was not detected in any of the water samples, but was detected in all 

sediment samples at a similar concentration range to coprostanol (the β isomer), 

albeit at slightly lower levels.  All ratios of epicoprostanol/coprostanol were 0.3 or 

greater, indicating long term sewage inputs to the site. 

Cholesterol, which is ubiquitous in most animals, was found to be the most 

abundant sterol within samples in both water and sediments.  The C29 sterol, 

sitosterol was found at much higher levels than any other sterols except for 

cholesterol.  Overall, the major faecal inputs (based on percent biomarkers) to the 

Marine Stadium anchorage in sediments and the water column were mainly of 

human origin (Table 3.2), although there was a considerable herbivorous 

contribution. 

Additionally, there was a considerably higher plant and algal contribution, 

especially in sediments.  The resultant chromatograms revealed relatively high 

amounts of marine and terrestrial sterols to faecal sterols.  All sediment samples 

showed a significant amount of coprostanol.  Representative chromatograms for 

both the water column and sediments in the Marine Stadium are shown in 

Figure’s 3.4 and 3.5. 
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Table 3.2 Faecal and selected sterol biomarkers in both water column and sediments at Marine Stadium anchorage, Gold Coast. 

Sterols  Sediment samples Water samples 
  S1 S2 S3 S4 W1 W2 W3 W4 

IUPAC names Sterol (Trivial names only) Sterol Concentrations (ng/g)   (ng/L)   

           

5β-cholestan-3β-ol coprostanol 98 57 115 1365 3 8 4 6 

cholestan-3α-ol epicoprostanol 41 17 33 693 ND ND ND ND 

cholest-5-en-3β−ol cholesterol 1664 607 2464 53302 446 407 367 759 

5α-cholestan-3β-ol 5α-cholestanol 407 157 240 9810 29 54 24 51 

24-ethyl-5β-cholestan-3β-ol 24-ethylcoprostanol 71 35 67 1242 1 4 2 3 

24-ethyl-5β-cholestan-3α-ol 24-ethyl- epicoprostanol 33 17 23 924 2 ND ND ND 

24-ethylcholest-5-en-3β−ol sitosterol 1787 261 457 19532 62 114 74 155 

24-ethyl-5α-cholestan-3β-ol sitostanol 290 70 89 4683 8 14 9 18 

  Sterol Ratios       

 coprostanol/5α-cholestanol 0.24 0.36 0.48 0.14 0.11 0.15 0.17 0.12 

 epicoprostanol/coprostanol  0.40 0.30 0.30 0.50 0.00 0.00 0.00 0.00 

 coprostanol/cholesterol  0.06 0.09 0.05 0.03 0.01 0.02 0.01 0.01 

 24-ethylcoprostanol/sitostanol  0.24 0.50 0.80 0.27 0.18 0.29 0.25 0.16 

 24-ethylcoprostanol/sitoterol 0.04 0.10 0.10 0.06 0.02 0.04 0.03 0.02 

 % coprostanol 58 62 63 52 69 66 64 68 

 % 24-ethylcoprostanol 42 38 37 48 31 34 36 32 

 %  human  (based on biomarkers ONLY) 62 72 73 50 87 80 76 85 

  %  herbivore  (based on biomarkers ONLY) 38 28 27 50 13 20 24 15 

ND – Not Detected 
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Figure 3.4 Partial GC –FID chromatogram of sterols in the water column from 
the Marine Stadium, Gold Coast.  Coprostanol was below detection 
limits for peak identification for the software used.  Coprostanol is 
at retention time 42.08 minutes. 
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Marine Stadium, Gold Coast.  Coprostanol is identified at retention 
time 42.04 minutes. 
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3.4 DISCUSSION 

3.4.1 Bacterial indicators at the Marine Stadium, Gold Coast 

Although E. coli levels were shown to exceed recreational primary contact limits 

during peak holiday season with high boat counts, this event did coincide with a 

short but heavy rainfall event.  Previous studies have shown that rainy and/or 

stormy weather conditions influence the amount of microbial indicators in marine 

waters and sediments.  In fact, stormy weather and water agitation conditions 

increase the microbial counts in seawater due to not only land runoff, but also re-

suspension of bacteria in sediments (Coelho et al., 1999 and references therein). 

Furthermore, due to the huge variation in the data and fluctuations within seasons, 

and the large number of sources that the bacteria could be derived such as land 

(e.g. kangaroos and possums) and agricultural (cows and horses) run-off, a site 

such as the Marine Stadium would need to be continually sampled on both a 

spatial and temporal scale to gather reliable data.  On the whole, results from this 

pilot study indicate that the Gold Coast Marine Stadium is not totally unaffected 

by faecal contamination and one would suggest that further bacterial studies of 

this site should be conducted. 

3.4.2 Sterol biomarkers 

As mentioned previously (see Chapter 1, section 1.2.1 and 1.2.2), sterol analysis 

provides many advantages over microbiological indicators.  Their source 

specificity, accuracy and precision can greatly reduce bacteriological 

overestimation by determining whether sources of faecal contributions are derived 
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from humans, herbivores and/or other animals (Leeming et al., 1996; Leeming et 

al., 1997 and Leeming et al., 1998). 

Although faecal sterols have not been totally embraced as a sewage water quality 

indicator, governing bodies such as the Australian Water Association (AWA) and 

the Victorian EPA have extended their services to include the use of the sterol 

human sewage ratio of coprostanol/5α-cholestanol (see Chapter 1, Table 1.1 for 

details) with a threshold value of 0.5.  In an extended study of recreational 

beaches, lakes and rivers of South Eastern Queensland, Webb (2001) also used 

the coprostanol/5α-cholestanol ratio, but used a threshold value of >0.3 indicating 

sewage pollution.  Although the results from this pilot study were highly varied, 

the coprostanol/5α-cholestanol ratio values compared well with Webb (2001) 

using that same value. 

The discrepancy, variation and validity of the main human sewage biomarker ratio 

of coprostanol/5α-cholestanol have recently become a contentious issue among 

researchers in lower latitudes (Isobe et al., 2002).  This is mainly due to the higher 

rates of reduction of sterols to stanols in warmer waters.  If sterols are to be used 

as an additional indicator for water quality in the future, this problem needs to be 

addressed.  The waters off Moreton Bay and Gold Coast Broadwater appear to 

experience sub-tropical to tropical climatic features exhibiting extremely dry 

winters and wet summers with occasional cyclonic influences.  As a result, this 

study will examine the usefulness of the coprostanol/5α-cholestanol ratio and 

suggest alternatives, or alternative ratio values that could be utilised in lower 

latitudes. 

72 



 

The two sediment samples for both human and herbivore sewage biomarkers that 

indicated positive sewage pollution did not correspond with the highest absolute 

concentrations.  These findings reflect work from previous researchers whereby 

the use of ratios rather than the use of absolute concentrations reduces the bias 

largely attributed to variations in particle size and total organic matter (Bull et al., 

2002; Writer et al., 1995 and references therein).  However, extremely high 

absolute concentrations of coprostanol usually indicate serious sewage pollution:  

For example, Grimalt et al., (1990) reported levels as high as 390 μg/g, 50 m from 

a dumpsite near Barcelona, Spain. 

The epicoprostanol/coprostanol ratio indicates older human faecal contamination 

(Leeming, PhD Thesis 1996).  All values were 0.3 or above (see Chapter 1, Table 

1.1, for details), indicating long term sewage inputs into the inlet from currents 

deriving from the STP outlet pipe at the seaway.  Although, cholesterol was found 

to be the most abundant sterol within all samples, sitosterol was also found in 

relatively high levels within samples.  The C29 sterol, sitosterol usually used as a 

terrestrial biomarker (Volkman, 1986) was found at much higher levels than any 

other sterols except for cholesterol.  The high relative amounts of sitosterol in 

sediments rather than the water column could be due to the inlet characteristics 

and low hydrological flushing rates at the Marine Stadium.  Influences of currents 

from the Nerang River could contribute to the build up of detritus to the 

sediments, derived from higher plants (e.g. mangroves).  Moss and Cox (1999) 

also concluded that sewage discharged from the seaway did not impact on water 

quality, in contrast to run-off from the Nerang River, thus accounting for the high 

relative amounts of sitosterol in sediments. 
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It is now recognised that the qualities of waters are not the only part of aquatic 

systems that need to be addressed.  Sediments are known to act as a sink for 

pollutants and can be re-suspended back into the water column causing further 

pollution problems (Burton, 1992).  Although the ANZECC water quality 

guidelines (2001) now provide for sediment quality, they are certainly not 

comprehensive and rely on North American data, due to the lack of local data.  

Sterol methodologies and analyses in sediments are well established (Nichols et 

al., 1993 and references therein) overcoming many of the sediment bacteriological 

enumeration problems that occur during filtration.  Furthermore, sterols can reveal 

short and long-term pollution changes from just one sediment core. 

Therefore, there is a need for an accurate, robust sediment quality indicator, which 

can discriminate between autochthonous and allochthonous organic matter in 

sediments.  The water column samples revealed levels far too low to make any 

conclusive outcomes.  From these results, it was concluded that sediments only 

would be analysed since an additional seven sites were to be examined.  The pilot 

studies proved to be an extremely useful exercise for determining baseline values 

and short and/or long-term sources to the site prior to the main sampling program. 

Even though GC-FID and GC-MS samples correlated well in samples from the 

Marine Stadium anchorage (R2= 0.79 and 0.99 at p = 0.05 in sediment and water 

samples respectively), it was decided that quantification of sterols would 

primarily be analysed by GC-mass spectrometry.  Furthermore, the drawback to 

using GC-FID only to measure faecal sterols is that the herbivore biomarkers, 24-

ethylcoprostanol and 24-ethylepicoprostanol co-elute with several other sterols.  

These sterols are often present in environmental samples and are derived from a 
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variety of plant and/or animal sources.  The detection limit for the GC-MS was 

also found to be an order of magnitude lower than the GC-FID (i.e. 0.1 ng/g). 

The results from this sterol pilot study confirm that by the use of sterols, the 

Marine Stadium anchorage is affected by sewage, but at this stage it is not known 

if boats and/or other sources are contributing to marine pollution at this site. 

3.4.3 Comparison of sterol levels around the world (see Chapter 
1, Table 1.3 and 1.4) 

Sedimentary coprostanol concentrations from the pilot study reflected those from 

non-point source studies in estuaries in the United Kingdom (Readman et al., 

1986), sandy estuarine sediments (Mudge and Norris, 1997), a reference site in 

Hong Kong (Poon et al., 2000), and a non-point source study site in Malaysia 

(Isobe et al., 2002).  The two high coprostanol/5α-cholestanol values found in the 

pilot study of 0.36 and 0.48 were consistent with tropical point-source studies 

from coastal sediments in Hong Kong (Chan et al., 1998), and the lower values of 

0.14 and 0.24 were consistent with reference sites in Hong Kong.  However, as 

with this pilot study, ratios did not correspond with relatively high absolute 

concentrations within the same sample. 

Cholesterol is known to present huge variations within a data set (Burns et al., 

2004) due to the fact that it is ubiquitous in most animals.  The large variation of 

cholesterol levels in this pilot study reflected those from tropical estuarine anoxic 

sediments (Jeng and Han, 1994) to temperate point-source studies in Bilbao, 

Portugal (Mudge and Bebianno, 1997) and non-point source studies from mud 

flats in North Wales (Mudge and Norris, 1997).  Sitosterol, the other most 
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abundant sterol found in this selected sterol set was consistent with cold estuarine 

mud flats in Scotland (Reeves and Patton, 2001), sandy sediments from North 

Wales (Mudge and Norris, 1997) and intertidal and coastal sediments off Sydney 

(Nichols et al., 1993). 

Results from water column samples in the pilot study were too low to make 

comparisons with other studies. 
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CHAPTER FOUR DEGRADATION OF COPROSTANOL AND 
RELATED STEROLS IN SEDIMENTS FROM A 
HIGHLY DYNAMIC MARINE TROPICAL SYSTEM: 
A MICROCOSM EXPERIMENT 

4.1 INTRODUCTION 

As highlighted in Chapter 1 (section 1.2.2.2), sterols released into freshwater 

bodies, estuarine and marine waters tend to adhere to particulate organic matter.  

This matter will eventually sink to the bottom and become embedded into 

sediments.  There, sterols can be degraded at varying rates depending on a range 

of environmental parameters including temperature, currents, tides, TOM, particle 

size and endemic microbial populations. 

Knowledge about the degradation of sterols in sediments is essential for their 

usefulness as biomarkers for tracing marine pollution and for establishing 

recovery times (rates) for pollution monitoring programs.  Most of the knowledge 

on sterol degradation has been gained through experiments in cold waters with 

high nutrient levels, usually under some type of artificial experimental conditions 

(Canuel and Martens, 1996; Bartlett, 1987). 

Therefore, the primary aim of this study was to follow the fate of selected sterols 

and establish degradation rates of selected faecal and related sterols in two 

opposing natural sediment types polluted with a sewage effluent- seawater 

mixture under controlled conditions.  These conditions were chosen to simulate 

typical situations encountered in sediments found in estuaries in southeast 

Queensland, Australia. 
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Microbiological analyses of E. coli were enumerated parallel to sterol analysis to 

compare the difference between biological die-off and chemical degradation. 

Specific aims included: 

1. Develop a microcosm system and sampling technique that resembled 

conditions of estuarine sediments as much as possible in situ. 

2. Determine degradation rates for coprostanol and selected sterols over time. 

3. Calculate degradation rates of different sterols relative to each other over 

time. 

4. Compare degradation rates of faecal sterols and bacterial indicators over 

time. 

4.2 SAMPLE DESIGN, COLLECTION AND PREPARATION 

4.2.1 Sample design 

4.2.1.1 Set-up of microcosm 

A microcosm experiment was designed to resemble in situ conditions while, at the 

same time, limiting disturbances (e.g. through sample collecting) to a minimum.  

For this experiment, two different sediment types, -sand with low OM content and 

sand/mud with relatively higher organic content -were tested in duplicate in 40 L 

aquarium tanks.  Two undisturbed sediment cores collected in Kasten corer-like 

aluminium frames were placed into each tank (Figure 4.1). 
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Figure 4.1 Schematic diagram of microcosm degradation experiment.  Each 
section of PVC pipe inserted into the aluminium sediment core 
represents a single sample. 

The aluminium frames were immersed in seawater for four weeks prior to 

sampling to reduce metal leaching.  In the field, sediment cores were collected by 

gently pushing the aluminium frames into the sediment, which at the time, was 

covered with approximately 50 cm of water at spring low tides.  After covering 

the top of the frame with an aluminium plate, all sediment around the frame was 

removed and a second plate was pushed along the bottom of the frame.  The 

sediment cores were then carefully moved through the water, and lifted into 

plastic containers to be transported into the laboratory.  There, sediment cores 

were immediately placed into the glass tanks and immersed in freshly collected 



 

seawater.  The top aluminium plates were then carefully removed and, 40 mm 

polyvinyl chloride (PVC) pipe segments were slowly eased into the sediment to 

provide approximately 20 sampling spots per frame.  Each PVC segment was 

marked internally with lines at 1 cm intervals so that 10 g of sediment dry weight 

could be quantitatively removed ensuring the reproducibility of sediment amounts 

at each sampling event.  The pipes were then inserted into the sediment in rows 

within each aluminium block until full (Figure 4.1).  The PVC pipes acted as a 

barrier from escaping or disturbing sediment, as at each sampling event, the water 

table was slowly lowered, so sediment could be scooped out without disturbing 

the sediment surface.  The pipes also formed a barrier to reduce cross 

contamination between sample plots from within the aluminium sediment cores. 

Seawater was collected from the Gold Coast Broadwater, in 50 L plastic pre-

cleaned drums by boat to obtain the cleanest water possible.  The tanks were then 

slowly filled with seawater and left to settle for one day.  After all tanks were left 

to settle, sediment samples were tested for initial concentrations of coprostanol, 

other selected sterols, and E. coli prior to addition of primary effluent.  Data for 

other parameters and concentrations of sterols of primary and advanced secondary 

treated effluent were also collected.  They are shown in Table’s 4.1 and 4.2. 
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Table 4.1 Average values of main water quality indicators in Primary 
Effluent from Coombabah Sewage Treatment plant (STP). 

Parameter Primary Effluent 
(de-grit) 

  
Alkalinity (mg) 230±5.50 
Ammonia Nitrogen (mg/L) 29.6±0.92 
BOD(mg/L) 83 
pH 7.3±0.03 
Suspended Solids (mg/L) 225±17.90 
Total N(mg/L) 42±1.90 
Total P(mg/L) 8.56±0.46 
COD(mg/L) 372±39 
VSS%ss 89.30 

 

Table 4.2 Average concentrations of selected sterols from primary and 
secondary effluent from Coombabah Sewage Treatment Plant 
(STP). 

Sterols Trivial names only Primary 
Effluent 
(μg/L) 

Secondary 
Effluent * 
(μg/L) 

coprostanol 1278±58.0 1 
epicoprostanol 18±5.1 ND 
cholesterol 1144±243.0 18 
cholestanol 37±6.0 1 
24-ethylcoprostanol 221±13.5 ND 
stigmasterol 67±12.9 ND 
stigmastanol 109±22.5 ND 
sitosterol 361±135.7 ND 
sitostanol 10±2.6 ND 

ND- Not detected 
* other replicates were ND for all compounds 

 

Coprostanol concentrations in Coombabah primary effluent resulted on average of 

1278 ±58 μg/L and agreed well with many other studies of sterol concentrations 

of primary effluent (Leeming, PhD Thesis 1996; and others therein).  From this 

81 



 

result and previous literature (Marty et al., 1996; Leeming, PhD Thesis 1996 and 

Bartlett, 1987), it was decided that a 1:50 dilution sewage effluent/sea-water 

mixture was appropriate for the experiment.  Tanks were aerated for the entire 

experiment and fresh seawater was added to tanks when necessary (due to 

evaporation) on days 11, 28 and 42.  Sediments were kept in a constant 

temperature room at 180C in the dark except during sampling times.  Sampling 

days and tank maintenance work are shown in Table 4.3. 
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Table 4.3 Sampling days and explanation of sampling strategy and 
maintenance during microcosm experiment. 

Day Sampling Strategy and Maintenance 
1 Clean sediment left to settle for one day before addition of effluent. 
2 Effluent added in morning, left to settle, first samples taken with effluent that afternoon. 
3 Second samples taken next afternoon (approx 24 hrs between samples) 
4 24 hr sampling turn around 
5 ‘as above’ 
6  as above’ 
8 Sample times increased to two days 
11 Sample time increased to three days.  Addition of fresh seawater 
14 Three days between sampling times 
17 ‘as above’ 
21 ‘as above’ 

28 Sample times increased to 7 days.  Addition of fresh seawater 
34 Six days between sampling times 
42 Eight days between sampling times.  Addition of fresh seawater 
60 18 days between last sampling time. 

During each sampling event, the water table was carefully lowered to just below 

the top of the PVC pipes.  Sampling of sterols and bacterial indicators followed 

separate routines. 

4.2.1.2 Sterols 

With the use of a random sampling grid and the first interval marker line in the 

PVC pipe as a reference, two replicate 1 cm3 core sediment samples were scooped 

quantitatively from each tank using a stainless steel spatula.  Sediment samples 

were thoroughly homogenised, placed into polypropylene vials, and either 

immediately extracted or frozen until subsequent analysis.  Sub-samples of 

sediment from each vial were separated for dry weight determination.  Sediments 

were extracted and analysed by methods outlined in Chapter 2, Sections 2.1 and 

2.2). 
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4.2.1.3 Bacterial indicators 

Sediment samples were scooped from the surface between the PVC pipes using a 

stainless steel spatula in duplicate from both tanks and from each type of 

sediment.  The combined vials from each sediment type were then thoroughly 

homogenised and further split into triplicates for enumeration.  The amounts used 

for analysis depended on the day of the experiment.  For example on day one (no 

effluent), 10 g of sediment were weighed, whereas on day two (first day effluent), 

only 1 g of sediment were weighed for analysis.  Sediments were then 

resuspended in 100 mL of a synthetic salt solution (3.7 g/100 mL NaCl in Milli-Q 

water), shaken and sonicated for a few minutes, and allowed to settle.  Between 

10-50 mL of supernatant was used for bacterial enumeration.  Bacteriological 

analyses are outlined in Chapter 2 (Section 2.3). 

4.2.2 Sampling of sediment 

Primary effluent was collected from the Coombabah Sewage Treatment Plant on 

the Gold Coast, Queensland.  Sediments were collected from ‘Tipplers anchorage’ 

and the ‘Marine Stadium anchorage’ (Chapter 5, Figure 5.1 – sources and 

characteristics of each site are given in Tables 5.1 and 5.2). 

Two types of sediment were collected for the experiment: i.e. sand, and sand with 

some finer particulate matter, referred to as ‘mud’.  Muddy sediment was obtained 

from ‘Tipplers’, an area that had been sampled several times before; therefore a 

considerable amount of comparable data was available.  However, the sediment 

blocks were collected on the northern side of the channel (as previously sampled), 

as it appeared to be the cleanest (i.e. less influenced by recreational vessels and 
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other tourism activities).  Additionally, the muddy sediment was close to a major 

mangrove system abundant in both micro- and macrofauna and flora.  Sandy 

sediments were obtained from the ‘Marine Stadium’ anchor site.  This sediment 

was also removed from possibly the cleanest area at the site, and as with Tipplers, 

it appeared to contain an abundance of biota, including a number of different crab 

species (e.g. soldier crabs (Mictyris platycheles) and juvenile sand crabs 

(Portunus pelagicus)). 

4.3 RESULTS 

4.3.1 Observation of macro fauna in tanks over 60 days 

Day 1 (prior to effluent addition to tanks): 

From first observations of both muddy and sandy sediment blocks it appeared that 

the physical transferral of sediments had little effect in mesofauna activity, as 

active burrows and holes around patches of seagrass were evident on the surface 

of all sediment blocks.  The muddy substrate mainly exhibited polychaete holes 

amongst its scattered seagrass patches.  The sandy tanks exhibited larger holes, 

presumably from crabs. 

Day 2 (primary effluent added) – Day 6 

Within the first week, holes in sandy sediments became more abundant.  Crabs 

(mostly soldier crabs) began crawling around the aluminium blocks.  Some 

abandoned the pipe holes and aluminium cores altogether and crawled around the 

bottom of the tanks.  A few crabs were found dead (and immediately removed), 

although, overall more crabs kept emerging, crawling all over the tanks.  In the 
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muddy tanks, one crab was found dead in a PVC pipe hole, however active 

polychaete holes were still evident. 

Day 8 - Day 17 

Bioturbation was much more evident by day eight.  Crabs in the sandy tanks were 

starting to die in the pipe holes; however, many were still crawling in and out of 

the holes.  Some crabs were still sitting around the bottom of the tanks.  Worm 

dirt was now more evident in the muddy tanks and a polychaete was found in one 

of the samples taken. 

Day 21(T10) – Day 60(T14) 

Three weeks after commencing the microcosm experiment, bioturbation was still 

evident: fresh sediment was still evident around polychaete holes in muddy 

sediments and a juvenile crab was observed moving over the bottom of one tank.  

In the sandy tanks, wormholes were more evident and crabs were still alive, 

crawling in and out of the sand.  Pieces of dead crab were starting to accumulate 

at the bottom of the tanks, but there were still a number of individuals alive at the 

very end of the experiment. 

4.3.2 Degradation of presumptive faecal coliforms and 
presumptive E.  coli over time 

Time series graphs of bacterial concentrations - (Figure 4.2 and Figure 4.3) 

clearly demonstrated that indicator bacteria were dying off rapidly in the top 0.1-

0.5 cm of sediment.  Some fluctuations of bacterial indicator concentrations could 

be observed throughout the rest of the experiment.  They were regarded as the 
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result of changes to the volume of sediment sampled and the dilution of the 

sediment in the resuspension solution, and possibly addition of fresh seawater (see 

Table 4.3). 
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Figure 4.2 Degradation of MUG positive presumptive E. coli CFUs in sandy 
and muddy sediments over time. 
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Figure 4.3 Degradation of presumptive faecal coliforms in sandy and muddy 
sediments over time. 
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4.3.3 Degradation of faecal and selected sterols over time 

4.3.3.1 General observations of faecal and related sterols over time 

Summary sterol data from the microcosm experiment combining all sampling 

times are given in Table 4.4.  The mean concentration of total sterols analysed 

revealed levels in mud to be twice the levels found in sand.  However, the range 

and mean of % TOM were only slightly higher in mud (Range- 0-9.37 ng/g; 

mean- 3.74 ng/g) compared with sand (Range- 1.07-8.21 ng/g; mean- 3.49 ng/g).  

Overall, the most abundant sterol was cholesterol, although, cholesterol was 

present in both the sediment and effluent prior to the start of the experiment.  

Stigmasterol and sitosterol were not present in the effluent; however, both 

compounds reached concentrations within the same order of magnitude as 

cholesterol on several occasions throughout the experiment. 

The range and mean concentration of coprostanol was higher in mud (Range- 12-

251.93 ng/g; mean- 54.98 ng/g) than sand (Range-5.58-114.9 ng/g; mean- 36.59 

ng/g), especially once the seawater/effluent mixture was added to the tanks.  The 

mean concentrations of epicoprostanol in mud (Range- 0.460-50.61 ng/g; mean- 

15.68 ng/g) exceeded those in sand (Range- 0.77-8.66 ng/g; mean- 2.55 ng/g) by 

almost an order of magnitude. 

The overall mean concentration of 5α-cholestanol, the main reduction product of 

cholesterol, was similar in both sediment types.  Furthermore, 5α-cholestanol was 

generally found at higher concentrations than the two other major stanols 

(sitostanol and stigmastanol) analysed in this experiment. 
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Both 5α-cholestanol and the secondary herbivore biomarker, 24-ethyl-

epicoprostanol was found to exhibit maximum concentrations much higher in 

sand (1940.40 and 240.84 ng/g) than mud (399.95 and 55.98 ng/g), respectively.  

These two compounds revealed the highest relative standard errors.  Overall, the 

relative standard error for most of the sterols ranged from 13-35%, indicating 

notable changes in sediment characteristics and mesofauna activity over a short 

distance. 
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Table 4.4 Faecal and selected sterol levels in sand and mud from microcosm experiment (all days included) (ng/g). 
(n = 14; mean of replicates per sampling event). 

Sterol Sand Mud 

IUPAC name Trivial name Range Mean %RSE Range Mean %RSE 

  Min Max   Min Max   

5β-cholestan-3β-ol coprostanol 5.58 114.19 36.59 21.26 12.08 251.93 54.98 29.11 
5β-cholestan-3α-ol epicoprostanol 0.77 8.66 2.55 23.02 0.46 50.61 15.68 20.04 
cholest-5-en-3-β-ol cholesterol 233.76 2007.40 823.55 17.91 246.06 5369.00 1724.69 24.64 
5α-cholestan-3β-ol cholestanol 20.71 1940.30 199.88 67.14 16.34 399.95 207.90 12.72 
24-ethyl-5β-cholestan-3β-ol 24-ethylcoprostanol 1.08 22.120 7.27 21.36 5.11 25.16 14.39 13.72 
24-ethyl-5β-cholestan-3α-ol 24-ethyl-epicoprostanol 0.05 240.84 18.13 94.48 0.10 55.98 7.81 48.07 
24-ethylcholesta-5,22E-dien-3β-ol stigmasterol 157.44 1216.30 515.30 15.48 190.70 1646.00 714.41 14.86 
24-ethyl-5α-cholest-22E-en-3β-ol stigmastanol 18.15 139.15 60.31 15.22 29.94 317.52 139.35 16.16 
24-ethylcholest-5-en-3-β-ol 24-ethylcholesterol 71.75 1469.70 432.78 23.42 202.43 2835.60 1319.23 18.08 
24-ethyl-5α-cholestan-3β-ol 24-ethylcholestanol 6.37 95.54 24.746 24.69 9.06 538.17 102.14 34.40 
          

Total Sterols (ng/g)    2121.09    4300.62  
          

Total Organic Matter  1.07 8.21 3.49  0.00 9.37 3.74  

 

 



 

Time series graphs of sterol concentrations (medians, Figures 4.4 – 4.7 below and 

mean graphs showing 1 std error of the mean, Appendices B1) revealed at almost 

any stage during the experiment that major sterol (cholesterol, stigmasterol, and 

sitosterol) concentrations were highest, followed by major stanols (5α-

cholestanol, stigmastanol, and sitostanol) and finally the coprostanols 

(coprostanol, epicoprostanol, 24-ethylcoprostanol and 24-ethyl-epicoprostanol). 

Prior to the addition of primary effluent, all sterol concentrations apart from the 

major sterols (cholesterol, stigmasterol, and sitosterol) were very low (< 10 ng/g 

and close to their detection limit).  After the addition of effluent, concentrations of 

all major sterols and stanols rapidly increased, peaked, and then decreased to 

levels almost as low as prior to the addition of primary effluent.  After having 

reached low levels around day six, most sterol concentrations increased again and 

continued to fluctuate with decreasing amplitudes until the termination of the 

experiment at day 60.  It is worth noting that these fluctuations were observed for 

both types of sediment and that the first period (i.e. day 1-6) occurred almost 

simultaneously across all tanks.  Later peaks coincided less well. 

Due to increased intervals between sampling times, some of the fluctuations could 

have been missed and could explain why later peaks did not coincide well.  For 

logistical reason (processing of samples) this could not be prevented. 

Box plots of combined sediment types revealed there were extreme values and 

outliers during almost every sampling event.  Subsequently, medians were 

calculated to reduce the effect of these outliers and to highlight general trends 

(Figures 4.4 – 4.7).  Fluctuations of sterols were still evident.  Coprostanol 
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(Figure 4.6), however, did not appear to fluctuate to the same degree as most of 

the other sterols and stanols. 
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Figure 4.4 Production and degradation of major sterols; stigmasterol, 24-
ethylcholesterol (sitosterol) and cholesterol median concentrations 
(ng/g) in sandy and muddy sediments over time (days). 
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Figure 4.5 Production and degradation of major stanols; stigmastanol, 24-
ethylcholestanol and 5α-cholestanol median concentrations (ng/g) 
in sandy and muddy sediments over time (days). 

93 



 

0

50

100

150

200

250

0 10 20 30 40 50 60

Time (days)

 M
ed

ia
n 

co
nc

en
tr

at
io

n 
of

 
co

pr
os

ta
no

l (
ng

/g
)

0

2

4

6

8

10

12

M
ed

ia
n 

co
nc

en
tr

ai
on

 o
f 

ep
ic

op
ro

st
an

ol
 (n

g/
g)

coprostanol epicoprostanol

Figure 4.6 Production and degradation of coprostanol and epicoprostanol 
median concentrations (ng/g) in sandy and muddy sediments over 
time (days). 
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Figure 4.7 Production and degradation of 24-ethylcoprostanol and 24-ethyl-
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sediments over time (days). 
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4.3.3.2 Major sterols (cholesterol, stigmasterol and sitosterol) 

Fluctuations of major sterol concentrations were essentially the same for both 

sediment types, although initial concentrations (after the addition of effluent) were 

higher in mud compared with sand.  Stigmasterol and 24-ethylcholesterol 

(sitosterol) were found in relatively the same concentration ranges as cholesterol.  

These sterols are usually used as terrestrial biomarkers as they are found in 

abundance in vascular plants including mangroves (Volkman, 1986). 

The coinciding phases of fluctuations of all major sterols (Figure 4.4) indicated 

that the concentrations of the three sterols investigated were correlated even at the 

level of individual replicates.  Pearson correlations on log10 (x + 0.1(detection 

limit)) transformed data clearly demonstrated that significant linear relationships 

(p < 0.001 for all combinations) existed between all major sterols (see Figure 4.8 

and Table 4.5, Appendix B2).  In general, sterols in sandy sediments were more 

closely related to each other than respective pairs in muddy sediments. 
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Figure 4.8 Scatterplot and correlation co-efficients of sterols stigmasterol and 
sitosterol (log 10 (x + 0.1) transformed) in sandy and muddy 
sediment. 

Regressions (days 3-60) of log transformed and untransformed (linear and power) 

data were used to further analyse the general underlying relationships between 

major sterols and their corresponding stanols in the environment (after the initial 

disturbance, i.e. the addition of primary effluent).  Regression equations were 

used to calculate predicted ratios at fixed intervals between sterol compounds 

over the range of the concentrations of the chosen independent variable (Table 

4.5). 
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The regression derived ratios shown in Table 4.5 represent the results of a system 

in a disturbed state three days after sewage/nutrients have been introduced.  In 

most cases, the regression derived values hardly changed.  For comparison 

between pairs an overall regression- derived ratio value was determined as the 

mean of the calculated ratios based on the regression with the highest R2.  This 

approach eliminated the effect of the frequent extreme values. 

Of the three regression models tested (i.e. linear, power, and log-log transformed), 

in most cases, the ‘power’ models provided the best fit for calculating ratios over 

varying concentration ranges.  The regression derived ratio values for 

stigmasterol/cholesterol did not vary much between sediment types (0.63 and 0.65 

for sand and mud, respectively).  However, there was a distinct difference for the 

regression derived ratios of sitosterol/cholesterol pairs between sand (0.55) and 

mud (1.50).  This indicated a greater relative amount of sitosterol was produced in 

mud compared to sand. 

The ratios of the ‘terrestrial’ sterol and stanol pairs were also different between 

sediment types.  Values calculated for sandy sediments indicated higher amounts 

of stigmasterol having been produced relative to sitosterol.  The ratios of the 

sterols against their associated stanols varied considerably between sediment 

types except for sitosterol/sitostanol (0.06 and 0.05 in sand and mud, 

respectively).  Both stanols (5α-cholestanol and stigmastanol) against their 

respective sterols (cholesterol and stigmasterol) revealed higher production of the 

stanols compared with the sterol. 

Conversely, the ratios for coprostanol to cholesterol and 5α-cholestanol were 

found to be consistent for both mud and sand within the concentrations ranges of 
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100-1400 ng/g for coprostanol/cholesterol (0.04 for both sediment types) and 50-

500 ng/g for coprostanol/5α-cholestanol (0.19 and 0.17 for sand and mud 

respectively).  The correlation co-efficients for the coprostanol pairs were not as 

good as for the major sterol pairs. 

 



 

Table 4.5 Sterol and stanol regressions using linear, power and log-log (back-transformed) models from microcosm experiment, 
showing their associated slope, constant, correlation co-efficient (R2), ratio range, ratio model average in both mud and 
sand (Days 3-60, after rapid degradation)

Regression Model Variable Substrate Slope Constant Correlation
co-efficient 

Ratio Range Overall 
Ratio  

 Y X sand/mud ±1SE  R2 Concentration (ng/g) Best fit* 
 Sterol/sterol      (500-1000 ng/g)  

Linear stigmasterol cholesterol sand 0.409±0.042 139±39.860 0.698 0.69-0.55 0.63 
    p = (0.000) p = (0.001)    
Power stigmasterol cholesterol sand 0.778±0.050 2.69±0.846 0.850 0.68-0.58  
    p = (0.000) p = (0.003)    
Log-log stigmasterol cholesterol sand 1.172±0.168 -0.678±0.448 0.524 0.61-0.70  
(back-transformed)    p = (0.000) p = (0.137)    
       (300-1000 ng/g)  
Linear stigmasterol cholesterol mud 0.097±0.033 595.9±118 0.175 2.08 0.65 
    p = (0.005) p = (0.000)    
Power stigmasterol cholesterol mud 0.671±0.116 5.12±4.15 0.447 0.78-0.53  
    p = (0.000) p = (0.224) 

 
   

Log-log stigmasterol cholesterol mud 0.761±1.040 0.419±0.310 0.547 0.67-0.50  
(back-transformed)    p = (0.000) p = (0.183)    
       (300-1000 ng/g)  
Linear sitosterol cholesterol sand 0.392±0.050 102.9±48.800 0.585 0.73-0.49 0.55 
    p = (0.000) p = (0.041)    
Power sitosterol cholesterol sand 0.777±0.068 2.28±0.970 0.760 0.63-0.49  
    p = (0.000) p = (0.024)    
Log-log sitosterol cholesterol sand 1.280±0.180 -1.061±0.478 0.535 0.42-0.60  
(back-transformed)    p = (0.000) p = (0.032)    
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Table 4.5 continued… 

Regression Model Variable Substrate Slope Constant Correlation
co-efficient 

Ratio Range Overall 
Ratio  

 Y X sand/mud ±1SE  R2 Concentration (ng/g) Best fit* 
       (200-1200 ng/g)  
Linear sitosterol cholesterol mud 0.143±0.095 1373.8±339.70 0.052 7.01-1.50 1.50 
    p = (0.1421) p = (0.000)    
Power sitosterol cholesterol mud 0.668±0.104 10.040±7.290 0.499 1.72-1.01  
    p = (0.000) p = (0.1763)    
Log-log sitosterol cholesterol mud 1.22±0.220 -0.767±0.647 0.415 0.55-0.78  
(back-transformed)    p = (0.000) p = (0.243)    
       (125-500 ng/g)  
Linear stigmasterol sitosterol sand 0.85±0.670 102.470±33.87 0.795 1.88-0.96 1.25 
    p = (0.000) p = (0.004)    
Power stigmasterol sitosterol sand 0.874±0.056 2.410±0.760 0.855 1.35-1.01  
    p = (0.000) p = (0.003)    
Log-log stigmasterol sitosterol sand 0.890±0.040 0.359±0.095 0.919 1.36-1.04  
(back-transformed)    p = (0.000) p = (0.000)    
       (350-1400 ng/g)  
Linear stigmasterol sitosterol mud 0.250±0.043 365.34±108.75 0.450 1.29-0.60 0.64 
    p = (0.000) p = (0.002)    
Power stigmasterol sitosterol mud 0.767±0.114 2.580±2.060 0.524 0.65-0.52  
    p = (0.000) p = (0.2167)    
Log-log stigmasterol sitosterol mud 0.380±0.590 1.590±0.170 0.467 1.01-0.52  
(back-transformed)    p = (0.000) p = (0.000)    
         
 Sterol/stanol        
       (250-1400 ng/g)  
Linear cholestanol cholesterol sand 0.056±0.008 21.650±7.260 0.571 0.14-0.08 0.09 
    p = (0.000) p = (0.005)    
Power cholestanol cholesterol sand 0.778±0.007 0.376±0.166 0.746 0.11-0.08  
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Table 4.5 continued … 
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Regression Model Variable Substrate Slope Constant Correlation
co-efficient 

Ratio Range Overall 
Ratio  

 Y X sand/mud ±1SE  R2 Concentration (ng/g) Best fit* 
    p = (0.000) p = (0.029)    
Log-log cholestanol cholesterol sand 0.872±0.087 -0.684±0.231 0.696 0.10-0.09  
(back-transformed)    p = (0.000) p = (0.005)    
       (300-1400 ng/g)  
Linear cholestanol cholesterol mud 0.028±0.007 186.880±25.50 0.281 0.65-0.21 0.20 
    p = (0.003) p = (0.000)    
Power cholestanol cholesterol mud 0.666±0.077 1.829±0.989 0.641 0.19-0.16  
    p = (0.000) p = (0.0717)    
Log-log cholestanol cholesterol mud 0.857±0.090 -0.351±0.268 0.672 0.19-0.17  
(back-transformed)    p = (0.000) p = (0.096) 

 
   

       (100-500 ng/g)  
Linear sitostanol sitosterol sand 0.025±0.001 10.170±0.300 0.320 0.13-0.57 0.06 
    p = (0.000) p = (0.002)    
Power sitostanol sitosterol sand 0.637±0.135 0.418±0.321 0.358 0.07-0.03  
    p = (0.000) p = (0.200)    
Log-log sitostanol sitosterol sand 0.627±0.096 -0.404±0.231 0.491 0.07-0.03  
(back-transformed)    p = (0.000) p = (0.087)    
         
       (500-1250 ng/g)  
Linear sitostanol sitosterol mud 0.026±0.004 31.270±11.910 0.441 0.08-0.05 0.05 
    p = (0.000) p = (0.012)    
Power sitostanol sitosterol mud 0.851±0.113 0.122±0.096 0.580 0.04-0.04  
    p = (0.000) p = (0.211)    
Log-log sitostanol sitosterol mud 0.375±0.061 0.528±0.179 0.457 0.07-0.05  
(back-transformed)    p = (0.000) p = (0.005) 

 
   



Table 4.5 continued… 

Regression Model Variable Substrate Slope Constant Correlation
co-efficient 

Ratio Range Overall 
Ratio  

 Y X sand/mud ±1SE  R2 Concentration (ng/g) Best fit* 
 

       (150-700 ng/g)  
Linear stigmastanol stigmastero

l 
sand 0.106±0.013 2.420±7.150 0.630 0.12-0.11 0.10 

    p = (0.000) p = (0.737)    
Power stigmastanol stigmastero

l 
sand 0.805±0.150 0.313±0.281 0.425 0.12-0.08  

    p = (0.000) p = (0.273)    
Log-log stigmastanol stigmastero

l 
sand 0.663±0.188 -0.370±0.467 0.220 0.08-0.04  

(back-transformed)    p = (0.001) p = (0.423)    
       (300-950 ng/g)  
Linear stigmastanol stigmastero

l 
mud 0.115±0.018 49.170±19.780 0.480 0.28-0.16 0.20 

    p = (0.000) p = (0.017)    
Power stigmastanol stigmastero

l 
mud 0.477±0.131 4.580±3.800 0.244 0.23-0.12  

    p = (0.000) p = (0.235)    
Log-log stigmastanol stigmastero

l 
mud 0.623±0.118 0.235±0.319 0.386 0.34-0.23  

(back-transformed)    p = (0.000) p = (0.465)    
         
 Coprostanol pairs      (150-1000 ng/g)  
Linear coprostanol cholesterol sand 0.012±0.006 18.89±6.31 0.081 0.14-0.03 0.04 
    p = (0.064) p = (0.005)    
Power coprostanol cholesterol sand 0.600±0.148 0.442±0.407 0.286 0.06-0.03  
    p = (0.002) p = (0.2833)    
Log-log coprostanol cholesterol sand 0.597±0.147 -0.339±0.397 0.286 0.08-0.03  
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Regression Model Variable Substrate Slope Constant Correlation
co-efficient 

Ratio Range Overall 
Ratio  

 Y X sand/mud ±1SE  R2 Concentration (ng/g) Best fit* 
(back-transformed)    p = (0.000) p = (0.398)    
       (500-1400 ng/g)  
Linear coprostanol cholesterol mud 0.004±0.001 35.98±5.83 0.110 0.07-0.04 0.04 
    p = (0.0294) p = (0.000)    
Power coprostanol cholesterol mud 0.499±0.106 1.01±0.748 0.349 0.04-0.03  
    p = (0.000) p = (0.1835)    
Log-log coprostanol cholesterol mud 0.496±0.105 0.016±0.318 0.351 0.05-0.03  
(back-transformed)    p = (0.000) p = (0.105)    
       (100-500 ng/g)  
Linear coprostanol cholestanol sand 0.136±0.090 19.300±7.030 0.053 0.26-0.15 0.19 
    p = (0.139) p = (0.009)    
Power coprostanol cholestanol sand 0.467±0.182 3.010±2.110 0.141 0.33-0.08  
    p = (0.013) p = (0.160)    
Log-log coprostanol cholestanol sand 0.465±0.179 0.486±0.303 0.140 0.26-0.08  
(back-transformed)    p = (0.013) p = (0.117)    
Linear coprostanol cholestanol mud 0.103±0.028 18.070±8.130 0.248 0.31-0.12 0.17 
    p = (0.000) p = (0.032)    
Power coprostanol cholestanol mud 0.467±0.143 2.770±2.050 0.212 0.40-0.07  
    p = (0.002) p = (0.183)    
Log-log coprostanol cholestanol mud 0.466±0.140 0.449±0.318 0.214 0.31-0.07  
(back-transformed)    p = (0.002) p = (0.166)    

* ratio average for all three tested regression models (i.e. linear, power, and log-log (back transformed)) 

 



 

4.3.3.3 Additional sterol precursors 

Algal, fungal and sterol precursors were qualitatively examined in chromatograms 

from both day one (no effluent) sediments and primary effluent used from the 

STP. This exercise was intended to locate the origin of sterol synthesis (e.g. C29 

plant sterols).  In comparison with all other sterols, cholesterol was found in 

relatively the highest percentage in both day one sediments and primary effluent.  

It was thus used to calculate the relative abundance of the algal, fungal and sterol 

precursors in the sediment samples (Table 4.6).  Primary effluent did not contain 

any of the sterol precursors. 

Table 4.6 Identification of algal, fungal and sterol precursors in day one 
sediment samples and relative abundance to cholesterol. 

IUPAC name Trivial sterol 
name 

% relative 
abundance to 
cholesterol 

Source 

24-methylcholesta-5,22E-dien-3β-ol brassicasterol 50-100 % Algal 
24-methylcholesta-5,7,22E-trien-3β-ol ergosterol 25-75 % Fungal 
24-methylcholesta-5,24(28)-dien-3β-ol methylene- 

cholesterol 
10-25 % C29- 

plant precursor 

(sources from Volkman, 2005) 

 

4.3.3.4 Corresponding major stanols (5α-cholestanol, 24-
ethylcholestanol and stigmastanol) 

Fluctuations of corresponding stanol concentrations (Figure 4.5) were essentially 

the same as major sterols, albeit, an order of magnitude lower in concentration 

and, in the case of 5α-cholestanol and stigmastanol, with a higher amplitude 

during the second peak on day 14.  Pearson correlation co-efficients showed again 

significant linear relationships between all stanols (Table 4.5, Appendix B2). 
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Pearson and Spearman’s Rank correlations were then conducted for the major 

sterols against their corresponding stanols to show if relationships of sterol to 

stanol conversions occurred simultaneously in both muddy and sandy sediments. 

Stanol to sterol correlations were highly linear at the p=0.001 significance level 

(Table 4.5, Appendix B2). 

4.3.3.5 Human sewage sterol biomarkers (coprostanol and 
epicoprostanol) 

Coprostanol 

Coprostanol (Figure 4.6) appeared to be the only sterol to degrade continuously, 

with only small fluctuations until day 60.  Scatter plots performed for the 

degradation of coprostanol with both mud and sand combined and separate 

indicated that once initial rapid degradation occurred between days two and six 

(Figure 4.6, Appendix B1), any fluctuations after this point were the same for 

both sediment types.  This prompted the hypothesis that fluctuations/processes 

after days three or four were not the same as processes occurring before this time 

frame. 

To investigate this further, log-log scatterplots of coprostanol with both 5α-

cholestanol and cholesterol were performed for both sand and mud during (cop 2-

3) and after (cop other) rapid degradation occurred (Figures 4.9 and 4.10). 
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Figure 4.9 Log-log scatterplot of coprostanol and 5α-cholestanol during (cop 
2-3) and after (cop other) rapid degradation in both sand and mud. 
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Figure 4.10 Log-log scatterplot of coprostanol and cholesterol during (cop 2-3) 
and after (cop other) rapid degradation in both sand and mud. 
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A linear relationship was evident for both sand and mud after rapid degradation 

(cop other) had occurred.  The data points for days two and three were indeed all 

clustered above the regression line for the remaining days.  There was a 

significant difference in the signal when coprostanol was initially degrading (cop 

2-3).  This clearly indicated that until days three or even four, coprostanol to 

cholesterol, and coprostanol to 5α-cholestanol ratios were higher than for the 

remaining days of the experiment and dominated by high external coprostanol 

concentrations i.e. coprostanol found in the primary effluent added to the tanks at 

day one. 

If two separate processes did occur, then this could have implications on 

calculating traditional degradation rates.  Thus, degradation rates of coprostanol 

were calculated for separate time periods (days 6, 21, and 60), percent removal 

and correlation co-efficients (Table 4.7). 

Table 4.7 Coprostanol decay rate (day-1), correlation co-efficient values (R2), 
and percent sterol removal for days 6, 21 and 60. 

 Day 6 Day 21 Day 60 
Model linear linear power 

Sandy sediment    

coprostanol    
% Removal 73% 87.5% 90% 
Decay rate (day-1) -17.8±4.40 -0.77±1.10 -0.41±0.18 
Coefficient (R2) 0.85 0.72 0.31 
    

Muddy sediment    

coprostanol    
% Removal 94% 89% 95% 
Decay rate (day-1) -192±67 -0.42±26 -0.34±0.18 
Coefficient (R2) 0.73 0.24 0.22 
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Calculation of degradation rate of coprostanol 

To determine the most appropriate method for a curve estimation of coprostanol 

using regression, three methods were trialled.  Previous studies on sterol 

degradation used both linear and exponential curves to calculate degradation rates 

(Leeming PhD Thesis, 1996; Canuel and Martens, 1996; Bartlett, 1987), and due 

to the patterns on scatter plots performed, power was initially tested as well.  The 

regression was run with coprostanol as the dependent variable and day number as 

the independent variable.  An ANOVA was performed along side each test.  An 

example of experimental statistics for the most appropriate method to describe the 

decay rates of coprostanol in sandy sediment over 60 days by regression and 

ANOVA follows: 

1. Linear- p=0.11, R2= 0.19 

2. Exponential- p=0.13, R2= 0.18 

3. Power- p=0.03, R2= 0.31 

The ‘Power’ curve appeared to best fit the data for sandy sediments.  These tests 

were then performed for muddy, and muddy and sandy sediments combined. 
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Therefore, equations for coprostanol decay over 60 days were: 

Muddy Sediments 

Y = 92 (± 46) X Day-0.38 (± 0.18)  R2 = 0.22 (at 180 C) 

Sandy Sediments 

Y = 73 (± 34) X Day-0.41 (± 0.18)  R2 = 0.31 (at 180 C) 

Sand and Mud Combined 

Y = 81 (± 27) X Day-0.37 (± 0.13)  R2 = 0.24 (at 180 C) 
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Figure 4.11 Degradation rates of coprostanol in sand, mud and sand/ mud 
combined in microcosm experiment over 60 days. 

 

E. coli/coprostanol ratios 

Ratios of E. coli to coprostanol were also calculated.  Leeming (PhD thesis, 1996) 

stated that decreases of this ratio over time highlights that E. coli die off more 

rapidly than degradation of coprostanol (Figure 4.12). 
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Figure 4.12 Ratio of presumptive total coliforms and coprostanol 
concentrations in sandy and muddy sediments over time. 

The ratio of TC/ coprostanol over time revealed a rapid decrease in both sediment 

types.  Fluctuations were probably due to volume changes and the addition of 

seawater.  The ratios for presumptive E. coli (MUG positive fluorescent) colonies 

were also calculated, but the ratios were so low over the whole 60 days, a graph 

was not presented. 

Epicoprostanol 

Epicoprostanol was found within the same concentration range as coprostanol, 

albeit at slightly lower concentrations.  Degradation initially occurred similarly to 

coprostanol with a rapid increase after addition of effluent, then rapidly declining 

until day six.  Although epicoprostanol was found at relatively lower 

concentrations to coprostanol, Figure 4.6 shows a production of epicoprostanol 

peaking at days 17 and 32.  These peaks were consistent with other sterol 

fluctuations; however, epicoprostanol concentrations were fluctuating around the 

detection limit of the GC-MS. 
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4.3.3.6 Herbivore sewage sterol biomarkers (24-ethylcoprostanol 
and 24-ethyl-epicoprostanol) 

24-ethylcoprostanol 

The main herbivore sewage sterol biomarker 24-ethylcoprostanol (Figure 4.7), 

degraded similarly to the major stanols (Figure 4.5) after a rapid initial decrease, 

then fluctuations (production/degradation) were observed throughout the two 

months.  Although absolute concentrations of 24-ethylcoprostanol were much 

lower than the major stanols, patterns were very similar. 

Various curve estimations were trialled by regression and ANOVA.  In sandy 

sediments, degradation was significant using the method ‘power’.  Results from 

ANOVA were p = 0.001, at α = 0.05 and R2 = 0.47 (Figure 4.13).  Muddy 

sediments did not fit any of the curve estimations with great strength due to 

continuing production and degradation over the whole two months. 
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Figure 4.13 Degradation of herbivore sterol biomarker (24-ethyl-coprostanol) 
in sandy sediments over 60 days. 
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24-ethyl-epicoprostanol (secondary herbivore sterol biomarker) 

In both muddy and sandy sediments, 24-ethyl-epicoprostanol concentrations 

increased rapidly after the addition of effluent, rapidly declining to trace levels, 

then followed a similar pattern of production and degradation as the main 

herbivore sterol biomarker for the duration of the experiment (Figure 4.7). 

4.4 DISCUSSION 

Sterol concentrations of sediment cores at day one reflected levels from remote 

and reference sites (Chan et al., 1998).  Similarly, concentrations of selected 

sterols from the primary effluent analysed from Coombabah STP compared well 

with sludge and primary effluent in many studies (Mudge and Bebianno, 1997; 

Leeming PhD thesis, 1996; LeBlanc et al., 1992).  Once diluted, sterol 

concentrations were indicative of impacted coastal (Nichols et al., 1993,) and 

estuarine (Readman et al., 1986 and references within) sites, and disposal sites in 

Hong Kong (Chan et al., 1998).  A comparison of standard inorganic water 

quality parameters shown in Table 4.1 were compared with normal levels 

recorded for the Moreton Bay region (Moss and Cox, 1999). Thus, revealing that 

approximately 20 times the normal amount of nutrients (N, P) were added to this 

microcosm system even after dilution. 

Regressions performed on sterol pairs (Table 4.5) after rapid degradation, were 

used to investigate comparative in situ production.  From assessment of all three 

regression models of both sand and mud, the following was observed.  In both 

sediment types, cholesterol was produced at a faster rate than the corresponding 

major sterols (sitosterol and stigmasterol), stanols (5α-cholestanol, sitostanol and 
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stigmastanol), and coprostanol.  However, correlation co-efficients were generally 

higher in sand compared with mud.  This result was probably due to the 

differences in uniformity of microbial population distributions within sediments.  

Microbes tend to aggregate in patches within sediment of finer particles than 

those of coarser particles due to the heterogenous nature of muddy sediments 

(Carter, 1988).  Patchiness of meiofauna and benthic microalgae in sediments can 

be attributed to a number of factors such as food resources, particle sizes, 

predation, reproduction, etc (Sandulli and Pinckney, 1999; and references 

therein). 

In regard to the sterol terrestrial biomarkers, sitosterol was observed to be 

produced at a faster rate than stigmasterol and correlation co-efficients were once 

again higher in sand than mud.  Further, the corresponding sterol/stanol terrestrial 

biomarkers pairs revealed that both sterols (sitosterol and stigmasterol) were 

produced at higher levels than the stanols (sitostanol and stigmastanol).  These 

results indicate that sitosterol precursors in these sediments are more abundant 

than stigmasterol precursors. 

Results from the regression models used to describe trends in sterol ratio values, 

revealed that ‘power’ was generally the best model that fit the data at 

concentrations between 10-1500 ng/g.  The ratio values shown here are the result 

of a natural system (i.e. rapid degradation) where nutrients have been added, and 

the system is reacting to this input at a micro level.  The sterols are synthesised 

and degraded in surface biofilms by bacteria and algae. 
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The coprostanol/5α-cholestanol regression derived ratio values (after rapid 

degradation) concur with previous literature at which sewage pollution threshold 

levels are set at >0.3 (Leeming et al., 1996; Moss and Cox, 1999).  The ratio 

values here of 0.19 (sand) and 0.17 (mud) are consistent with normal levels one 

would find in the natural environment.  The coprostanol/cholesterol ratio values 

were also found to be much lower than the recommended levels for sewage 

pollution (i.e. 0.2, Grimalt et al., 1990).  The reduction process of cholesterol to 

5α-cholestanol and coprostanol was consistent over these concentration ranges 

where if cholesterol was 100%, then 5α-cholestanol was 10-20% and coprostanol 

4-5%.  Thus, after day 3 (rapid coprostanol degradation) any production of sterols 

was mainly due to natural sterol reduction processes.  These levels were also 

noted to be consistent across both sediment types. 

Mudge and Norris (1997) used the ratio of the terrestrial sterol biomarkers 

(sitosterol and stigmasterol) against cholesterol to signify terrestrial or higher 

plant inputs.  In comparison to ratios calculated in this study, the terrestrial sterols 

and stanols ratio revealed values at the lower end of the scale conferring with 

small amounts of terrestrial input.  Although in this case there was no input from 

higher plants, these sterols were produced in situ.  Thus, in assessing areas where 

nutrients have been added to the system, there needs to be much consideration 

when determining the amount of terrestrial input against the amount produced in 

situ.  In this case (i.e. production in situ) stigmasterol/cholesterol ratios for sand 

and mud respectively were 0.63 and 0.65.  The sitosterol/cholesterol ratio was 

distinctly different in both sand and mud at 0.55 and 1.50, respectively.  Thus, 
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sediment type would also need to be taken into consideration when assessing 

terrestrial inputs. 

4.4.1 Major sterols (cholesterol, stigmasterol and sitosterol) 

4.4.1.1 Cholesterol 

The results showed that once effluent was added to the microcosm, cholesterol 

was continually produced and degraded over time.  Cholesterol is probably the 

most ubiquitous sterol, abundant in almost all fauna and flora (Volkman, 2005).  

Therefore increases in cholesterol could be derived from a number of sources.  

Initially, the effluent matrix contained cholesterol concentrations much higher 

than most of the other sterols in both sediment types.  The nutrient matrix also 

contains a number of autotrophic and heterotrophic organisms that produces 

cholesterol as microbial populations die and emerge.  There, these microfaunal 

populations can cause algal growth on the sediment surface, providing another 

source for production of cholesterol (Volkman, 2005). 

From Figure 4.4, it is probable that cholesterol production between days two and 

14 were a result of changes in the bacterial and algal composition of the 

microbenthos: cholesterol producing microorganisms are favoured initially 

following nutrient input, then their growth exceeds supply and in the process 

changes redox potential to further reduce their chances of survival.  These 

populations eventually collapse; their biomass gets broken down which again 

leads to release of nutrients and perhaps a change in redox conditions.  Sediment 

conditions are again favourable for sterol producing microorganisms and another 
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cycle commences.  Oscillations eventually become longer and amplitudes less 

pronounced as nutrients become more evenly distributed through the system. 

Primary macrofaunal organisms were quite different in the two sediments.  Crabs 

were the dominant macroorganism in the ‘sandy’ tanks while polychaetes 

dominated in the ‘muddy’ tanks.  Sun and Wakeham’s (2002) microcosm 

experiment found that in bioturbated treatments, only crustaceans played a 

significant role in lipid degradation of surficial sediments, probably because they 

are burrow builders due to their higher oxygen requirements, relative to 

polychaetes which are deposit feeders.  However, polychaete holes or polychaete 

dirt at the sediment surface were not evident in their microcosm.  Polychaete 

holes and dirt were evident from day one to day 60 in this experiment, thus 

indicating that both macrofaunal species may have had an input to bioturbation in 

both types of sediment.  However, it was difficult to determine which species had 

the most impact, as the patterns for both sediment types were very similar. 

Furthermore, this synthesis appears to occur in both oxic (sandy) and anoxic 

(muddy) sediments.  Once nutrients were added to this microcosm, it is apparent 

that sandy (oxic) sediments contained an abundance of microbial populations for 

the production of sterols at a similar concentration range as muddy sediment 

(anoxic).  It is well known that bacterial and microalgal biomasses tend to be 

lower in sandy sediments (where there is less surface area available for growth) 

than in muddy sediments (Hammels et al., 2003; Yamamoto and Lopez, 1985).  

Furthermore, differences in bacterial biomass exist depending on particle size of 

sands.  Buhring et al., (2005) found that finer sands contained higher bacterial 

biomass due to larger specific surface area and higher porewater content.  Despite 
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the fact that bacterial abundance decreased with increasing particle size, bacterial 

activity in coarser permeable sediments was relatively high.  This was explained 

by ‘advective porewater exchange’ (i.e. fast transport for exchange of substances 

between the water column and upper sediment layers).  These results may reflect 

the microbial activity (sterol synthesis) recorded in the sandy sediment from the 

Moreton Bay system. 

A Sun and Wakeham (1998) study revealed that cholesterol degraded faster in 

oxic sediment than under anoxic conditions.  However, the cholesterol used in 

their experiment was spiked as the free molecule, resulting in oxic sediment 

degradation two to three times faster than anoxic conditions.  The source of 

sterols in this present study was either bound as POM in the effluent or derived 

from biological species (micro and macrofauna) within sediments.  The speciation 

of these complex molecules is an important factor, especially with regard to the 

release and breakdown of the molecules from their original source. 

Leeming (PhD, Thesis 1996) and Canuel and Martens (1996) found that 

cholesterol degradation in both the water column and surficial sediments, 

respectively, was essentially the same as coprostanol, i.e. continual degradation.  

Canuel and Martens (1996) study at Cape Lookout Bight, North Carolina lacked 

bioturbation and sediments were completely anoxic.  Leeming’s (1996) study also 

lacked microbial populations for attack on incoming effluent, therefore this study 

revealed a much more realistic situation where in natural sediments, cholesterol is 

not linearly degraded, but continually produced and degraded by the emergence of 

varying microbial and algal populations over time. 
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4.4.1.2 Stigmasterol and 24 –ethylcholesterol (terrestrial 
biomarkers) 

Stigmasterol and 24-ethylcholesterol (sitosterol), the other two major sterols, were 

found in relatively the same concentration ranges as cholesterol.  Correlations of 

all three sterols revealed there was a close relationship, indicating they were 

produced and degraded at similar rates and possibly originating from the same 

source. 

Stigmasterol and 24-ethylcholesterol (sitosterol) are usually used as terrestrial 

biomarkers as they are found in abundance in vascular plants, such as mangroves 

(Volkman, 1986).  However, sitosterol has also been found in a number of 

unicellular green algae (class Chlorophyceae) and cyanobacteria (class 

Cyanophyceae, blue-green algae) (Volkman, 1986 and references therein, and 

Volkman, 2005).  Although, cyanobacteria have only been found to contain 

relatively small concentrations of this sterol (Volkman, 2005 and references 

therein).  The C29-sterols are said to be produced from 24- methylenecholesterol 

(algal biomarker) via isofucosterol (Volkman, 2005).  Methylenecholesterol was 

identified in the day one sediments (prior to addition of effluent).  

Methylenecholesterol has also been found in both classes of green algae (i.e. 

Chlorophyceae and Prasinophyceae) (Volkman, 1986).  Since the C29 sterol 

precursors were identified in day one sediment samples in both mud and sand, and 

not in primary effluent, the source for production of the C29-sterols (stigmasterol 

and sitosterol) probably originated from sediments collected from the field and 

not within the effluent.  The effluent provided the microbenthos in sediments with 

nutrients for the in situ production of C29-plant sterols in the same order of 

magnitude as cholesterol.  These findings add to the ambiguities concerning the 
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usefulness of C29 sterols as a source indicator of terrigenous matter.  Volkman 

(1986) stated, “The relative importance of these two sources will depend on the 

type of environment, the proximity of the site to sources of land-derived organic 

matter and the abundance and type of phytoplankton present”. 

Synthesis of cholesterol and β-sitosterol in POM was reported by Marty et al., 

(1996), during an in situ laboratory degradation study of sterols and fatty acids 

from urban wastes in seawater.  They concluded that the production of sterols was 

a result of two possibilities.   Firstly, sterol production was caused through non-

bacterial organisms (protozoan bacteriophages) as their experiment was 

conducted in the dark.  This experiment was also conducted in the dark, except 

during sampling times.  However, sampling times sometimes could take anywhere 

from one to two hours.  This amount of light could possibly have been enough for 

light dependent organisms to grow. 

The second explanation for sterol production was due to an increasing lysis of 

dead and decaying organisms.  However, as these results show, production of 

sterols was immediately followed by sharp degradation, which occurred at least 

three times throughout the experiment.  The production of sterols through 

decaying organisms may have become important toward the end of the study, but 

it is unlikely this was the reason for the production of C29 sterols within the first 

week. 

Therefore, the production of sitosterol and stigmasterol within the first week was 

most likely due to microbenthos and sterol precursors within sediments. 
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4.4.2 Major corresponding stanols (5α-cholestanol, 24-
ethylcholestanol and stigmastanol) 

The fluctuations of corresponding stanol concentrations were essentially the same 

as the major sterols, albeit, an order of magnitude lower than the sterols.  Like the 

major sterols, stanol correlations revealed linear relationships, indicating they too 

came from the same source.  The fact that these stanols followed their 

corresponding sterols so closely indicated that stanol production was due to 

immediate reduction of their corresponding sterols in situ as they were being 

produced and degraded (Figure 4.5). 

Previous studies on the degradation of 5α-cholestanol resulted in a linear 

degradation alongside cholesterol.  However, as mentioned previously, these 

earlier studies lacked natural microbial populations in the sediments or water 

column.  Leeming (1996, PhD Thesis) found that in the water column, 5α-

cholestanol also degraded at the same rates as the other sterols such as 

coprostanol and cholesterol.  The in situ production of 5α-cholestanol from 

incoming nutrients raises questions about the validity of the human sewage 

biomarker ratio coprostanol/5α-cholestanol.  It appears that once nutrients are 

added to the system, there is a production of both sterols and stanols.  Therefore, 

the coprostanol/5α-cholestanol ratio would decrease (as the production of 

coprostanol was not as high as 5α-cholestanol), resulting in ratio values lower 

than recommended threshold levels. 
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4.4.3 Human sewage sterol biomarkers 

4.4.3.1 Coprostanol 

Coprostanol is known to bind with fine-grained, organic sediment (Writer et al., 

1995; Brown and Wade, 1984), indicating why initial concentrations in muddy 

sediments was higher than that of sandy sediments.  Additionally, fine-grained 

sediments contain a higher amount of surface area to volume ratio (Arakel, 1995), 

resulting initially in a higher number of microbes in muddy sediments.  However, 

the results clearly showed a rapid decline of coprostanol in both types of 

sediment, albeit starting from different concentrations. 

Figure 4.6 revealed that once the initial bulk of coprostanol is removed, and the 

oxygen at the surface has been depleted, degradation stops.  After this, any 

production or degradation of coprostanol is part of natural processes within the 

sediment.  These two separate processes (time periods) can be described as: 

1) Day 1 to 3.  After the addition of effluent, coprostanol concentrations 

peak, followed by rapid degradation by in situ microbial populations. 

2) Day 3 to 60.  Due to observed synthesis of cholesterol, small fluctuations 

were apparent for coprostanol, resulting from the reduction of cholesterol.  

Small residual amounts of coprostanol may have been incorporated into 

sediments up to and beyond the time frame of this experiment. 

Therefore it is within the first week that is most important for coprostanol 

degradation in sediments.  Further, the relationship between coprostanol and 
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cholesterol during nutrient input was higher than it was with 5α-cholestanol 

(R2=0.38 and 0.46 respectively). 

Table 4.7 revealed that the degradation of coprostanol is much higher in mud than 

in sand, with 73% and 94% removed in sandy and muddy sediments, respectively, 

within the first week.  As previously highlighted, microbial populations are 

known to be higher in mud than in sand, indirectly due to its higher binding 

capacity with organic molecules. 

Unlike this present study, Leeming (PhD thesis, 1996) and Canuel and Martens 

(1996) found that all sterols, including coprostanol were removed at a similar rate.  

Leeming’s first degradation experiment was conducted in the laboratory to mimic 

the water column at a similar temperature to this study.  He found a 50% 

reduction of coprostanol after two and a half days.  He also found that initially 

there was a 24-36 hrs induction period (or lag phase), before any significant 

amount of coprostanol was degraded.  This induction period, however, was not 

observed in this study.  Presumably the induction period observed by Leeming 

(1996) in the water column was due to a lack of microbes to begin with.  This was 

not the case with natural sediments used in this present study, as the sediments 

proved to contain an abundance of microbes for attack on sterols very quickly.  

After just one day, the muddy and sandy sediments had removed 80% and 40% of 

coprostanol, respectively.  Once the bulk of coprostanol was removed in the first 

week, concentrations of coprostanol in both sediments remained essentially the 

same. 
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Bartlett (1987) conducted a sediment degradation study over the same time period 

as this study and at the same temperature.  Both experiments were comparable 

with the rapid initial drop of coprostanol.  Furthermore, the initial drop of 40% in 

the sandy tanks were very similar to Bartlett’s results, since sediments used in 

their study were also of a sandy nature.  However, Bartlett’s sediments were 

artificially produced, using a mixture of clean sand and primary effluent.  In this 

experiment, natural sediment cores were polluted with pre-mixed effluent, which 

was carefully poured over the tanks where it would float to the bottom substrate 

as if to mimic nature.  Additionally, since Bartlett’s sediments were artificial, like 

Leeming’s (1996) study, their sediments did not possess natural populations of 

fauna and/or flora.  This may be one of the main reasons why Bartlett’s sediments 

remained largely unchanged after 54 days.  It is however unclear why Bartlett’s 

sediment followed the initial rapid drop of coprostanol in one day as seen in this 

experiment. 

Aller (1982) indicated the importance of microbial and macrofaunal consumers in 

playing a major role in the bioturbation of surficial sediments.  Those statements 

were reflected in this experiment, and probably the major reason that in both 

muddy and sandy sediments, most of the coprostanol was removed after 60 days.  

Thus, when other factors are included, such as transportation by currents and 

winds in tropical and dynamic areas such as Moreton Bay, decay rates of sterols 

in sediments may be even quicker.  Sun and Wakeham (1998) expressed that from 

comparing previous studies of degradation rates in surficial sediments, rates of 

lipid degradation at, or near the sediment surface have been underestimated by at 

least an order of magnitude. 
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Arakel (1995) stated that bioturbation is known to cause aeration, fluid transport 

and re-suspension, resulting in changes in nutrient cycling.  Furthermore, 

depending on the presence of aerobes or anaerobes, sediment chemistry can 

change and cycling of chemical compounds results in disruption of the breakdown 

of complex organic molecules.  These statements also reflect the cycling of 

compounds in this experiment.  It was expected that cholesterol would breakdown 

as coprostanol did; however, in the natural environment this is certainly not the 

case.  Coprostanol appears to be much more stable than any of the other sterols, 

with only small amounts being produced as a result of sterol reduction, making it 

the most useful sterol for trace biomarker studies. 

As mentioned previously, the bulk of coprostanol is removed in six days in both 

sediment types.  From these results one could assume that for management and 

litigation purposes of tracing sewage pollution in the coastal waters off South -

East Queensland, coprostanol analysis is an extremely useful additional indicator 

in sediments.  However, the use of coprostanol to track marine pollution in 

sediments would probably be best used for major pollution events only, since 

degradation rates are relatively quick, especially if other factors such as currents 

and winds were to be included in this model.  Human sewage inputs (point and 

non-point source) would be of great concern if the coastal sediments studied had 

numerous areas of stagnant and/or hydrologically low flushing pools or inlets.  

This is generally not the case in this study area, as it is such a dynamic fluidic 

system. 

In regards to monitoring around this coastal area, coprostanol analysis would still 

be a good tool for spot checks in sediments, although monitoring teams should 
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have detailed information about the currents and prevailing winds for this type of 

analysis to be useful.  Coprostanol is known to be transported from point-source 

pollution events (e.g. over flows of STP’s) several kilometres from its point of 

origin (Writer et al., 1995; Nichols et al., 1993). 

Once the initial rapid decline of coprostanol in both sediments came to 

equilibration after one week, the rates were relatively similar until day 60.  

Therefore, it is most likely that degradation of coprostanol is most important 

within the first week.  This time frame for bulk removal is relatively the same for 

coprostanol degradation in the water column (Leeming PhD, Thesis 1996).  Thus, 

if coprostanol analysis is to be used as an additional indicator during monitoring 

spot checks or major pollution events, then water and sediments could be 

collected in parallel where both analyses should reveal a bulk removal of 

coprostanol within one week. 

4.4.3.2 Epicoprostanol 

Epicoprostanol is found in trace amounts in primary effluent relative to 

coprostanol (Ferezou et al., 1978), even though the two compounds only differ in 

the α- orientation of the 3-OH group of the sterol nucleus.  Mc Calley et al., 

(1981) showed that epicoprostanol could be produced in effluent, either by 

epimerisation of coprostanol or by reduction of cholesterol through ketone 

intermediates, if the primary sewage incubation time is prolonged.  Primary 

effluent analysed from the Coombabah STP (prior to addition of effluent to the 

tanks) revealed that epicoprostanol was found at low levels compared with 

coprostanol and cholesterol, concurring with previous literature ( ). Table 4.2
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However, on observation of epicoprostanol (Figure 4.6) over time, the 

concentrations varied from 10 times higher to 4 times lower in sandy sediments 

and 5 times higher and 12 times lower in muddy sediments from initial 

concentrations. Although the fluctuations of epicoprostanol concentrations over 

time were relatively low in comparison to the major sterols such as cholesterol 

and stigmasterol, the production of epicoprostanol in both types of sediment 

would probably be due to non-preferential microbial reduction of cholesterol. 

The concentration of epicoprostanol at day one was extremely low compared with 

day two.  The increase of epicoprostanol within a day of addition of effluent was 

four times the initial concentration for sandy sediments and 12 times the initial 

concentration for muddy sediments.  This observation underlines that, generally 

speaking, muddy sediments can contain more anaerobic microbes with the 

characteristic H2S (rotten egg smell) like odour.  McCalley et al., (1981) 

conducted an experiment using primary sewage sludge under anoxic conditions 

whereby substantial amounts of epicoprostanol were produced.  Even though 

McCalley et al., (1981) did not use natural sediments, it did show that anaerobic 

bacteria produce epicoprostanol.  Like McCalley’s (1981) experiment, 

epicoprostanol was most probably produced by anaerobic bacterial populations in 

anoxic sediment in just one day. 

The anomaly to this is that epicoprostanol was also produced in sandy sediments, 

which were considered oxic.  If epicoprostanol is produced primarily in anoxic 

sediments through microbes, then this may lead to the conclusion that increases in 

concentration in sandy sediments were caused by either reduction of cholesterol 

or epimerisation of coprostanol to epicoprostanol. 
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4.4.4 Herbivore sewage sterol biomarkers (24-ethyl-coprostanol 
and 24-ethyl-epicoprostanol) 

The results of 24-ethylcoprostanol degradation over time (Figure 4.7) revealed 

that in sandy sediments, degradation was similar to coprostanol where bulk 

removal occurred within the first week.  Muddy sediments fluctuated over time, 

this behaviour mimicking the major sterols and stanols very closely.  Overall, the 

behaviour of 24-ethylcoprostanol is probably the same as for the major sterols and 

stanols, in that it is produced and degraded by auto- and heterotrophic organisms 

within the microbenthos in natural sediments.  Therefore, to be able to use 24-

ethylcoprostanol as a biomarker for herbivorous sources in the environment, one 

would need to take into account the myriad of possible sources from the 

surrounding environment.  Additionally, since 24-ethylcoprostanol is not usually 

found in relatively high concentrations like other sterols, the source of this 

compound in the environment could be autochthonous (produced in situ) or 

allochthonous (derived from a herbivorous source).  Furthermore, as Leeming 

(PhD Thesis, 1996) suggested, 24-ethylcoprostanol should not be examined as a 

biomarker on its own within a sample.  Other sterols within the sample should be 

taken into consideration for further identification of the source of this compound. 

The secondary herbivore sterol biomarker (24-ethyl-epicoprostanol) behaved in a 

similar manner as 24-ethylcoprostanol, in that once rapid degradation had 

occurred, it fluctuated over time.  However, these fluctuations were very close to 

the detection limit of the GC-MS, thus any conclusions made about low level 

sterols should be examined with caution. 
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4.4.5 Comparison of bacterial indicators and coprostanol as 
sediment quality indicators 

Bacterial indicators (Figure’s 4.2 and 4.3) initially followed the same trend as 

coprostanol, but died off much more quickly than coprostanol degraded.  

Additionally, the decrease of bacterial indicators to coprostanol ratio (Figure 4.12) 

supported Leeming’s (1996) theory, that a decrease in this ratio over time 

indicates a bacterial die-off much higher than chemical degradation.  Overall, this 

result indicated that coprostanol is a more robust sediment quality indicator than 

bacterial indicators. 

Results from the bacterial measurements showed that after rapid die-off there was 

an indication that another population of microbes were emerging.  One could 

assume that once the first population of microbes had died, there was a lull 

between the next generation of microbes to emerge and start degrading or 

producing sterols.  Nutrients provided by the effluent probably supported the 

production of bacteria and algae on the sediment surface, providing a new source 

for production of sterols.  Additionally, re-working of sediments from the 

macrobenthos could have provided a change in redox conditions, so that a new 

microbial population was re-worked to the sediment surface. 
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4.5 SUMMARY 

While it has been suggested in the literature (Volkman, 2005 and Volkman, 1986) 

that sterols are synthesised in sediments, results from this experiment indicate that 

both sterols and stanols can be continually synthesised and degraded over time by 

auto- and heterotrophic organisms in the microbenthos as a result of an addition of 

nutrients.  Further, the sterols and stanols followed each other very closely 

through identifiable cycles of synthesis and degradation.  Over two months, there 

were at least two to three cycles resulting from a once-off addition of sewage-

contained nutrients in this microcosm experiment. 

At a first glance, coprostanol appeared to degrade continually (with only minor 

fluctuations) over the whole two months indicating that it was the most stable of 

all sterols, being largely unaffected by nutrient addition to the 

sediment/microbenthos matrix.  At a closer inspection of the data, it was apparent 

that there were two separate processes occurring in the microcosm.  The first was 

the initial rapid decline of (mostly external) coprostanol, where by day six, 73% 

and 94% of coprostanol was removed in sand and mud, respectively.  It is 

therefore reasonable to assume that most of the coprostanol from external sources 

is assimilated within the first week.   After the first week, degradation slowed and 

small fluctuations were probably caused through the natural reduction process of 

internally produced cholesterol to coprostanol.  Bacterial indicators died off much 

more quickly than coprostanol degraded indicating that coprostanol is a better 

sediment quality indicator. 
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The terrestrial biomarkers, stigmasterol and sitosterol were observed to be 

synthesised within the same order of magnitude as cholesterol, even though these 

two sterols were not evident in the sewage effluent mixture at the start of the 

experiment.  Therefore, stigmasterol and sitosterol were probably produced from 

the same source as cholesterol (i.e. auto- and heterotrophic organisms within 

sediments and sterol precursors).  Thus, when examining these two sterols in the 

field, caution should be taken as to whether these sterols are produced by 

autochthonous (produced in situ) or allochthonous (from higher plants) sources.  

A similar scenario was apparent for the herbivore biomarkers (24-

ethylcoprostanol and 24-ethyl-epicoprostanol). 
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CHAPTER FIVE STEROL SIGNATURES IN A SUBTROPICAL 
ESTUARY AND SEMI-ENCLOSED EMBAYMENT 
SYSTEM (MORETON BAY AND GOLD COAST 
BROADWATER, QLD) 

5.1 INTRODUCTION 

This chapter serves to illustrate the use of faecal sterols as additional indicators in 

the determination of non-point source sewage inputs at popular anchor sites in 

southeast Queensland, Australia.  This research was the first field study to 

investigate whether mostly untreated sewage released from recreational vessels 

could be detected amongst land-based and natural sources.  This study also sought 

to examine existing baseline biological and chemical conditions in the lesser 

polluted sections of one of the largest marine waterways in Queensland, i.e. 

Moreton Bay and the Gold Coast Broadwater. 

Recent research regarding sewage inputs to Moreton Bay and the Gold Coast 

Broadwater (MBW CP, 2001, and Webb, 2001) indicated that large numbers of 

possible sources might contribute to the deterioration of these waterways.  One of 

these possible sources could be associated with an increase in recreational vessels 

over the past 20 years. 

As in the case of marinas, anchor sites are locations where boats tend to aggregate 

and people use on board facilities, which, if not connected to holding tanks result 

in sewage inputs.  Marinas and anchor sites are very similar in that they are 

usually located in calm, protected waters where tidal flushing is low.  Marinas are 
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well known to act as a sink for pollutants (Sawyer and Golding, 1990; Gaines and 

Solow, 1990; Fisher et al, 1987). 

However, there is one major difference between marinas and anchor sites.  

Popular anchor sites (especially the ones chosen in this study) are also used for 

human recreational activities such as swimming, diving, jet-skiing, etc.  In this 

respect, sewage pollution from recreational vessels at anchor sites could present 

an equally, if not greater risk to human health and the health of the ecological 

community. 

Objectives 

The main objectives of this study were to: 

• investigate whether traditional bacterial indicators and sterol biomarkers 

have the ability to discriminate sewage inputs at popular boat anchor sites 

from sources including boats, land run-off and sewage treatment plants. 

• determine changes and/or effects of short and long term sewage related 

signatures associated with recreational vessels moored at these anchorages 

using standard bacteriological indicators and sterol biomarkers. 

• determine bacterial indicator and sterol levels over a wider spatial and 

temporal scale at anchor sites in Moreton Bay and Gold Coast Broadwater. 
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5.2 SAMPLE DESIGN, COLLECTION AND PREPARATION 

Five anchor and three reference sites were chosen for investigation within 

Moreton Bay and Gold Coast Broadwater, QLD (Figure 5.1) and repeatedly 

sampled between December 2001 and December 2002.  During each visit, water 

samples were collected from the surface while sediment samples were taken on 

SCUBA from an area of approximately 500 m2 below the research vessel (Chapter 

3 – section 3.2).  Physico-chemical measurements and weather data were also 

collected for each site visit (see also details below). 

Additionally, an intertidal bacteriological sediment study was conducted at two 

sites, Myora anchorage (Moreton Bay Island) and the Marine Stadium anchorage 

(Gold Coast Broadwater).  These two sites exhibit very different bacterial source 

influences (i.e. urban, rural, etc) (Figure 5.1).  The experimental design 

incorporated two sets of four transects parallel to each other and perpendicular to 

the high tide water mark at low tide at each site.  The transect lines ran from the 

highest visual water mark down to just beyond the waters edge, ~ 4 cm below the 

water’s surface. 

Anchor sites at Moreton Bay and the Gold Coast Broadwater were chosen to 

cover the vast array of site characteristics and influences to this highly dynamic 

system.  Some of the characteristics taken into consideration when choosing sites 

included: Estuarine/marine influence, proximity to land (urban, and remote), 

vegetative surroundings (algal substrates or proximity to higher plants such as 

mangroves) and human/herbivore inputs. 
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Samples were taken during major calendar events (Easter and Christmas holidays) 

and non-event periods to include a seasonal scale.  Ancillary measurements 

collected simultaneously to main indicators included total organic matter, grain 

size and vessel numbers.  Determination of TOM was analysed as outlined in 

Chapter 2 (section 2.4).  Sediment samples for grain size analysis were collected 

and prepared as outlined in Chapter 2 (section 2.5).  Recordings for wind velocity, 

precipitation and differences between high and low tides for 24 hrs prior to 

sampling were obtained from the Australian Bureau of Meteorology and the 

Australian Tide Tables for the nearest reference stations, the Gold Coast Seaway 

and the Brisbane River Bar. 

Water samples for bacteriological analysis were collected in triplicate (at each 

time and station) using sterile (pre-autoclaved) 250 mL glass Schott bottles from 

just below the seawater surface.  Sediment samples for bacteriological analysis 

(intertidal transects) were collected as follows.  Between 50-100 g of surface 

sediment was scooped (in duplicate) into sterilised (pre-autoclaved) 250 ml glass 

bottles at low tide.  Glass bottles were immediately stored on ice and transported 

to the laboratory for immediate analysis. 

Approximately 20 g wet sediment was scooped from each glass bottle and 

resuspended in 100 mL of synthetic salt solution (3.7 g NaCl/100 mL Milli-Q 

water).  The sediment-water suspension was shaken, sonicated for five minutes 

and allowed to settle.  Finally, 10 mL and 20 mL of supernatant was diluted with 

sterile salt water to a final volume of 50 mL.  Bacterial enumeration was then 

performed for both water and sediment samples as outlined in Chapter 2 
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(section 2.3).  Results are presented as number of CFU per gram wet weight of 

sediment. 

Sediment samples for sterol analysis were collected in triplicate cores by scuba 

divers using modified 60 mL plastic syringes in order to avoid disturbance of 

surface sediment, as described in Chapter 3 (section 3.2.2, Figure 3.2).  Sediment 

samples were collected near vessels at anchor or high recreational use, or close to 

depth markers at reference sites.  Animal burrows and algal patches were avoided 

as much as possible.  Triplicate samples were then cut into three depth segments 

(0 cm to 3 cm (top), 3 cm to 6 cm (middle), and 6 cm to 9 cm (bottom)), placed 

into polypropylene tubes, composited and immediately stored on ice.  All samples 

were kept frozen until further analysis.  Sterols were analysed as described in 

Chapter 2 (section 2.1 and section 2.2). 
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Figure 5.1 Location of Sampling Sites in Moreton Bay and Gold Coast 
Broadwater System. 
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5.3 CHARACTERISTICS OF SAMPLING SITES 

Study sites chosen included Myora Anchorage and One Mile Anchorage (or Little 

Ships Club Anchorage) on the western shores of North Stradbroke Island, 

Horseshoe Bay on Peel Island, Tipplers Passage near Tipplers Resort on South 

Stradbroke Island, and the Marine Stadium north of Sea World Nara Resort on the 

Gold Coast Spit (elongated ‘U’ shaped inlet).  Reference sites included the 

northern tip of Banana Banks in southern Moreton Bay, the northern channel west 

of Squire Island near the southern entrance of Canaipa Passage (near Jumpinpin 

Bar), and the lower slopes of a sandbank near the southern passage around 

Wavebreak Island on the Gold Coast.  It must be emphasised that the reference 

station ‘Wavebreak Island’ was chosen to represent the ‘Marine Stadium’ anchor 

site due to the fact that both sites would most likely receive the same land, urban 

and natural source influences, however, Wavebreak Island is not frequented by 

boats.  Additionally, the two sites are separated by a rock wall and a fast flowing 

channel of water.  Figure 3.1 (Chapter 3, section 3.1) gives a close up view at this 

particular region of the Gold Coast Broadwater.  Possible sources and 

characteristics of each sample site are given in Table’s 5.1 and 5.2. 

Generally, this climate system is defined as sub-tropical, exhibiting warm, dry 

summers and cool, wet winters (Koeppen- FAO-SDRN, 1997).  Although, it is not 

unusual for this area to exhibit more tropical climatic features such as dry winters 

with cyclonic influenced wet, hot summers.  The surface water temperature ranges 

from 200C to 270C.  The bottom water temperature averages at about 180C 

(AODC, 2000). 
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Table 5.1 Sterol sources at anchor and reference sites in Moreton Bay and Gold Coast Broadwater. 

 Sterol sources      

 Boats 
(raw sewage) 

STP 
(treated) 

Urban 
run-off 

Land 
Run-off 

Septic 
system 

Natural 
sources 

     

      Seagrass Algae 
(micro/macro) 

Mangroves Higher plants Mudflats Bare sand 

One mile anchorage 
(impact site) 

common 
(overnight and 

day time) 

close 
(installed after 

Dec 2001) 

high high yes (caravan 
parks and 
houses) 

dense micro algae abundant Patchy 
(coastal woodland 

along beaches) 

yes patchy 

Myora anchorage 
(impact site) 

low (mostly 
weekends and 

holidays) 

none low low no patchy micro algae fringing few yes patchy 

Horseshoe Bay 
(impact site) 

very low (only 
few days w/ NE-

NW winds) 

none none low no patchy micro algae none some (influence 
from Peel island 

sp) 

none Abundant 
coarse 

Moreton Bay 
(reference site) 

never none none none none patchy macro algae none none none Abundant 
coarse 

Jumpinpin 
(reference site) 

extremely rare none none low none patchy micro algae abundant some influence 
upstream 

yes patchy 

Tipplers anchorage 
(impact site) 

Common 
(overnight and 

day time) 

none high high yes (resorts, 
caravan parks 
and houses) 

none none abundant coastal woodland 
along beaches 

yes fine 

Wavebreak 
Island (reference site) 

none close none high no none none none some (mixed 
influences) 

none Abundant 
coarse 

Marine Stadium 
(impact site) 

common 
(overnight and 

long term) 

close (3 outlet 
pipes in 
seaway) 

high high no patchy none none abundant 
(surrounding 

natural forests) 

none abundant coarse 

 

 



 

Table 5.2 Characteristics and boat use patterns of anchor and reference sites 
in Moreton Bay and the Gold Coast Broadwater. 

Name Area1, Entrance Bottom substrate Munsell colour 
analysis 

Boat use patterns 

 depth width [m] grain size < 
63 μm (% of 
total weight) 

total organic 
matter (% dry 
weight) 

(dried sediment)  

Myora 30 ha, 
4-6 m 

~ 150 (11002) 0.68 ± 0.03 
(sand w/ little 
clay) 

1.59 ± 0.293  Dark greyish 
brown 

protected in SE-winds, 
0-10 boats weekdays, < 
30 weekends 

One Mile 25 ha, 
1.5-2 m 

~50 (9002) 3.26 ± 0.11 
(sand w/ 
some clay) 

2.54 ± 0.233  Dark greyish 
brown- very dark 
grey 

protected in SE-winds, 
20-30 boats weekdays 
(permanent swing 
moorings), ~ 40 (50+) 
weekends 

Horse-shoe 
Bay 

85 ha, 
1-6 m 

~ 2200 0.03 ± 0.01 
(mostly 
coarse sand) 

1.05 ± 0.153 Pale yellow-light 
grey  

protected in NE-NW 
winds, 0-20 boats 
weekdays, < 80 (150+) 
weekends 

Tipplers 20 ha, 
1-5 m 

2 × 120 (4002) 3.31 ± 0.75 
(fine sand and 
clay) 

5.39 ± 0.45 Very dark grey protected in E, SE, E –
winds, 15-30 boats 
weekdays, < 120 (160+) 
weekends 

Marine 
Stadium 

25 ha, 
1-4 m 

~ 280 0 
(coarse sand) 

0.83 ± 0.143 Pale yellow protected in all 
conditions, 5-10 boats 
weekdays, < 50 (70) 
weekends 

       
Moreton Bay 
South* 

n.a., 
2-3 m 

n.a. 1.62 ± 0.05 
(sand w/ little 
clay) 

4.26 ± 0.333 Greyish brown occasionally used by 1-
2 recreational 
fishermen 

Jumpipin 
Bar* 

n.a., 
1-2 m 

n.a. 0 
(coarse sand) 

2.80 ± 1.003 Light brownish 
grey-dark greyish 
brown 

occasionally used by 1-
5 recreational 
fishermen 

Wave-break 
Island* 

n.a., 
2-3 m 

n.a.  0 
(coarse sand) 

0.82 ± 0.11 Light grey-pale 
yellow 

occasionally boat 
anchored in nearby 
channel 

NOTE: 1 = approximately; 2 = entrance width at high tide; 3 = seagrass and/or 
algae present 
* = reference sites 
n.a. = not applicable 
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5.4 RESULTS 

5.4.1 Faecal coliform and E. coli concentrations at popular anchor 
sites in southern Moreton Bay and the Gold Coast 
Broadwater 

Faecal coliform and E. coli levels at anchor and reference sites in Moreton Bay 

and the Broadwater were generally low to very low.  Highest levels were 

observed during the first sampling event in December 2001 at One Mile 

Anchorage.  Most of the plates were completely overgrown (i.e. >200 FC and E. 

coli colonies per plate).  These levels occurred only once.  The lowest levels in 

the study were consistently found at the Moreton Bay reference site (Figure 5.2).  

Subsequently, levels of both Faecal coliform and presumptive E. coli never 

exceeded 80 CFU/100 mL (i.e. were well within primary contact levels of 150 

FC/100 mL), even when vessel numbers at all sites were at full capacity. 
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Figure 5.2 Average (± 1 S.E.) of median faecal coliform (clear bars) and E. 
coli (dark grey) concentrations at five anchor sites and associated 
reference sites (*) in 2001-2002. 

5.4.2 Presumptive faecal coliforms (FC) 

Further statistical analyses revealed that the data was severely skewed due to the 

high numbers of zero counts.  The data was then (log +1) transformed.  As 

indicated by Figure 5.2, presumptive FC levels appeared greater at anchor sites 

than those at reference sites.  To correct for associated physical factors, a 

multifactorial ANOVA was conducted (Table 5.3).  This revealed that water 

temperature, tide difference, and wind speed had a significant effect on anchor 

and reference sites at p=0.01. 
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Table 5.3 Multifactorial ANOVA for FC concentrations in Moreton Bay. 

Dependent Variable: log10+1 median CFU/100 mL of presumptive FC 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. 

Corrected Model 9.607 4 2.402 9.920 .000 
Intercept 0.130 1 0.130 0.538 .466 
Water temperature 6.330 1 6.330 26.142 .000 
Tide difference 3.952 1 3.952 16.324 .000 
Wind speed 1.811 1 1.811 7.480 .008 
Reference vs. anchor 
sites 

2.645 1 2.645 10.926 .001 

Error 17.190 71 0.242   
Total 54.694 76    
Corrected Total 26.797 75    

a  R Squared = .359 (Adjusted R Squared = .322) 
df = degrees of freedom 
Sig = significance at α= 0.05 

 

5.4.3 Presumptive E. coli 

Data for presumptive E. coli were even more skewed (than FC data) as it was 

dominated by zero counts.  As a result, data were analysed at two levels: a) for 

presence or absence of presumptive E. coli during occasions when recreational 

vessels were present (= anchored) or absent, and b) for a relationship between the 

numbers of vessels and concentrations of E. coli at times when E. coli counts 

were greater than zero (Tables 5.4 and 5.5). 

Further, a chi-square test was conducted (χ2 = 6.44, df = 1, p = 0.0112) and whilst 

the presence of E. coli did not necessarily coincide with high vessel counts, the 

chi-square test indicated a correlation between boats and E. coli.  The multiple 

regression (Table 5.5) revealed that vessel numbers, wind speed and a rain event 

had an effect on anchor and reference sites at p = 0.05. 

144 



 

Table 5.4 Presence/Absence of E. coli counts and recreational vessels. 

 zero vessels > zero vessels total 
zero E.coli/100 mL 21 20 41 
> zero E.coli/100 mL 8 27 35 
Total 29 47 76 

 

Table 5.5 Multiple regression analysis of E. coli concentration at anchor and 
reference sites when counts were greater than zero (n= 35). 

Model Summary 

Model R R Square Adjusted R Square Std. Error of the 
Estimate 

1 .573 .328 .263 .429691 

Predictors: (Constant), 72 hr rain, number of vessels, wind speed 
 
Coefficients 

  Unstandardized 
Coefficients 

 Standardized 
Coefficients 

t Sig.

Model  B Std. Error Beta   
1 (Constant) -9.712E-02 .298  -0.326 .747
 Number of 

vessels 
6.805E-03 .003 0.313 2.120 .042

 Wind speed 0.200 .074 0.399 2.692 .011
 72 hr rain -5.624E-03 .003 -0.308 -2.074 .047

Dependent Variable: Log10+1 median fluorescent CFU/100 mL (presumptive E.  
coli) 
Sig = significance at α= 0.05 

Accordingly, bacterial concentrations at all anchor sites never exceeded ANZECC 

guidelines for primary contact, i.e. a median of no more than 150 FC/100 mL (5 

samples over one month, with four out of five containing less than 600 CFU/100 

mL). 
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5.4.4 Bacterial loads in sediments in the intertidal area of two 
anchor sites (Myora and the Marine Stadium) 

Figure 5.3 shows results of repeated sampling at the northernmost and 

southernmost anchor sites of this study to investigate rain effects of bacterial 

loads at anchor sites.  Figure 5.3 clearly shows that FC counts were greater 

directly after rain at all tide levels along the intertidal zone. 
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Figure 5.3 Faecal coliform concentrations in intertidal sediments at Myora and 
Marine Stadium anchor sites (HWM = High tide water mark; LWM 
= Low tide water mark). 
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5.4.5 Sterol fingerprints at eight sampling sites in Moreton Bay 
and Gold Coast Broadwater 

Summary sterol data for Moreton Bay and Gold Coast Broadwater are given in 

Tables 5.6 and 5.7.  Total sterols ranged between 735.5 ng/g to 4053.1 ng/g 

(Moreton Bay reference site and Horseshoe Bay, respectively).  Of the major 

sterols, the percentage of cholesterol to total sterols was consistently highest 

across all sites (except for Jumpinpin Bar reference site), followed by sitosterol 

and then stigmasterol.  Of the major stanols, 5α-cholestanol was consistently 

much higher than sitostanol and stigmastanol, respectively.  The coprostanols 

were relatively low in comparison, although, 5β-coprostanol recorded generally 

higher percentages than the herbivore biomarker, 24-ethylcoprostanol.  This 

reflected the calculated human versus herbivore input percentages (Leeming PhD 

thesis, 1996).  According to these calculations, human inputs dominated over 

herbivore inputs (>66% across all sites). 

Mean values of the coprostanol/5α-cholestanol human sewage biomarker ratio 

revealed that One Mile anchorage was the only site above the recommended 

threshold level (>0.3) at 0.6 (Leeming et al., 1998).  One Mile anchorage also 

revealed the highest coprostanol/5α-cholestanol ratio of 3.2 during the first 

sampling event in December 2001. 

All impact sites, except for Myora anchorage were well above the threshold level 

for the coprostanol/cholesterol sewage ratio of 0.2 (Grimalt et al., 1990).  The 

reference sites were all below 0.08.  Both herbivore faecal biomarker ratios were 

low at all sites except for Tipplers anchorage.  The 24-ethylcoprostanol/sitosterol 

(human equivalent of the coprostanol/cholesterol ratio) revealed a mean value of 
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0.77 at this site.  Total Organic Matter was generally low and fell between 1.15-

3.02 % dry weight, except for Tipplers anchorage at 6.62 % dry weight. 

 



 

Table 5.6 Faecal and selected sterol levels in sediments in the Moreton Bay and Gold Coast Broadwater (ng/g) showing the 
range, (mean) and % relative standard error.

Sterol Trivial name Sampling Sites 

IUPAC name  One Mile 
anchorage 

Horseshoe
Bay 

Tipplers 
anchorage 

Marine 
Stadium 

Myora 
anchorage 

Moreton 
Bay* 

Jumpin-Pin
Bar* 

Wave-
Break* 

  n=33 n=30 n=48 n=33 n=27 n=30 n=30 n=18 
          

5β-cholestan-3β-ol coprostanol ND-1361.0 ND-350.0 ND-140.0 2.8-174.0 ND-41.0 ND-19.9 ND-914.6 ND-115.0 

  (196.0) (74.0) (31.0) (40.0) (10.0) (5.4) (109.0) (21.3) 
 %RSE 60.8 56.7 32.7 38.0 47.7 37.8 82.6 87.9 
          

   

   

   

   

5β-cholestan-3α-ol epi-coprostanol ND-98.0 ND-438.3 ND-71.5 ND-67.9 ND-28.2 ND-28.2 ND-325.0 10.2-24.2 
  (37.2) (90.5) (19.7) (21.1) (8.1) (3.2) (42.2) (6.2) 
 %RSE 26.9 58.8 25.4 33.5 44.4 34.4 75.4 60.9 
       

cholest-5-en-3-β-ol cholesterol 12.0-1520.0 20.0-9956.0 375.0-
3302.0 

6.5-1967 143.0-2061.0 151.0-
2787.0 

29.0-4385.0 78.0-511.0 

  (573.0) (1669.0) (1140.4) (558.0) (694.0) (501.0) (1131.0) (200.0) 
 %RSE 26.7 59.6 28.0 39.1 27.6 52.6 34.7 35.2 
       

5α-cholestan-3β-ol  cholestanol 22.0-1405.0 21.0-6000.0 ND-1037.0 15.5-633.0 ND-240.0 ND-112.0 ND-11379.0 11.5-256.0 
  (357.7) (1211.0) (272.0) (189.7) (81.6) (45.5) (1301.0) (75.9) 
 %RSE 23.3 63.0 27.9 31.4 40.2 29.5 86.2 51.3 
       

24-ethyl-5β-cholestan-3β-ol 24-ethylcoprostanol ND-85.4 ND-99.6 ND-87.7 ND-59.2 ND-30.0 ND-57.8 ND-355.4 ND-2.35.0 
  (20.0) (21.0) (13.6) (12.8) (7.7) (7.2) (56.0) (0.4) 
 %RSE 47.1 62.0 42.3 43.0 50.7 77.8 63.4 100 
       

24-ethyl-5β-cholestan-3α-ol 24-ethyl-epi-coprostanol ND-719.0 ND-95.8 ND-48.4 ND-31.4 ND-15.1 ND-5.1 ND-797.0 ND-1.1 
  (72.9) (19.2) (9.2) (5.5) (3.7) (1.0) (86.9) (0.2) 
 %RSE 88.9 63.0 39.7 54.8 56.8 60.0 90.1 100 
          

24-ethylcholesta-5,22E-dien-3β-ol stigmasterol ND-544.0 ND-348.0 ND-1062.0 ND-782.0 ND-1084.0 ND-315.0 ND-16100.0 ND-222.0 
  (153.0) (66.0) (215.3) (162.9) (236.5) (38.9) (2244.5) (82.0) 
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Table 5.6 continued … 
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Sterol Trivial name Sampling Sites 

IUPAC name  One Mile 
anchorage 

Horseshoe
Bay 

Tipplers 
anchorage 

Marine 
Stadium 

Myora 
anchorage 

Moreton 
Bay* 

Jumpin-Pin
Bar* 

Wave-
Break* 

  n=33 n=30 n=48 n=33 n=27 n=30 n=30 n=18 
 %RSE 33.44 58.5 40.6 48.0 63.9 79.6 70.1 41.7 
24-ethyl-5α-cholest-22E-en-3β-ol stigmastanol ND-314.0 ND-3400.0 ND-651.5 ND-326.7 ND-492.6 ND-64.0 ND-7588.7 ND-1542.9 
  (61.0) (598.0) (128.7) (46.8) (84.8) (17.7) (946.9) (253.4) 
  %RSE 53.1 66.2 37.2 63.0 69.5 46.4 78.8 94.7 
          

24-ethylcholest-5-en-3-β-ol 24-ethylcholesterol ND-4294.4 ND-448.0 ND-3647.0 ND-1379.9 ND-1328.9 ND-492.5 ND-41892 ND-206.0 
  (839.9) (77.1) (228.5) (205.5) (304.5) (95.6) (6341.0) (101.0) 
 %RSE 53.0 59.7 99.0 61.3 62.7 56.2 64.9 34.1 
          

24-ethyl-5α-cholestan-3β-ol 24-ethylcholestanol ND-585.8 ND-1076.9 ND-497.0 ND-344.8 ND-161.0 ND-50.9 ND-3823.6 ND-47.7 
  (163.8) (227.7) (149) (78.4) (53.3) (19.6) (611.5) (15.4) 
Sterol ratios (means) %RSE 35.7 59.23 27.9 40.4 35.3 30.2 62.0 50.6 
          

 coprostanol/5α-cholestanol 0.60 0.12 0.14 0.19 0.07 0.10 0.06 0.13 
          

 epicoprostanol/coprostanol 0.43 0.66 0.72 0.06 0.42 0.52 0.42 0.82 
          

 coprostanol/cholesterol 2.41 0.74 0.50 1.15 0.02 0.02 0.04 0.08 
          

 coprostanol/ (5α-cholestanol + cholesterol) 0.33 0.05 0.04 0.09 0.01 0.03 0.02 0.05 
          

 24-ethylcoprostanol/sitostanol 0.07 0.06 0.08 0.16 0.16 0.37 0.05 0.01 
          

 24-ethylcoprostanol/sitosterol 0.05 0.17 0.77 0.55 0.09 0.08 0.01 0.00 
          

 % human 94.38 79.24 76.55 95.56 63.42 85.46 66.52 98.95 
 % herbivore 9.57 10.76 13.45 4.44 36.58 14.54 33.48 1.05 
          

Total Sterols (ng/g)  2475.10 4053.10 2207.50 1320.20 1484.80 735.50 12870.00 755.95 
Total Organic Matter  2.84 2.61 6.62 1.88 1.69 2.53 3.02 1.15 

* reference sites; (x) brackets denote means; ND = Not Detected; %RSE = percent relative standard error; n = sample size

Table 5.7 Summary content of sterols in sediments from Moreton Bay and Broadwater sites as percentage (%) of total sterols. 



 

Sterol Trivial name Sampling Sites 
(%) 

IUPAC name  One Mile 
anchorage 

Horseshoe 
Bay 

Tipplers 
anchorage 

Marine 
Stadium 

Myora 
anchorage 

Moreton 
Bay* 

Jumpin-Pin 
bar* 

Wave- 
Break* 

  n=33 n=30 n=48 n=33 n=27 n=30 n=30 n=18 

5β-cholestan-3β-ol coprostanol 7.90 1.82 1.40 3.03 0.67 0.73 0.85 2.82 

          
5β-cholestan-3α-ol epi-coprostanol 1.50 2.23 0.89 1.59 0.55 0.43 0.33 0.81 
          
cholest-5-en-3-β-ol cholesterol 23.15 41.18 51.66 42.30 46.77 68.12 8.78 26.46 

          
5α-cholestan-3β-ol  cholestanol 14.45 29.88 12.32 14.36 5.49 11.09 10.11 10.03 
          
24-ethyl-5β-cholestan-3β-ol 24-ethylcoprostanol 0.81 0.52 0.62 0.97 0.52 0.97 0.44 0.05 
          
24-ethyl-5β-cholestan-3α-ol 24-ethyl-epi-coprostanol 2.95 0.47 0.42 0.42 0.25 0.14 0.68 0.025 
          
24-ethylcholesta-5,22E-dien-3β-ol stigmasterol 6.18 1.63 9.75 12.34 15.94 5.29 17.43 10.85 
          
24-ethyl-5α-cholest-22E-en-3β-ol stigmastanol 2.46 14.75 5.83 3.54 5.70 2.41 7.36 33.52 
          
24-ethylcholest-5-en-3-β-ol 24-ethylcholesterol 33.93 1.90 10.35 15.56 20.48 12.99 49.26 13.36 
          
24-ethyl-5α-cholestan-3β-ol 24-ethylcholestanol 6.62 5.62 6.75 5.94 3.59 2.66 4.75 2.04 
          
Total Sterols (ng/g)  2475.1 4053.1 2207.5 1320.2 1484.8 735.5 12870 755.95 

* reference sites 

151 



 

The raw data were investigated by a series of statistical procedures.  Classical 

statistics were first performed on all absolute sterol concentrations and sterol ratio 

indexes from all sites at both depths (i.e. Top (0-3 cm), and Bottom (4-6 cm).  A 

descriptive discussion was then conducted to explain visual patterns or anomalies. 

Univariate analysis was used to study error variances, tests of between –subject 

effects using ‘site’ and the temporal scale of ‘summer versus winter’.  This 

provided information for homogeneity of the data.  Spread versus level plots 

showed the correlations of the means versus standard deviations, Q-Q plots of 

standardised and predicted residuals and p plots revealed classic cases for log 

transformations on all the data (Zar, 1984). 

To confirm if the top and bottom cores revealed interactions of variation between 

and within sites and on the temporal scale of summer and winter, a split plot 

(repeated measures) test was performed.  This test would reveal if there were 

significant interactions between top and bottom sediment depths, which would 

then warrant further investigation.  Alternatively, if no interactions were found, all 

the data could then be included for further analyses, thus increasing the power of 

the statistics by increasing the number of samples. 

5.4.6 General Linear Model- Split-Plot (Repeated Measures) 

A series of clustered error bar plots (Appendix C1) were initially graphed as a 

first observation of the data.  The bars represent one standard error of the mean.  

At a first glance of top versus bottom values, only little variation could be 

observed between ‘sites’. 
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A split plot test was then conducted.  This was a full factorial model, where two 

repeated measures were examined with each test; the Mauchly’s test for sphericity 

was assumed (Table 5.8).  The split-plot test revealed both top and bottom 

sediment depths were not significantly different for spatial and temporal 

interactions, except for one compound, 24-ethyl-epicoprostanol (a sterol regarded 

as a secondary herbivore biomarker).  Although in this instance it did show a 

difference between top and bottom cores, it did not indicate a significant 

interaction for the other parameters.  Hence, it was decided that there was not 

enough evidence to pronounce interactions for all compounds to be significant.  

Therefore, all data were combined for further investigation using a bi-variate 

approach. 

Additionally, sterol biomarkers did not present a significant difference between 

spatial and temporal interactions for Moreton Bay and Gold Coast Broadwater 

sites, except for sitosterol.  However, once again there was not enough evidence 

to pronounce any significant effects during summer and winter. 
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Table 5.8 Repeated measures (split plot) test for log 10 transformed data on top/bottom, summer-winter, and site interactions in 
sediments in Moreton Bay and Gold Coast Broadwater. 

 Sterol biomarkers (trivial names only) 
Variables 

(interactions) 
coprostanol epicoprostanol cholesterol cholestanol 24-ethyl- 

coprostanol 
24-ethyl-
epicoprostanol 

stigmasterol stigmastanol sitosterol sitostanol 

 df p df p df p df p df p df p df p df p df p df p 
                     
Summer-winter 
 

1 0.992 1 0.692 1 0.866 1 0.702 1 0.747 1 0.917 1 0.110 1 0.991 1 0.008* 1 0.612 

Site 
 

7 0.438 7 0.470 7 0.862 7 0.543 7 0.606 7 0.795 7 0.607 7 0.378 7 0.384 7 0.878 

Summer-winter/site 
 

7 0.352 7 0.498 7 0.555 7 0.384 7 0.657 7 0.583 7 0.759 7 0.561 7 0.323 7 0.899 

Error 1 
 

23 - 23 - 23 - 23 - 23 - 23 - 23 - 23 - 23 - 23 - 

Top/bottom 
 

1 0.538 1 0.761 1 0.526 1 0.371 1 0.469 1 0.024* 1 0.595 1 0.254 1 0.793 1 0.461 

TB/sum-win 
 

1 0.668 1 0.227 1 0.935 1 0.465 1 0.254 1 0.257 1 0.144 1 0.723 1 0.274 1 0.995 

TB/site 
 

7 0.395 7 0.318 7 0.065 7 0.354 7 0.742 7 0.479 7 0.448 7 0.335 7 0.318 7 0.446 

TB/sum-win/site 
 

7 0.419 7 0.391 7 0.151 7 0.721 7 0.94 7 0.930 7 0.238 7 0.605 7 0.769 7 0.626 

Error 2 
 

23 - 23 - 23 - 23 - 23 - 23 - 23 - 23 - 23 - 23 - 

* significance level at <0.05 
df- degrees of freedom 
p = significance 



 

5.4.7 Correlation Matrix- Bi-variate analysis 

A correlation matrix was then calculated for all log transformed sterol 

concentrations, ratio indexes, %Total Organic Matter (TOM) and grain size from 

each site (Appendix C2).  The results indicated a number of correlations, which 

were mostly in agreement with other researchers, even though most of the results 

were at trace levels. 

Writer et al., (1995 and others therein) showed that due to positive correlations 

between coprostanol (and related sterols), particle size and %TOM in bottom 

sediments, bias occurs - induced by differing particle sizes and %TOM between 

and within sites; hence, the use of the ratio indices. 

The correlation matrices showed how the sterol ratio of coprostanol/5α-

cholestanol is independent of %TOM, whereas the absolute coprostanol 

concentration increases with increasing %TOM, indicating a positive correlation.  

Bull et al., (2002) mentioned that when studying sterols at trace levels, caution 

should be taken.  However, so far the data from Moreton Bay even at trace levels 

compare quite well to data sets with much higher values (Isobe et al., 2002; Chan 

et al., 1998; Writer et al., 1995).  In any case, both ratios and absolute 

concentrations have been used to interpret all data.  Grain-size did not generally 

correlate well with most sterols, although grain size and %TOM correlated well at 

p = 0.01 significance level. 
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5.4.8 Log-log scatterplots 

To link investigations of sterol behaviour between the simulated microcosm 

experiment (Chapter 4) and sterol behaviour in the natural environment 

(Chapter 5), log-log scatterplots were once again performed to reveal sterol/stanol 

relationships (Figures 5.4 to 5.7).  In the Moreton Bay and Broadwater samples, 

the log10 transformation coprostanol concentrations were found to be highly linear 

when paired with their associated major isomeric stanols (e.g. 5α−cholestanol), 

rather than their corresponding major sterol (e.g. cholesterol).  This was a major 

difference between the microcosm experiment (addition of nutrients) where in 

times of experimental nutrient input, coprostanol related better with cholesterol 

than it did with 5α-cholestanol. 

Impact sites were generally found to have greater levels of faecal sterols than 

reference sites.  Additionally, there was no significant difference of faecal sterols 

between summer and winter periods.  The herbivore biomarker 24-

ethylcoprostanol was not as highly correlated with its associated major isomer 

(24-ethylcoprostanol/sitostanol) than the human coprostanol biomarker pair 

(coprostanol/5α−cholestanol). 
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Figure 5.4 Log-log scatterplot of coprostanol and 5α-cholestanol from 
Moreton Bay and Gold Coast Broadwater sites from December 
2001-2002. 

 

157 



 

-2.00 0.00 2.00 4.00 6.00 8.00 10.00

log cholestanol

-2.00

0.00

2.00

4.00

6.00

8.00
lo

gc
op

ro
st

an
ol

sum_win
summer
winter

R Sq Linear = 0.743

R Sq Linear = 0.741

winter

summer

Figure 5.5 Log-log scatterplots for coprostanol and 5α-cholestanol over 
summer and winter. 
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Figure 5.6 Log-log scatterplot of 24-ethylcoprostanol and sitostanol from 
Moreton Bay and Gold Coast Broadwater sites from December 
2001-2002. 
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Figure 5.7 Log-log scatterplots for 24-ethylcoprostanol and sitostanol over 
summer and winter. 
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5.4.9 Regression Analysis (linear, power and log-log (back 
transformed)) 

To compare regression derived ratios of sterol pairs in the natural environment 

with those calculated in Chapter 4 (3-60 days after rapid degradation or 

production) and to further investigate the nature of the sterol relationships, a 

number of regression models were once again tested for the Moreton Bay data set 

(Table 5.9). 

Of the three regression models tested, in the majority of cases, the ‘linear’ model 

fit best, whereas in the microcosm experiment, the ‘power’ model was generally 

more applicable.  A difference of fit between regression models would be 

expected, as time series experiments usually exhibit power, or exponential curve 

estimations compared with spatial data such as from the Moreton Bay field study.  

One major difference between the microcosm experiment (Chapter 4) and the 

Moreton Bay field study (Chapter 5) was that the correlation co-efficients for 

most sterol and stanol pairs were considerably lower in the field study than under 

more tightly controlled conditions of the tank experiment. 

Results of regression derived sterol ratio pairs from the Moreton Bay data set 

revealed values very similar to the ones calculated in Chapter 4, the simulated 

microcosm experiment, albeit at slightly lower values. 

 



 

Table 5.9 Sterol and stanol regressions using linear, power and log-log (back-transformed) models from Moreton Bay and Gold 
Coast Broadwater showing their associated slope, constant, correlation co-efficient (R2), ratio range, ratio model 
average.

Regression Model Variable Slope Constant Correlation
co-efficient

Ratio range Ratio 

 Y X   R2 (ng/g) Best fit* 
 Sterol/sterol     (40-1000 ng/g)  

        
Linear stigmasterol cholesterol 1.150±0.025 -3.50±3.36 0.29 1.06-1.14 0.55 
   p= (0.000) p= (0.301)    
        
Power stigmasterol cholesterol 0.598±0.185 2.41±2.70 0.17 0.54-0.15  
   p= (0.002) p= (0.380)    
        
Log-log stigmasterol cholesterol 0.601±0.183 0.38±0.49 0.17 0.55-0.15  
(back-transformed)   p= (0.002) p= (0.431)    
      (300-1150 ng/g)  
        
Linear sitosterol cholesterol 4.270±0.765 -1149.90±949.26 0.42 0.44-3.27 1.0 
   p= (0.000) p= (0.215)    
        
Power sitosterol cholesterol 0.635±0.225 3.83±5.07 0.15 0.48-0.29  
   p= (0.007) p= (0.454)    
Log-log        
(back-transformed) sitosterol cholesterol 0.638±0.224 0.57±0.57 0.15 0.48-0.29  
   p= (0.007) p= (0.318)    
      (150-3000 ng/g)  
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Regression Model Variable Slope Constant Correlation
co-efficient

Ratio range Ratio 

 Y X   R2 (ng/g) Best fit* 
        
Linear stigmasterol sitosterol 0.370±0.008 -47.37±59.80 0.98 0.05-0.35 0.33 
   p= (0.000) p= (0.430)    
        
Power stigmasterol sitosterol 0.830±0.070 1.11±0.44 0.78 0.47-0.28  
   p= (0.000) p= (0.016)    
        
Log-log stigmasterol sitosterol 0.834±0.068 0.06±0.17 0.79 0.49-0.30  
(back-transformed)   p= (0.000) p= (0.733)    
 Sterol/stanol     (250-1650 ng/g)  
        
Linear cholestanol cholesterol 0.609±0.109 -64.48±191.20 0.31 0.35-0.57 0.33 
   p= (0.000) p= (0.740)    
        
Power cholestanol cholesterol 0.241±0.104 28.13±17.69 0.07 0.42-0.10  
   p= (0.023) p= (0.116)    
        
Log-log cholestanol cholesterol 0.244±0.104 1.44±0.27 0.07 0.43-0.10  
(back-transformed)   p= (0.022) p= (0.000)    
      (80-1000 ng/g)  
        
Linear sitostanol sitosterol 0.091±0.002 46.44±15.15 0.98 0.20-0.14 0.29 
   p= (0.000) p= (0.004)    
        
Power sitostanol sitosterol 0.428±0.087 5.80±2.81 0.36 0.18-0.11  
   p= (0.000) p= (0.045)    
        



Table 5.9 continued… 

Regression Model Variable Slope Constant Correlation
co-efficient

Ratio range Ratio 

 Y X   R2 (ng/g) Best fit* 
Log-log sitostanol sitosterol 0.421±0.104 0.72±0.250 0.28 0.16-0.09  
(back-transformed)   p= (0.000) p= (0.006)    
        
      (150-1000 ng/g)  
        
Linear stigmastanol stigmasterol 0.464±0.016 -2.87±42.33 0.96 0.45-0.46 0.36 
   p= (0.000) p= (0.946)    
        
Power stigmastanol stigmasterol 0.824±0.087 0.90±0.425 0.69 0.37-0.26  
   p= (0.000) p= (0.041)    
        
Log-log stigmastanol stigmasterol 0.835±0.087 -0.06±0.203 0.71 0.38-0.27  
(back-transformed)   p= (0.000) p= (0.748)    
        
 Coprostanol 

pairs 
      

      (100-1350 ng/g)  
Linear coprostanol cholesterol 0.034±0.016 44.88±29.51 0.07 0.48-0.07 0.06 
   p= (0.039) p= (0.133)    
        
Power coprostanol cholesterol 0.240±0.140 3.62±3.16 0.04 0.11-0.02  
   p= (0.092) p= (0.255)    
        
Log-log coprostanol cholesterol 0.240±0.137 0.59±0.36 0.04 0.12-0.01  
(back-transformed)   p= (0.084) p= (0.110)    
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Regression Model Variable Slope Constant Correlation
co-efficient

Ratio range Ratio 

 Y X   R2 (ng/g) Best fit* 
      (200-1350 ng/g)  
Linear coprostanol cholestanol 0.070±0.120 40.65±21.96 0.33 0.27-0.10 0.13 
   p= (0.000) p= (0.0689)    
        
Power coprostanol cholestanol 1.090±0.077 0.74±0.02 0.76 1.19-1.40  
   p= (0.000) p= (0.014)    
        
Log-log coprostanol cholestanol 1.062±0.790 -1.03±0.16 0.77 0.13-0.14  
(back-transformed)   p= (0.000) p= (0.000)    
        
        

* = ratio average for all three tested regression models (i.e. linear, power, and log-log (back transformed) 

 



 

5.5 DISCUSSION 

5.5.1 Faecal coliform and E. coli concentration at popular anchor 
sites in southern Moreton Bay and the Gold Coast 
Broadwater 

As revealed in section 5.3 (Tables 5.1 and 5.2, this chapter), all sites studied in the 

Moreton Bay and Broadwater region differed markedly in terms of physical 

characteristics and proximity to various sewage sources.  Irrespective of this, 

results indicated that bacterial loads at impact sites were significantly different to 

those at reference sites.  It is not clear, however, that the differences of bacterial 

inputs were directly related to sewage inputs from boats, or that impact sites 

contained a larger number of potential sources than reference sites. 

Water temperature showed a strong influence on bacterial levels in the water 

column (i.e. the number of FC’s increased with increasing water temperatures).  

Some researchers suggest that higher water temperature accelerates bacterial die-

off (El Sharkawi et al., 1989, and Craig et al., 2001); whereas others suggest that 

warmer water increases bacterial metabolism, and, therefore resistance to UV 

irradiation (Burkhardt et al., 2000). 

Additionally, the bacterial sediment intertidal study revealed that rain and shore 

bank erosion from boat wakes could have an effect when trying to determine 

sources of sewage loads using standard bacterial indicators.  E. coli is always 

present in the intertidal zone.  After a rain event, E. coli is washed into the water 

column, increasing E. coli levels; therefore adding to overestimations of bacterial 

counts in the water column. 
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Even though the sampling period throughout this study revealed one of the driest 

years on record, rain events could attribute to the reasons why tide levels and 

wind speed had a significant influence on bacterial counts in the Moreton Bay 

sites.  Rain effects could also explain the on average higher bacterial counts at the 

two near shore reference sites (Jumpinpin Bar and Wavebreak Island).  However, 

this dry period could have provided an unforeseen opportunity where the 

exclusion of rain events helped in source identification from bacterial inputs. 

These results support much of the ongoing criticism that bacterial indicator 

concentrations in the determination of sources of sewage inputs are not source 

specific and subject to a range of influences including weather, environmental 

settings and a range of anthropogenic activities. 

5.5.2 Faecal and selected sterol biomarker levels in Moreton Bay 
and Gold Coast Broadwater sediments 

The sedimentary concentrations of coprostanol in Moreton Bay and the Gold 

Coast Broadwater reflect those reported for sandy sediments (Mudge and Norris, 

1997) and reference sites from studies in both Antarctica (Venkatesan and 

Mirsadeghi, 1992) and Asia (Isobe et al., 2002 and Chan et al., 1998) (see Tables 

1.3 and 1.4 – Introduction and – this chapter).  The highest coprostanol 

concentration in Moreton Bay sediments was 1.4 μg/g with a coprostanol/5α-

cholestanol ratio of 3.2.  However, the highest concentration from a sewage 

disposal site in Hong Kong was 5.09 μg/g with a coprostanol/5α-cholestanol ratio 

of 0.59. 
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This anomaly could be due to different endemic microbial populations and higher 

water temperatures at lower latitudes.  As mentioned previously, discrepancies of 

these ratio values have been expressed especially in tropical regions of the world 

(Fernandes et al., 1999; Isobe et al., 2002).  The major human biomarker ratio 

initially proposed by Grimalt et al., (1990) of 0.7 is thought to be too high in 

tropical regions, mainly due to the higher water temperatures in these climate 

zones.  Higher temperatures may facilitate the in situ conversion of cholesterols to 

stanols and at presumably higher rates of reduction.  The average surface water 

temperature for Moreton Bay and the Gold Coast is 24oC, with a mean-range of 

21.2-26.6 oC (AODC, 2000). 

The high coprostanol/5α-cholestanol ratio found at One Mile anchorage during 

the first sampling event, which coincided with unusually high concentrations of 

indicator bacteria, indicated a larger sewage pollution event.  This was 

presumably not due to recreational vessels, but a malfunctioning of a small old 

STP discharging partially treated effluent from an underwater pipe a few hundred 

metres south of the anchorage.  Since this incident, however, the STP has been 

upgraded and most of the treated effluent is now recycled for irrigation of wood 

lots.  This could explain why such high ratios were never detected again.  

Although it did take approximately five months before coprostanol/5α-

cholestanol ratios in sediments returned to ‘normal’ levels (i.e. <0.3). 

The remaining coprostanol/5α-cholestanol ratio levels in Moreton Bay generally 

fell within the range found from studies in Hong Kong of 0-0.55 (Poon et al., 

2000; Chan et al., 1998) from both reference and impacted sites.  Even though the 

absolute concentrations of coprostanol were generally much lower across the 

168 



 

Moreton Bay sites, the ratio compared well between impact and reference sites in 

tropical waters (Chan et al., 1998).  Correlations of transformed data revealed that 

even at these low levels, coprostanol was highly linear with its associated isomers, 

cholesterol and 5α-cholestanol indicating that ratios can be used successfully in 

areas of low sterol input. 

Although the highest coprostanol concentration in Moreton Bay provided the 

highest ratio (during the One Mile anchorage pollution incident), this was 

generally not the case, i.e. lower concentrations often produced ratios at or near 

polluted levels.  For this reason it is important to review the levels of other sterols 

within the sample such as cholesterol that may indicate in situ reduction rather 

than human faecal inputs. 

Epicoprostanol concentrations also compared well with levels reported for other 

non-point source coastal sediments (Maldonado et al., 2000), but also anoxic mud 

flats (Mudge and Norris, 1997; Reeves and Patton, 2001).  Greater distributions of 

the α− isomer are found in reducing environments.  Levels of up to 67.4 μg/g 

were found from a point source in the Tan-shui estuary, Asia (Jeng and Han, 

1994).  Our samples never exceeded a level of 0.44 μg/g.  These generally low 

levels were likely to be the result of the sandy, oxic nature of the Moreton Bay 

system.  Although, epicoprostanol to coprostanol ratios of above 0.8 were found 

at most sites, this was probably a result of non-preferential production by diverse 

anaerobic bacterial populations. 
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Cholesterol levels were generally low and the variation between samples was 

higher than expected.  Cholesterol concentrations were consistent with those 

found for offshore oligotrophic sediments (Saiz-Salinas and Gonzalez-Oreja, 1997 

and Nichols et al., 1993) or non-point source coastal sediments (Grimalt et al., 

1990) and estuarine tidal flats (Meziane et al., 1997; Patton and Reeves, 2001).  

These levels reflect the relatively low Total Organic Matter (TOM) contents 

across all eight sites.  The Moreton Bay and Broadwater system therefore concurs 

with a sand-dominated oligotrophic region low in nutrients (You, 2005; Jaffe et 

al., 2001). 

One of the major breakdown products of cholesterol, 5α-cholestanol was found to 

be consistent with tropical offshore  (Burns et al., 2004) and point source tropical 

coastal sediments (Chan et al., 1998).  Cholesterol levels within a sample are 

usually much higher then 5α-cholestanol.  However, it appears that in tropical 

regions it is not surprising to find relatively high levels of this stanol compared 

with the sterol than in colder waters.  The sterol to stanol conversion is therefore 

thought to be much greater in warmer waters.  Using the hybrid ratio of 

coprostanol/(5α-cholestanol + cholesterol) proposed by Writer et al., (1995) for 

use in bed sediments in the United States was used in this study to possibly reduce 

bias induced by sterol reduction, indicated a point-source sewage pollution event 

at One Mile Anchorage, and long term non-point source sewage inputs at the 

Marine Stadium anchorage. 

Higher plant biomarker concentrations (sitosterol and stigmasterol) were 

consistent with those reported for estuarine sediments from temperate (Saiz-

Salinas and Gonzalez-Oreja, 1997), cold (Meziane et al., 1997) and tropical 
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(Burns et al., 2004) waters.  It appears that concentrations of these biomarkers 

depends on proximity of sampling sites to higher plant systems such as mangroves 

(Volkman, 1986) and/or major algal or bacterial inputs (Volkman, 2005).  The in 

situ production by auto and heterotrophic microbenthos can also be a contributor 

to the levels of these compounds (Marty et al., 1996; Volkman, 1986). 

As revealed in Chapter 4 (microcosm experiment), C29-plant sterols could be 

produced under sub-tropical conditions by microbenthos in sediments within the 

same order of magnitude as cholesterol.  However, a large influx of nutrients is 

needed for this to occur.  Therefore, it is not likely that the source of the terrestrial 

biomarkers were of an algal origin, as the sediments in Moreton Bay are relatively 

oligotrophic in the eastern section of the bay, and there was little or no evidence 

of large nutrient influxes throughout the duration of this study (apart from the first 

sampling event at One Mile anchorage).  Under these circumstances, the close 

proximity to higher plants including mangrove and higher plant communities is 

the most likely source for these sterols.  As mentioned previously, caution should 

be taken when determining the source of the C29-sterols (Volkman, 1986 and 

2005). 

Marine sediment concentrations of the herbivore biomarker compounds (24-

ethylcoprostanol and 24-ethyl-epicoprostanol) are not well known, especially in 

remote coastal and estuarine influenced sediments.  Levels of the primary and 

secondary herbivore biomarkers never exceeded 350 ng/g and 720 ng/g, 

respectively.  The level of variation was also high and in many samples these 

compounds were not detected at all.  Although, levels of the herbivore biomarker 

ratio 24-ethylcoprostanol/sitosterol appeared to be frequently higher at sites close 
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to greater possible herbivorous sources.  However, it is equally likely that the 

source of these biomarkers were mainly due to in situ production within 

sediments. 

The poor results of sterol correlation with grain-size were probably due to the 

sandy and heterogenous nature of Moreton Bay sediments across most sites and 

low organic matter inputs.  This reflects the low levels of %TOM across most 

sites (range = 1.15-3.02 % dry weight) except one; Tipplers anchorage at 6.62 % 

dry weight.  Even though Tipplers anchorage exhibited the highest organic matter 

content, total sterol levels were still very low.  This was probably due to the 

physical characteristics of the site where fast moving bottom currents were 

observed during all sampling times. 

The lack of correlation between sterols and grain-size also occurred in a study in 

sediments off Hamilton Harbour in Canada (Bachtiar et al., 1996), even when 

coprostanol levels were extremely high and taken from fine-grained sediment.  

They postulated that the organic matter content was very low in the STP from 

which they were studying.  Most of the sites in Moreton Bay indeed have 

relatively low OM content with many sandy areas, and would therefore be in 

agreement with the Hamilton Harbour study.  Harvey and Johnston (1995) 

commented on the distribution of biomarkers amoung particle sizes in shallow, 

coastal and estuarine systems, similar to this present study.  They stated that in 

fact large particles, although in lower abundance actually make up most of the 

POM reaching marine sediments due to physical processes such as transport and 

decomposition.  As with this study, they found sterols had a wide variety of 

binding to differing grain sizes.  For example sitosterol (terrestrial biomarker) was 
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found to correlate in the same size fractions as Harvery and Johnston’s study (i.e. 

<63μm and <202μm).  Harvey and Johnston (1995) also stated that in shallow, 

coastal and estuarine systems, particle interactions are complex.  This may explain 

the lack of correlations, as they did admit that little information was available on 

the distribution of markers in these complex systems. 

As mentioned previously, coprostanol and related sterols are well known to 

exhibit a high binding capacity for fine-grained sediments, which are ubiquitous 

in many coastal and estuarine sediments (Writer et al., 1995; Brown and Wade, 

1984).  Therefore, many researchers (Gonzalez-Oreja and Saiz- Salinas, 1998; 

Saiz- Salinas and Gonzalez-Oreja, 1997; Canuel and Martens, 1996; Nichols et 

al., 1993; Le Blanc et al., 1992) believe that recently deposited sterols and 

organic matter would be highest in the top 1-2 cm.  From the split-plot test 

performed at the two separate depths (1-3 cm) and (3-6 cm), it was found that 

there were no significant interactions between top and bottom sediments within 

and between sites.  In fact the highest coprostanol concentration and hence the 

highest coprostanol/5α-cholestanol human biomarker ratio was found at One Mile 

anchorage (during the point source pollution incident) in the bottom core.  These 

results emphasise the great variability of sandy, rapidly turned over bottom 

sediments in this sub-tropical region compared to more stable sediments in colder 

nutrient rich environments.  The fact that the highest coprostanol concentration 

was found on the bottom core may have been the result of a number of processes: 

bioturbation, (e.g. enclosure of a collapsed worm or crab hole); disturbance of 

sediment layers from boat anchors, plus a combination of the granularity of the 

sand and water movement at the sediment –water interface, causing downward 
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leaching (through interstitial spaces) of organic matter.  Thereby becoming 

incorporated into the sediment.  Further, the sand carried in the water column 

settles out, covering the bottom substrate at a more rapid rate in these highly 

dynamic tropical regions.  This phenomenon could be attributed to ‘advective 

porewater exchange’ causing high permeability rates, and enhanced solute 

transport processes (Buhring et al., 2005). 

Results of the log-log correlations performed on all sterol compounds revealed 

that in an environment low in nutrients (i.e. Moreton Bay and Gold Coast 

Broadwater system), the relationship of coprostanol to 5α-cholestanol was better 

than coprostanol to cholesterol.  In comparison to the degradation experiment in 

Chapter 4, where a there was a large input of nutrients, the relationship of 

coprostanol to cholesterol was better than coprostanol to 5α-cholestanol.  

Examining these relationships when determining sewage inputs could additionally 

provide an initial pointer to whether nutrients have recently been deposited into 

sediments of interest. 

Results of the regression derived ratios using three regression models (linear, 

power and log-log (back transformed)) were overall consistent with the simulated 

microcosm experiment shown in Chapter 4 (after rapid degradation and 

production), albeit at slightly lower levels.  This indicated that in the microcosm 

experiment, a residual amount of nutrients were left over to influence the 

reduction processes occurring in the tanks.  For example, the ratio values for the 

stigmasterol/cholesterol pair were 0.55 and 0.65 for the Moreton Bay field study 

(Chapter 5) and microcosm experiment (Chapter 4), respectively. 
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Additionally, where ratio values were distinctly different in the microcosm 

experiment between sediment types, the Moreton Bay ratio values sat 

approximately in the middle.  This would be expected, as Moreton Bay sediments 

included a variety of sediments ranging between what was considered ‘sandy’ and 

‘muddy’ in the degradation experiment. 

Conversely, the ratio values for the sterol/stanol pairs were higher in the Moreton 

Bay sediments than those from the microcosm experiment.  This indicated that in 

the natural environment, the stanols are in higher abundance than their associated 

major sterols.  The factors that appear to contribute most to sterol reduction in 

Moreton Bay sediments appear to be mainly due to higher water temperatures 

coupled with high rates of advective porewater exchange, which enhances 

bacterial activity (Buhring et al., 2005). 

The coprostanol ratio pairs however, were very similar not only between the 

simulated experiment and the field study, but also between sediment types. Thus, 

revealing that in the natural environment, the microbenthos is continually 

synthesising sterols at this level.  Once again, these ratio values are a reflection of 

normal in situ production in sediments and one should proceed with caution 

(especially with the terrestrial and herbivore biomarkers) when determining the 

actual source of these sterol biomarkers in the field. 

5.5.3 Human sewage indicator ratios 

5.5.3.1 Coprostanol/ 5α-cholestanol 

As discussed in detail in Chapter 1, rather than using absolute sterol 

concentrations to evaluate sewage inputs, researchers have suggested using the 
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ratio of coprostanol to other sterols, thus reducing the bias induced by different 

particle sizes and percent TOM (Bull et al., 2002; Writer et al., 1995).  Elevated 

levels of the ratio of coprostanol to 5α-cholestanol (0.3 or greater) in the absence 

of any other major amounts of sterols at popular anchorages would point to a 

noticeable input of human, and therefore vessel derived sewage and, likewise, 

nutrients.  Where these ratios remain below 0.3, it can be assumed that faecal 

inputs were too low to dominate over other natural processes such as tidal 

flushing, natural assimilation and sediment transport.  A strong indication of 

significant sewage inputs would result in an increase in coprostanol to 5α-

cholestanol ratios at anchor sites during or shortly after a period of high 

recreational boating intensities (e.g. summer holidays). 

Using these ratios, results from 80 composited sterol fingerprints extracted from 

samples taken at anchor and reference sites in Moreton Bay and the Gold Coast 

Broadwater indicated very low or no human sewage inputs for most sampling 

events.  There were, however, a few exceptions.  A ratio of 3.2 was measured in 

sediments at ‘One Mile’ anchorage during the first sampling event in December 

2001, which coincided with very high bacterial counts but average boat numbers.  

This ratio continued to drop over the next three sampling times until five months 

later, coprostanol could no longer be detected – despite the continuous use of this 

site by an average of 25-30 vessels. Therefore, it is unlikely recreational vessel 

derived sewage had any noticeable inputs.  

On three other occasions, coprostanol to 5α-cholestanol ratios greater than 0.4 

were detected: once each at Jumpinpin, Tipplers anchorage and Wavebreak 

Island.  On examination of other ratios and total concentrations, there was no 
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indication that these sites exhibited a nutrient or sewage source.  For most other 

sampling events and locations, these ratios were low to very low.  Consistently 

(slightly) elevated coprostanol to 5α-cholestanol ratios were found for the Marine 

Stadium anchorage (~0.2), thus indicating some ongoing inputs of sewage and/or 

nutrient inputs at this site from a variety of sources (e.g. recreational vessels, land 

run-off, etc). However, once again there was no distinct difference between 

elevated ratio levels during times of high boat use. Instead, impact sites were 

relatively higher than reference sites due to a number of source contributions. 

Partial GC-MS chromatograms of One Mile anchorage during the ‘pollution 

event’ and during relatively ‘normal’ sterol levels are shown in Figure’s 5.8 and 

5.9.  The first chromatogram shows the unusually high relative abundance of 

coprostanol compared to the commonly dominating sterol, cholesterol, and its 

main reduction product, 5α-cholestanol.  The second chromatogram shows the 

relative abundance of coprostanol to cholesterol and 5α-cholestanol one- month 

later where absolute concentrations and related ratios had returned to relatively 

‘normal’ levels. 
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Figure 5.8 Partial GC-MS chromatogram of pollution event at One Mile 
anchorage showing the high relative abundance of coprostanol to 
cholesterol and 5α-cholestanol (IS = internal standard, 5α-
cholestane). 
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Figure 5.9 Partial GC-MS chromatogram of One Mile anchorage one month 
after the pollution event showing relative abundance of coprostanol 
to cholesterol and 5α-cholestanol (IS = internal standard, 5α-
cholestane). 

 

5.5.3.2 Coprostanol/ cholesterol 

Recent studies (Mudge and Duce, 2005) in identifying the source of sewage 

derived organic matter by means of sterol analysis concluded that the sterol ratio 

of coprostanol/cholesterol still provides a good first estimate as a pointer toward 

contaminated sites.  Furthermore, the value of 0.2 proposed by Grimalt et al., 

(1990) is still valid.  Overall, the mean of coprostanol/cholesterol at sites in 



 

Moreton Bay revealed levels greater than 0.2 at anchor sites compared with 

reference sites, except for Myora anchorage.  These results were consistent with 

levels found for the main human sewage biomarker ratio coprostanol/5α-

cholestanol. 

5.5.3.3 Epicoprostanol/ coprostanol 

Mudge and Duce (2005) further stated that the epicoprostanol/coprostanol ratio 

was still a good measure of treated or aged sewage inputs (i.e. high relative 

amounts of epicoprostanol to coprostanol suggests older faecal contamination).  

However, high values of this ratio were found at all sites (i.e. there was no distinct 

difference between anchor and reference sites).  Presumably, high values at all 

sites are probably due to non-preferential reduction by diverse anaerobic bacterial 

populations.  Once again, this may be due to the higher reduction rates of 

cholesterol in warmer water temperatures. 

5.5.3.4 Coprostanol/ (cholesterol + 5α-cholestanol) 

A hybrid of two of the ratios presented here simply combines cholesterol and 5α-

cholestanol and may take into account amounts lost or gained through the sterol 

reduction process in higher water temperatures.  Writer et al., (1995) used this 

ratio to discriminate sewage pollution in bed sediments from the Mississippi 

River, United States.  He stated that values >0.06 were close to large point 

sources and areas with a sterol ratio of around 0.06 were effected by smaller scale 

non-point source discharges.  These suggested values fit quite well with this data 

set.  During the pollution event at One Mile anchorage, values were well above 

0.06 (0.14 to 2.52), this being described as a large point source sewage 
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contamination.  The other site that fits these values was the Marine Stadium 

anchorage, where overall mean values were about 0.09, the rest of the sites were 

below 0.06.  As mentioned previously, the Marine Stadium anchorage is one site 

that was expected to exhibit a number of non-point sources from recreational 

vessels, agricultural run-off, etc. 

5.5.4 Herbivore faecal biomarker ratios 

5.5.4.1 24-ethylcoprostanol/ sitostanol 

The main herbivore biomarker ratio of 24-ethylcoprostanol/sitostanol (equivalent 

to coprostanol/5α-cholestanol human biomarker ratio) was generally low to very 

low, where 24-ethylcoprostanol was sometimes not detected at all.  Of all eight 

sites, the highest levels of this ratio were found at Myora anchorage and the 

Moreton Bay reference site.  High levels of this ratio were expected in areas of 

close proximity to possible herbivorous sources (such as agriculture – e.g. cows 

and horses, as well as wildlife- e.g. kangaroos and possums).  Results from the 

degradation of sterols in chapter 4 indicated that 24-ethylcoprostanol can be 

produced in situ and since these sites were not in close proximity to herbivorous 

sources, it is most likely that the elevated levels found were due to in situ 

production of these sterols in sediments. 

5.5.4.2 24-ethylcoprostanol/ sitosterol 

The other herbivore biomarker ratio of 24-ethylcoprostanol/sitosterol (equivalent 

to coprostanol/cholesterol human biomarker ratio) was found to be highest at 

Tipplers and the Marine Stadium anchorages.  Both of these sites would be 

expected to have several herbivorous sources.  Tipplers anchorage, which is 
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located next to Stradbroke Island and adjacent to the mainland, could be 

influenced by both agricultural run-off and wildlife.  The Marine Stadium would 

also provide a number of possible herbivorous sources, especially upstream from 

the Nerang River system from both agriculture and wildlife sources.  However, 

these high values did not coincide with high bacterial counts, so it is most likely 

that these high values were also due to in situ production of sterols in sediments. 

 

5.6 SUMMARY OF STEROL FINGERPRINTS IN MORETON BAY 
AND GOLD COAST BROADWATER 

Overall, sterol fingerprints in sediments of a shallow sub-tropical estuary and 

embayment system such as Moreton Bay should be interpreted with care.   

Sediment analyses, observations during dives, and work by Pattiaratchi and Harris 

(2002) suggest that bottom substrates in the eastern part of Moreton Bay and the 

Gold Coast Broadwater were very heterogeneous and dynamic in nature.  Even 

though the entire system is dominated by sand, grain size distributions and 

organic matter content varied considerably between sites.  At the three reference 

sites, tidal currents were strong enough to result in visible sand transport at the 

bottom substrate-water column interface.  Sediment re-suspension due to wave 

action was occasionally observed at Horseshoe Bay.  All sites, apart from 

Wavebreak Island and Tipplers anchorage, had frequent active animal burrows 

suggesting high rates of bioturbation.  Together, these factors indicate a rapid 

turnover of water (laterally) and sediments (vertically and horizontally) at most 

sites investigated in this study.  Thus, the natural conditions at these anchor and 

reference sites could result in rapid dilution of introduced sterols, and high 
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oxygen concentrations in surface layers of bottom substrates at most sites, which 

in turn, facilitate biological breakdown of sterols (see discussions in Bull et al., 

2002). 

Furthermore, bottom water temperatures in Moreton Bay were presumably much 

higher than temperatures at many of the sites previously investigated for sewage 

signatures and sterol fingerprints (e.g. Sydney deepwater ocean outfall (Nichols et 

al., 1993); Victoria Harbour, Canada (Mudge and Lintern, 1999); Boston 

Harbour, North America (Eganhouse and Sherbloom, 2001); Antarctica (Hughes 

and Thompson, 2004; Martins et al., 2002,)).  Such higher temperatures paired 

with high oxygen availability result in greater microbiological activity and 

therefore accelerated breakdown of sterols (Isobe et al., 2002; Leeming, PhD 

Thesis 1996).  Therefore, sewage pollution from non-point sources such as 

recreational vessels in Moreton Bay is at present not of a level that resulted in 

clearly discernable changes to sterol signatures under such environmental 

conditions. 

The pollution event captured at One Mile anchorage by both sterols in sediments 

and bacterial indicators in the water column indicates that sterols can be 

successfully used in relatively small point source situations alongside bacterial 

measurements as an additional water quality indicator.  Additionally, sterol ratios 

revealed possible long term non-point source sewage inputs at the Marine 

Stadium anchorage, but it was unclear as to whether recreational vessels were the 

direct cause. 
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Furthermore, this well established technique has proven to have the ability to 

measure and differentiate suspected sewage contamination at very low levels/ 

very high dilutions.  Although due to the physical dynamic nature of this system, 

the high rates of sterol degradation in sediments (as seen in chapter 4) and 

logistical expense, this technique is probably best used (at present) for known 

large-scale sewage inputs in Moreton Bay and the Gold Coast Broadwater.  

Finally, it appears that faecal contamination to the Moreton Bay system is mainly 

of human and not herbivore origin. 
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CHAPTER SIX STEROL SIGNATURES FROM A MAJOR POINT 
SOURCE IN SEDIMENTS FROM THE SEAWAY 
AND MARINE STADIUM ANCHORAGE, GOLD 
COAST BROADWATER 

6.1 INTRODUCTION 

Sterol analyses have been used frequently to determine the origin of faecal matter 

emitted with sewage released from well-known point sources, mostly STP’s 

(Reeves and Patton, 2001; Chan et al., 1998; Bachtiar et al., 1996; Nichols et al., 

1993; Grimalt et al., 1990 and references therein).  As described in Chapter 1 

(section 1.2.3), point sources are identifiable inputs where waste is discharged to 

the receiving waters from a pipe or a drain.  Most case studies presented in the 

literature focused on outfalls where primary or only partially treated sewage was 

released from the point source (see references above). 

Primary or partially treated effluent usually carries high levels of nutrients, 

organic matter and sterols (see also Chapter 4 (section 4.2.1), Tables 4.1 and 4.2).  

Most STP’s around Australia, however, treat domestic or industrial sewage to a 

secondary stage, which generally reduces sterol levels to low or very low levels 

when passing activated sludge digesters (Mc Calley et al., 1981; Dukta et al., 

1974). 

Accordingly, sterol signatures of secondary effluent from the local STP 

(Coombabah, Gold Coast) analysed earlier in this study (Chapter 4 (section 4.2.1), 

Table 4.2) was found to be of very low sterol concentrations.  A reference point 

near a major sewage discharge location (the Gold Coast seaway, Chapter 5) 
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revealed only low amounts of coprostanol, and only on one occasion elevated 

ratios of coprostanol/5α-cholestanol were found.  It is therefore reasonable to 

assume that, in most cases, sterol signatures in sediments around point sources of 

secondary treated effluent are masked by natural variations, particularly in 

dynamic subtropical estuaries such as the Moreton Bay and Gold Coast 

Broadwater.  This situation is likely to change when parts of the secondary 

treatment process malfunctions or fails. 

On August 25th 2003, the Coombabah STP, discharging approximately 60 ML d-1 

at the northern section of the Gold Coast Seaway, experienced an initially 

unexplained die-back of parts of the bacterial population in its activated sludge 

digesters.  Recovery from this die-back lasted three to four weeks.  During this 

time, the outgoing effluent was considerably higher in nitrogen levels than normal 

(Appendix D1).  Bacterial indicator levels (E. coli), however, remained 

unchanged at all routine sampling points in the treatment plant.  Since the E. coli 

counted in the final effluent were recorded as ‘normal’ during this time of 

malfunctioning, operators of the Coombabah STP plant decided that analyses of 

samples for faecal and other sterols was not warranted.  It was, however, 

reasonable to assume that effluent sterol levels during the few weeks after the 

bacteria die-back were elevated or that, at least, the relative amounts of sterols 

would have changed. 

Unfortunately, the news about this accident was not made public and only 

revealed to the author a few weeks after the initial die-back was detected.  

Considering that at least higher than normal nitrogen loads and possibly elevated 

sterol concentrations were released into the Gold Coast seaway, it was decided to 
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use this unforeseen opportunity to investigate whether and how sterol signatures 

in sediments around the discharge point changed during this incident. 

From previous literature on the fate of sewage from point sources, it was decided 

that a transect type study would be conducted from the actual point source (the 

outlet pipes), then follow the main channel to the Marine Stadium, another site 

previously investigated (Figures 5.1 and 6.1).  As mentioned earlier, the Marine 

Stadium is an inlet type anchorage, which exhibits low hydrological flushing and 

could therefore act as a sink for pollutants.  The main channel between the outlet 

pipes and the Marine Stadium is generally well flushed: practically all tidal flow 

in and out of the southern Broadwater has to pass through this bottleneck. 

Therefore, the aims of this study were to examine the accumulation, fate and 

transportation of selected sterols from a point source discharge pipe during plant 

malfunction. 
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Figure 6.1 Location of transect in the Seaway and Marine Stadium anchorage, 
Gold Coast Broadwater 
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6.2 SAMPLING DESIGN, COLLECTION AND PREPARATION 

Due to the unforeseen nature of this incident, it was difficult to follow and cover 

the BACI (Before-After-Control-Impact) (Underwood, 1991 and 1994) principles 

for correct sampling design to the full extent.  As described in Chapter 5, nearly 

an entire year of sterol data were collected from Wavebreak Island (stations E-G) 

and the Marine Stadium (stations H and I) prior to the event (Figure 6.1).  

Sampling for sterols at stations A and B, the closest sampling stations to the actual 

outlet pipe, and C, D, and F (the main navigation channel) was conducted for the 

first time. 

Extending this transect further out to sea across the seaway bar proved too 

dangerous.  Strong currents and breaking waves made it impossible to pull a diver 

on SCUBA aboard the research vessel after collection of sediment samples with 

hand held syringes (Chapter 3, section 3.2.2, Figure 3.1).  Thus, to sample the 

seaway and seaway bar, the sampling methods were changed accordingly 

(explained below). 

To adhere to the aims of this study (i.e. sample not only the point source, but also 

the current patterns derived from the point source), a transect sampling scheme 

was conducted starting at the outlet pipe in the seaway following the currents, 

passing Wave Break Island, and ending at the Marine Stadium anchor site (Figure 

6.1). 

Nine stations, A to I (Figure 6.1), were sampled on 2nd September 2003 on an 

incoming tide with increasing 10-15 knot winds.  Samples taken from stations A 

to G (the seaway and main navigation channel) were sampled with polypropylene 
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vials in triplicate using SCUBA from the surface of sediments just below the 

research vessel.  It was noted that sediments from these sites were uniform 

moving with strong tidal currents, very loose and well oxygenated. 

The Marine Stadium stations H and I were sampled in triplicate by stratification 

using 50 mL syringes with the top 1-2 cm light grey to a darker grey at 6 cm 

depth and below (see Chapter 3- section 3.2).  The Marine Stadium anchorage had 

about 50 recreational vessels anchored that day.  This number of vessels was 

considered full capacity for that anchor site.  Similar numbers of vessels have 

been noted on other occasions typically during holiday seasons, although, the high 

number of vessels anchored during this time could have been due to the strong 

winds.  It is likely that vessels were mainly anchored during this time for shelter 

from the wind. 

All samples were immediately stored on ice and transported back to the 

laboratory.  The samples were stored in the freezer awaiting analysis at a later 

date.  The samples were extracted and analysed as per methods outlined in 

Chapter 2 (Sections 2.1, 2.2 and 2.4).  Samples were analysed for both sterols and 

TOM. 

190 



 

6.3 RESULTS 

Sterol summary data for both point source locations are given in Table’s 6.1 and 

6.2.  As for previous occasions (see Chapter 5), the sterol profiles from the 

seaway and Marine Stadium sediments were dominated by cholesterol, followed 

by stigmasterol and sitosterol.  Cholesterol’s major reduction product, 5α-

cholestanol, was present in the highest levels of the major stanols investigated 

(sitostanol and stigmastanol).  The coprostanols were present in relatively low 

levels, however, the levels were distinctly higher at the Marine Stadium (H and I) 

compared with the seaway (A to G).  There was no such difference of major 

sterols (cholesterol, sitosterol and stigmasterol) and major stanols (5α-

cholestanol, sitostanol and stigmastanol) between the seaway (A to G) and the 

Marine Stadium (H and I). 

Levels of total sterols were generally low (135.42 ng/g to 852.06 ng/g) and there 

was no difference between seaway and Marine Stadium samples.  There was 

however, a distinct difference of percent TOM between the seaway (0.41 to 0.91 

% dry weight) and Marine Stadium anchorage (2.04 and 2.71 % dry weight). 

The primary human sewage biomarker ratio of coprostanol/5α-cholestanol 

revealed that samples from the seaway (A to G) differed markedly to those from 

the Marine Stadium (H and I).  One of the two highest ratio values in the seaway 

(A to G) was 0.17, which was station A -closest to the outlet pipe.  Otherwise 

ratio values for the seaway were generally very low (Table 6.1). 
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The coprostanol/5α-cholestanol ratio values at the Marine Stadium (during this 

sampling time) were found to be the highest from all previous times sampled.  

The means of the ratios at the two stations H and I were 1.17 and 3.61, 

respectively, well above the recommended threshold levels of > 0.3.  Even though 

the anchorage was at full capacity in regard to the number of vessels moored at 

the time of sampling, this anchorage had been sampled many times before under 

similar conditions and ratio values had never been recorded at such a high level.  

It must be emphasised however, that absolute sterol concentrations were not any 

higher than on previous occasions. 

Another human sewage biomarker ratio epicoprostanol/coprostanol was found to 

be highest at station A with a mean value of 0.81, which was closest to the outlet 

pipe.  Except for station C (which was also relatively close to the outlet pipe) 

epicoprostanol/coprostanol ratio values were consistently low.  Station A also 

revealed the highest coprostanol/cholesterol mean ratio value of 0.19 

(recommended pollution indicator level is ~ 0.2).  The remainder of the seaway 

samples were very low in regard to this ratio and the mean values for the Marine 

Stadium stations were 0.11 and 0.10 (stations H and I respectively).  The mean 

values for the hybrid human sewage ratio of coprostanol/(5α-cholestanol + 

cholesterol) were distinctly different between the seaway and Marine Stadium 

averaging at 0.006 and 0.095, respectively. 

The herbivore faecal biomarker ratio of 24-ethylcoprostanol/sitostanol reflected 

the human biomarker ratio equivalent (i.e. coprostanol/5α-cholestanol), showing a 

distinct difference between the seaway and the Marine Stadium samples.  The 

seaway ratio values were very low, but the mean ratio values for the Marine 
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Stadium were 1.07 and 1.40 for stations H and I, respectively.  Unlike the human 

equivalent coprostanol/cholesterol ratio values, the 24-ethylcoprostanol/sitosterol 

ratio values did show a distinct difference between the seaway and the Marine 

Stadium.  All seaway samples revealed very low levels, however, the Marine 

Stadium stations H and I revealed mean values of 0.32 and 0.14, respectively.  

 



 

Table 6.1 Faecal and selected sterol levels in sediments at the Gold Coast seaway and Marine Stadium on September 2nd 2003 
(ng/g) showing means and percent relative standard error

Sterol Trivial name Seaway Transect Marine Stadium 
IUPAC name  A B C D E F G H I 
  n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=6 n=7 
           
5β-cholestan-3β-ol coprostanol 1.16 1.47 0.56 4.19 1.16 2.97 0.64 27.82 19.80 

 %RSE 32.65 11.51 62.54 58.09 16.13 68.57 24.47 39.25 33.94 
           
5β-cholestan-3α-ol epi-coprostanol 1.03 0.55 0.34 2.65 0.30 0.89 0.00 6.46 6.07 
 %RSE 32.69 11.06 45.29 71.54 65.02 61.91 0.00 36.38 39.39 
           
cholest-5-en-3-β-ol cholesterol 549.45 314.13 54.70 564.06 637.69 549.66 282.01 357.44 219.89 

 %RSE 69.26 13.61 58.31 65.32 33.44 0.27 17.05 36.40 26.71 
           
5α-cholestan-3β-ol  cholestanol 7.49 14.37 6.38 50.23 10.39 22.37 12.05 25.45 20.27 
 %RSE 30.90 4.70 77.36 52.72 54.28 53.65 18.89 35.39 55.26 
           
24-ethyl-5β-cholestan-3β-ol 24-ethylcoprostanol 0.09 1.35 0.28 1.12 0.01 0.06 0.00 B 6.45 8.36 
 %RSE 54.66 8.85 54.33 100.00 A 100.00 A 0.32 0.00 62.62 35.40 
           
24-ethyl-5β-cholestan-3α-ol 24-ethyl-epi-coprostanol 0.88 0.38 0.13 0.80 0.44 1.22 0.00 B 22.61 6.69 
 %RSE 100.00A 100.00 A 100.00 A 50.05 56.15 100.00 A 0.00 43.32 51.91 
           
24-ethylcholesta-5,22E-dien-3β-ol stigmasterol 33.86 102.88 16.31 148.30 97.12 104.44 86.39 193.7 91.75 
 %RSE 50.07 43.25 63.44 100 13.43 50.59 17.05 32.11 45.75 
           
24-ethyl-5α-cholest-22E-en-3β-ol stigmastanol 0.00B 0.00 B 0.00 B 34.47 2.09 3.59 2.26 4.72 1.65 
 %RSE 0.00 0.00 0.00 92.48 69.6 51.06 50.54 52.67 64.83 
           
24-ethylcholest-5-en-3β-ol 24-ethylcholesterol 25.78 55.86 52.19 18.13 92.58 99.85 60.31 122.92 65.02 
                            %RSE 52.55 100 63.43 92.48 43.21 33.87 100.00A 47.22 62.59 
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Table 6.1 continued… 

Sterol Trivial name Seaway Transect Marine Stadium 
IUPAC name  A B C D E F G H I 
  n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=6 n=7 
           
           
24-ethyl-5α-cholestan-3β-ol 24-ethylcholestanol 0.87 5.32 3.65 27.65 1.31 5.72 1.63 16.22 14.39 
 %RSE 100A 19.27 77.58 97.64 90.90 66.89 16.79 55.13 49.44 
Sterol ratios           
 coprostanol/5α-cholestanol 0.17 0.10 0.12 0.07 0.17 0.12 0.05 1.17 3.61 
           
 epicoprostanol/coprostanol 0.81 0.38 0.74 0.38 0.24 0.32 0.00 0.29 0.28 
           
 coprostanol/cholesterol 0.19 0.00 0.00 0.01 0.00 0.01 0.00 0.11 0.10 
           
 coprostanol/(5α-cholestanol + cholesterol) 0.003 0.003 0.026 0.006 0.000 0.005 0.000 0.100 0.090 
           
 24-ethylcoprostanol/sitosterol 0.004 0.001 0.001 0.020 0.002 0.000 0.000 0.320 0.140 
           
 24-ethylcoprostanol/sitostanol 0.07 0.27 0.06 0.48 0.01 0.02 0.00 1.07 1.40 
           
Total Sterols (ng/g)  621.78 496.81 135.42 852.06 843.50 791.21 445.35 785.36 457.88 
           
Total Organic Matter  0.70 0.91 0.86 0.41 0.58 0.84 0.40 2.71 2.04 
           

A = 2 out of 3 samples below detection limit; B = below detection limit; %RSE = percent relative standard error; n = sample size 
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Table 6.2 Summary content of sterols in sediments from the Gold Coast seaway and Marine Stadium anchorage as percentage 
(%) of total sterols on September 2nd 2003. 

Sterol Trivial name Seaway Transect  
(A-G) 

Marine Stadium 
 (H and I) 

IUPAC name  A B C D E F G H I 

  n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=6 n=7 
           
5β-cholestan-3β-ol coprostanol 0.19 0.29 0.41 0.49 0.14 0.38 0.14 3.54 4.32 
           
5β-cholestan-3α-ol epi-coprostanol 0.17 0.11 0.25 0.31 0.04 0.11 0.00 0.82 1.33 
           
cholest-5-en 3β-ol cholesterol 88.37 63.23 40.39 66.20 75.60 69.47 63.30 45.51 48.02 
           
5α-cholestan-3β-ol cholestanol 1.20 2.89 4.71 5.89 1.23 2.83 2.71 3.24 4.43 
           
24-ethyl-5β-cholestan-3β-ol 24-ethylcoprostanol 0.01 0.27 0.21 0.13 0.00 0.01 0.00 0.82 1.83 
           
24-ethyl-5β-cholestan-3α-ol 24-ethyl-epi-coprostanol 0.14 0.08 0.09 0.09 0.05 0.15 0.00 2.88 1.46 
           
24-ethylcholesta-5,22E-dien-3β-ol stigmasterol 5.45 20.71 12.04 17.40 11.51 13.20 19.39 24.66 20.03 
           
24-ethyl-5α-cholest-22E-en-3β-ol stigmastanol 0.00 0.00 0.00 4.05 0.25 0.45 0.51 0.60 0.36 
           
24-ethylcholest-5-en-3β-ol 24-ethylcholesterol 4.15 11.24 38.54 2.13 10.98 12.62 13.54 15.65 14.20 
           
24-ethyl-5α-cholestan-3β-ol 24-ethylcholestanol 0.14 1.07 2.69 3.25 0.16 0.73 0.37 2.07 3.14 
           
Total Sterols (ng/g)  621.78 496.81 135.42 852.06 843.50 791.21 445.35 785.36 457.88 

 



 

6.3.1 Log-log correlations 

The raw data were investigated in the same way as for Chapter’s 4 and 5 by a 

series of statistical procedures.  Classical statistics were first performed on all 

absolute sterol concentrations and sterol ratio indices.  Univariate analysis was 

used to study error variances.  This provided information for homogeneity of the 

data.  Spread -versus- level plots showed the correlations of the means- versus -

standard deviations, also Q-Q plots of standardised and predicted residuals and p 

plots revealed classic cases for log transformations on all the data (Zar, 1984).  

For further statistical analysis, the raw data was (log +0.1) transformed. 

Log-log Pearson correlations were performed for all absolute sterols, ratios and 

percent TOM (Tables 6.3 – 6.6).  Due to the small sample size and the higher than 

normal non-detects (i.e. some sterols within samples were below detection limit 

for the GC-MS), correlations of sterols were not as good as they were for the 

Moreton Bay data set.  For example, the major stanols (5α-cholestanol, 

stigmastanol and sitostanol) did not correlate with each other at both the Marine 

Stadium and the seaway.  Although this data set was much smaller, some sterol 

relationships such as the coprostanol/5α-cholestanol were still strong for both 

sites. 
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Table 6.3 Log sterol/sterol Pearson correlations from Marine Stadium.mmm 

  Log cholesterol Log stigmasterol Log sitosterol 

Log cholesterol Pearson correlation 1 0.791 0.807 
 Sig (2 tailed)  0.034 0.028 
 N  7 7 
Log stigmasterol Pearson correlation  1 0.702 
 Sig (2 tailed)   0.079 
 N   7 

 

Table 6.4 Log sterol/sterol Pearson correlations from the Seaway. 

  Log cholesterol Log stigmasterol Log sitosterol 

Log cholesterol Pearson correlation 1 0.701 0.645 
 Sig (2 tailed)  0.011 0.023 
 N  12 12 
Log stigmasterol Pearson correlation  1 0.337 
 Sig (2 tailed)   0.284 
 N   12 

 

Table 6.5 Log coprostanol, cholesterol and 5α-cholestanol Pearson 
correlations from the Marine Stadium. 

  Log coprostanol Log cholesterol Log 5α-cholestanol 

Log coprostanol Pearson correlation 1 0.784 0.650 
 Sig (2 tailed)  0.003 0.022 
 N  12 12 
Log cholesterol Pearson correlation  1 0.737 
 Sig (2 tailed)   0.010 
 N   12 

 

Table 6.6 Log coprostanol, cholesterol and 5α-cholestanol Pearson 
correlations from the Seaway 

  Log coprostanol Log cholesterol Log 5α-cholestanol 

Log coprostanol Pearson correlation 1 0.807 0.930 
 Sig (2 tailed)  0.034 0.000 
   18 19 
Log cholesterol Pearson correlation  1 0.771 
 Sig (2 tailed)   0.003 
 N   18 
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6.3.2 Log-log scatterplots 

Log-log scatterplots were performed to further reveal sterol/stanol relationships 

between the seaway (no nutrients, low TOM) and the Marine Stadium anchorage 

(addition of nutrients, relatively higher TOM) (Figures 6.2 and 6.3).  Coprostanol 

was found to be linear when paired with its corresponding major sterol 

(cholesterol) at the Marine Stadium (during plant malfunction) compared with the 

seaway (Figure 6.2).  Conversely, coprostanol was better related to its associated 

major isomeric stanol, 5α-cholestanol, in the seaway compared to the Marine 

Stadium (Figure 6.3). 
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Figure 6.2 Log-log scatterplot of coprostanol and cholesterol at seaway and 
Marine Stadium anchorage, Gold Coast Broadwater. 
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Figure 6.3 Log-log scatterplot of coprostanol and 5α-cholestanol at seaway 
and Marine Stadium anchorage, Gold Coast Broadwater. 
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6.3.3 Regressions analysis 

To further link and compare regression derived ratios with the two previous 

chapters, log-log regressions were calculated on the sterol pairs that correlated 

from the two sets of stations along the transect (Table 6.7). 

Overall, regression derived ratios for the point source transect were higher at the 

Marine Stadium than the seaway stations.  The coprostanol/5α-cholestanol ratio 

for the Marine Stadium was 0.8 (threshold level >0.3).  Correlation co-efficients 

for the coprostanol pairs were also remarkably good considering the small sample 

size of the data set. 

 

 



 

Table 6.7 Sterol and stanol regressions using log-log (back-transformed) model from Marine Stadium and Seaway, Gold Coast 
showing their associated slope, constant, correlation co-efficient (R2), and ratio model average (N/V- not viable for 
regression analysis).

Regression Model Variable Slope Constant Correlation 
co-efficient 

Ratio 

 Y X   R2 (ng/g) 
 Sterol/sterol      

Marine Stadium      (0-500 ng/g) 
Log-log stigmasterol cholesterol 1.110±0.386 -0.680±0.913 0.45 0.40 
(back-transformed)   p= (0.016) p= (0.473)   
       

Seaway      (20-1000 ng/g) 
Log-log stigmasterol cholesterol 0.633±0.218 0.291±0.552 0.37 0.26 
(back-transformed)   p= (0.011) p= (0.610)   
       

Marine Stadium      (0-1000 ng/g) 
Log-log sitosterol cholesterol 1.250±0.400 -1.080±0.961 0.62 0.36 
(back-transformed)   p= (0.020) p= (0.300)   
       

Seaway      (20-1000 ng/g) 
Log-log sitosterol cholesterol 0.722±0.144 -0.046±0.350 0.69 0.19 
(back-transformed)   p= (0.004) p= (0.898)   
       

Marine Stadium      (60-1000 ng/g) 
Log-log stigmasterol sitosterol 0.325±0.147 1.598±0.298 0.49 0.80 
(back-transformed)   p= (0.078) p= (0.003)   
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Table 6.7 continued … 
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Regression Model Variable Slope Constant Correlation 
co-efficient 

Ratio 

 Y X   R2 (ng/g) 
Seaway      (60-500 ng/g) 
Log-log stigmasterol sitosterol 0.351±0.310 1.150±0.560 0.11 0.80 
(back-transformed)   p=( 0.283) p=( 0.067)   
       

 Sterol/stanol      
Marine Stadium      (60-850 ng/g) 
Log-log cholestanol cholesterol 0.618±0.315 -0.263±0.744 0.28 0.06 
(back-transformed)   p= (0.000) p= (0.740)   
       

Seaway      (60-500 ng/g) 
Log-log cholestanol cholesterol 0.877±0.247 -1.200±0.634 0.46 0.03 
(back-transformed)   p= (0.003) p= (0.077)   
       

Marine Stadium       
Log-log sitostanol sitosterol N/V for this sterol pair   
(back-transformed)       
       

Seaway       
Log-log sitostanol sitosterol N/V for this sterol pair   
(back-transformed)       
       

Marine Stadium       
Log-log       
(back-transformed) stigmastanol stigmasterol N/V for this sterol pair   
       

Seaway       
Log-log stigmastanol stigmasterol N/V for this sterol pair   
(back-transformed)       



Table 6.7 continued … 
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Regression Model Variable Slope Constant Correlation 
co-efficient 

Ratio 

 Y X   R2 (ng/g) 
 Coprostanol pairs     
Marine Stadium      (40-400 ng/g) 
Log-log coprostanol cholesterol 0.732±0.183 -0.407±0.424 0.61 0.11 
(back-transformed)   p= (0.003) p= (0.359)   
       

Seaway      (20-1000 ng/g) 
Log-log coprostanol cholesterol 0.697±0.131 -1.64±0.326 0.64 0.004 
(back-transformed)   p= (0.001) p= (0.001)   
       
       

Marine Stadium      (20-100 ng/g) 
Log-log coprostanol cholestanol 0.662±0.244 0.406±0.308 0.42 0.80 
(back-transformed)   p= (0.022) p= (0.218)   
       

Seaway      (20-100 ng/g) 
Log-log coprostanol cholestanol 0.784±0.125 -0.677±0.165 0.81 0.09 
(back-transformed)   p= (0.001) p= (0.002)   
       

 

 



 

6.3.4 Comparison of previous data with pollution event 

To further investigate the effect of nutrient input on sterol distributions and 

relationships, log-log scatterplots were performed on data from both the Marine 

Stadium anchorage and seaway (Wave break Island data) prior to and during this 

pollution event.  Figure 6.4 reveals the distinct difference between coprostanol 

and 5α-cholestanol before and during the pollution event at the Marine Stadium.  

The seaway however, showed no significant difference in the coprostanol to 5α-

cholestanol relationships prior to and during the pollution event (Figure 6.5). 
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Figure 6.4 Log-log scatterplot of coprostanol and 5α-cholestanol from data 
prior to and during the pollution event at the Marine Stadium (MS), 
Gold Coast Broadwater. 
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Figure 6.5 Log-log scatterplot of coprostanol and 5α-cholestanol from data 
prior to and during the pollution event at the Seaway, Gold Coast 
Broadwater. 
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6.4 DISCUSSION 

Seaway samples (A to G) (Table’s 6.1 and 6.2), all exhibited extremely low sterol 

levels, indicating that if any of the released effluent had settled, sterols were 

quickly broken down due to well oxygenated, porous sediments or had been 

physically transported to less aerobic, slower moving tidal areas. 

Physical transportation of sterols in sediments was described by Nichols et al., 

(1993) in a study before and after the commissioning of the new deepwater ocean 

outfalls off Sydney, Australia.  They concluded that sterols were shifted by 

inherent coastal currents, rather than being dispersed offshore. 

However, absolute sterol concentrations at the Marine Stadium were not higher 

than any times previous sampled (see Chapter 5 (section 5.4.5, Table 5.6).  

Cholesterol made up the bulk of sterols in the seaway and Marine Stadium 

anchorage.  Cholesterol levels in the seaway, however, were extremely low 

compared with other areas sampled previously in Moreton Bay.  This was most 

likely due to the observed well oxygenated, sandy and fast moving bottom 

currents along the seaway transect. 

Total sterols were relatively consistent across both the seaway and the Marine 

Stadium anchorage; however, coprostanol concentrations were approximately 20- 

times higher within sediments at the Marine Stadium than the seaway.  Bartlett 

(1987) described physical transportation of coprostanol such that in areas of 

anaerobic sediment where there is low physical movement, coprostanol will 

persist and if there is a continual discharge from a sewage outlet, the discharges 

can be traced into the sediment.  The Marine Stadium, as described in Chapter 5 

209 



 

(section 5.3), exhibits low hydrological flushing due to its inlet type 

characteristics, with relatively higher TOM content.  Total organic matter content 

was an order of magnitude higher at the Marine Stadium than the seaway.  

However, coprostanol concentrations at the Marine Stadium were not higher than 

those previously found from nearly a year of sampling at this site (see Chapter 5, 

section 5.4.5, Table 5.6).  Both stations from the Marine Stadium H and I were 

extremely high in coprostanol/5α-cholestanol ratios in the majority of samples 

indicating that even though absolute concentrations were not higher than 

previously recorded, there was a change in the sterol distributions within samples. 

The distinct difference between this sampling period and previous times was this 

change in sterol ratios.  Specifically, the coprostanol/5α-cholestanol and the 

coprostanol/(5α-cholestanol + cholesterol) ratios.  The coprostanol/5α-

cholestanol (> 0.3 signifies sewage pollution)(Moss and Cox, 1999) ranged from 

0.03 to 0.26 at the seaway, and 0.25 to 6.03 at the Marine Stadium anchorage.  

The coprostanol/(5α-cholestanol + cholesterol) (~ 0.06 non-point sewage 

discharge and >0.06 point source sewage discharge)(Writer et al., 1995) ratio 

ranged from 0.00 to 0.08 at the seaway and 0.04 to 0.25 at the Marine Stadium 

anchorage.  Even though absolute concentrations were not higher than from 

previous times, these two ratios strongly indicated that nutrient input was evident.  

From previous literature, coprostanol/5α-cholestanol levels of 6.0 (i.e. the highest 

ratio level found in samples from the Marine Stadium anchorage) would indicate 

serious sewage pollution (Isobe et al., 2002; Chan et al., 1998; Grimalt et al., 

1990).  However, since absolute sterol concentrations were low compared with 

other studies from point sources (Eganhouse and Sherblom, 2001; Mudge et al., 
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1999; Nichols et al., 1993) it would be reasonable to assume that these high ratio 

levels were due to in situ production of cholesterol (from addition of nutrients) 

followed by reduction to 5α-cholestanol and coprostanol. 

Surprisingly, the sterol ratio of coprostanol/cholesterol did not indicate nutrient 

inputs within this transect. Previous studies indicated that the 

coprostanol/cholesterol ratio is a good sewage pollution indicator when 

determining sewage inputs over a spatial scale using similar sediment types 

(Takada et al., 1994). However, the sediment type along this transect was 

dramatically different. As mentioned previously, the sediments in the main 

navigation channel were practically bare sand. On the other hand, the Marine 

Stadium anchorage sediments were considered sand/mud mixed, colour stratified 

with depth from light grey to dark grey. Although there was a distinct difference 

of the ratio of coprostanol/cholesterol between the seaway and the Marine 

Stadium, the coprostanol/cholesterol ratio at the Marine Stadium averaged at 0.11, 

well below the recommended threshold level of 0.2 proposed by Grimalt et al., 

(1990).  

Bull et al., (2002) emphasised that caution should be taken when using the 

coprostanol/cholesterol ratio due to sterol reduction in aerobic environments. This 

statement certainly relates to the highly dynamic and fluidic conditions inherent in 

the Broadwater system. However, station A (closest to the outlet pipe) did reveal a 

mean coprostanol/cholesterol ratio of 0.19. This indicates that this ratio may be 

more useful for evaluating sewage pollution directly near the point source and not 

so useful for mapping sewage inputs from indirect non-point sources. 
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The epicoprostanol/coprostanol was indeed highest at station A, the closest station 

to the outlet pipe.  This concurs with previous literature indicating that this ratio 

can be used as a measure for aged sewage, which would be expected around the 

actual point source (Mudge and Duce, 2005). 

There was also a distinct difference between the Marine Stadium and the seaway 

in regards to the herbivore ratio values.  High levels of the herbivore ratio of 24-

ethylcoprostanol/sitostanol (> 0.3 signifies sewage pollution) (Leeming et al., 

1998) at the Marine Stadium had never been recorded at any previous sampling 

events.  As with the human biomarker ratios, the ratio values at the Marine 

Stadium were much higher than those at the seaway.  These changes of both the 

herbivore and human ratios at the Marine Stadium indicate that the nutrients were 

physically transported to the Marine Stadium (from the outlet pipe), where there 

was a production/degradation of sterols, changing the sterol composition, but not 

the absolute concentrations.  This mirrors the effect that the input of nutrients had 

on sterols during the microcosm experiment in Chapter 4, although in this case 

there was possibly only an input of nutrients and not both nutrients and sewage, as 

was the case in the microcosm experiment.  This indicates that sterol ratios are 

very sensitive to changes in sterol composition within sediments. 

Comparison of regression derived ratios from the Moreton Bay field study 

(Chapter 5) and the microcosm experiment (Chapter 4) indicated levels of the 

major sterol pairs to be slightly lower.  However, the coprostanol/5α-cholestanol 

regression derived ratio was much higher at the Marine Stadium at 0.8 (threshold 

level >0.3) than the seaway (this study), the Moreton Bay study (Chapter 5) and 

the microcosm experiment (Chapter 4).  Furthermore, log-log scatterplots of 
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previous data with the pollution event revealed that at the Marine Stadium, the 

relationship of coprostanol to 5α-cholestanol was better during the time of no 

nutrient input (all previous data) than during nutrient input.  The seaway 

scatterplots showed there was no distinct difference in the coprostanol to 5α-

cholestanol relationships during and before the pollution event.  Thus giving 

additional evidence that the Marine Stadium sediments were disturbed at this 

time. 

The low absolute sterol concentrations found at the seaway during this experiment 

could be explained by the fact that the seaway is a high-energy, sandy 

environment (You, 2005) where sterols are broken down very quickly by the 

physical environment.  In regards to the Marine Stadium, the input of nutrients 

could have caused a similar reaction as that was seen in work presented in 

Chapter 4 (microcosm experiment), where there was a continual synthesis, then 

sharp degradation of sterols over a period of time, and the magnitude of these 

production/degradation cycles became less as time went on.  We however, do not 

know which part of the production/degradation cycle we captured (since we were 

only informed of the incident by accident a few weeks after the event).  Since the 

sterols had been continuously released for about two weeks, it is possible that we 

captured the second or third cycle (i.e. not the major synthesis cycle), where the 

sterol composition within samples had changed, but the absolute concentrations 

were the same. 
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6.5 SUMMARY 

The results from this study and the two previous (i.e. microcosm experiment 

(Chapter 4) and Moreton Bay field study (Chapter 5)) studies revealed sterol 

relationships are distinctly different when nutrients are added to the system.  For 

example, during times of nutrient input the relationship of coprostanol to 

cholesterol is higher than it is with coprostanol and 5α-cholestanol.  Conversely, 

in the natural environment during times of no nutrient input, the relationship of 

coprostanol to 5α-cholestanol is higher than that of coprostanol and cholesterol.  

Thus, by examining the relationships of sterols during field studies could help in 

the identification of recent nutrient inputs. 

Additionally, the results from this study reveal that in the absence of raw sewage 

inputs, sterol ratio indices can successfully detect nutrient inputs such as nitrogen 

at very low levels (ng/g).  Nitrogen is well known to cause detrimental effects on 

the ecological environment, such as algal blooms and imbalances in plankton 

community structures in the Moreton Bay system (MB WQMS, 1998). 

Furthermore, changes in sterol composition within samples at the Marine Stadium 

indicate that nitrogen levels during Coombabah plant malfunction could have 

been much higher at the Marine Stadium than those sampled at the seaway.  Many 

researchers have previously reported, that sterols, and hence nutrients can travel 

several kilometres from the point of discharge (Nichols et al., 1993; Nichols et al., 

1996 and others therein).  In this case it appears that the Marine Stadium is one 

site where nutrients from the seaway outlet pipe ended up due to inherent current 

patterns in this region.  For future reference it would be advisable for monitoring 
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teams to sample not only the area surrounding the discharge pipe, but additionally 

follow the currents to other possible areas where nutrients and/or sewage may 

finish up.  As described earlier, mapping of the distribution of sterols would be 

extremely valuable for assessing sewage plume transport, especially in areas close 

to high-density urban populations (Holm and Windsor, 1990).  The Marine 

Stadium is certainly one site that is in close proximity to high urban populus. 

In reference to sewage inputs from recreational vessels at the Marine Stadium, as 

mentioned previously, the anchorage was at full capacity during the pollution 

event.  This anchorage was observed to be at full capacity several times before 

and not once was a change in sterol composition as dramatic as this time 

observed.  This likely indicates that the recreational vessels had very little to do 

with the high ratio values found, and rather that the high ratio values recorded 

were mainly due to the input of nutrients from the Coombabah outlet pipe during 

plant malfunction. 

Overall, this study has shown that sterol analysis is a powerful way of 

determining recent nutrient inputs.  Thus, this type of analysis could be used for 

not only sewage contamination studies, but also studies into recent inputs of 

nutrients only (such as nitrogen) at very low levels (ng/g).  Sterol analysis of 

sediments could be used to detect recent nutrient inputs long after nitrogen has 

been depleted out of the water column.  An example of this would be agricultural 

run-off from coastal farming communities. 

Additionally, sterol ratios have proved to be a good first pointer for indicating 

marine pollution (disturbances) in sediments that are highly varied in 
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topographical characteristics such as in the Moreton Bay and Gold Coast 

Broadwater system. 
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CHAPTER SEVEN  SUMMARY AND CONCLUSIONS 

This study has investigated the use of faecal and related sterol biomarker 

compounds as additional indicators to trace sewage pollution in a highly dynamic, 

oligotrophic, marine/estuarine mix environment. Related topics investigated in 

this study included; (i) the degradation of sterols and standard bacterial indicators 

in sediments through a controlled microcosm experiment under laboratory 

conditions; (ii) field studies to test the hypotheses that recreational vessels are a 

contributor to non-point sources of sewage pollution at popular anchorages in 

Moreton Bay, QLD; (iii) field studies to test the ability of sterol biomarkers to 

detect short and/or long term sewage impacts in sediments at extremely low 

levels, and (iv) field studies to test the fate and impacts of nutrient inputs from a 

large point source through the use of sterol analyses. 

7.1 DEGRADATION AND PRODUCTION OF STEROLS IN 
SEDIMENTS  

In order for faecal sterol biomarkers to be useful indicators of marine sewage 

pollution, it is necessary to understand how sterols degrade in both the water 

column and sediment (Leeming PhD Thesis, 1996; Marty et al., 1996; Bartlett, 

1987). Decay rates of sterols are extremely important for management authorities 

to gain knowledge into recovery times of water bodies from sewage pollution 

events, especially in coastal areas that are used for recreational purposes such as 

swimming and diving. Previously, no quantitative decay of faecal and related 

sterols have been investigated in ‘natural’ sediments of both an oxic and anoxic 

type from a sub-tropical environment.  
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The results from a simulated microcosm sediment degradation experiment 

(Chapter 4) revealed that faecal and related sterols are continually synthesised and 

degraded over time through synchronised cycles of both sterols and stanols by 

auto- and heterotrophic organisms through the addition of sewage and nutrients. 

Although the synthesis of some of these sterols (e.g. sitosterol and stigmasterol) in 

sediments has been suggested by many researchers (Volkman, 2005; Thoumelin 

et al., 1990; Marty et al., 1986; Volkman, 1986), it is now apparent that all faecal 

and selected sterols (except for coprostanol) examined in this study are produced 

in both sediment types (sand and mud) and some were found to be produced 

within the same concentration range as cholesterol. Coprostanol was the only 

sterol that appeared to degrade continuously.  

The synthesis of the C29 sterols in situ for example, (usually used as higher plant 

biomarker) raises further questions on the validity of using these particular sterols 

as a direct source from terrestrial inputs. Overall, proximity to higher plant 

sources needs to be taken into consideration when assessing these biomarkers in 

the field and these results concur with previous suggestions from earlier studies 

by Volkman (1986). 

Coprostanol appeared to be the most stable of all sterol compounds, being largely 

unaffected by sediment matrix effects and bioturbation. The bulk removal of 

coprostanol occurred within the first week in both sediment types with 73% and 

94% removed from sand and mud, respectively. After 60 days, 90% and 95% of 

coprostanol was removed in sand and mud, respectively. Decay rates of 

coprostanol in mud and sand over the first initial rapid decrease were very 

different, with mud exhibiting a rate three times faster than sand. Thus, it is most 
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likely that the first week is most important for coprostanol degradation in both 

sediment types (sand and mud). These results reflect previous studies of 

coprostanol removal in the water column within approximately one week 

(Leeming PhD Thesis, 1996; Marty et al., 1996; Switze-Howse and Dukta, 1978). 

Bacterial indicators (Faecal coliforms and E. coli) died off much faster than 

coprostanol degraded (i.e. died off within two days). Thus, coprostanol appears to 

be a much more robust sediment quality indicator than are the standard bacterial 

indicators. 

7.2 STEROL LEVELS IN MORETON BAY AND GOLD COAST 
BROADWATER SYSTEM 

The field study undertaken in Moreton Bay provided an opportunity to supply 

local authorities with much needed information about the baseline levels of 

bacterial indicators and sterols at various anchor sites over varying characteristics 

(see Chapter 5) throughout this region. The results revealed that the low levels 

and high variability of sterols found in this region are consistent with shallow, 

highly dynamic, oligotrophic, sand- dominated systems (Jaffe et al., 2001). Even 

though sterol levels in Moreton Bay sediments were generally very low, this 

technique was successful at indicating short and long-term sewage inputs from 

both point and non-point sources. This was achieved through examination of both 

sterol ratio indices and absolute sterol concentrations. 

It was also concluded that, even though this region is relatively pristine, there was 

a significant difference in sewage/nutrient inputs between anchor and reference 

sites. However, the source for sewage and/or nutrient inputs at anchor sites could 
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not be determined as a direct result from recreational vessels. During the course of 

the study, it was discovered that many of these anchor sites were influenced by 

sewage or nutrient sources to the sites that were initially thought not to exist (e.g. 

proximity to STP’s, agricultural run-off, land run-off). Furthermore, bacterial 

indicators were discovered to be highly dependent on weather conditions, and that 

boat wakes and rain events could be a contributing factor to over-estimations of 

indicator bacteria at these sites. 

Finally, statistical analysis revealed that there was no significant difference of 

sterol concentrations between top (0-3 cm) and bottom (6-9 cm) sediment cores, 

and on the temporal scale of summer versus winter. These results add to the 

reports that the Moreton Bay system is highly fluidic and continually changing 

due to its sandy, dynamic nature (You, 2005). 

7.3 LARGE POINT SOURCE FIELD STUDY AT THE GOLD 
COAST SEAWAY AND MARINE STADIUM ANCHORAGE 

The point source study at the Gold Coast seaway and Marine Stadium anchorage 

due to the breakdown of the denitrifying bacteria at the local STP provided an 

unforeseen opportunity to examine how sterol levels can change in the 

environment with only a nutrient (mainly nitrogen) input from an STP. In other 

words this was the first point source study from an STP that measured sterol 

levels that were not a direct result from an input of sewage (i.e. a direct input of 

coprostanol) from an STP. The results indicated that in the absence of raw 

sewage, nutrients (mainly nitrogen) could greatly affect the sterol fingerprint, not 

increasing the overall levels of sterols, but the distribution of sterols within 

samples. Additionally, this study indicated that the effect of nutrients could occur 
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at a distance of several kilometers, while little change is evident much closer to 

the point of release. It was believed that this phenomenon was a result of changes 

in hydrological (low flushing, low flow) and sediment (higher TOM, finer 

substrates) conditions. These results are in agreement with many other studies 

indicating that sterols, and hence nutrients, can be carried by inherent currents 

from the point of sewage discharge (Mudge and Bebianno, 1997; Nichols et al., 

1993; Bartlett, 1987).  

Subsequently, the sterol signature within sediments is changed considerably. The 

production and redistribution of sterols in this manner revealed sterol ratio values 

resulting from both the human and herbivore sterol biomarkers well above 

recommended threshold levels. As there was no evidence of elevated inputs of 

coprostanol or other sterols, these high ratio values were not a result of direct 

inputs of the coprostanols, but the input of nutrients providing an increase in 

coprostanols from the reduction in major sterols within sediments. Overall, this 

experiment showed that recent changes to nutrient inputs could be detected; by 

examining changes in sterols ratios long after absolute nitrogen levels have been 

removed from the water column, even at very low sterol levels (ng/g). 

7.4 LINKAGE OF ALL THESIS PROJECTS AND COMPARISON 
TO PREVIOUS LITERATURE 

Of the three projects examined here, the link between sterol relationships (through 

correlations and regression analysis) was consistent, especially for the 

coprostanols. During times of nutrient input, the coprostanols appeared to be 

better related with their corresponding major sterol (e.g. cholesterol) than their 

associated isomeric stanol (e.g. 5α-cholestanol). Conversely, during time periods 
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of no sewage and/or nutrient input, the coprostanols were better related to their 

associated major isomeric stanol, rather than their major corresponding sterol. 

Through initial observation of these relationships at the start of sewage related 

research, these observations could provide an additional first pointer toward 

recent nutrient input. 

Furthermore, even though sterol levels were generally very low throughout the 

Moreton Bay and Broadwater system (as mainly remote sites were examined) 

compared with other studies around the world (Carreira et al., 2004; Isobe et al., 

2002; Mudge and Bebianno, 1997; Jeng and Han, 1994 and many others), most 

sterol pairs were highly correlated ensuring their usefulness when calculating ratio 

indices. As mentioned previously, researchers have suggested to proceed with 

caution when calculating sterol ratios from low absolute sterol concentrations 

(Bull et al., 2002 and references therein). However, this thesis has provided strong 

evidence that sterol analysis can be used successfully in areas of low sterol input. 

A summary of the regression derived ratios from the degradation experiment 

(Chapter 4), the Moreton Bay field study (Chapter 5), and the point source 

transect of Gold Coast seaway and Marine Stadium anchorage (Chapter 6) are 

given in Table 7.1 for easy visual comparison. Despite the variations of 

experimental approaches throughout the three projects, the ratios were still 

conservative between all experiments, except for the coprostanol/5α-cholestanol 

ratio. Furthermore, the differences that are present in regression derived ratios 

between experiments were mostly due to sediment type. 
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Table 7.1 Summary table of regression derived ratios from all data sets, point 
source transect (seaway and Marine Stadium) (Chapter 6), Moreton 
Bay field study (Chapter 5) and the degradation experiment (sand 
and mud) (Chapter 4) (N/V- not viable for regression analysis for 
these sterol pairs). 

 Regression derived ratio values    
 Chapter 6  Chapter 5 Chapter 4 

Sterol Ratio 
(Trivial names given only) 

Point source field 
study 

 Moreton Bay 
field study 
 

Degradation 
experiment 

 
 seaway Marine 

Stadium 
 (S = sand, M = mud)  

      
stigmasterol/cholesterol 0.26 0.40 0.55 0.63 S 
    0.65 M 
      
sitosterol/cholesterol 0.19 0.36 1.00 0.55 S 
    1.50 M 
      
cholestanol/cholesterol 0.03 0.06 0.33 0.09 S 
    0.20 M 
      
stigmasterol/sitosterol 0.80 0.80 0.33 1.25 S 
    0.64 M 
      
sitostanol/sitosterol N/V N/V 0.29 0.06 S 
    0.05 M 
      
stigmastanol/stigmasterol N/V N/V 0.36 0.10 S 
    0.20 M 
      
coprostanol/cholesterol 0.004 0.11 0.06 0.04 S 
    0.04 M 
      
coprostanol/cholestanol 0.09 0.80 0.13 0.19 S 
    0.17 M 

 

Higher stanol concentrations are known to coincide with areas of enhanced 

bacterial transformation of sterols (Carreira et al., 2002). In tropical estuaries rich 

in nutrients, sterol to stanol conversion has been reported to be an order of 

223 



 

magnitude higher than in estuaries that lack nutrients, such as the Moreton Bay 

system. This has been reported with high 5α-cholestanol/cholesterol ratios in 

eutrophic tropical areas, which average at about 1.7 (Carreira et al., 2004). In 

temperate areas on the other hand, this ratio evidently ranged from 0.1 to 0.5 

(Canuel and Martens, 1993; Lajat et al., 1990). The regression derived ratio for 

5α-cholestanol/cholesterol in Moreton Bay sediments was 0.33. Since Moreton 

Bay waters and sediments are low in nutrients, this value is probably more 

consistent with higher water temperatures than nutrient induced microbial 

activity. 

Cranwell and Volkman (1981) and Volkman (1986) suggested that stigmasterol/ 

sitosterol ratios of around 0.24 (1.6:6.6) indicate inputs from vascular plant 

sources, while much higher ratios are a result of in situ production. The regression 

derived ratio value of 0.33 calculatd from the Moreton Bay field study (Chapter 5) 

is indeed consistent with Volkman’s (1986) value and suggests higher plant 

source inputs. As discussed in Chapter 5, there were no likely major sources of 

nutrient inputs at all sites (except once at One Mile anchorage) over the time 

period of the study, and also there were a number of possible sources of higher 

plant material in close proximity to these sites (especially mangroves). Therefore, 

this value fits well with Volkman’s (1986) indication of an allochthonous (higher 

plant) input. 

Stigmasterol/sitosterol ratio values of 0.80 (seaway and Marine Stadium 

anchorage) and 1.25 and 0.64 (degradation experiment- sand and mud, 

respectively) are consistent with a study from a tropical eutrophic estuary in 

Brazil, which recorded average ratio values of 0.76 (Fernandes et al., 1999). They 
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concluded that inputs from higher plants were minor, thus in situ production was 

the most likely source of these two sterols (i.e. stigmasterol and sitosterol). 

Furthermore, results from the degradation experiment (Chapter 4) revealed that 

this ratio varied somewhat with sediment type. The stigmasterol/sitosterol ratio 

was found to be higher in sand than mud. 

The regression derived ratios for all three data sets revealed that the 

coprostanol/5α-cholestanol was highest at the Marine Stadium during plant 

malfunction with a value of 0.8, the rest of the values were below 0.19. Out of all 

the sterol ratios used throughout this study, the coprostanol/5α-cholestanol ratio 

has consistently provided the strongest indicator of both sewage and nutrient 

inputs across all experiments. Further, the hybrid ratio of coprostanol/(5α-

cholestanol + cholesterol) used by Writer et al., (1995), appears to be a promising 

discriminatory indicator between sewage inputs from either large point sources 

and/or small non-point sources. 

Comparing the ratios of coprostanol/5α-cholestanol across all experiments (Table 

7.1), indicate that the levels of 0.19 and 0.17 observed during the degradation 

experiment (Chapter 4) (where there appeared to be a residual amount of nutrients 

in sediments) are difficult to exceed without large or substantial inputs of external 

coprostanol. Therefore, the threshold level of > 0.3 for indicating sewage inputs 

could be reduced to > 0.2 for remote, sub-tropical to tropical, oligotrophic 

sediments due to in situ reduction of sterols to stanols. 
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7.5 FUTURE IMPLICATIONS 

Sterol biomarker ratios 

From previous literature (Mudge and Duce, 2005; Bull et al., 2002; Writer et al., 

1995 and references therein), there appears to be a general consensus amongst 

researchers that the Sterol Ratio Index (SRI) is the most powerful way of 

determining short (recent) term sources due to point and non-point sewage 

pollution, agricultural and land run-off, and marine or terrestrial sources, rather 

than using absolute sterol concentrations. Additionally, proposed threshold ratio 

levels of sterols that have been used by researchers worldwide over the past 10-20 

years (Isobe et al., 2002; Leeming et al., 1998; Nichols et al., 1993; Grimalt et al., 

1990) have raised many concerns about various physical, chemical and biological 

factors that affect each sterol ratio, deeming them almost impossible for direct 

comparison. 

Before proposing set levels of sterol ratios for worldwide use, consideration of 

local/regional scale environmental factors that affect sterols in the water column 

and sediments need to be addressed before the advancement and confidence for 

use by pollution monitoring teams worldwide. Factors that might need to be taken 

into consideration include: 

• nutrient levels (eutrophic or oligotrophic) 

• water temperatures 

• microbial populations endemic to the area 

• water depth (light availability) 

• synthesis/degradation of sterols in both the water column and sediments. 
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• sediment types (oxic (sand) to anoxic (mud)) 

• knowledge of inherent current patterns and tidal regimes 

Once this has been achieved, monitoring teams can decide which mix of 

environmental factors relates to their area of interest, classify, and then use the 

appropriate Ratio Indices set for that particular region. There is a need for 

geochemists around the world to present applicable indices in terms that can be 

understood by administrators for easy classification. 

It must be emphasised that the sterol ratio indices derived for Moreton Bay and 

the Gold Coast Broadwater region (Table 7.1) are to be used for a sand-

dominated, oligotrophic, highly dynamic, and sub-tropical to tropical system only. 

In Australia, however, there is a great deal of coastal regions with similar 

environmental conditions. For example, the great sandy straits of Fraser Island 

and the many estuaries along the Queensland coast south of Hinchinbrook Island 

are likely to match most conditions in Moreton Bay. On the western side of 

Australia these indices could be used north of Canarvan to Broome. Additionally, 

there would be possibly many areas in sub-tropical regions of Asia that fit within 

this criterion. Therefore the ratio indices derived from this thesis could provide a 

baseline for a large number of other estuaries. 

Although initial observation of sterol ratios has proven to provide the best first 

pointer towards recent nutrient inputs, it was evident from the degradation 

experiment (Chapter 4) that absolute sterol concentrations at day 60 were still 

higher than before nutrients were added. Thus, disturbance was still evident. 

Research into larger scale (mesocosm) sediment degradation type experiments 

extending over longer time periods (e.g. 6 to 12 months) is needed to observe 
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exactly how long sediments are disturbed from a (simulated major plant 

malfunction) once off addition of a large sewage/nutrient input. Sterol analysis of 

sediments observing absolute sterol concentrations appears to be the better 

technique for research into long term sewage impacts (i.e. post-hoc incident), 

rather than traditional methods (such as BOD, bacterial indicators, nitrogen levels, 

etc). Traditional methods only show a momentary representation of environmental 

disturbance at the time of the incident. 

Comparison of biomarker methods 

Cutting edge biomarker methods such as sterols, fatty acids and isotope ratios are 

sometimes used in conjunction for the detection of a variety of environmental 

source inputs (Burns et al., 2004; Bachtiar et al., 1996; Thoumelin et al., 1990). 

However, the use of all methodologies, although very thorough, is extremely 

costly. For local authorities to establish and incorporate these cutting edge 

technologies, especially now that it is imperative to study long term sewage 

impacts to preserve the marine Australian environment as relatively pristine as 

possible, it is probable that only one of these relatively newer methods will be 

possible for implementation. 

Fatty acids, another group of tracers are often used, like sterols, due to their 

specific origin within lipids from organic matter (Carreira et al., 2002; Meziane et 

al., 1997). Organic matter from urban sewage is mainly derived from household 

wastes including vegetable oils and animal fats in human excreta (Marty et al., 

1996). From previous studies, fatty acids can be used successfully as source 

indicators (from urban wastes) but only from recent inputs. Degradation studies of 
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sterols and fatty acids have shown that sterols are much more stable in the 

environment than fatty acids (Leeming PhD Thesis, 1996; Marty et al., 1996; 

Thoumelin et al., 1990). These results concur with the degradation experiment 

conducted in this thesis over two months (Chapter 4). Although the bulk of 

coprostanol was removed within one week, residual amounts could still be traced 

in sediments after two months (even in oxic sediments). Fatty acids, however, are 

removed much more quickly (Marty et al., 1996). 

Isotope ratio techniques have been widely used to study sources of organic matter 

(Carreira et al., 2002; Jaffe et al., 2001; Canuel et al., 1995 and others). Nitrogen 

isotope ratios (15N/14N) have been used to map sewage plumes from domestic and 

industrial sewage (Costanzo et al., 2001; Bachtiar et al., 1996, etc). Nitrogen 

isotopic measurements are utilised based on the difference between ratios from 

terrestrial (sewage outfalls) versus aquatic. Although effective, isotopes are often 

complicated to manage and are not suited for long term sediment transport studies 

(nitrogen undergoes isotopic fractionation when it is consumed by nutrients). 

Thus, it would be preferable for researchers to use isotopes and fatty acids as 

ancillary measurements alongside sterol analysis in sewage related studies. 

Therefore, sterol analysis prevails as the better technique for analyses for both 

short and long term sediment sewage related research. 

Additionally, at present most STP’s around Australia treat sewage to a secondary 

level. The local STP on the Gold Coast treats sewage to a stage called ‘advanced 

secondary treatment’. This advanced step includes the removal of nutrients 

(mainly nitrogen) through the addition of denitrifying bacteria to the final effluent 

ponds. The implementation for the removal of nitrogen was borne out of recent 
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studies of mapping sewage uptake of Moreton Bay seagrasses through isotopic 

measurements (Costanzo et al., 2001).  

It is expected that within the next 5 to 10 years, most STP’s around Australia will 

include this advanced step. Before upgrading occurs, it would be advisable to use 

sterol analysis of sediments for baseline studies of each region for future reference 

in case of malfunctions. Malfunctions can occur anywhere along the treatment 

process, from the actual STP (as revealed in Chapter 6), stormwater overflows, to 

malfunctions during pumping sewage (in low lying areas) to the STP. Upgrading 

all STP’s in Australia is going to cost the Australian government millions of 

dollars. Therefore, setting baseline levels by use of sterol analysis would be a 

small investment in comparison. 

7.6 FURTHER STUDIES 

Sediments have long been known to act as a sink for a variety of pollutants and 

nutrients (Burton, 1992). Furthermore, pollutants and nutrients trapped in 

sediment are known to resuspend back into the water column, often not degrading 

immediately, but shifting with the currents (Jaffe et al., 2001; Nichols et al., 

1993). Assessing the state of contamination of sediments and the sources 

contributing to changes in sediment quality is paramount to implementing 

programs to improve ecosystem health. As mentioned previously, interpretation of 

sediment quality data in Australia is limited to a few geographical areas and 

otherwise relies heavily on North American studies. Researchers in the United 

States and Europe have long recognised results emphasising the importance of 

measuring and monitoring pollutants in sediments, due to deterioration of many of 
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their coastal waterways from the lack of knowledge of the persistence of 

pollutants in sediments. Therefore, it is essential that baseline sediment quality 

assessment be undertaken in Australia so that sediment quality threshold levels of 

pollutants and pollutant indicators can be established for implementation into 

national guidelines. 

In order for development of this technique to continue and be widely accepted, 

there is a need to further examine and validate: 

• Detection limits and derivatisation techniques- results from the 

experiments provided throughout this thesis revealed that even low 

concentrations of sterol responses to environmental changes are evident. 

Thus, lowering detection limits would be of great help, especially in 

regard to the less well recognised/identified sterol biomarkers such as 

those relating to herbivorous animals to determine allochthonous 

(proximity sources) or autochthonous (in situ production) sources. 

Derivatisation techniques are laborious and in tropical climates, sometimes 

incomplete, which can often lead to re-analysis. New methodologies in 

these two areas are much needed for future use of this technique to be 

embraced with confidence. 

• Replication- even though all sediment samples taken from field sites were 

composite samples (i.e. triplicate cores combined), high amounts of 

variation were still evident. Results from the degradation experiment and 

the STP malfunction study indicate large spatial variation even over short 

or very short (a few centimetres) distances. These findings are very similar 
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to what has been described for chlorophyll-a (Seuront and Spillmont, 

2002), bacteria (Wilde and Plante, 2002) and meiofauna (Blome et al., 

1999). Certainly, more information/knowledge is required about the 

relationship between spatial variation in microphytobenthos and 

meiofaunal assemblages, and resulting sterol concentrations and ratios. 

This information would be of great value for researchers and monitoring 

agencies when trying to determine the number of composite samples and 

replicates to be collected in the field per unit area. Full scale analysis of 

spatial variation prior to each baseline sampling program is simply cost-

prohibitive. 

• Logistics- sterol analysis is inherently expensive and time consuming, 

from sampling techniques to extraction and instrumental analysis. Each of 

these areas needs to be re-examined and modified so that it can become 

not just a research tool, but a much needed effective additional sewage 

incident/monitoring technique used by environmental laboratories 

worldwide. 

In summary, this well established technique has proven its ability to measure and 

differentiate suspected sewage contamination at very low levels/very high 

dilutions from within a highly dynamic, oligotrophic, sand-dominated system. 

Furthermore, the use of sterol biomarker ratios still provides the best first estimate 

of the source of recent sewage and/or nutrient inputs in sediments. Absolute sterol 

concentrations would also be of valuable consideration to assess long term inputs 

(disturbances) in sediments after a major sewage incident. Therefore, sterol 
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measurements are a valuable addition to the set of methods local authorities can 

use to manage sewage pollution in coastal and receiving waters.
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APPENDIX A 

APPENDIX A1 INTER-LABORATORY CALIBRATION OF 
SELECTED STEROLS FROM A STANDARD 
REFERENCE MATERIAL (SRM) BETWEEN DR R. 
LEEMING (CSIRO, MARINE LABORATORIES 
HOBART) AND C.PRATT (GRIFFITH UNIVERSITY, 
QLD). 

 

Selected sterol compounds CSIRO (Dr Leeming) C.Pratt 
Trivial names given only (μg/g) (μg/g) 

   
coprostanol 202 181 
epicoprostanol 78 43 
cholesterol 189 186 
5α-cholestanol 187 115 
24-ethylcoprostanol 320 362 
24-ethyl-epicoprostanol 297 281 
sitosterol 145 99 
sitostanol 311 240 
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APPENDIX B 

APPENDIX B1 MEAN TIME SERIES GRAPHS OF MAJOR 
STEROLS, MAJOR STANOLS AND 
COPROSTANOLS IN SANDY AND MUDDY 
SEDIMENTS SHOWING ONE STANDARD ERROR 
OF THE MEAN 
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Figure B.1 Production and degradation of major sterols; stigmasterol, 24-
ethylcholesterol (sitosterol) and cholesterol mean concentrations 
(ng/g) in muddy sediments over time (days). 
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Figure B.2 Production and degradation of major sterols; stigmasterol, 24-
ethylcholesterol (sitosterol) and cholesterol mean concentrations 
(ng/g) in sandy sediments over time (days). 
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Figure B.3 Production and degradation of major stanols; stigmastanol, 24-
ethylcholestanol and 5α-cholestanol mean concentrations (ng/g) in 
muddy sediments over time (days). 
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Figure B.4 Production and degradation of major stanols; stigmastanol, 24-
ethylcholestanol and 5α-cholestanol mean concentrations (ng/g) in 
sandy sediments over time (days). 
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Figure B.5 Production and degradation of coprostanol and epicoprostanol 
mean concentrations (ng/g) in muddy sediments over time (days). 
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Figure B.6 Production and degradation of coprostanol and epicoprostanol 
mean concentrations (ng/g) in sandy sediments over time (days). 

 

0

20

40

60

80

100

120

0 10 20 30 40 50 60

Time (days)

24
-e

th
yl

-e
pi

co
pr

os
ta

no
l 

co
nc

en
tr

at
io

n 
(n

g/
g)

0

5

10

15

20

25

30

35

40

45
24

-e
th

yl
co

pr
os

ta
no

l 
co

nc
en

tr
at

io
n 

(n
g/

g)

24-ethylepi-coprostanol 24-ethylcoprostanol

Figure B.7 Degradation of 24-ethylcoprostanol and 24-ethyl-epicoprostanol 
mean concentrations (ng/g) in muddy sediments over time (days). 
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Figure B.8 Degradation of 24-ethylcoprostanol and 24-ethyl-epicoprostanol 
mean concentrations (ng/g) in sandy sediments over time (days). 

 





 

APPENDIX B2 STEROL/STEROL AND STANOL/STANOL 
CORRELATIONS USING PEARSON AND 
SPEARMAN’S RANK CORRELATION IN SANDY 
AND MUDDY SEDIMENT (N=51). 

Table B.1 Sterol/sterol correlations using Pearson’s correlation in sandy 
sediment (n=51). 

Correlations 
  log cholesterol log stigmasterol log sitosterol

logcholesterol Pearson Correlation 1 .896 .862 
 Sig. (2-tailed)  .000 .000 
logstigmasterol Pearson Correlation  1 .920 
 Sig. (2-tailed)   .000 

 

Table B.2 Sterol/sterol correlations using Pearson’s correlation in muddy 
sediment (n=51). 

Correlations 
  log cholesterol log stigmasterol log sitosterol

logcholesterol Pearson Correlation 1 .635 .686 
 Sig. (2-tailed)  .000 .000 
logstigmasterol Pearson Correlation  1 .734 
 Sig. (2-tailed)   .000 

 

Table B.3 Stanol/stanol correlations using Pearson’s correlation in sandy 
sediment (n=51). 

Correlations 
  log cholestanol log stigmastanol log sitostanol 

logcholestanol Pearson Correlation 1 .446 .647 
 Sig. (2-tailed)  .001 .000 
logstigmastanol Pearson Correlation   .493 
 Sig. (2-tailed)   .000 
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Table B.4 Stanol/stanol correlations using Pearson’s correlation in muddy 
sediment (n=51). 

Correlations 
  log cholestanol log stigmastanol log sitostanol

logcholestanol Pearson Correlation 1 .575 .596 
 Sig. (2-tailed)  .000 .000 
logstigmastanol Pearson Correlation   .611 
 Sig. (2-tailed)   .000 

 

Table B.5 Correlation of 5α-cholestanol/cholesterol for sandy and muddy 
sediments combined using Pearson correlation (n=102) 

Correlations 
  log cholestanol log cholesterol 
logcholestanol Pearson Correlation 1 .814 
 Sig. (2-tailed)  .000 

 

Table B.6 Correlation of stigmastanol/stigmasterol for sandy and muddy 
sediments combined using Spearman’s Rank correlation (n=102). 

Correlations 
   log stigmastanol log stigmasterol

Spearman's rank logstigmastanol Correlation Coefficient 1 .719 
  Sig. (2-tailed) . .000 

 

Table B.7 Correlation of sitostanol/sitosterol for sandy and muddy sediments 
combined using Pearson’s correlation (n=102). 

Correlations 
  log sitostanol log sitosterol 

logsitostanol Pearson Correlation 1 .753 
 Sig. (2-tailed)  .000 
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APPENDIX C 

APPENDIX C1 CLUSTERED ERROR BAR PLOTS BETWEEN 
TOP AND BOTTOM SEDIMENTS WITH ONE 
STANDARD ERROR OF THE MEAN 
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APPENDIX C2 LOG-LOG PEARSON CORRELATIONS FOR MORETON BAY AND GOLD COAST BROADWATER. ALL 
NUMBERS LISTED REFER TO CORRELATION VARIABLES. 

(Legend for each numbered variable is listed below table)

  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
1 P.C  .304 .297 .526 .347 .872 .846 .220 .703 .612 .526 .762 .074 .198 .157 -.068 .034 -.127 -.001 .160 .590 
 Sig.   .007 .009 .000 .002 .000 .000 .055 .000 .000 .000 .000 .553 .085 .172 .560 .772 .270 .995 .166 .000 
 N  77 76 77 77 77 77 77 77 77 77 77 67 77 77 77 77 77 77 77 73 
2 P.C   .086 .601 .601 .272 .313 .234 .384 .257 .601 .286 .054 -.035 -.071 -.168 .371 .099 -.340 -.104 -.226 
 Sig    .458 .000 .000 .017 .006 .040 .001 .024 .000 .012 .663 .759 .538 .144 .001 .392 .002 .370 .055 
 N   76 77 77 77 77 77 77 77 77 77 67 77 77 77 77 77 77 77 73 
3 P.C    .266 -.196 .344 .311 .362 .345 .393 .266 .085 .075 .495 .253 .208 -.253 -.140 -.107 -.225 .092 
 Sig.     .020 .089 .002 .006 .001 .002 .000 .020 .465 .547 .000 .027 .071 .028 .229 .360 .051 .443 
 N    76 76 76 76 76 76 76 76 76 66 76 76 76 76 76 76 76 72 
4 P.C    1 .458 .559 .589 .369 .615 .509 1.000 .198 .319 .039 -.085 -.078 .150 .061 -.100 -.146 -.131 
 Sig      .000 .000 .000 .001 .000 .000 .000 .084 .008 .738 .462 .502 .192 .601 .385 .206 .268 
 N     77 77 77 77 77 77 77 77 67 77 77 77 77 77 77 77 73 
5 P.C     1 .304 .339 .058 .414 .243 .458 .283 -.007 -.236 -.148 -.227 .340 .143 -.166 -.014 -.038 
 Sig       .007 .003 .619 .000 .034 .000 .013 .955 .039 .198 .047 .003 .213 .149 .907 .751 
 N      77 77 77 77 77 77 77 67 77 77 77 77 77 77 77 73 
6 P.C      1 .867 .170 .715 .608 .559 .503 .368 .211 .124 -.053 .012 -.119 .035 .146 .464 
 Sig        .000 .138 .000 .000 .000 .000 .002 .066 .282 .646 .918 .303 .764 .204 .000 
 N       77 77 77 77 77 77 67 77 77 77 77 77 77 77 73 
7 P.C       1 .140 .657 .544 .589 .558 .332 .161 .046 -.150 .083 -.041 .033 .139 .426 
 Sig         .225 .000 .000 .000 .000 .006 .163 .693 .192 .475 .726 .775 .229 .000 
 N        77 77 77 77 77 67 77 77 77 77 77 77 77 73 
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Appendix C2 continued… 

  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
8 P.C        1 .260 .281 .369 .068 .221 .137 .120 .150 -.009 -.108 -.144 -.189 -.143 
 Sig          .022 .013 .001 .555 .072 .236 .297 .193 .935 .352 .212 .100 .228 
 N         77 77 77 77 67 77 77 77 77 77 77 77 73 
9 P.C         1 .758 .615 .35 .154 .153 .089 -.042 -.027 -.013 -.041 .055 .292 
 Sig           .000 .000 .002 .215 .185 .443 .718 .813 .908 .722 .636 .012 
 N          77 77 77 67 77 77 77 77 77 77 77 73 

10 P.C          1 .509 .278 .069 .248 .178 .070 .009 -.134 -.135 -.094 .255 
 Sig            .000 .014 .577 .030 .121 .544 .937 .244 .243 .415 .030 
 N           77 77 67 77 77 77 77 77 77 77 73 

11 P.C           1 .198 .319 .039 -.085 -.078 .150 .061 -.100 -.146 -.131 
 Sig             .084 .008 .738 .462 .502 .192 .601 .385 .206 .268 
 N            77 67 77 77 77 77 77 77 77 73 

12 P.C            1 -.231 .239 .264 -.007 .017 -.238 -.007 .185 .588 
 Sig              .061 .037 .020 .950 .883 .037 .953 .107 .000 
 N             67 77 77 77 77 77 77 77 73 

13 P.C             1 -.038 -.110 .003 -.029 .054 .084 .030 -.068 
 Sig               .758 .376 .983 .818 .663 .497 .807 .590 
 N              67 67 67 67 67 67 67 65 

14 P.C              1 .900 .741 -.471 -.761 -.298 -.484 .215 
 Sig                .000 .000 .000 .000 .008 .000 .068 
 N               77 77 77 77 77 77 73 

15 P.C               1 .831 -.468 -.896 -
.270(*) -.458 .248 

 Sig                 .000 .000 .000 .018 .000 .035 
 N                77 77 77 77 77 73 

16 P.C                1 -.502 -.811 -.304 -.676 .013 
 Sig                  .000 .000 .007 .000 .916 
 N                 77 77 77 77 73 

17 P.C                 1 .263 -.420 -.077 -.003 
 Sig                   .021 .000 .507 .979 
 N                  77 77 77 73 
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 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 21 20 
18 P.C                  1 .150 .538 -.257 
 Sig                    .192 .000 .028 
 N                   77 77 73 

19 P.C                   1 .580 .062 
 Sig                     .000 .605 
 N                    77 73 

20 P.C                    1 .229 
 Sig                      .051 
 N                     73 

21 P.C                     1 
 Sig                       
 N                      

 
P.C. – Pearson Correlation; Sig- significance at p = 0.05 (grey squares indicate significance); N- sample number 
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Legend for Moreton Bay title headings (Appendix C2). 

 

1. Log coprostanol 

2. Log stigmasterol 

3. % TOM 

4. Log stigmastanol 

5. Log sitosterol 

6. Log epicoprostanol 

7. Log 5α-cholestanol 

8. Log cholesterol 

9. Log 24-ethylcoprostanol 

10. Log 24-ethyl-epicoprostanol 

11. Log sitostanol 

12. Log coprostanol/5α-cholestanol 

13. Log epicoprostanol/coprostanol 

14. < 63 μm 

15. 63-125 μm 

16. 125-180μm 

17. 180-250μm 

18. 250-500μm 

19. 500-2000μm 

20. <2000μm 

21. Log coprostanol/cholesterol 
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APPENDIX D 

APPENDIX D1 SELECTED INORGANIC WATER QUALITY 
PARAMETERS AT VARIOUS DISTANCES FROM 
MAIN OUTLET PIPE AT THE GOLD COAST 
SEAWAY DURING POLLUTION EVENT (AUGUST 
23RD AND 25TH, 2003) AND GUIDELINE 
THRESHOLD LEVELS FOR MARINE AND 
ENCLOSED COASTAL WATERS (ANZECC, 2000) 

 

 Water Quality Parameter  

Location Ammonia Nitrogen Oxidised Nitrogen Total 
Nitrogen 

 (mg/L) (mg/L) (mg/L) 
Final Effluent (STP) 15 2.3 18 
NW of rock wall 0.004 & 0.086 0.001 & 0.170 0.150 & 0.260 
Gap in rock wall 0.006 & 1.400 0.001 & 0.398 0.140 & 1.600 
Tower 0.006 & 2.500 0.002 & 0.530 0.140 & 2.700 
Submerged pipeline 0.491 & 0.600 0.110 & 0.204 0.780 & 2.600 
Last diffuser 0.228 & 0.155 0.047 & 0.202 0.420 & 0.280 
Seaway entrance 0.101 & 0.136 0.029 & 0.285 0.280 & 0.240 
100 m offshore 0.102 0.064 0.280 
200 m offshore 0.012 0.047 0.170 
Guideline threshold level    
     Marine waters 1.065 0.213 8.520 
     Enclosed coastal 1.065 0.355 14.200 
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