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ABSTRACT 

 

Bramble Bay, an estuary with a long history of contamination, appears to have crossed multiple 

tipping points into a state of unstable biomass dominated by opportunistic species. In early 1996 mass 

mortality events began to affect the bay’s macrobenthic community within a few days of modest 

rainfall (30 mm) over the catchments. The numbers of wading birds and fish using the beach at such 

times greatly declined. Between mortality events the macrobenthos staged partial recoveries. 

However, 10 years later the beach had not attained the diversity of species it supported prior to 1996. 

Also, the riverine estuaries that drain the catchments had been severely affected. Monitoring in 1998 – 

2000 showed that the abundance of riverine macrobenthos in six drainage systems was < 15% of that 

in 1972 – 1973 when these drainage systems were extensively surveyed and < 2.5% of that after 

extreme flooding in 1974. Remarkably, the variance of total abundance within estuaries had been 

reduced by 90 - 99%. Nearly all of the once-dominant peracarids had gone. Chemical tests could not 

explain this. Nor are other simplistic explanations credible, such as floods or changes in the rate of 

sedimentation, because only some components of the macrobenthos have been adversely affected.  

Most deposit feeders have been severely reduced, however, deposit-feeding annelids as well as 

suspension feeding molluscs and crustaceans have continued to thrive amongst the sediments. 

 Mass mortality events began six months after two insecticides (bifenthrin and chlorpyrifos) 

were introduced for use in Australia, including wide application within the catchments of Bramble 

Bay. Both chemicals bind preferentially to sediments; especially bifenthrin. Therefore, during the 

period from September 1998 to January 2000 a total of 62 chemical tests of sediments for a wide range 

of pollutants were undertaken throughout Bramble Bay and other nearby locations. Low levels of 

nutrient enrichment were measured in places, but only traces of a few pollutants were detected and 

there was no evidence of acid sulphate conditions. Low-level nutrient enrichment alone could not have 

caused such sudden and severe ecosystem damage. Where a sewerage plant’s treatment of effluent had 

been upgraded from secondary to mainly tertiary, the only change was a marked reduction in 

suspension feeders. (The water column is no longer highly nutrient enriched.) The deposit feeders 

remain severely impacted. It seemed possible that extant chemical tests are inadequate and insensitive 

to pollutant concentrations at levels that in fact have marked ecological impacts. Therefore, there was 

a need to investigate the assumptions underlying standard tests used by ecotoxicologists to assay 

ecosystems for pollution. 

Based on  a weight of evidence from molecular and cell biology, the argument presented in 

this thesis is that to assess pollution threats in aquatic ecosystems and soils ecotoxicologists are 

usually measuring the phase of pollutants – the solute concentration – that is least likely to be 

biologically available: e.g. ‘water pollution’. They do this in the belief that pollutants diffuse into 

living organisms along abiotic electrochemical and concentration gradients. Using evidence from 
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cellular and molecular biology as well as pharmacology, a protein model is proposed herein as an 

alternative explanation for how poisonous substances may be accidentally imported into living 

organisms. It incorporates three universal phenomena in eukaryotic cells: the virtual impermeability of 

the biological membrane to passively diffusing substances, the critical role transport proteins play in 

the governance of cross-membrane substance trafficking, and endocytosis as the only substance-

uptake route for all but very small ionic units. Under the protein model pollutants that bind to free 

polymers (e.g. lipids and complex carbohydrates) will enter living organisms by default if the 

polymers are endocytosed. In detritus-rich ecosystems, such as estuaries, many pollutants bind to the 

lipopolysaccharides of microbial biofilms. These biofilm-sorbed pollutants are the major threat to 

eukaryotic life.  

 Estuaries are detritus-based ecosystems. In healthy estuaries ~ 95% of macrobenthic animals 

are deposit feeders, which obtain nourishment by ingesting sedimentary microbial matter. Under the 

protein model these animals are at immediate risk of poisoning. It will be demonstrated that the 

abundance of deposit feeders is much lower with greatly reduced variance in chemically contaminated 

estuaries whereas suspension feeders usually are much less affected. In nutrient enriched embayment 

estuaries the abundances of suspension feeders is usually increased.  

The aim of this thesis is to understand how pollutants impact life forms. The ecological setting 

happens to be estuaries.  The approach is that of a meta-analysis. Data from 16 independent studies of 

estuarine macrobenthos in south-eastern Queensland are collated and used to model the responses to 

pollutants by macrobenthos.  

This thesis also provides evidence that annelids are more resilient to pollution than most other 

higher taxa, molluscs have a degree of resilience whereas crustaceans are very sensitive to chemical 

contamination. A physiological explanation for the observation that pollution causes fundamentally 

different degrees of responses in different higher taxa is offered in the immunological model. The 

concept of a community equilibrium species also is appraised and the advantage/ disadvantage an 

organism’s reproductive strategy confers in polluted estuaries (reproductive strategy model) will be 

demonstrated. 

This thesis also presents another two important findings. The first is that the ecology of 

macrobenthic communities in healthy estuaries is remarkably resilient. Less than a week after severe 

flooding no impact was evident in two macrobenthic communities. The ecological stability of 

macrobenthic communities is demonstrated using unpublished data collected almost 40 years ago in 

healthy estuaries. The finding, that community ecology is resilient, means that measurable changes in 

macrobenthic communities may well be pollution signals. Thus, macrobenthic animals are ‘estuarine 

canaries’.  

The second concept is that the principal signal from macrobenthic communities for pollution-

impacts is a change in the variances of measures of community abundance. Patterns of change in the 



Estuarine canaries 

iv | P a g e   A b s t r a c t ,  T a b l e  o f  c o n t e n t s ,  A c k n o w l e d g e m e n t s  

 

variances of community abundances allow different kinds of pollution to be identified (e.g. chemical, 

nutrient or both). To make this identification, it is necessary to examine the variances of abundances of 

higher taxa, trophic groups and groups with specific reproductive strategies (K- or r-strategists). This 

finding – that the variances of abundances are especially sensitive to pollution – has a major 

implication for detecting pollution; especially if it required transformation of abundance data, which is 

widely practised by researchers. Transformations of abundance data greatly reduce the statistical 

signals of pollution. 

This thesis concludes with a discussion of why apparently major errors in pollution 

assessment have come about. There is a disjuncture at an ontological level.  Such problems often arise 

when very complex phenomena, such as endocytosis, are overly simplified (e.g. when endocytosis is 

represented as passive diffusion) because the conclusions drawn from simplified tests and tests of the 

actual phenomena are very different. Problems also arise when technique (e.g. choice of a statistical 

test) has precedence over the nature of the data: e.g. when it is the differences in variances which are 

in fact the important pollution signals. 

Whilst reductionism has a pivotal place in science, Inappropriate Reductionism can lead to 

profound misinterpretations of investigated phenomena. When investigating complex systems, there is 

a point at which the system cannot be further reduced without applying assumptions that violate the 

primary attributes of that system (e.g. life’s self-regulatory capabilities). It is shown that Inappropriate 

Reductionism has occurred in ecotoxicology with potentially devastating consequences for pollution 

detection. Ecotoxicology urgently needs to incorporate the latest information from molecular and cell 

biology on the functioning of the biological membrane into their pollution models. Simple convention 

has led to ANOVA being applied when it is not an appropriate test. One reason is that the mean is not 

the most sensitive measure of a pollution impact.  

The argument provided in this thesis is that contemporary scientific procedures for assaying 

estuarine pollution are in urgent need of reformulation. Assaying estuarine contamination through 

measures of water pollution and through the use of ANOVA as the statistical test will greatly reduce 

the probability that pollution will be identified. The complexity of living systems has to be 

incorporated into ecological studies. In pollution studies, this means that the functioning of the 

biological membrane in substance uptake and elimination has to be allowed for; the diversity of 

physiological responses to pollutants living organisms display must be encompassed; the importance 

of the great variance of abundance, which characterises many healthy populations of organisms and 

which is often damaged by pollution, must be embraced. It is possible that conclusions drawn about 

the risks that organisms face from pollution based on the application of Inappropriate Reductionism 

are seriously under-estimating the global impacts of pollutants in many aquatic ecosystems and soils. 
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Chapter 1 

INTRODUCTION 

Estuaries, pollution and pollution models 

 

Estuaries occupy a very small proportion of the biosphere, but are globally critical in the 

conservation of biodiversity. They are nurseries for the young of many of the world’s commercial 

fish species (e.g. Brown 1986; Quinnell 1999; Henderson & Bird 2010; Nicolas et al. 2010; 

Cardoso et al. 2011) and are recognized as important habitats for species of high conservation 

value, including wading birds, seabirds, dugongs and manatees, cetaceans and marine turtles (US 

EPA 2011a). Also, because of their locations estuaries support many millions of people for whom 

they provide fish and shellfish (Sobrino et al. 2005; Vasconcelos et al. 2007, 2009). In addition, 

estuaries offer ideal sites for shipping ports (Dauvin et al. 2010) and allow river-trade access to 

inland areas. Therefore, many estuaries have large urban residential/ industrial and agricultural 

areas in their catchments, and are intensively exploited by fisheries. Consequently, estuaries are 

often severely affected by chemical pollution (Dauba et al. 1997; Adams et al. 1998; Rosa et al. 

2003; de la Huz et al. 2005; Rosa & Bemventi 2006) and nutrient contamination (Hu et al. 2001; 

Nowell et al. 2011). 

 Dealing with estuarine pollution must be a global priority. Australian estuaries are 

listed as close to their tipping points (Laurance et al. 2011): i.e. many are approaching stress 

thresholds at which an ecosystem collapses and transformation may occur. Such events catapult 

ecosystems into distinctly different states, usually of reduced system complexity (Laurance et al.  

2011). There may be shifts in species composition and in the phyla that dominate an affected 

estuary: e.g. when annelids replace crustaceans (e.g. Bellan 1980; Hibling & Blake 1998; Elías et 

al. 2001; Charles et al. 2003; Belan 2004; Samuelson 2001; Joydas et al. 2011). In nutrient-

contaminated estuaries, the suspension feeders may become very common (e.g. Wilson & 

Kendrick 1968; Stephenson et al. 1977). 

 Estuarine change may be measured as changes to macrobenthos: the invertebrates > 0.5 

mm in size that live upon or within the sediments (Agard et al. 1993; Dolbeth et al. 2007; 

Carvalho et al. 2010; Chariton et al. 2010; Dolbeth et al. 2011; Joydas et al. 2011). This is a 

useful approach because macrobenthos is a critical component of the estuarine food web. It 

supports many large invertebrates, fish and birds (e.g. Quinnell 1999; Henderson & Bird 2010; 

Nicolas et al. 2010; Cardoso et al. 2011; US EPA 2011a). Macrobenthos also plays an important 

role in nutrient cycling (Tuominen et al. 1999).  

 Pollution can greatly affect estuarine macrobenthos with flow-on effects that ripple 

throughout the ecosystem. Figure 1.1 presents the basic conceptual framework for understanding 

this. It shows the changes with which this thesis is concerned – changes to ecosystem productivity 



                                                               Estuarine canaries 

 

2 | P a g e  C h a p t e r  1 :           I n t r o d u c t i o n  
 

(i.e. the animal biomass and abundance that is sustained), changes in the representations of phyla, 

trophic impacts and impacts on taxa depending on their reproductive strategies.  

 

   
 

1.1 CONTAMINATION BY POISONOUS CHEMICALS  

The toxicity of any chemical pollutant to an organism depends on its chemical properties, 

concentration and the pollutant uptake pathway (e.g. skin, gut and respiratory surfaces) as well as 

the organism’s duration of exposure and its ability to mount ecophysiological defences against 

the biochemical impacts of the pollutant. Figure 1.2 presents a simplified model of how chemical 

pollution impacts upon major taxonomic groups (Annelida, Bivalvia and Crustacea) of estuarine 

macrobenthic communities in embayment and riverine estuaries.   

 

 

  

In Figure 1.2 chemical pollutants are present in sublethal concentrations, but at levels that 

may severely disrupt organisms’ biochemistry, including immunological functions, neurology 

Figure 1.2: Generalised impacts of 

chemical pollution on species richness 

and abundances of higher taxa in 

healthy riverine and embayment 

estuaries (bottom), in an embayment 

(middle) and in a riverine estuary (top) 

affected by sub-lethal levels of 

contamination by toxic chemicals. 

Model: S. Quinnell based on data from 

the Bramble Bay estuary (Campbell et 

al. 1974a, b; Stephenson et al. 1977; 

Stejskal 1985; Davie 1986), and other 

information (Amaral et al. 1998; Arvai 

et al. 2002; Nikitik & Robinson 2003; 

Vandenbergh et al. 2003; Ford et al. 

2005; Cardoso et al. 2006). Absolute 

scores have not been included because 

they are likely to be site-specific rather 

than generally applicable to estuaries.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Conceptual framework 

showing major factors that affect the 

structure and function of macrobenthic 

communities in polluted embayment 

and riverine estuaries. Red indicates 

factors that may be affected by 

pollution.  Illustration: S. Quinnell. 
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and reproduction: i.e. endocrine disrupters (e.g. Dorabawila & Gupta 2005). In the polluted 

estuaries bivalves and crustaceans have failed to reproduce, but annelids have been successful, 

because they are resilient to chemical pollutants (e.g. Tsutsumi 1987; Ward & Hutchings 1996; 

Amaral et al. 1998; de-la-Ossa-Carretero et al. 2009; Pechenik 2010, p. 320f). In the embayment 

estuaries, annelids have increased. Also some replacement bivalves and crustaceans have been 

recruited from unimpacted outlying and offshore parental communities (e.g. Stephenson et al. 

1976, 1977; Stejskal 1985). However, in riverine estuaries where there are entry barriers to the 

dispersal of larval stages and juveniles, such as runoff currents and vigorous tidal flushing at the 

riverine mouths (e.g. Davie 1987), the recruitment of replacement individuals has much been less 

successful. Consequently, chemical pollution impacts upon riverine estuary communities much 

more severely than upon embayment estuaries.  

Crustacea is the least successful taxon in polluted estuaries. This is in part because some 

crustacean species, notably peracarids, do not produce planktonic stages. Rather, they practice in 

situ reproduction by brooding developing eggs until the young are fully formed. Juveniles are 

then released into the parents’ environment, sometimes with continued parental care (Thiel 1997, 

2003). Peracarids have low powers of dispersal compared with taxa that have planktonic stages 

(i.e. r-strategists and therefore may be recruited easily into most polluted estuaries), and therefore 

may not be readily recruited into a polluted habitat to replace lost individuals. Consequently, 

polluted estuaries tend to be dominated by r-strategists. 

The causes of the above community changes may be very difficult to identify because 

they may occur at levels of contamination well below the minimum threshold of detection (2 

ppb
a
) (Drenner 1993) and impacts may manifest quite slowly. Also, the parent substance may not 

be the only problem. Often the metabolites and degraded forms of pollutants also act as endocrine 

disrupters (e.g. xenoestrogens and xenoandrogens): e.g. DDT
b
 and its metabolites DDD

c
 and 

DDE
d
 in aquatic ecosystems were found to cause egg shell thinning in birds, leading to 

reproductive failure because the birds’ eggs broke during incubation (Connell et al. 1999, p. 68).  

In this way, levels of pollution that show no measurable mortality impacts in bioassays may lead 

to severe population declines and even extinctions, especially of species at the highest trophic 

levels (Connell et al. 1999, p. 68; Newman & Unger 2003, p. 161f). In aquatic ecosystems, 

poisoning by endocrine disrupters may be exacerbated by the release of biologically significant 

concentrations of oestrogens in sewage (e.g. Dorabawila & Gupta 2005).  

 

1.1.1 Types of chemical pollutants 

There are three major groups of common chemical pollutants: persistent organic pollutants 

(POPs), short-lived organic pollutants and heavy metals and metalloids. POPs are especially 

                                                 
a
 G. Miller (Ecotoxicologist) pers. comm. (ppb = parts per billion).  

b
 DDT = 2,2-bis-[p-chlorophenyl]-1,1,1,trichloroethane 

c
 DDD = 1,1-dichloro-2,2,-bis[p-chlorophenyl]ethane 

d
 DDE = 1,1-dichloro-2,2,-bis-[p-chlorophenyl]ethene 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22de-la-Ossa-Carretero%20JA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
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damaging to ecosystems because they have relatively stable chemical structures and long half-

lives. Many are endocrine disrupters (Depledge & Billinghurst 1999; Wiberg & Harris 2002; Ford 

et al 2004; Dorabawila & Gupta 2005; Zoller 2005). Short-lived organic pollutants are those that 

may degrade quickly. However, some short-lived pollutants have been implicated in 

‘catastrophic’ (sic) macroinvertebrate mortalities in watercourses (e.g. Davies & Cook 1993). 

They may also be lethal below levels of detection: e.g. bifenthrin (Drenner 1993). Heavy metals 

are toxic because they often interfere with critical biochemical pathways, especially neurological 

processes. They also may be very poisonous in very low concentrations (Newman & Under 2003, 

p. 21f) that are likely to be difficult to detect.  

 An important characteristic of estuaries is that they accumulate large quantities of 

detritus that sustains innumerable decomposing microbes (e.g. Rublee & Dornseif 1978; Waidner 

& Kirchman 2007; Matz et al. 2011). This has major implications for chemical pollution because 

microbes produce sheets of biofilms (Bhaskar & Bhosle 2005; Matz et al. 2011) to which many 

pollutants bind (e.g. Writer et al. 2011a, b). Thus, whilst some pollutants are highly soluble in 

water, the many that have very low water solubility may accumulate in large quantities on 

biofilms. Consequently, pollutants in estuaries tend to concentrate in the sediments where they 

may be ingested by deposit-feeding invertebrates (i.e. the majority of species of macrobenthos). 

Poisoning is likely to result. 

 

1.2 NUTRIENT ENRICHMENT 

Nutrients naturally enter estuaries as solutes, dissolved organic matter, particulate organic matter 

and as nutrients adsorbed to eroding sediments. Because estuaries tend to be partially enclosed 

with slow-moving currents, these nutrients tend to accumulate. Consequently, estuaries naturally 

have high internal productivity. Blooms of phytoplankton are common and often lead to the 

phenomenon of eutrophication. Nutrient enrichment exacerbates these tendencies. 

 

1.2.1 Eutrophication 

When a phytoplankton bloom fades dead plants sink to the sediments, generating large amounts 

of organic detritus. Detrital-decomposing bacteria then proliferate. As decomposition progresses 

oxygen is withdrawn from the water at an increasing rate. Consequently, the benthic zone of an 

estuary can become hypoxic (Sagasti et al. 2003); fish kills may result (Gilbert et al. 2002). 

Therefore, any anthropogenic increase in the nutrients circulating in an estuary (e.g. sewage 

effluent, urban/ industrial wastes and runoff, solute fertilisers from farms and accelerated 

catchment erosion) increases the probability that an estuary will become eutrophic and hypoxic.  

Figure 1.3 models the impacts of nutrient pollution. Nutrient enrichment of an estuary 

may favour all macrobenthic taxa, although annelids and some bivalves tend to dominate under 

hypoxic conditions. The difficulties organisms face in gaining entry to a riverine estuary has been 

discussed. Therefore, whilst in eutrophic embayment estuaries very active animals with high 
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oxygen (O2) needs (e.g. crustaceans) may be replaced by O2-conformers, such as many annelids 

and some bivalves, they may not be so readily replaced in riverine estuaries because of physical 

barriers to the entry of potential recruits.  

The indicated differences between large and small riverine estuaries reflect the fact that 

small riverine estuaries appear to be more vulnerable to benthic hypoxia during eutrophication, 

especially if eutrophication coincides with high water temperatures, which reduces the ability of 

water to hold O2 (e.g. Campbell et al. 1974b; Quinnell, field notes 1995 – 2000). The impact on 

very small riverine estuaries may be understood as a higher surface area: volume ratio (SA: V). 

Small riverine estuaries are more vulnerable to the uptake of radiant heat originating outside their 

boundaries than larger riverine estuaries. 

 

 

 

Nutrient enrichment inevitably affects the estuarine food web. In healthy estuaries, the 

deposit feeders (macrobenthic detrital food chain) represent 90 – 95% of total macrobenthic 

abundance whereas the suspension feeders (macrobenthic pelagic food chain) may support as 

little as 5% of total macrobenthic abundance (Rybarczyk & Elkaïm 2003). In contrast, large 

numbers of suspension feeders may be sustained within a nutrient enriched estuary (e.g. 

Stephenson et al. 1977; Stejskal 1985; Wilson & Kendrick 1998). There may also be more 

detritus for deposit feeders. However, the resultant near-chronic benthic hypoxia may support 

mainly annelids and some bivalves that are O2-conformers (Beesley et al. 1998, 2000). 

A potentially sinister consequence of estuarine eutrophication is blooms of toxic ‘algae’ – 

usually cyanobacteria or dinoflagellates (e.g. Roelfsema et al. 2005). These microbes can cause a 

range of symptoms in animals from dermatitis to neurological poisoning, and may affect 

macrobenthos (Kröger et al. 2006). 

Any long term consequences of reconfigurations of estuarine food webs caused by 

pollution in estuaries must be a concern, because it may affect an estuary’s ability to support 

Figure 1.3: General impacts of nutrient 

enrichment on species richness and 

abundances of higher taxa in healthy 

riverine and embayment estuaries 

(bottom), in polluted embayments 

(middle) and in polluted riverine estuaries 

(top). Different taxa show different 

responses. An impact of estuary size in 

embayments is shown. Model: S. 

Quinnell based on data from the Bramble 

Bay estuary (Campbell et al. 1974a, b; 

Stephenson & Campbell 1977; Stejskal 

1985; Davie 1987) and other information 

(Amaral et al. 1998; Arvai et al. 2002; 

Nikitik & Robinson 2003; Vandenbergh 

et al. 2003; Ford et al. 2005; Cardoso et 

al. 2006). Absolute scores have not been 

included because they are likely to be 

site-specific rather than generally 

applicable to estuaries. 
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higher order consumers, such as wading birds and benthic-feeding fish (Quinnell 1999). During 

early October 1997 the macrobenthic community in the Bramble Bay estuary died. As a result 

about 5,000 wading birds that were feeding on intertidal macrobenthos promptly left the area. 

Replacement macrobenthos began to settle a week later and within 10 days had reached the 

abundance of the community that had died. However all settlers were bivalves and > 98% of 

these were a hard-shelled species, Spisula trigonella (Mactridae). Waders did not return for many 

weeks until the deposit feeders began to settle again (Quinnell 1997, field notes). Presumably this 

bivalve is not a favoured food for wading birds. As S. trigonella is by far the most common 

suspension feeder in Bramble Bay, the waders’ food prior to the mass mortality event must have 

been the deposit feeders that were lost in the mass mortality event.  

We should also be concerned about the long term fates of seagrasses and mangroves, and 

the continued stability of biogeochemical cycles if bioturbation of estuarine sediments is reduced 

because the burrowing, digging and crawling macrobenthos has been poisoned. 

In reality, pollution impacts are unlikely to be as straightforward as just nutrient 

enrichment or just chemical contamination. Almost inevitably, nutrient enrichment and chemical 

contamination operate simultaneously in polluted estuaries, because the sources of nutrients and 

poisonous chemicals frequently are the same – sewage, urban/ industrial catchment runoff, 

agricultural areas, shipping and shellfish farms. 

 

1.3 INTERPRETATIONS OF POLLUTION (diffusion, protein & immunological 

models) 

This thesis presents an ecophysiological approach to assessments of pollution in estuarine 

ecosystems. Macrobenthic animals will be used as ‘estuarine canaries’
e
 to test a number of 

models of pollution impacts on organisms, populations and communities. Two of these, the 

protein model and immunological model, are novel.  

The reasons for the choice of macrobenthos as pollution sentinels are firstly, that 

macrobenthic animals feed upon sediments where the majority of pollutants are likely to be 

sequestered; secondly, they are the basis of the estuarine food web and; thirdly, most have short 

life spans, which allow rapid community change in response to changed environmental 

conditions, including pollution. This thesis will demonstrate how community changes can be 

understood as ecophysiological responses by living organisms to pollutants. Evidence will be 

provided that the primary pollutant uptake pathways can be identified by changes in the 

composition of macrobenthic communities, especially changes to total abundance and changes in 

the abundances of higher taxa and trophic groups. The causes of such changes are easily 

understood if the protein model, which was proposed by Quinnell et al. (2004), is applied. An 

updated and upgraded form of the protein model will be provided in this thesis.  

                                                 
e
 Canaries were once used within coal mines to indicate, by their deteriorating states of health and deaths, 

that the mine had dangerous levels of odourless gases, such as methane and carbon monoxide. 
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This thesis will also show the critical importance of testing the nature of data before 

deciding which statistical models and ordinations are likely to be the most appropriate for 

assaying estuaries using macrobenthos. Many of the findings will be generally applicable to other 

aquatic ecosystems, other community types and to pollution assays of soils. 

 

1.3.1 Macrobenthos 

Macrobenthos is commonly used to assess estuary health (e.g. Boyd et al. 2005; Austen & 

Widdicombe 2006; Patríco et al. 2009; Carvalho et al. 2010) and its responses to pollution are 

well known. There are two near-universal findings.  

Annelida: Annelids tend to be more tolerant of pollution than many other taxa (Pechenik 

2010, p. 320f) and often dominate hypoxic areas in nutrient enriched estuaries as well as 

chemically contaminated habitats (e.g. Ward & Hutchings 1996; Guidetti et al. 2000), even where 

levels of contamination would be very toxic to most other eukaryotes (Beesley et al. 1998, p. 130; 

Gamenick et al. 1998).  

Peracarida: In healthy estuaries peracarid crustaceans often dominate the macrobenthos in 

terms of their population size (e.g. Thomas 1993, Dias & Hassal 2005; Chintiroglou et al. 2004; 

Lourido et al. 2008; Chang-Fu Wang et al. 2010). However, peracarids are very sensitive to 

pollution (Thomas 1993; Gómez Gesteirai & Dauvin 2000; Joydas et al. 2011) and, in polluted 

estuaries, may be greatly reduced in population density (Conlan et al. 2004; Joydas et al. 2011). 

In polluted embayments, peracarids may be largely replaced by annelids (e.g. Bellan 1980; 

Hibling & Blake 1998; Elías et al. 2001; Charles et al. 2003; Belan 2004; Samuelson 2001; 

Joydas et al. 2011). However, in riverine estuaries annelids may be less successful because 

recruits need to overcome the barrier to dispersal of strong catchment runoff flow and tidal 

flushing. 

 Aquatic ecosystems other than estuaries suffer pollution. However, many may be less 

vulnerable to pollution than estuaries. There are two reasons. The first is flushing rate. Stagnant 

and quiescent ecosystems such as estuaries and isolated freshwater bodies that are poorly flushed 

accumulate large quantities of detritus.  Fast moving waters are likely to scour sediments of 

detritus. Flushing rate influences the second factor, which relates to the quantity of biofilm stored 

within an ecosystem. An aquatic ecosystem’s ability to sequester and retain pollutants depends on 

the quantity of biofilm available (Bhosle et al. 2004; Flora et al. 1995; Singh et al. 2006; Bach et 

al. 2005; Bourques & Hart 2007; Cho et al 2004; Nwachukwu et al. 2001; Writer et al. 2011a, b). 

Predictably, the sediments of lakes may accumulate contaminants if the land use in their vicinity 

releases pollutants. Flowing rivers should be less vulnerable to chemical pollution.  

 

1.4 ECOTOXICOLOGY 

The purpose of ecotoxicology is to assess the risk of pollutants to life. Some studies focus on the 

environmental distributions of pollutants. Others measure pollutant uptake and elimination by 
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living organisms. It is now appropriate to appraise the diffusion concept; the currently dominant 

paradigm of pollution uptake and elimination by living organisms in ecotoxicology. It was 

originally known as the three-phase model (Connell et al. 1999, p. 33) and was named the 

diffusion model by Quinnell et al. (2004) because the name aptly describes the process. The 

diffusion model is herein described as ‘any model of pollution uptake or elimination in which the 

purported risk to life is described by abiotic pollutant partitioning coefficients intended to 

measure the rate of diffusion of the pollutant into and/ or out of a living organism.’ 

 

1.4.1 Diffusion model 

Figure 1.4 presents the diffusion model derived from Connell et al. (1999, p. 33). It depicts a fish, 

although any living aquatic organism could have been used. The accompanying text states: 

“The movement of persistent neutral chemicals dissolved in water into aquatic biota 

involves passage through the gills during respiration then entry into the circulatory 

system and finally deposition in body fat. … metabolism and excretion can be ignored.” 

(Connell et al. 1999, p. 33). 

Thus, the risk to the fish is measured as: 

 KBL = CBL/ CW       Eq. 1.1 

Where KBL = the biota: water partitioning coefficient; CBL is the concentration in biota (fish) lipids 

and / CW is the concentration of the pollutant in the water. 

 There are many reports of inconsistent findings when the diffusion model is applied: (e.g. 

Cropp et al. 2011; Whitehead et al. 2011). The problem is that the assumption of the diffusion 

model – that the biological membrane is semi-permeable – is inconsistent with cell biology’s 

understanding of the membrane as an impermeable barrier with proteins dissolved within its 

bilayer used to regulate cross-membrane substance trafficking (Alberts et al. 2008; Grime et al. 

2008). 

 

 
 

 

 

 
Figure 1.4: The diffusion 

model of pollutant uptake and 

elimination (red arrows) in a 

fish. Note that pollutants 

incorporated in ingested food 

are not biologically available 

whereas the solutes are 

(Illustration: by S. Quinnell; 

After Connell et al. 1999, p. 

33). 
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1.4.2 Protein model 

The protein model takes into account the impermeability of the biological membrane and the 

pivotal role transport proteins play in determining cross-membrane substance trafficking. 

Predicted pollutant uptake in a fish under the protein model is shown in Figure 1.5. It indicates 

that the sorbed pollutant phase is biologically available whereas solutes are not. The fish in Figure 

1.5 will be highly at risk from sorbed pollutants, especially in food, although protein-mediated 

uptake of polymers and nanoparticles (Canesi et al. 2012) on gill and skin surfaces also may 

allow some pollutants to be imported through these surfaces. Although a fish is used here, 

application of the protein model to other aquatic metazoans and soil-dwelling organisms will 

yield similar predictions of pollutant pathways between the living organism and the abiotic 

environment.  

 The cellular uptake mechanism will be endocytosis. All eukaryotes rely on endocytosis 

for the uptake of all required substances, except very small ionic units (e.g. K
+
, Na

+
, H2O), which 

are imported into cells through substrate-specific channel proteins (Alberts et al. 2008). In plants, 

the cell wall also is metabolically active (Raven et al. 1992). ‘Diffusion’ is not the process by 

which pollutants enter living organisms. 

 

                            

 

1.4.3 Diffusion model and protein model contrasted 

Predictions of pollutant partitioning in the aquatic environment are shown for the diffusion model 

(Fig. 1.6) and protein model (Fig. 1.7) (p. 13). The models depict profoundly different uptake 

pathways. Under the diffusion model, pollutant partitioning in the environment is extremely 

simple, which allows the partitioning coefficients such as Eq. 1.1 to be developed.  

  No universal equation has yet been produced for the protein model. Indeed, the task of 

describing the model will be technically complex because of the potential variability in uptake 

and elimination of even one type of pollutant within one individual. This variability exists 

 

 

Figure 1.5: Protein model 

of pollutant uptake and 

elimination (red arrows) in a 

fish. Food is a major source 

of uptake. In addition, small 

quantities of pollutants 

bound to suspended organic 

matter in the water column 

may be incorporated through 

the skin and gill surfaces of 

the fish by cellular 

processes. Illustration: S. 

Quinnell.  
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because in a eukaryotic cell there are up to a billion proteins of ~ 7,000 different types, a large 

proportion of which are responsible for substance trafficking (Alberts et al. 2002, 2008). The 

importing transport proteins (importers) are highly substrate specific, which provides a barrier to 

direct uptake of poisons. Furthermore, the expression of the importers may be turned on and off 

depending upon a cell’s requirements. Thus, substance uptake is a dynamic process: e.g. many 

thousands of importers responsible for substance uptake in cells leave the cell surface every 

minute (Alberts et al. 2008, p. 789f). Nevertheless, a possible protein-mediated uptake pathway 

for arsenic will be modelled in Chapter 5. 

 

 

 

   

 Pollution tolerance depends upon not only the control of pollutant uptake, but upon how 

pollutants are handled internally by organisms. There are exporters (exporting proteins) for 

substance elimination from cells, transporter proteins for inter-cellular trafficking and enzymes 

for substance degradation. Therefore, pollution tolerance/ vulnerability will vary not only 

between higher taxa or even species, but between individuals of a population according to 

variations in their genomes and the expressed proteomes. Also, within cells different   

transporters are expressed at different domains (locations): e.g. intestinal fatty-acid binding [IFA-

B] proteins may concentrate on the apical domain of intestinal epithelial cells where they are 

positioned to come into contact with food. In addition, different cells and different tissues within 

an individual organism express different proteomes: e.g. IFA-B protein may not be found only on 

the surface of gill epithelium. Thus, the proteome in cells and individuals also varies with 

 

 

Figure 1.6: Classical ecotoxicological diffusion model of 

pollutant uptake and elimination (red arrows) between 

ecosystem components. There is no direct link between 

sediment-stored pollutants and life forms. Illustration: S. 

Quinnell. 

 

 

 

 

 

 

 

 

 

Figure 1.7: Protein model predicted pathways of pollutant 

uptake and elimination (red arrows). The dotted arrows 

indicate minor pathways. Pollutants sorbed to organic 

macromolecules in the water column and to sediments are 

biologically available. Illustration: S. Quinnell. 
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position and through time depending on the organism’s needs and the stage of its life. The 

pollutant-uptake process is vastly more complex than the diffusion model allows.  

 The protein model proposes that polymers transported by proteins into a cell as part of 

the cell’s basic functional activities may carry cargoes of sorbed pollutants concealed from uptake 

transport proteins. Thus the proposed pollutant uptake pathway is by ‘concealment’ (see Quinnell 

et al. 2004). The possibility that endocrine disrupters enter living organisms because they are 

recognised as similar essential molecules was investigated. This certainly occurs internally in 

metazoans: e.g. xenoestrogens that affect the reproductive system (Newmann & Unger 2003, p. 

48f ). However, no published report of direct uptake of an endocrine disrupter could be found. 

Transporters on the external surfaces of eukaryotes appear to be so substrate-specific that 

‘concealment’ probably is the only uptake pathway (Quinnell et al. 2004).  

 

1.4.4 Usefulness of the protein model 

Cropp et al. (2011) applied the diffusion model (partitioning coefficients) to explain large scale 

distributions of POPs (hydrochlorobenzines [HCBs]) in the Antarctic Ocean. However, the model 

used could not explain the rapid transfer of HCBs between the detritus and surface 

phytoplankton. The transfer rate of HCBs was up to 10 times that predicted from simulations.  

 However, Cropp and colleagues’ findings may be explained through application of the 

protein model. The agents of rapid pollutant transport between sediments and surface waters 

probably were krill (Euphausia superba), which Cropp and colleagues report nosedive into the 

sediments then feed on the re-suspended organic matter (i.e. detritus with its associated microbial 

biofilms) before ascending to the surface. Through feeding on sedimentary matter, krill are likely 

to ingest HCBs (e.g. Chou et al. 2004; Fu & Wu 2006) bound to biofilms (Writer et al. 2011a, b). 

A portion of the ingested biofilms together with sorbed HCBs will be endocytosed in the intestine 

(see Quinnell et al. 2004) and so enter a krill’s body. Detection of HCBs by the cellular 

machinery of an affected krill is likely to trigger the expression of exporting proteins for 

elimination of the HCBs by the cell. However such responses take time. Therefore, in Cropp and 

colleagues’ study, by the time the cellular machinery for the synthesis of exporter proteins to 

eliminate HCBs was fully functional, the krill had returned to the surface carrying a load of HCBs 

that they discharged into the water column. Here, the phytoplankton incorporated HCBs that were 

sorbed to essential polymers. (The uptake process would have been protein-mediated 

endocytosis.) (See Quinnell et al. 2004.) Therefore, a rapid transfer of HCBs from the sediments 

to phytoplankton in the surface water was expedited by the krill acting as transport agents 

between the sediments and the upper water column. This is consistent with living organisms 

being active agents that act upon toxic HCBs to eliminate them. It is a protein model explanation 

of Cropp and colleagues’ findings.  

 

 



                                                               Estuarine canaries 

 

12 | P a g e  C h a p t e r  1 :           I n t r o d u c t i o n  
 

1.4.5 Why the diffusion model should be rejected 

Because the diffusion model assumes substrate-sorbed pollutants to be biologically unavailable, 

it has widely been assumed that estuaries and other detritus-rich ecosystems can withstand most 

kinds of pollutants, because they bind to sediments. This however is a fundamental error, with 

prospectively tragic implications, especially for detritus-rich ecosystems. In estuaries, because 

the bulk of pollutants reside within estuarine sediments, they will be immediately available for 

uptake by animals that feed on detrital matter. Ecotoxicologists misconceive the nature of the 

pollution problem when they putatively measure pollution threats by measuring ‘water 

pollution’, especially for chemicals that are almost insoluble in water.  The assumption that the 

risk from chemical pollutants can be assessed for either pore water or elutriate concentrations by 

and through the use of partitioning coefficients is not supported by any evidence in biology that 

these measures represent the risk to living organisms from pollutants. The reason lies in the 

essential nature of living organisms; the exchanges of chemicals between living organisms and 

the surrounding environment are active, not passive. 

 The unique attribute of living organisms is that they can maintain an internal 

environment that is very different from the external environment by having a virtually 

impermeable biological membrane. Living organisms then stringently regulate which 

substances cross the membrane, when and in what quantities. Were living organisms open to 

poisoning by passive intake of toxic substances as assumed in the diffusion model, they would 

quickly suffer metabolic disruption, morbidity and death even in healthy estuaries, because there 

are many noxious substances in the natural world. The biological membrane excludes them. 

  This thesis presents contemporary evidence from cell biology and molecular biology 

as well as ecology to build the case that the diffusion model is inconsistent with the functioning 

of biological systems. The protein model is offered as a better approximation of reality. 

 

1.5 IMMUNOLOGICAL MODEL 

The immunological model is developed in Chapter 5. The macrobenthic community information 

used to assess the immunological model entails the identification of patterns of changes to 

higher taxa resulting from pollution. This model predicts that annelids are more pollution 

resilient than molluscs, which are more pollution resilient than crustaceans. 

 

1.6 THIS THESIS 

This thesis was undertaken because, within a few weeks of completing a survey that identified 

Kedron Brook (a riverine estuary that drains into Bramble Bay) as severely degraded (Quinnell 

1996), a mass mortality event affected macrobenthos on the beaches of Bramble Bay (early 

1996). Virtually all invertebrates, except for those in the upper 20 – 30 m of the intertidal 

habitat abruptly died, leaving countless empty mollusc shells and millions of unoccupied worm 

tubes (Quinnell pers. observ.). Another mass mortality event occurred again a few weeks later, 
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then again and again. The beach is the site of an Environmental Education Centre and staff 

reported that they had never observed this before
f
. Monitoring soon after showed that 

macrobenthic communities in other urban riverine estuaries that discharged into Bramble Bay 

were as impoverished as in Kedron Brook.  

 Investigations were initiated with an advisory group established involving researchers 

from Griffith University, the University of Queensland, Queensland Government Scientists, the 

Queensland Museum, Australian Marine Conservation Society, Nudgee Beach Environmental 

Education Centre, a chemical testing laboratory (Envirotest), the Boondall Wetlands 

Management Committee and Brisbane City Council. The aim was to identify what was causing 

the mass macrobenthic mortality events and the persistent ecological impoverishment of the 

Bramble Bay estuary. Four more years of fieldwork resulted. This thesis is the outcome. 

 

1.6.1 Aim and Research Questions  

The primary aim of this thesis is to identify what was causing mass macrobenthic mortality 

events and persistent ecological impoverishment of the Bramble Bay estuary. This generates an 

overarching Primary Research Question (PRQ). 

 

Research Questions 

PRQ: What factors caused the mass macrobenthic mortality events and persistent ecological 

impoverishment of the Bramble Bay estuary? 

The PRQ has been disaggregated into six secondary Research Questions (RQs). These are: 

RQ 1: What has been the nature of the changes in the Bramble Bay estuary and when and where 

did they originate? 

RQ 2: What ecological community measures changed?  

RQ 3: What statistical analyses are most likely to detect significant pollution impacts on 

macrobenthic communities? 

RQ 4: Can changes to macrobenthic communities be accepted as ecologically reliable 

indicators of pollution? 

RQ 5: Do the changes in the macrobenthic community ecology of Bramble Bay indicate what 

factors are affecting it?  

RQ 6: Why did chemical tests fail to identify the cause of Bramble Bay’s impoverishment? 

  

1.6.2 The approach 

This thesis is strongly deductive: i.e. it will make inferences from the general to the particular. It 

will make use of many data sets. Some of these will be used to generate hypotheses pertaining to 

how macrobenthic communities in putatively contaminated estuaries change. They will be 

                                                 
f
 M-A Pattison, Principal, Nudgee Beach Environmental Education Centre. 



                                                               Estuarine canaries 

 

14 | P a g e  C h a p t e r  1 :           I n t r o d u c t i o n  
 

concerned with the effects on community biodiversity and total abundance as well as changes in 

the abundances of major higher taxa and trophic groups. (The basis for exclusion of measures of 

total species richness from consideration will be explained.) Other data will test these hypotheses, 

which will allow for powerful inferential conclusions about pollution in Bramble Bay and 

pollution in general to be drawn. 

 

1.6.3 Organisation of this thesis    

Chapter 2 is a critical literature review. It defines estuarine ecosystems, shows how the estuarine 

food web is constructed and explains why estuaries are vulnerable to chemical pollution and 

nutrient enrichment. There is a pertinent review of how chemicals affect living organisms. It 

explains in detail why substrate-sorbed pollutants may pose a very high risk to any biological 

community in any aquatic or terrestrial ecosystem and why the diffusion model should be 

rejected. How common pollutants affect the health of living organisms also is described. This 

chapter also considers how macrobenthic communities are studied; especially what community 

attributes are measured, and how data are compared. 

Chapter 3 is about the rationale for the studies whose data are used in this thesis. It will 

introduce each individual study and state its purpose and how it was undertaken. It will state 

Chapter 3 also shows how the studies have been integrated to produce this thesis. There are six 

groups of studies. They are:  

(1) Background studies: These studies are not designed to answer a RQ, but are 

prerequisites for data interpretations. One was intended to prepare abundance data so that 

they may be validly employed. It deals with the issue of how to compare animals that are 

of different shapes and very different sizes. The other was needed to gather support for a 

hypothesis about how annelids incorporate ingested food. This is important for the 

immunological model. 

(2) What to measure: This study will identify the community measures that are the most 

sensitive to pollution and which should, therefore, be used to assay estuaries using 

macrobenthos. It will compared data from healthy and polluted riverine estuaries. This 

addresses RQs 2 & 3. 

(3) Estuary size impacts: In preliminary analyses of macrobenthic data from healthy 

riverine estuaries, it was found that only one abiotic variable had a pronounced impact on 

macrobenthos in riverine estuaries – estuary size; specifically very narrow estuary width. 

Evidence of this estuary ‘size’ impact will be provided. Additional data analyses are 

undertaken to quantify the impact.  

(4) The study of the similarity of macrobenthos in healthy estuaries: This study tests the 

vulnerability of macrobenthic communities to powerful abiotic variables, including 

‘estuary’ (i.e. Do different estuaries affect the macrobenthic community?) and ‘time’ (i.e. 
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Do seasons, floods and extremes of temperature affect macrobenthic community 

ecology?)  

(5) How pollution changes macrobenthic community ecology: This looks at the past state 

and changes in macrobenthos of Bramble Bay and large riverine estuaries in south-

eastern Queensland. Community patterns that are consistent with known pollution 

impacts will be sought. This addresses RQs 1, 2, 4 & 5. 

(6) Why did chemical tests fail to identify the cause of impoverishment of Bramble 

Bay? This assesses the protocols used by ecotoxicology to measure the environmental 

risks of pollution. This study addresses RQ 6. 

Chapter 4 presents data tests.  It brings together findings from 16 different studies to 

interpret the nature of the impact on Bramble Bay. Chapter 4 also addressed the peripheral but 

critical issue of how data on estuarine macrobenthos is handled. It will show why all researchers 

should investigate their data before undertaking statistical analyses. 

Chapter 5 interprets the findings in Chapter 4 in the light of information provided in 

Chapter 2. It will summarise findings on how macrobenthos should be measured in search of 

pollution signals. Then the impacts on the Bramble Bay estuary are diagnosed through answers to 

the RQs posed on p. 13. Chapter 5 then tests the diffusion model and protein model for their 

sensibility in light of the evidence of impact of pollution from the Bramble Bay estuary and other 

riverine estuaries in southern Queensland. It also elaborates the immunological model. Both the 

reproductive strategy model and the equilibrium species concept are appraised. Chapter 6 

provides the conclusions to this study.  
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Chapter 2 

LITERATURE REVIEW 

 

2.1 ESTUARIES 

There are two basic estuary types – embayment and riverine
a
. Embayment estuaries form in 

drowned river valleys, fjords and shallow basins that are partially occluded from marine waters by 

islands or sandbars (Odum, 1971, p. 352f). Often they have near-marine conditions. Bramble Bay, 

which is a focus of this study, is an embayment estuary. Because it is protected from strong current 

flow, the Bramble Bay estuary is a very low kinetic energy system with deep soft muddy sediments 

that are organically enriched (Dennison & Abal 1999). Historical maps suggest that it was so before 

Europeans settled in Queensland (Steele 1975).  

Riverine estuaries are the tidally-influenced reaches of terrestrial drainage systems that flow 

into embayment estuaries or marine waters. Some are very large, such as the Sunderbans (Pasha & 

Siddiqui 2006). Others are small. At the mouths of riverine estuaries, catchment runoff slows as it 

enters receiving water bodies, allowing the deposition of a large portion of transported sediments. 

Accumulating sediments may form complex deltas – meandering, anatomizing drainage channels of 

usually muddy sediments. Deltas are important fish and crustacean nurseries (Stephenson & Dredge 

1976; Quinn 1980; Brown 1986; Bottom & Jones 1990; Blaber et al. 1995; Pinto & Punchihewa 

1996; Mattila et al. 1999; Quinnell 1999; Thallot et al. 1999; Ray & Straškraba 2001; Akin et al. 

2003; Meager et al. 2003; Dorenbosch et al. 2008). They also may be important habitats for 

cetaceans, dugongs, turtles, seabirds and wading birds (US EPA 2011a). Riverine estuaries in south-

eastern Queensland provided some of the data used in this thesis. 

  Riverine and embayment estuaries have many common ecological attributes, except for 

flood vulnerability. Because waters in riverine estuaries are often largely contained within a 

restricted area during floods, a large volume of water may be transported through a relatively small 

drainage area over a short time. (There are exceptions to this when flooding rivers inundate 

floodplains, although even here the flow within the main river channel remains vigorous.) Therefore 

during floods, riverine estuaries are highly vulnerable to disturbance by the high kinetic energy of a 

narrow band of fast-moving flood water. In contrast, embayment estuaries tend to be wide shallow 

water bodies with few fast moving currents. Consequently, flood waters may disperse over a large 

area. Embayment estuaries usually have very low kinetic energy. In contrast, riverine estuaries are 

only sometimes low kinetic energy ecosystems. 

                                                 
a
 Other estuary types are often identified: e.g.  ‘Closed-bar estuaries’ are wetlands separated from the sea by 

sand barriers. They usually discharge above tidal level and may be influenced by marine ecosystems only 

during extreme high tides and storm surges. Because of the limited marine influence and because they are 

relatively uncommon, closed-bar estuaries will be excluded from this study, as will other minor estuary types. 
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Moderate to heavy catchment runoff generates extreme hyposalinity (< 2 ‰) in riverine 

estuaries (Data from Campbell et al 1974a, b). The extremes of low salinity encountered in flooding 

rivers (< 0.5ppt of salt) may rarely be encountered in embayments, even after severe floods, because 

the ratio of runoff water volume: receiving water volume will be much lower than in most flooding 

riverine estuaries. Nevertheless, hyposalinity may affect embayments during floods (e.g. 

Stephenson et al. 1977; Saenger et al. 1982). 

 

2.2 WHY ESTUARIES ARE HIGHLY PRODUCTIVE  

Estuaries are highly productive ecosystems (Odum 1968; Correll 1978) in which organic matter is 

derived from external habitats as well as being internally generated. The productivity of estuaries 

directly predisposes them to pollution. The reasons become evident when the nature of estuarine 

productivity is understood.  

External productivity is influenced by offshore marine waters from which nutrients and 

particulate and dissolved organic matter may be delivered to estuaries by currents (Mulholland & 

Olsen 1992). These currents also carry colonizing organisms into estuaries, especially planktonic 

stages of r-strategists. Evidence for this is the occasional appearance in Bramble Bay and the 

associated riverine estuaries of species normally associated with the tropical Great Barrier Reef 

region, carried south by the East Australian Current: e.g. the gastropod Telescopum telescopum 

(Potamididae) (Quinnell, pers. observ.) and some species of fish (Quinnell 1999). However, tropical 

settlers rarely survive winter at this latitude (27
0
20’38” S).  

Freshwater inflow into estuaries from rainfall runoff and/ or snow melt in catchments 

transports soils, solute nutrients, soluble organic matter and particulate organic matter, including 

detritus, from catchment headwaters. Minor contributions to estuarine productivity come from air-

born nutrient inputs, especially micro-particles of dust that are transported by rain (Dennison & 

Abal 1999).  

Bioturbation by burrowing animals (benthos) is ecologically important in estuaries because 

it induces and influences nutrient fluxes between sediments and water, especially pore waters 

(Tuominen et al. 1999). Thus, bioturbation may influence the bioavailability of pollutants and 

nutrients within estuaries and so affect estuarine productivity (Touminen et al. 1999; Mazik & Elliot 

2000) and macrobenthic community ecology. Any loss of burrowing macrobenthos because of 

pollution probably has adverse implications for nutrient cycling in estuaries. A loss of or reduction 

in benthos may have flow-on effects for total estuarine ecology. 
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2.2.1 Vascular plants 

Green plants within estuaries also contribute to estuarine productivity. Photosynthetic bacteria and 

algae, as well as intertidal chenopods (Chenopodiaceae), grasses (Poaceae) seagrasses (several 

families) and mangroves (several families) (Clough 1982; Hutchings & Saenger 1987; Adam 1990;) 

may all provide large quantities of organic matter with lesser inputs from estuarine animals. 

Mangroves are the largest plants in tropical to warm temperate estuaries (Clough 1982; Hutchings 

& Saenger 1987; Lonergan et al. 1997; Dittman 2001). Their litter accounts for as much as 60% of 

total ecosystem productivity in tropical latitudes (Odum 1968, 1971): e.g. in northern Queensland, 

mangroves’ net productivity is up to 36 kg C
b
/ ha/ day where there is an abundance of phosphorus 

in the sediments, but lower where phosphorus availability is limited (Boto et al. 1984). Within 

Bramble Bay, six species of mangroves from four families form extensive stands (Quinnell et al. 

1999). These must make an important contribution to total estuarine productivity. However, it will 

be lower than in tropical areas. 

Mangrove roots play an important role in estuarine nutrient cycles (Alongi et al. 2000) and 

total estuary productivity. In Botany Bay, a temperate estuary in New South Wales, mangroves 

occupy only 5.78% of the total surface area, but generate up to a third of estuarine primary 

productivity (Hutchings & Saenger 1987, p. 271). Mangrove productivity in subtropical Bramble 

Bay will be higher than in Botany Bay. Therefore, anything in Bramble Bay that affects mangrove 

survival may have implications for total estuarine productivity.  

Bramble Bay’s mangroves seemed resilient to recent human impacts until ~ 2008 when 

plants along the foreshore of the bay began to show signs of die-back. The actual cause is unknown. 

Plants may be suffering poisoning from pollutants: e.g. mangroves may accumulate heavy metals 

(Ramos de Silva et al. 2006; Agoramoorthy et al. 2007) and are sensitive to herbicides (Duke et al. 

2005). However, because the sediment-dwelling fauna of Bramble Bay is severely impoverished, it 

is possible that reduced sediment bioturbation may have affected oxygen availability in the 

substrate. This is known to lead to changed microbial assemblages (Hiratsuka et al. 2003; Zhang et 

al. 2008), which may alter nutrient exchange and so affect both mangrove health and total 

ecosystem functioning.  

 Seagrasses may add much to total estuarine productivity (Van den Hock et al. 1979; 

Lonergan et al. 1997; Hernándz et al. 2001; Vizzini et al. 2002; Anderson and Fourqurean 2003; 

Hernándaz-Arana et al. 2003; Uku & Björk 2005; Abu Hena et al. 2007; Jung et al. 2008). One 

study found that the seagrass, Halophila ovalis (Hydrocharitaceae), had an average productivity of 

500 g C/ m
2
/ year and generated approximately 350 t DWt 

c
 of plant material (4,200 kg of N 

d
 and 

                                                 
b
 C = carbon.  

d
 DWt = Dry weight. 

http://en.wikipedia.org/wiki/Hydrocharitaceae
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630 kg of P 
e
) per year. Very dense stands of H. ovalis in shallow waters produced up to 1,200 g C/ 

m
2
 per year (Hillman et al. 1990). Three seagrasses are present in parts of Bramble Bay (Zostera 

capricorni, Zosteraceae, Halophila ovalis and Halodule uninervis, Cymodoceaceae), including the 

associated riverine estuaries. Anecdotal reports suggest that seagrasses were once widespread but 

have decreased because of human activities. High turbidity limits light penetration of the water 

column and therefore the depth to which seagrasses may grow as well as their productivity. When it 

was first mapped by Europeans, Bramble Bay had a muddy substrate (Steele 1975) and will have 

had turbid waters, especially in summer when wave activity is highest and heavy rain falls 

frequently (Stejskal 1985). However, the bay’s turbidity today may be higher owing to increased 

catchment erosion since 1824 when Europeans began to colonise southern Queensland. Routine 

dredging of a marina within Cabbage Tree Ck in northern Bramble Bay also may be increasing the 

estuary’s turbidity. In addition, seagrass beds of Bramble Bay have been smothered by overgrowths 

of epibenthic algae that have been nourished by large amounts of sewage effluent released into 

southern Bramble Bay (Dennison & Abal 1999). Any reduction in seagrass area probably has 

reduced the number of macrobenthic species Bramble Bay can support; especially gastropod 

molluscs, many of which are grazers (Davie 1998; Beesley et al. 2000).  

 Whilst estuarine seagrasses are highly productive and may support herbivores, including 

dugongs (US EPA 2011a), they may be more important ecologically for the detritus they generate. 

Also, seagrasses create habitats that support communities of animals which, whilst they do not feed 

on seagrasses, settle upon (e.g. hydroids and bryozoans) or take shelter within the leaves and stems 

(e.g. crustaceans) (Quinnell unpubl. data.). Consequently, animals that putatively eat seagrasses 

may be feeding on the associated microfauna rather than on the actual seagrass. Lonergan et al. 

(1997) showed that penaeid crustaceans feeding on seagrass assimilated the associated small 

animals, not the plants. They probably also assimilate microbes and microbial biofilms that coat 

seagrass leaves (see Fenchel 1970). Thus, there may be relatively few true herbivores in many 

estuaries.  

 

2.2.2 Microbes play a most critical ecological role 

Microbes rather than green plants support much of the total estuarine animal biomass. 

Understanding the role of estuarine microbes is pivotal to understanding estuarine ecology and how 

pollutants impact estuaries. Microbes, especially bacteria and Achaea are at the hub of estuarine 

ecology: e.g. 1 gm DWt of leaf material from seagrasses supported an average of 3 x 10
9
 bacteria 

(Fenchel 1970). Such bacteria are also very abundant in estuarine sediments: e.g. 1.63 x 10
9
 of 

                                                                                                                                                     
d
 N = Nitrogen. 

e
 P = Phosphorus. 
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bacteria have been measured / ml of wet sediments (Ekebom 1999); 0.20 − 3.54 x 10
9
 bacteria / gm 

of sediments (Kuwae and Hosokawa 1999); and between 1.17 x l.0
8
 –  9.97 x 10

9
 /gm of bacterial 

matter / gm of dry sediments (Dale 1974). This has major implications for the estuarine food web: 

“The prokaryotes (the bacteria) comprise the bulk of the biomass and chemical activity in 

sediments. They are well suited to their role as sediment chemists, as they are the right size and 

have the required metabolic versatility to oxidize the organic carbon in a variety of different 

ways. The characteristic vertical nutrient (electron donor and electron acceptor) profiles seen 

in sediments are produced as a result of microbial activities, with each nutrient a product or 

reactant of one or more metabolic groups.” (Nealson 1997, p. 403). 

There are two functional types of microbes – microautotrophs (synthesisers) and 

microheterotrophs (decomposers). Autotrophic microbes fix energy and construct the basic 

molecules for life from inorganic substances. Decomposing (heterotrophic) microbes are critical in 

the release of nutrients from the detrital food chain (Matz et al. 2011). Decomposers tend to be 

much more abundant in sediments than in the water column (Odum 1971; Madigan et al. 2003; 

Sutherland et al. 2004). This reflects the large quantity of detritus that estuaries accumulate in their 

sediments. This is why estuarine ecology in healthy ecosystems is largely sediment-based and, 

consequently, the detrital food chain greatly dominates the pelagic food chain. Their ability to 

accumulate large amounts of detritus also makes estuaries extremely pollution-vulnerable.  

 

Autotrophic microbes (microautotrophs) 

Microbes largely sustain estuarine ecosystems. Microautotrophs are single celled organisms that 

synthesize organic matter using chemical bonds or sunlight as energy sources. They are critical for 

estuaries’ ability to generate high internal productivity. These photosynthesisers come from a 

diversity of groups, including purple proteobacteria, nitrifying bacteria, cyanobacteria, 

prochlorophytes and unicellular algae (Madigan et al. 2003 pp 354f; Davies 2004). Each group has 

unique biochemical processes that, when integrated with other groups, provides the microbial 

foundation for the estuarine food web. Microautotrophs are especially important drivers of the 

major biogeochemical cycles, especially C, N and S
f
, and play a pivotal role in pollution storage, 

particularly within estuarine sediments. The relative ecological positions of the various groups of 

microautotrophs are depicted in Figure 2.1. Major groups of microautotrophs are considered below. 

 

Chemoautotrophs: Chemoautotrophs use the energy of inorganic chemical bonds (e.g. SO2, NH4
+
 

and H2S) as a source of electrons during the synthesis of organic molecules (Madigan et al. 2003, p. 

359f). Because such chemical substrates are readily available in estuarine sediments, dense 

                                                 
f
 S = Sulphur. 
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populations of microautotrophs readily develop here, especially if the sediments are anoxic (e.g. 

Haglund et al. 2003). Chemoautotrophs also produce extensive biofilms (sheets of polymers of 

lipopolysaccharides) (Adam 1990; Heck et al. 1995; Goosen et al. 1999; Boyer & Fong 2005; 

Domingues et al. 2005; Thomas et al. 2005; Jung et al. 2008) in which bacteria embed themselves: 

e.g. in sewage-contaminated estuaries biofilms of sulphur-oxidizing bacteria twist end-to-end chains 

of cells into tufts (Madigan 2003, p. 360f). The critical importance of the biofilms as primary sites 

for pollutant storage in estuaries, in soils and other aquatic ecosystems, is a major theme that will be 

developed within this thesis.  

 

 
  

Photoautotrophs: Photoautotrophic microbes, which use the energy of sunlight for the synthesis of 

organic molecules (Palenik & Haselkorn 1992; Madigan et al. 2003), also add to total estuarine 

productivity. There are several groups. Purple bacteria, which photosynthesise without oxygen (O2), 

using purple pigments for light capture (Madigan et al. 2003 p. 354), make an important 

contribution to total ecosystem productivity. These microbes are tolerant of anoxia and therefore 

tend to proliferate on anoxic estuarine sediments. Where they may, purple bacteria also can function 

as heterotrophs (see below), using simple organic molecules as their carbon source instead of 

carbon dioxide (CO2) (Madigan et al. 2003 p. 355f). Purple bacteria generate biofilms (Ramsing et 

al. 1993).  

 

Prochlorophytes: Prochlorophytes, which are pelagic rather than benthic microbes, are abundant in 

open oceans (10
4
 – 10

5
 cells/ ml) where they play an important role in primary production (Madigan 

 

 

Figure 2.1: Importance of different 

microautotrophic groups in total estuarine 

ecology. Illustration: S. Quinnell. 
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et al. 2003, p. 424), and in freshwater lakes (van Liere 1989).  I could not find any information on 

this group in estuaries, but prochlorophytes may be present in the estuarine water column, 

especially in nutrient enriched estuaries. Prochlorophytes also generate sheets of biofilms (Li 1994). 

Cyanobacteria: Cyanobacteria are common in the sediments and water columns of estuaries. 

Although these microbes usually photosynthesise (Madigan et al. 2003 p. 421), some are facultative 

heterotrophs (Madigan et al. 2003 p. 423). All may produce extensive biofilms (Hockelmann et al 

2004). Some also produce complex organic secretions and exudates that are very toxic to higher life 

forms (South Carolina Task Group on Toxic Algae 1999). Blooms of cyanobacteria, possibly 

triggered by nutrient enrichment in catchment runoff, affect Bramble Bay episodically. However, 

because there is no evidence to link them to mass mortality events in the bay, the ecological impacts 

of toxic cyanobacteria on macrobenthos will not be considered further. 

   Several groups of unicellular algae occur in estuaries (Revilla et al. 2000; Furnas et al. 

2005; Thomas et al. 2005). They also occur as epibenthic growths on sediments where the light 

intensity is high (Le Bris & Glémarec 1996; Fettweis et al. 2006). Groups include Chrysophyta 

(golden algae, diatoms, dinoflagellates and euglenoids), Xanthophyta (yellow-green algae) and 

Chlorophyta (green algae) (Raven 1992, p. 257f). All may be associated with biofilms (Flora et al. 

1995).  

 

Summary for microautotrophs 

Because so many autotrophs live in estuaries, internal estuarine productivity is usually very high 

(Odum 1968; 1971; Correll 1978; Gocke et al. 2001). It has been estimated that estuaries generate ~ 

1,500 gm DWt of organic matter/ m
2
/ year, which is 12 times that of open oceans (~  125 gm/ m

2
/ 

year), 3.75 times that of freshwater lakes (~ 400 gm/ m
2
/ year) and 2.3 times that of cultivated lands 

(~ 650 gm/ m
2
/ year) (Correll 1978). Primary productivity by photoautotrophs in the temperate 

Botany Bay embayment estuary has been estimated as 38.5 t/ ha/ yr (Hutchings & Saenger 1987, p. 

246,). It will be higher in subtropical Bramble Bay where it is warmer year round. However, this 

green matter is not the immediate basis of most of the biomass of the estuarine food web. Rather, 

estuarine ecology is founded on detritus – the dead matter and organic waste material of plants, 

animals and microbes. Consequently, the detritus-based food chain is far larger (more species, 

greater biomass) that the green plant-based food chain (few herbivorous species and limited 

heterotrophic biomass).  

  

Heterotrophic microbes 

Estuaries also support multitudes of heterotrophic bacteria (Rublee & Dornseif 1978; Waidner & 

Kirchman 2007). In Bramble Bay a planktonic heterotrophic dinoflagellate, Noctilica scintillans, 
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(Harrison et al. 2011) sometimes develops into red tides. However, these red tides have occurred 

without associated mass macrobenthic mortality events (Quinnell, unpubl. data). Therefore, they 

will not be considered further. 

 

Fungi 

Decomposing fungi also have been described from estuaries (Da Silva et al. 2003) and appear to be 

very numerous: e.g. 2.5-18.9x 10
4
/ gm DWt of the sediment (Lakshmanaperumalsamy et al. 1986). 

Although relatively little is known about estuarine fungal ecology (Hutchings & Saenger 1987, p. 

130f), given their large numbers fungi are likely to be important in detritus decomposition. In 

Australia, Deutromyctona fungi (‘imperfect fungi’) appear to be best suited to estuarine conditions 

(Hutchings & Saenger 1987, p. 135). The fungal mats, together with swarms of prokaryotic 

microbes, not only decompose detritus, they are food for protists and invertebrates. They also 

produce biofilms. 

 Thus, a diagnostic feature of healthy estuaries is that they contain large amounts of detritus 

that supports high densities and a high biomass of animals that feed on the detritus (deposit feeders) 

or, to be specific, upon microbes, their biofilms and very small invertebrates that feed on microbes 

and their biofilms. Consequently, in healthy estuaries, the detrital food chain is usually dominant 

(Roy et al. 2001; Gray & Elliot 2009, p. 161).  

 

2.3 BIOFILMS – THE KEY TO UNDERSTANDING ESTUARY POLLUTION 

In natural environments microbes usually live in aggregations embedded within a biofilm: a 

gelatinous slime of lipopolysaccharide polymers (LPS) that they secrete. The slime contains 

extracellular DNA, proteins and polysaccharides, especially lipopolysaccharides (LPS). Biofilms 

are widespread, especially on solid substrates, including sediments and suspended matter in aquatic 

ecosystems (Bhaskar & Bhosle 2005; Matz et al. 2011). Biofilm chemistry is very complex. 

Knowledge of it is critical for understanding pollution in estuaries, other aquatic ecosystems and 

soils. 

A biofilm’s chemical composition is influenced by multiple factors, such as the available 

nutrients, temperature, pH and the overall biochemistry of the microbial community (Dirckx 1997; 

Decho 2000; Magalhães et al 2005). Complex organic chemicals and nutrients often bind to 

biofilms and may then be used as food by microbes (Flora et al. 1995; Singh et al. 2006; Bourques 

& Hart 2007). Sorbed substances are then degraded within the biofilm by ectoenzymes (external 

enzymes) (Shearer 1972; Flemming 1995; Decho 2000; Da Silva et al. 2003; Sala & Güde 2004) 

that are synthesised and released by bacterial cells (Zaccone et al 2002). Pollutants also bind to 

biofilms (Loaëc et al. 1997). Indeed, many pollutants are denatured in this way (Nwachukwu et al. 
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2001; Bhosle et al. 2004; Cho et al 2004; Bach et al. 2005; Writer et al. 2011a, b). Indeed, this 

process is the basis of bioremediation of polluted substrates (Flemming 1995; Bhosle et al. 2004; 

Singh et al. 2006; Writer et al. 2011a, b). Essential metabolites are then imported by microbes using 

transport proteins within the cell membrane (Madigan 2003; Alberts et al. 2008). This is an 

important route by which organic carbon in marine and estuarine food webs is cycled (Bhaskar & 

Bhosle 2005).  

By following detrital decomposition pathways, Sala & Güde (2004) found that microbial 

decomposition provides a rich mix of fine particulate organic matter – potential food for deposit-

feeding eukaryotes, including protists and invertebrates. Thus, in many natural ecosystems, 

increasing quantities of biofilms encourage increasing numbers of bacteria, which produce more 

biofilm that traps more nutrients and organic molecules that may be used as food by bacteria, which 

leads to a higher bacterial biomass and the synthesis of more biofilm and so on (Matz et al. 2011). 

This positive feedback process may continue until the limit of the ecosystem’s ability to sustain 

microbes is reached. Consequently, organically enriched habitats, such as the sediments of 

estuaries, are likely to have prolific biofilm growth that encapsulates much organic matter and 

complex molecules, including many pollutants. For this reason many pollutants in estuarine 

ecosystems are predominately sorbed to the sediments. The same will be true of other ecosystems in 

which the food web is based on detritus or soil substrates. Ecosystems in which the food web 

depends mostly upon green plants may be less pollution-vulnerable (e.g. open oceans, riverine 

freshwaters with high kinetic energy and the photic zone of lakes).   

In aquatic ecosystems, sediment disturbance may result in fragmentation of the biofilm. 

Thus contaminants previously stored quite deeply in sediments may be exposed to the activities of 

aerobic microbes through whose complex biochemistry they may be reactivated. Biofilms have 

another function in soft-bottomed habitats such as estuaries – they provide stability to the substrate, 

countering the disturbance caused by waves and currents and by the burrowing activities of benthic 

animals (bioturbation) (Davey 1993). There is evidence that nanoparticles also may sorb pollutants 

(Canesi et al. 2012; Zangi & Filella 2012). Although this is plausible, it has not been widely 

investigated. 

 

2.4 ESTUARINE FOOD WEB 

For this study two food chains will be recognised: the detrital and pelagic. Within macrobenthic 

communities the deposit feeders belong to the detrital food chain and the suspension feeders to the 

pelagic. Under the protein model (Quinnell et al. 2004), the detrital food chain is the trophic 

pathway through which pollutants sorbed to sedimentary matter will enter the macrobenthic 

community. The pelagic food chain is the one through which pollutants sorbed to organic matter in 
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the water column (including small living organisms that are food for benthic suspension feeders) 

will be imported. Each is considered below. How these food chains may be linked to form the 

macrobenthic food web is also considered. 

 

2.4.1 Detrital food chain in macrobenthic communities 

Although bacteria use the biofilm as a protective barrier to escape detection by predators, including 

protists and small invertebrates (Matz et al. 2011), the biofilm is so rich in organic carbon that for 

invertebrates it is an important source of complex organic molecules that they may use as food 

(Bhaskar & Bhosle 2005). In estuaries, often the first eukaryotes to ingest the biofilm and 

associated bacteria are heterotrophic protists, many of which actually live within the biofilms, 

contributing to their formation through mucosal secretions (Ruppert & Barnes 1994). As a result, 

complex biological communities that are colonized in a successional manner develop within 

microbial biofilms (Kinner & Kurd 1987). Chemical changes to the biofilm may result from 

changes to community biochemistry as different suites of microbes enter and leave the biofilm. This 

may have implications for pollutants storage and bioavailability. 

Sediment-associated biofilms, together with the embedded biological community, are eaten 

by very small invertebrates, such as oligochaetes, nematodes and rotifers, which may live within the 

biofilm (Matz et al. 2011). Few deposit feeders seem able to make direct use of detritus, even if it is 

ingested during feeding (e.g. Lonergan et al. 1997). This is because most metazoans are unable to 

synthesise the enzymes necessary to directly digest both plant cell walls (cellulose, hemicellulose 

and pectases) and fungi cell walls (chitin) (Raven 1992, p. 33f; Sala & Güde 2004). Research has 

identified a gene in decapods that codes for the synthesis of cellulase (Crawford et al. 2004). 

However, this gene does not seem to have been reported in other higher taxa, nor is it widely 

reported within Decapoda. Without the decomposing microbes the nourishment within estuarine 

detritus probably could not be accessed by eukaryotes. Nevertheless, many eat it. Some benthic 

animals have been observed shredding detritus before ingesting the particles (Fenchel 1970).  

Here, another group of decomposing microbes associated with ingested detrital matter is 

important: the symbiotic bacteria that are housed in the gut of most animals. These symbiots 

convert ingested complex plant carbohydrates into a form that animals can assimilate (simple 

carbohydrates) (Price 1991; Prins & Kreulen 1991; Cazemier et al. 1997; Erasmus et al. 1997; 

Simon & McQuaid 1999; Crawford et al. 2004; Shukla & Tiwari 2006). One study of annelids 

counted between 5.9 x 10
9
 and 8.1 x 10

9
 apparently symbiotic bacterial cells / gm D Wt (dry 

weight) of worm casts (Kristůfek & Ravasz 1995). In another, 10
11

 bacteria/ ml were counted in a 

worm’s hind gut (König 2006).  
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A portion of the ingested nutrients made available by symbiots and even the symbiotic 

bacteria themselves are incorporated into deposit feeders themselves via endocytosis (the only 

known cellular mechanism for food uptake [Alberts et al. 2008, p. 787]) on the gut wall. In most 

animals, endocytosis of food takes place at the external domain of epithelial cells lining the gut 

(Michel & De Villez 1978; Simon & McQuaid 1999). However, annelids are different. Endocytosis 

in annelid intestines is reportedly limited or nonexistent (Ruppert & Barnes 1994, p. 508; Pechenik 

2010 p. 325): i.e. food is not freely transported from the annelid gut into its body by the only 

cellular mechanism known to be able to incorporate macromolecules. Annelids and relatives 

(sipunculids, pogonophorans and probably echiurids) seem to have peculiar digestive physiology 

that may have implications for their tolerance of pollution.  

Feeding strategies can be complex. Some suspension-feeding bivalves, whose gills are 

modified to act as feeding surfaces (Beesley et al. 2000), can feed at very low trophic levels by 

endocytosing LPS and bacteria as well as organic matter collected on their gill surfaces (Dufour 

2005). Some of the incorporated bacteria may not be sent to a lysosome for digestion (see Alberts et 

al. 2008, p. 164f for explanation of the lysosomal pathway), but are taken along a different cellular 

transport pathway to be stored within other vacuoles. Here, the bacteria appear to function as 

symbiots, chemotrophically fixing CO2 into carbohydrates using sulphides dissolved in sea water as 

the energy source (Pechenik 2010 p. 252f). Epicodakia gunnamatta (Lucinidae), a bivalve found in 

Bramble Bay, does this (Beesley et al. 2000, p. 207). It is possible that the host bivalve may use 

these carbohydrates as food.  

Some deposit feeders eat a range of food from meiofauna (Lakshmanaperumalsamy et al. 

1986; Lillebo et al. 1999; Lelieveld et al. 2003; Baird et al. 2004) to bacteria, protists and biofilms 

(Schmidtt et al. 1995; Denman 2003) that are wrapped around sediment particles (Al-Awadhi et al. 

2003). So much detrital food is available in estuaries that many macrobenthic animals subsist on it 

alone and may consume large amounts of detritus relative to their sizes: e.g. adult Gammaridae 

amphipods may consume ~ 60% of their body weight per day whilst growing juveniles eat 100% of 

their body weight per day (Beesley et al. 1998, p. 739). Therefore, in many healthy estuaries, 

peracarids are very important ecologically, especially if they are very abundant (Thomas 1993).  

In estuarine, marine and freshwater habitats deposit-feeding tanaid peracarids often account 

for > 50% of total macrobenthic abundance (Thomas 1993; Chintiroglou et al. 2004; Dias & Hassal 

2005; Lourido et al. 2008; Chang-Fu Wang et al. 2010). Historically, this has been so in healthy 

riverine estuaries of south-eastern Queensland where Longiflagrum estuarius (Apseudidae) is 

endemic (Fig. 2.2) (Boesch 1973; Campbell, et al. 1974a, b). Longiflagrum estuarius appears to be 

an omnivore and, like many tanaids (Drumm, et al. 2006), searches the surface of sediments for  

 

http://www.springerlink.com/content/?Author=C.-C.+Chintiroglou
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food at night (P. Davie
g
, pers. comm.), consuming anything from microbes and biofilms to small 

animals (Ruppert et al. 2004, p. 661). Thomas (1993) and Drumm et al. (2006) proposed that such 

tanaids may regulate other community components through top-down predation upon settling young 

of broadcasting taxa and possibly upon young peracarids. As such, deposit-feeding peracarids may 

be the macrobenthic community’s equilibrium species (Thomas 1993). 

Deposit-feeding peracarids influence estuarine nutrient cycles by shredding pieces of 

plants, animals, microorganisms and biofilms into small bits before ingesting some. This releases a 

cloud of fine particulate organic matter, so linking the detrital and pelagic estuarine food chains. 

Other deposit feeders may use the organic particles that settle out. Suspension feeders may use that 

which remains suspended 

(Hutchings and Saenger 1987). Shredding of detritus by peracarids also encourages further 

decomposition by bacteria and fungi (Fenchel 1970). Some peracarids use their legs to stir 

sediments, straining the suspended soup for pieces of food (i.e. they are, in effect, filter-feeding 

deposit feeders). Others are true suspension feeders that extract food from the water column 

(Ruppert & Barnes 1994). However, in healthy estuaries the majority of peracarids are deposit 

feeders (Thomas 1993; Chintiroglou et al. 2004; Dias & Hassal 2005; Lourido et al. 2008; Chang-

Fu Wang et al. 2010). Indeed, the quantity of the detrital component of the estuarine food web is so 

great that in healthy estuaries it sustains ~ 95% of the total abundance of macrobenthos (Rybarczyk 

& Elkaïm 2003).   

 

Some ecosystems will not be as pollution-vulnerable as estuaries 

In general, trophic pathways in estuaries and other low kinetic energy water bodies (e.g. ponds, 

lakes, and some regions of the subphotic zone of oceans) differ fundamentally from pathways in 

ecosystems where green plants are the basis of the food web, such as many streams, rivers and 

clear, shallow freshwaters where vigorous currents may flush particulate organic matter away. 

Thus, they usually contain less decomposing matter and therefore sustain fewer microbes.  As a 

result, lesser quantities of microbial biofilms will be synthesised. Consequently, such ecosystems 

will be less vulnerable to the accumulation of pollutants. 

 

                                                 
g
 Peter Davie, Senior Curator (Crustacea), Queensland Museum. 

 

 

Figure 2.2: A generalized Apseudidae tanaid 

(Peracarida). Redrawn by S. Quinnell from 

Larsen 2010. 

http://www.springerlink.com/content/?Author=C.-C.+Chintiroglou
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2.4.2 Pelagic food chain and bacteriophages in macrobenthic communities 

The pelagic food chain sustains suspension-feeding benthic members of a macrobenthic 

community. These subsist on plankton and suspended organic particles. In healthy estuaries, the 

numbers of suspension feeders may be as little as 5% of the deposit feeders (Rybarczyk & Elkaïm 

2003). The reason why this is so is not necessarily straight-forward (e.g. less food in the water 

column). Rather, it may relate to suppressed rates of detritus decomposition in the water column, 

and therefore to a paucity of nutrient solutes and dissolved organic matter needed by phytoplankton; 

the primary producers, which, together with suspended particulate organic matter, support the 

pelagic food chain. Benthic-feeding fish may effect control of the pelagic food web through top-

down predation on planktonic organisms that are the food for suspension-feeding macrobenthos 

(Gray & Elliot 2009 p.110). Also, bacteriophages (‘phages’), which are viral pathogens of 

prokaryotes, may be very important regulators of the pelagic food chain.  

 

Bacteriophages 

Bacteriophage activity may be intense in the water column of healthy estuaries (Fuhman 1999). 

This could explain the relatively low number of water column bacteria reported by some 

researchers. In sediments the phages adhere electrostatically to inert particles. Consequently they 

tend to be functionally inactivated (Fuhman 1999; Madigan et al. 2003). Thus, bacterial 

decomposition of particulate organic matter in the water column may be limited and most of the 

nutrients contained within it will be unavailable for use by phytoplankton. Also, dead 

phytoplankton is likely to sink to join the sediments before being decomposed, thus removing 

nutrients from the water column. Consequently, the structure of the food web in healthy estuaries is 

likely to have a limited pelagic food component and be dominated by the detrital trophic pathway 

(Roy et al. 2001; Gray & Elliot 2009, p. 161).  

 

2.4.3 Infaunal carnivores in macrobenthic communities 

Infaunal carnivores are macrobenthic animals that prey on other benthic invertebrates. Some of the 

more common infaunal predators in estuaries of southern Queensland include the often venomous 

glycerid polychaetes (Beesley et al. 2000, p. 128) and moon snails (Polinices spp, Naticidae), which 

hunt bivalves (Beesley et al. 1998, p. 37; Quinnell, pers. observ.). Other infaunal carnivores may be 

opportunists and will eat dead animals and animal parts as well as living prey: e.g. eunicid 

polychaete (Beesley et al. 1998, p. 95), portunid crabs (Fielder & Heasman 1978), and nassarid 

gastropods (Davie 1998; Ravenscroft & Beardall 2003; Quinnell, pers. observ.). Predatory 

peracarids also occur in the estuaries: e.g. the isopod Pseudolana ovalis (Cirolanidae) (Larsen 

2010). 
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2.4.4 Higher trophic orders (large invertebrates and vertebrates) 

Above all of these organisms in the estuarine food web sit the large invertebrates (e.g. crabs and 

some cephalopods) (Quinnell et al. 1999), benthic-feeding fish and wading birds. The highest 

estuarine trophic level incorporates waterbirds, raptors and mammals that feed on fish. In healthy 

estuaries such predators may be functionally important regulators of the density of macrobenthos 

through top-down predation on animals that feed on macrobenthos, especially fish (e.g. Connell & 

Anderson 1999). The Bramble Bay estuary has long supported thousands of wading birds (Quinnell 

et al. 1999) and its creeks have have been important fish nurseries (Stephenson & Dredge 1976; 

Brown 1986; Quinnell 1996). 

 

2.4.5 Food chain coupling  

In healthy estuaries, extensive bioturbation (disturbance of sediments by burrowing infauna) 

couples the estuarine detrital and pelagic food chains (Perissinotto et al. 2003; Pagilosa & Barbosa 

2006). Also, some animals feed on settling organic matter at the the interface of the detrital and 

pelagic food chains, thus effectively coupling the two food chains: e.g. some suspension-feeding 

bivalves (Bachok et al. 2003), especially Tellinidae (Beesley et al. 2000, p. 343) that are common in 

Bramble Bay. Similar trophic plasticity may explain why the estuarine bivalve, Laternula spp 

(Laternulidae) is reported to feed in the water column (Beesley et al. 1998, p. 412), whereas 

dissections and gut content examinations of Laternula gracilis for this thesis revealed large 

quantities of sediments in the animals’ intestines, which is consistent with it being a deposit feeder 

(Quinnell unpubl. data). Others also have found conflicting evidence between experiments under 

manipulated conditions (e.g. Matthews & Fairweather 2008) and field observations (see Beesley et 

al. 2000). The problem is that manipulated experiments may yield misleading findings. ‘Gut 

contents’ based on gut dissections also may be misleading, because an animal may assimilate only a 

small portion of that which it ingests (e.g. Lonergan et al. 1997). The prudent approach demands 

use of multiple sources of evidence ranging from gut dissections to isotope tracing and mesocosm 

experiments. 

When present in large populations, Laternula sp. may play an important role in detrital-

pelagic food chain coupling in another way – through the release of large amounts of faeces and 

other particulate matter into the water column (Beesley et al. 1998, p. 412). Many planktonic 

organisms (e.g. diatoms, dinoflagellates and calanoid copepods) couple the detrital and pelagic food 

chains by having stages that move between the water column and the sediments diurnally. Such 

microalgae are planktonic during the day, rising close to the surface where high light intensity 

allows intensive photosynthesis; descending at night and resting upon the sediments (Gray & Elliot 

2009 p. 109). This day-night movement causes marked changes in the water column community of 
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estuaries (Schabetsberger 2000), which may influence the ecology of macrobenthic communities, 

especially if at night the resting algae become food for deposit feeders. 

 

2.4.6 Assembling the macrobenthic food web 

Figure 2.3 presents a simplified model of a food web in a healthy estuary showing the approximate 

balance of the detrital and pelagic food chains within the web. The model is based on analyses of 

data from healthy riverine estuaries of southern Queensland. It shows that deposit feeders 

contributed ~ 95% of total abundance of the macrobenthos.  

 

                     

 
 

Summary of estuarine food web 

Microbial biochemistry and sediment processing by animals release nutrients from detritus 

(Blanchard et al. 2001; Wilson & Brennan 2004; Gray & Elliot 2009 p. 157). These nutrients then 

may be resynthesised as organic matter by chemoautotrophs and photoautotrophs (Denman 2003; 

Humborg et al. 2003; Vallino et al. 2005), including bacteria, microalgae (Brennan & Niakaido 

1995; Revilla et al. 2000; Wellsbury et al. 2003) and vascular plants. Such microbial activities 

generate critical negative feedback processes, which ensure that rates of nutrient cycling in estuaries 

are rapid (Eyre et al. 1998; Nielson et al. 2003; Cook et al. 2004; Davies 2004). This helps sustain 

estuaries in a state of high internal productivity (Odum 1971 p. 356). It also explains why estuaries 

are so important ecologically, although they account for < 0.3% of the global biosphere (Quinnell
h
). 

                                                 
h
 The calculation was for embayment estuaries only because the size (length) of a riverine estuary may vary 

greatly through time according to runoff/ freshwater input. To estimate the percentage of the world that 

included embayment estuaries coastlines of the world were ‘sampled’ randomly, calculating the surface area 

 

Figure 2.3: Highly simplified model of an estuarine food 

web showing the relationship of the detrital and pelagic 

food chains. The dominance of the detrital food chain 

(the decomposer trophic group and immediately above) is 

evident. It supports ~ 95% of invertebrate biomass. 

.Illustration: S. Quinnell. 
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2.5 KNOWLEDGE OF ESTUARINE MACROBENTHOS  

This section considers what is known about macrobenthos, what changes are known to occur 

naturally in macrobenthic communities and how pollution may be implicated in these changes.  

Our knowledge of estuarine macrobenthos is limited. A search of 10,999,258 articles in 

journals, as well as 432 books and 100 reference works (10,999,790 sources in total) using the 

general science database, ScienceDirect (Accessed 6 Oct, 2011), found that only 4,003 (0.036%) 

articles mentioned ‘macrobenthos’ and just 12,781 (0. 16%) mentioned estuarine or marine ‘macro-

invertebrates’ or macroinvertebrates. Many papers of the latter two categories were about pelagic, 

not benthic fauna. A search for ‘estuary & macrobenthos’ found 2,436 articles (0.022%), whilst 

‘marine & macrobenthos’ found only 3,884 articles (0.035%). Thus, studies of any macrobenthos 

constitute 0.057% of all scientific publications over the past 30 years, whilst only 0.022% of all 

general scientific publications have been about estuarine macrobenthos. This compares with 

225,847 (0.2%) that are about water pollution and 59,364 (0.54%) devoted to biodiversity. Given 

that estuaries are vital ecosystems that are severely under threat and that the macrobenthic 

community sustains much of the estuarine food web, the ecology of estuarine macrobenthic 

communities has been under-investigated. Indeed, there were just 33 papers on estuaries published 

on macrobenthos in 2010 (Jinshui Sun et al. 2012). 

Of the ‘macroinvertebrates’ and ‘macro-invertebrates’ papers > 50% were freshwater 

studies (ScienceDirect 6 Oct, 2011). It seems that more is known about the freshwater invertebrates 

than about estuarine and marine invertebrates combined. Because there are many common 

ecophysiological features for all animals from all types of aquatic ecosystems, information from 

freshwater studies may be useful for interpreting pollution impacts on macrobenthos to a degree. 

However, it is likely to be less useful for understanding estuarine ecology than information from 

marine systems. This is because, although estuarine,  marine and freshwater ecosystems may have 

large numbers of peracarids, most other taxonomic groups of estuarine organisms have strictly 

marine affinities (e.g. polychaetes, brachiopods, sipunculids and echinoderms). A few have 

freshwater origins (e.g. oligochaetes and Corbulidae bivalves [Beesley et al. 1998, 2000]) and had 

terrestrial ancestors (e.g. pulmonate snails).  Nor are insects, which usually dominate freshwater 

macroinvertebrate faunas, often encountered in estuarine studies. Thus, because freshwaters and 

estuaries are dominated by different higher taxa, there may be major ecophysiological differences 

between estuarine and freshwater macrobenthic ecology. Evidence of such differences at the level 

of higher taxa will be presented in the immunological model in Chapter 5.  

 

                                                                                                                                                     
of 30 estuarine habitats. This was then calculated as a percentage of Earth’s total surface. The calculations 

were  ‘generous’ in estimations of estuarine surface area. The real surface area of estuaries probably is < 

0.03% of the global surface. 
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2.6 MEASURING MACROBENTHIC COMMUNITIES  

The commonly studied attributes of macrobenthic community are biodiversity, total species 

richness and total abundances of organisms, and estimates of the species richness and abundances 

of taxa and trophic groups. 

 

2.6.1 Biodiversity 

Biodiversity is assessed as the total number of species in a habitat (e.g. Costanza et al. 2006) and/ or 

the total number of species of higher taxa in a habitat (e.g. number of sipunculid, annelid, 

crustacean and mollusc species) (Krajewski 1994) or the number of species within just one 

taxonomic group (e.g. de Broyer et al. 2003) or in a food chain (Goto & Wallace 2009). 

Biodiversity may be sensitive to pollution (Pascual et al. 2012). Evidence of this will be sought in 

Chapter 4. 

 

2.6.2 Total community attributes (total abundance and total species richness) 

The density of macrobenthos in estuaries can be very high: e.g. 4,000/ m
2
 (Castel et al. 1989) to 

40,000/ m
2
 (Campbell et al. 1974a, b; Stejskal 1985; Dittman 2001). However, it may be adversely 

affected by pollution (e.g. Meire & Dereu 1990; Rakocinski 2000; Guidetti et al. 2000; Belan 2003; 

Rodrigues et al. 2011). Total species richness (number of macrobenthic species/ sample) may also 

decline in polluted habitats (Powilleit & Kube 1999), although the literature suggests that total 

species richness is more resilient to pollution than total abundance.  

 

2.6.3 Higher taxa 

A review of literature on unpolluted estuarine and marine habitats showed that peracarids often 

dominate benthic communities (e.g. Thomas 1993; Chintiroglou et al. 2004; Dias & Hassal 2005; 

Lourido et al. 2008; Chang-Fu Wang et al. 2010). Under polluted conditions, the peracarids tend to 

be replaced by large numbers of annelids (e.g. Bellan 1980; Tsutsumi 1987; Ward & Hutchings 

1996; Amaral et al. 1998; Hibling & Blake 1998; Guidetti et al. 2000; Elías et al. 2001; Charles et al 

2003; Raman & Ganapati 2003; Belan 2004; Samuelson 2001; Cardoso et al. 2007; de-la-Ossa-

Carretero et al. 2010; Pechenik 2010, p. 320f; Joydas et al. 2011). It is generally accepted that 

annelids are more tolerant to pollution than many other taxa,  because they often dominate habitats 

that are so badly polluted that conditions would be very toxic to most eukaryotes (Beesley et al. 

1998, p. 130; Gamenick et al. 1998): e.g.  

“… over 20 years a battery factory discharged large quantities – about 53 tons! – of 

cadmium (Cd) and other heavy metals into the cove, resulting in concentrations of more 

than 10,000 μg Cd per gram of sediment (μg Cd/ g); deposit-feeding animals should be 

http://www.springerlink.com/content/?Author=C.-C.+Chintiroglou
http://www.ncbi.nlm.nih.gov/pubmed?term=%22de-la-Ossa-Carretero%20JA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22de-la-Ossa-Carretero%20JA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
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particularly impacted by such conditions. Yet, the cove supported large populations of the 

deposit-feeding oligochaete Limnodrilus hoffmeisteri (family Tubificidae) …. Clearly the 

increased tolerance to elevated Cd has a genetic basis … worms with dramatically 

increased cadmium tolerance could be obtained after only three generations”  

(Pechenik 2010, pp. 320-321 citing Klerks & Levinton 1989).  

Therefore, changes in higher taxa could be useful in identifying polluted estuaries. Yet, some 

researchers pay little attention to the significance of marked changes in representations of higher 

taxa in macrobenthic communities: e.g. Joydas et al. (2011) studied macrobenthos in the Arabian 

Gulf, but did not recognize a continuing impact from a 1991 spill. To term the polychaetes as 

‘healthy’ belies the continuing impact of the oil spill. 

“… the oil sensitive amphipods (O. Peracarida) were not completely re-colonized at certain 

locations in the bay even 15 years after the spill“. (However the work) … “profiled the 

’healthy’ status of the polychaete communities“. 

This thesis will show that any claim to have identified estuarine health through annelids should be 

made most cautiously, because one of the common ecological consequences of pollution in 

estuaries is replacement of peracarids by annelids.  

 

2.6.4 Trophic changes 

Suspension feeders tend to be highly abundant in organically enriched habitats (e.g. Stephenson et 

al. 1977; Stejskal 1985; Kirby & Miller 2005), although they may die if anoxia develops (Peterson 

et al. 1994). Stephenson et al. (1977), Stejskal (1985) and Stejskal & Chamberlain (1984) showed 

that that the suspension-feeding bivalve, Spisula trigonella (Mactridae) is the most numerous 

species in Bramble Bay, but did not relate this to the impact of sewage discharge into the bay 

(Wilson & Kendrick 1968) and dominance of the macrobenthic community by suspension feeders. 

A literature search in January 2012 located studies of the physiological impacts of pollution on 

species within trophic groups (e.g. Barlow & Kingston 2001), but only a limited number of papers 

linked increased numbers of suspension feeders to nutrient enrichment (e.g. Wilson et al. 1998). 

A similar literature search of the impacts of pollutants on deposit feeders was undertaken. 

Some researchers have investigated the impact of nutrient enrichment (e.g. Rossi 2003). Bauman & 

Fisher (2011) estimated the risk to a deposit-feeding polychaete of heavy metal concentrations in 

pore water (a diffusion model approach) that under the protein model conveys no information about 

the impacts of the uptake of ingested heavy metals. A study that used a semi-permeable membrane 

device to decide the risk pollutants pose to deposit feeders (see Talley 2006, p. 22) also is a 

consequence of the application of the diffusion model. Under the protein model it lacks validity 

because the biological membrane is impermeable.  In fact, a study by Mauffret et al. (2010) found 
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that pollutant uptake by an estuarine snail (Hydrobia ulvae) that feeds on detritus was greater than 

can be explained by diffusion (i.e. the diffusion model). Mauffret and colleagues proposed that a 

dietary uptake pathway must exist. This is a protein model explanation.  

Some researchers have used one type of organism to understand general trophic impacts of 

pollutants: e.g. a deposit-feeding annelid to explain general pollution impacts (Bauman & Fisher 

2011). This tells us only about pollution impacts on deposit-feeding annelids. It will be shown in 

Chapter 5 that under the immunological model the findings from studies of annelids are inapplicable 

to most other taxa and will greatly under-represent the risk to crustaceans. Another study claimed 

that deposit feeders are relatively tolerant of pollution (Pelletier et al. 2010). The identified 

‘tolerant’ species were annelids and the ‘sensitive’ species included crustaceans, which is consistent 

with different taxa having different ecophysiological processes for dealing with pollution. Under the 

immunological model, annelids are a poor choice for bioassays. 

No study that provided a clear estimate of the pollution risk to a community of 

macrobenthic deposit feeders was found. In part, this reflects the extreme dominance of science, in 

particular ecotoxicology, by an inappropriate reductionist perspective. The potentially most useful 

types of studies, such as in situ monitoring of communities (e.g. Campbell et al. 1974a, b), have 

decreased in the last 20 years and have been largely replaced by highly reductionist studies that 

entailed testing just one or a few species, often in microcosm assays (e.g. Mauffret et al. 2010). The 

risk in reductionist studies such as these is that the animals will be housed under different 

conditions than they naturally inhabit (e.g. Soltellina alba, Psammobiidae [Matthews & Fairweather 

2004]). Thus their findings probably may not reflect field conditions (see Beesley et al. 2000, p. 

345).   

 

2.7 ABIOTIC INFLUENCES 

The study presented in this thesis needs to differentiate the effects of abiotic impacts on the ecology 

of macrobenthic communities from pollution impacts. Therefore, the next section considers the 

important abiotic variables that may affect estuaries – benthic hypoxia, nutrient enrichment, 

eutrophication, floods, droughts, sediment type, substrate stability and turbidity. 

 

2.7.1 Benthic hypoxia 

Water in estuarine benthic zones usually is much less disturbed that surface waters. As a result, the 

oxygen (O2) needed by living organisms may not be readily replaced and benthic hypoxia may 

develop. Under extreme conditions much of the water column may became hypoxic. This can 

severely affect macrobenthos (Llanso 1992), especially active animals. This is because hypoxia 

limits aerobic respiration, making them heavily reliant on anaerobic respiration, which provides < 
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6% of the energy aerobic respiration releases (Voet et al. 1999, p. 522). Periodic kills of large 

benthic-feeding fish, such as rays (Dasyatidae, Rhinobatidae) in Bramble Bay (Fig. 2.4), flatheads 

(Platycephalidae) and mullet (Mulgildie) may be caused by benthic hypoxia, although other causes 

(e.g. chemical pollution) cannot be ruled out.  

Many benthic estuarine invertebrates have behavioural, anatomical, physiological or 

biochemical adaptations to facilitate O2 uptake and storage and/ or to minimize its need. Extremely 

active animals, such as free-living peracarids may not be able to store sufficient O2 in tissues or 

burrows to supply their requirements in times of limited O2 availability. One option is to restrict 

peak activity to times of high O2 availability. The amphipod, Talorchestia deshayesi (Gammaridae), 

shows the advantage of this behavioural response. It uses only 0.05μl O2/ mg/ hr when resting in its 

burrow, but ~ 2.04μl O2/ mg/ hr (> 40 times as much) whilst foraging for food (Williams, 2003). 

However, few other macrobenthic taxa have the peracarids’ high levels of activity and may be less 

vulnerable to low O2 impacts.  

 

 

 

Lower invertebrates (e.g. platyhelminths and nematodes) usually have such a high SA: V 

(surface area: volume) that they can often incorporate enough O2 through external epithelial 

surfaces to meet their needs (Pechenik 2010, pp. 150, 437). Estuarine oligochaetes (most of which 

are tiny) and smaller polychaetes (e.g. Capitellidae, Lumbrineridae and Arabellidae) also may rely 

entirely on dermal O2 uptake (Ruppert & Barnes 1994, p. 533; Beesley et al. 1998, p. 68). Such 

animals may be sensitive to severe hypoxia unless they can store O2 and/ or are able to exist on the 

energy made available by anaerobic respiration alone. Polychaetes have developed a variety of 

structures to increase their O2-uptake surface area. Capitellid polychaetes have pleated skins 

(Beesley et al. 1998, p. 68-70). Other polychaetes display an array of gill types (Ruppert & Barnes 

1994, p. 533), which they ventilate with cilia and muscular contractions (Ruppert & Barnes 1994, p. 

 

 

 

 

Figure 2.4: Fish kill. Some of more than 

100 dead stingrays (Dasyatis spp, 

Dasyatidae) on 2 km of the beach of 

Bramble Bay, October 1998. These fish 

displayed extensive haemorhaging, 

especially sub-cutaneous bleeding. Photo-

graph: S. Quinnell (1998). 
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533). Cirritulid polychaetes (Fig. 2.5) position their gills near the opening of their burrows/ tubes 

where O2 levels will be higher than within their burrows/ tubes. Most polychaetes also have blood 

pigments (e.g. haemoglobin and haemerythrin) to internally store and transport O2 (Beesley et al. 

1998, p. 70f, 382). Many groups of polychaetes employ multiple O2-capture strategies: e.g. the 

estuarine polychaete, Owenia fusiformis (Oweniidae), stores O2 in its tube, has a highly vascularised 

crown of tentacles that collect O2 from the water, and uses a respiratory pigment (erythrocruorin) to 

store and transport O2 internally. Consequently, O. fusiformis is able to withstand high 

environmental O2 deficits (Beesley et al. 1998, p. 175).  In general, annelids should be fairly 

resilient to hypoxia. 

 

 

 

Echiurids, which are sluggish animals, absorb O2 rectally by pumping water in and out of 

their cloacas (Beesley et al. 1998, p. 358). Sipunculids, which also show low activity levels 

(Quinnell pers. observ.), exchange gases through their skin, especially across the surfaces of their 

feeding tentacles (Pechenik 2010, p. 318, Beesley et al. 1998, p. 383). Consequently, because their 

energy demand is low, estuarine sipunculids can be quite large despite a relatively low O2-uptake 

surface area: e.g. Phascolosoma arcuatum (Phascolionidae), which occurs in Bramble Bay’s 

riverine estuaries grows to 65 mm long and 10 mm thick (Davie 1998, p. 37). Sipunculids and 

echiurids should be resilient to hypoxia. 

Bivalves extract oxygen from the water column through inhalant siphons (Ruppert & 

Barnes 1994, p. 454). Some have highly vascularised skin to facilitate O2 uptake (Beesley et al. 

2000, p. 625). Others increase O2 flow through tissues by increasing their heart rate (Beesley et al. 

2000, p. 211; Shukla & Tiwari 2006, p. 274f). These adaptations are sufficient for most bivalves; 

only a few have respiratory pigments (Beesley et al. 2000, p. 211f). Therefore, most bivalves should 

be resilient to benthic hypoxia. 

 

 

 

 

Figure 2.5: Cirritulid polychaete showing long dorsal cirri (gills) that are 

used to facilitate oxygen uptake. The red body colour probably indicates 

the presence of an extracellular red oxygen-carrying pigment 

(haemoglobin) (Beesley et al. 1998, p. 211). Cirritulids were captured in 

small polluted riverine estuaries of Bramble Bay 1998- 2000. 

(Illustration: S. Quinnell.) 
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2.7.2 Nutrient enrichment and eutrophication 

Nutrient enrichment in estuaries often leads to benthic hypoxia. It occurs naturally in estuaries when 

sediments are so extensively disturbed by water turbulence (e.g. large storm impacts and floods) 

that previously buried sediments become suspended. Sorbed nutrients may then be mobilised by 

aerobic microbes, and eutrophication may follow. 

 Although some estuarine taxa are sensitive to low O2 levels, the review above suggests that 

many are highly tolerant of hypoxia. Therefore, the mass mortality events involving macrobenthos, 

which have been seen recently in Bramble Bay, are unlikely to be a consequence of O2 stress. 

However, eutrophication may influence species composition of the macrobenthos. 

Species that are K-strategists (e.g. all peracarids [Ruppert & Barnes 1994] and estuarine 

oligochaetes [Powilleit & Kube 1999]) , which have slow dispersal rates (Thiel 1997, 1998,  2003) 

may be more severely affected by oxygen depletion than species with planktonic dispersal 

reproduction (r-strategists). This is because communities that have been impoverished by hypoxia 

will be slow to recruit replacement K-strategists (Gaston 1985). 

 

2.7.3 Floods 

Floods may impact estuarine ecology. Immediately after floods in the Po R, Italy, the macrobenthic 

community was reduced to low total abundance (average < 2,000 individuals/ m
2
). However, in the 

fully recovered post-flood communities a deposit-feeding amphipod, Ampelisca diadema 

(Ampeliscidae), often the dominant species, reached maximum density of 10,200 individuals/ m
2
 

(Occhipinti-Ambrogi et al. 2005).  

Reproductive strategy influences any species ability to recover from flooding (Beesley et al. 

2000; Hoequer & Abe 2004; Blank et al. 2006; Kube et al. 2007; Pechenik et al. 2007; Pechenik 

2010). Peracarids (K-strategists) may recover quickly if sufficient adults survive to parent another 

generation, which may take only days (Kneib 1992; Ruppert & Barnes 1994; Thomas 1993; Thiel 

1997, 2003; Johnson et al. 2001). Whilst initial recolonisation may be slow if most adults were lost 

in the flood water, the amphipod’s reproductive strategy may eventually lead to its presence in very 

large numbers (Thomas 1993; Ruppert & Barnes 1994; Thiel 1997, 2003), especially after floods 

(data in Campbell et al. 1974a).  

Most non-peracarid estuarine taxa have planktonic larval stages. As a result, communities 

often rely on offshore parental populations to replenish populations following a flood. Because the 

dominant post-flood current flow in riverine estuaries is offshore, r-strategists may have 

considerable difficulty repopulating riverine estuaries after flooding. This scenario should manifest 

as peracarid dominance of macrobenthic communities in riverine estuaries: (e.g. Campbell et al. 

1974a, b). The effect may be less pronounced in embayment estuaries where currents are not so 
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strong. Here more r-strategists may colonise and establish populations immediately after floods: 

e.g. Stephenson et al. (1977).  

Floods in estuaries also cause marked salinity changes. This is a problem for the many 

species that have a limited salinity-tolerance range, especially marine taxa (Gelin et al. 2001; 

Matthews & Fairweather 2004; Pechenik et al. 2007). Some researchers have claimed that the stress 

of chronic low-salinity drives estuarine macrobenthic communities towards a quasi-permanent state 

of early to intermediate succession (e.g. Ritter et al. 2005). However, in a preliminary investigation 

of macrobenthic communities in healthy riverine estuaries (Data from Campbell et al. 1974a), it was 

found that whilst salinity variation (2 - 35 ‰) affected species composition, it had no significant 

impacts on other measures of community ecology. The hyposaline communities were as species 

rich and as abundant as communities in higher salinity regimes. Others have reported similar 

findings (Jones 1987; Dauer & Alden III 1995; Eyre et al. 1998; Dyer et al. 2000; Edgar & Barrett 

2000; Wellsbury et al. 2003). 

 

2.7.4 Droughts 

During droughts, when freshwater inflow into estuaries is chronically low, estuarine water bodies 

may become stagnant. The reduced vertical circulation of water may exacerbate an estuaries’ 

propensity to benthic hypoxia. Also, the persistently low runoff that allows increasing marine water 

intrusion, often coupled with enhanced evaporation caused by drought, may generate estuarine 

hypersalinity (Odum 1967; Odum 1971, p. 354; Largier et al. 1997). Major ecosystem changes can 

result (Odum 1971, p.354). In embayment estuaries of south-eastern Queensland marine taxa, 

including many mollusc and polychaete groups (Beesley et al. 1998; p. 23; 2000, p. 37) as well as 

echinoderms (brittle stars and holothurians) (Ruppert and Barnes 1994) establish during droughts 

(Quinnell et al. 1999), although not usually within the mouths of riverine estuaries (Campbell et al. 

1974a, b; Davie 1986). All these marine taxa seem to disappear within 24 hrs of rainfall runoff (P. 

Davie, pers. comm.; Quinnell, field notes 1995 – 2000). 

 

2.7.5 Sediment type 

The composition of estuarine sediments is governed by tidal flow (Zarillo 1985) and runoff, both of 

which transport sediments. Changes in macrobenthic species composition may result from changes 

in sediment type caused by flooding (e.g. Saenger et al. 1982).  

In embayment estuaries formed by marine incursions (e.g. Moreton Bay in south eastern 

Queensland), much of the sedimentary matter may be of marine origin with terrestrial components 

close to points of freshwater discharge (i.e. mouths of drainage systems). However, even within 

riverine estuaries the sediments may contain much marine-derived material. One study found that ≥ 
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65% of inorganic sediments suspended in water or within the top 5 cm of the substrate in a riverine 

estuary was of marine origin whilst  ≥ 74% of the organic component of the sediments was marine 

(Mulholland & Olsen 1992).  

The slow current flow usually typical of embayment estuaries allows suspended fine 

particles to settle out, including sedimentary particles, small pieces of organic debris (dead 

plankton, seagrass leaves and roots, fine pieces of mangroves, fragments of salt marsh plants, plant 

litter from estuary catchments and animal remains). Thus, sediments usually contain much of the 

organic detritus that underpins estuarine ecology (Andersen 2001; Blanchard et al. 2001). Coarse 

substrates (sand, gravel and shell grit) are limited mostly to the vicinity of major channels (Grant 

1981) where current velocity is sufficient to scour the substrate of fine light material.  

 

2.7.6 Substrate stability and turbidity 

The sheaths of biofilms that sediment microbes produce enmesh both detritus and inert particles 

(Proctor & Souza 2001; de Deckere et al. 2002; Al-Awadhi et al. 2003). This imparts stability to 

estuarine sediments. Consequently, at times of low wave action, estuarine water is clear. Between 

June and September, when the Bramble Bay estuary is protected from prevailing winds, the wave 

fetch is < 20 cm. This allows much of the suspended matter to settle out, imparting clarity to the 

water (underwater visibility > 5 m) (Stejskal & Chamberlain 1984; Stejskal 1985; Quinnell 1999). 

However, increased wave action in soft-bottomed estuaries increases turbidity (Cruz Motta et al. 

2003). Onshore winds blow in Bramble Bay from October to May, generating waves with ~ 1 m 

fetch (Stejskal 1985). Sediment are resuspended and turbidity is high with underwater visibility 

often < 50 cm (Dennison & Abal 1999). This inhibits the growth of epibenthic algae and seagrasses, 

which support grazing macrobenthos (Herman et al. 2001; Flach 2003; Hoskins et al. 2003; 

Istvánovics et al. 2008). As a result, green plants are most prolific in the upper intertidal zone 

(Quinnell et al. 1999). Such changes may influence total estuarine ecology. 

 

2.8 SUMMARY FOR 2.1 – 2.7 

This chapter so far has reviewed the aspects of estuarine ecology in healthy ecosystems. It has 

presented evidence that researchers emphasise the diffusion model’s prediction of  pollutant uptake 

and, as a result, often ignore the important role microbial biofilms play in storing pollutants. Few of 

the publications entertain the possibility of a link between the uptake of pollutants and animals’ 

feeding. None were found that linked pollutant uptake by macrobenthos to ingestion of 

contaminated microbial biofilms.  
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The following section is about the chemistry of pollutants. The information provided will 

allow an understanding of why pollutants bound to biofilms pose a great danger to macrobenthos 

and, therefore, to total estuarine ecology.  

 

2.9 MODELING POLLUTION UPTAKE AND ELIMINATION 

The Second Law of Thermodynamics states that systems always trend towards uniformity 

(Newman & Unger 2003, p. 25). This occurs because substances move spontaneously down 

concentration and electrochemical gradients. The Second Law is one of the pinnacles of Newtonian 

physics. It has been invoked by ecotoxicologists to predict the movements of pollutants into and out 

of organisms that live in aquatic ecosystems. To allow for the requisite ‘diffusion’ of pollutants, 

they had to assume that the biological membrane, which separates every living organism from the 

external abiotic environment, is permeable to pollutant solutes. According to the Second Law, 

sorbed (solid-phase) pollutants, such as those attached to biofilms and nanoparticles of soils and 

sediments, are biologically unavailable, because they have no means of diffusing across the 

biological membrane: e.g. 

“Some pollutants attach strongly onto soil and sediment particles and become effectively 

‘unavailable’ to living organisms” (Connell et al. 1999 p. 11).  

The idea dates from 1875 when Overton sought to explain how lipids cross cell membranes. The 

concept is exceedingly simplistic. 

The ‘diffusion’ concept was firstly developed into the three phase model intended to 

measure and predict the risks of lipophilic pollutants (e.g. Hawker & Connell 1985; Hawker & 

Connell 1986; Connell et al. 1988; Hawker & Connell 1988a, b) (Fig. 2.6). It is now widely used, 

but not just for lipophilic pollutants (e.g. De la Torre et al. 1995; Ter Laak et al. 2006; Yong Yu et 

al. 2009; Cho et al 2010; Cropp et al. 2011; Lembcke et al. 2011; Mueller et al. 2011). Heavy metal 

pollutants also are described by the ‘diffusion’ concept (e.g. Geffard et al. 2007; Du Laing et al. 

2009; Chariton et al. 2010). The reasons for this extrapolation to heavy metals have either not been 

clearly stated or have not been widely communicated. In 2004 Quinnell et al. named the overall 

approach the diffusion model, because the name so beautifully encapsulates the ostensible process 

of pollutant uptake by living organisms by passive diffusion.   
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Acceptance of the diffusion model validated the widespread use of an artificial 

semipermeable membrane device (SPMD) in pollution tests (e.g. Di Toro et al. 1991; De la Torre 

1995; Carbonell et al. 2000; Williamson et al. 2002; Shaw et al. 2004; Richardson et al. 2005; 

Mueller et al. 2011) to represent the living biological membrane with its associated transport 

proteins and regulatory brush-boarder of glycoproteins. The diffusion model also demands that the 

solute phase of pollutants be considered as the biologically available phase, because it cannot 

explain how solid-phase chemicals could enter living organisms. Therefore, substrate-bound 

pollutants are not considered. 

Thus, under the diffusion model, pollutant exchange between a living organism and the 

environment has been reduced conceptually and experimentally to measures of the rate of 

movement of the pollutant from water into octanol through a SPMD (e.g. De la Torre et al 1995; 

Richardson et al. 2005; Lembcke et al 2011). Some researchers have even dispensed with the 

SPMD and estimate the risk from pollution for lipophilic contaminants as the simple partitioning of 

the pollutant between octanol and water. Whether the SPMD is used or not, the risk is described as 

a partitioning coefficient (KOW) (e.g. Hawker & Connell 1988a, b; Connell et al. 1993; Chu & Chan 

2000; Hendricks et al. 2001; Doig 2006; Xiang Q. Kong et al. 2007; Dueri et al. 2008; Mueller et al. 

2011). The diffusion model has been extended to terrestrial ecosystems (e.g. Stenerson 1992; Novak 

& Pacherova 2008) and is currently used in aquatic and terrestrial ecosystems to explain the uptake/ 

elimination of forms of heavy metals (e.g. Collavini et al. 2000; Scheifler et al. 2003; Novak & 

Pacherova 2008; Chariton et al. 2010), although validation of the use of the diffusion model for 

heavy metal predictions appears to be lacking or not widely disseminated.  

 

 

Figure 2.6: The diffusion model (three-phase model) 

Note – there is no direct connection between 

contaminants associated with sediments and biota. (After 

Connell & Bycroft 1990).  
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In effect, the diffusion model treats the living organism as an abiotic black box. Thus, one 

of the primary defining attribute of life is denied. It is that life exists only because organelles, cells, 

tissues and whole living organisms are able to maintain an internal chemical state that is highly self-

specific and very different from that of the external environment. This isolation is a function of the 

biological membrane (Alberts et al. 2008, p. 9f), which, of necessity, must be impermeable (Alberts 

et al. 2008; Grime et al. 2008). An important question has to be asked: does the negation of the role 

the biological membrane plays in substance uptake and elimination by the diffusion model lend the 

potential for significant errors in assessments of pollutant availability?  

  

Water pollution assessments 

The assumption under the diffusion model that only solute pollutants are bioavailable (e.g. Connell 

et al. 1999; Carbonell et al. 2000; Nipper 2000; Beiras et al. 2003; Fent 2003; Kraaij et al. 2003; 

Verweij et al. 2004; Chariton et al. 2010; Cho et al. 2010; Baumann & Fischer 2011) has led to a 

global focus on ‘water pollution’(e.g. Miller & Connell 1990; Carbonell et al. 2000; Beiras et al. 

2003; Verweij et al. 2004; Chariton et al. 2010). Under the diffusion model, if sediments are thought 

to be the source of ecosystem contamination, then measurements of ‘pore water’ or ‘elutriate water’ 

concentrations may be used as estimates of the risks to organisms living in sediments. This is 

despite the fact that the concentrations of sorbed lipophilic pollutants, especially on sediments, may 

be many thousands of times or more than that of solutes within pore and elutriate waters (Fig 2.6). 

Soil pollution is assessed in the same manner (e.g. Stenerson 1992; Novak & Pacherova 2008). This 

blinkered model cannot address the issue of the risks sediment- and soil-sorbed pollutants pose to 

animals.  

 

Sediment contamination 

Sediments in many aquatic ecosystems and soils are the major repository sites for many pollutants, 

especially if the ecosystem is detritus-rich, which allows extensive sheets of microbes to develop 

(e.g. Liß & Ahlf 1997; Meador 2000; Nipper 2000; Anderson et al. 2001; Burton & Landrum 2003; 

Fent 2003; Dueri et al. 2008; Chakroborty et al. 2012). Therefore, concentrations of sediment-

sorbed pollutants are commonly measured, but the risk posed is not usually stated. This reflects the 

lack of any ecotoxicological model that could make such predictions. Mathematical pollution risk 

assessments inevitably are calculated as ‘pore water’ measures (i.e. through application of the 

diffusion model). Also, because of the diffusion model, contaminants attached to suspended particles 

in aquatic ecosystems are infrequently measured (e.g. Wiberg & Harris 2002; Acquavita et al. 

2011).  
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Section 2.3 presented evidence that many pollutants sorb to biofilms (Indeed, this allows 

bioremediation of polluted habitats by bacteria.) and to nanoparticles (Canesi et al. 2012). It is at 

this point that pollutants may be deemed to have entered the food web. In fact, the only point at 

which the diffusion model may be appropriate is if it is used to predict the partitioning of pollutants 

between microbial biofilms (Writer et al. 2011a, b)/ environmental nanoparticles (Canesi et al. 

2012) and the water. Otherwise, measurements of the quantities of sorbed pollutants are more likely 

to provide reliable predictions and interpretations of pollution threats. However, this is not the 

practise. Under established testing protocols for assessing heavy metals (e.g. ANZECC 2000), 

organic matter in sediment samples is eliminated from sediments prior to testing. Then solute and 

sorbed pollutants are pooled (e.g. Chariton et al. 2010). As a result, experimenters will have no 

means of knowing what proportion of identified heavy metals, for example, may have been 

bioavailable because they were sorbed to organic matter and what proportion was not likely to be 

bioavailable because it was either sorbed to inert minerals or in solute form and, therefore, not part 

of the food web.  

 

2.9.1 Concepts of pollutant uptake and elimination under the diffusion model 

Figure 2.7 shows an application of the diffusion model to explain the fate of pollutants in an aquatic 

environment. The model discounts the influence of any biological processes. It purports to refer to 

microbial (prokaryotic) processes, yet the prokaryotes are not depicted. Nor is there any evidence of 

the microbial biochemistry, which may act upon pollutants. The model shows pollutant 

transferences between the solute and solid phases, and degradation of the pollutant as occurring 

well outside of any life forms, whereas these are usually biological processes that take place largely 

within microbial biofilms. The figure also depicts O2 fluxes. However, it does not concede that 

changing O2 concentrations may affect the bioavailability of pollutants, although this is known to be 

so. It short, Figure 2.7 has overly and inappropriately simplified a very complex system of 

ecophysiological processes and represented it as just physical chemistry. The variables that the 

system will be sensitive to (e.g. microbial biochemistry) have not been allowed for. As a result the 

model is virtually meaningless. This indicates an incomplete understanding of the system with 

which the researchers were dealing. 
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There is no credible evidence in biology that supports the diffusion model. This apparent 

fundamental error in ecotoxicology – the reduction of a complexity in one branch of science (in this 

case the intricate process of endocytosis, which is protein-mediated) to something less complex in 

another (the application of physics Second Law of Thermodynamics) prior to its investigation – is 

an example of inappropriate use of Epistemic Reductionism (Brigandt & Love 2008). How 

Inappropriate Epistemic Reductionism leads to conclusions that lack validity will be highlighted in 

this review of chemical pollutants. 

Of course, whilst some researchers seem to have complete faith in the diffusion model (e.g. 

Mueller et al. 2011), many ecotoxicologists understand that pollutant uptake is not this simple (e.g. 

Chapman et al. 2002, Newman & Unger 2003). Yet the diffusion model continues to be frequently 

applied (Kraaij et al. 2003) to aquatic ecosystems (e.g. Geffard et al. 2007; Chariton et al. 2010; 

Bauman & Fisher 2011) and soils (e.g. Du Laing et al. 2009; Beesley et al. 2010).  

The protein model, which has been proposed as an alternative to the diffusion model 

(Quinnell et al. 2004), stands in marked contrast. It attempts to embrace the major unique attribute 

of living organisms: that life isolates itself from the chemically hostile abiotic environment by the 

impermeable biological membrane. To this end, substance uptake and elimination cannot entail 

diffusion, but must be governed by the cell. The agents of governance are millions of transport 

proteins (transporters) of a multitude of types, each with a specific function. Transporters associated 

with the membrane are partially dissolved within it. Other transporters are free-ranging and 

undertake intercellular substance transport (e.g. haemoglobin and O2 transport) (Quinnell et al. 

2004; Alberts et al. 2008). It is evident from the literature in molecular biology that importing 

transporters on the external surfaces of living organisms have stringent substrate-specificity. Hence, 

they are unlikely to import anything except the substance for which they are intended (e.g. He et al. 

 

Figure 2.7: Applied diffusion model 

intended to explain the partitioning of 

pollutants in an aquatic ecosystem. 

Transportation and transformation of 

contaminants in sediments by 

prokaryotic processes as proposed by 

Lyman (1995) and recently used. Note 

that pore water concentrations (diffusion 

model) are shown as governing  pollutant 

transformation and transportation. DOC 

= dissolved organic carbon (sic), 

presumably dissolved organic matter. 

(Redrawn by S. Quinnell after Eggleton 

& Thomas 2004, p. 794, whose 

illustration was from Lyman 1995.)  
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2006). Internal transporters seem to be less substrate-specific. Thus, a neurotoxin may act on a 

synapse by mimicking a natural signalling molecule (e.g. Ranson et al. 2000; Li et al. 2001), or an 

endocrine disrupter may act on the sexual development of juveniles by mimicking sex hormones 

(e.g. Dickerson et al. 2011), CO binds to haemoglobin, the intended transporter for O2 (Alberts et al. 

2002), whilst a variety of pollutants may bind to the ABC exporters that eliminate cytotoxins from 

cells (e.g. Buss & Callaghan 2008). 

In Section 2.10, the properties of chemical pollutants are considered and the usefulness of 

the diffusion model for understanding the risk to life forms relative to the offered protein model 

concept of substance uptake and elimination shall be compared. Chapter 5 presents the protein 

model in detail. However, a working knowledge of how proteins mediate cross-membrane 

substance trafficking is required for the following section. Readers are directed to the paper 

(Quinnell et al. 2004) or a contemporary text book on cellular biology (e.g. Alberts et al. 2008), 

although neither is up to date with more recent research published in journals (e.g. the work by 

Grime et al. 2008). 

 

2.10: CHEMISTRY OF POLLUTANTS  

There are thousands of pollutants. Those most likely to affect aquatic ecosystems, especially 

estuaries, are nonpolar organic compounds, heavy metals (molecular weight > Fe [iron]), heavy 

metalloids (intermediate between metals and non-metal with molecular weight > Fe) 

petrochemicals, and endocrine disrupters. Many endocrine disrupters are actually metabolized or 

degraded forms of complex organic pollutants (e.g. many insecticides) (e.g. Lotufo et al. 2000; 

Wiberg & Harris 2002).  

In this section the ecophysiological impacts of heavy metals and metalloids are reviewed 

first. This is followed by consideration of organic chemical pollutants. Last, nutrient pollution of 

estuaries is considered. Heavy metals differ from organic pollutants in an important way: organic 

pollutants may degrade, some of them quite quickly; whereas the ‘metal’ component of heavy 

metals and metalloids cannot be degraded and may remain within ecosystems and be potentially 

available to life forms for a long time.  

 

2.10.1 Metals and metalloids 

Metals and metalloids are naturally occurring elements. Those that are non-essential for most life 

forms are the most dangerous and may be toxic in very low concentrations (e.g. arsenic, lead and 

mercury). Those of very high molecular weight are extremely poisonous to life forms, especially 

eukaryotes (e.g. lead and mercury). Others, especially those that are essential micro-nutrients, may 

not be toxic until moderately high environmental concentrations are reached (e.g. iron, copper, 
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cobalt and zinc). Generally, metals and metalloids are labeled as ‘contaminants’ when 

environmental concentrations exceed background levels (Newman & Unger 2003, p. 27). Here, the 

heavy metals and metalloids will be grouped into one class, the ‘heavy metals’. 

 

Heavy metals as neurotoxins  

Today, neurotoxicity from heavy metals is a major global health issue (e.g. Bondy 2010). This is 

because, once within a metazoan’s body, heavy metal ions interact with the secretory vesicles and 

ion channels (proteins that transport small ionic units) of nerve cells, especially at synapses where 

heavy metals alter the metabolism of neurotransmitters (e.g. Bondy 2010; Choi et al. 2011). They 

may also act in multiple ways: e.g. lead acts upon the voltage-gated sodium channels, calcium 

channels and the Na
+ 

K
+
-ATPase transport protein (an enzyme that alters the sodium-potassium-

calcium state at a synapse using adenosine triphosphate [ATP] as an energy source) and at 

neurological synapses (Sadiq et al. 2012).  

A major problem for poisoned organisms is that heavy metals often are very difficult to 

eliminate (e.g. Boscolo et al. 2009). This can be explained under the protein model as a lack of the 

appropriate exporters. The topic will be investigated later. 

Heavy metals and metalloids may enter aquatic ecosystems from the atmosphere, in waste 

water and sewage discharges, and through catchment runoff. They are also released into the 

environment by industrial activities, mining, horticulture and agriculture, and as combustion 

products. Heavy metals tend to concentrate in estuarine sediments (Bi et al. 2011) and, because of 

their chemical properties, may become increasingly toxic as the depth of the water column increases 

(Bjørgesaeter & Gray 2011). Toxicity also varies with sediment type; it is lowest in sandy 

sediments (Bjørgesaeter & Gray 2011). The diffusion model offers an apparent ready explanation: 

that partitioning coefficients at the abiotic (water)/ biotic (lipids and polysaccharides of microbial 

biofilms) interface change with changes in the conditions of the physical environment (e.g. Warren 

& Zimmerman 1994). Heavyt metals and metalloids bind to microbial biofilsm (Loaëc et al. 1997). 

Therefore, under the protein model, the low toxicity of sandy sediments relates to the limited 

quantities of organic matter within such sediments and, therefore, to the limited quantities of 

microbial biofilm to which pollutants may bind (Writer et al. 2011a, b).  

Other abiotic processes influence an estuary’s ability to store pollutants. Temperature and 

common salt (NaCl) regulate heavy metal’s partitioning in urban rivers: e.g. a decrease in water 

temperature caused decreases in the accumulation of cadmium (Cd), Copper (Cu) and Zinc (Zn) 

sorbed to suspended particulate organic matter (Warren & Zimmerman 1994). Warren & 

Zimmerman (1994) concluded that in running waters during winter months, or even during summer 

months in the hypolimnia of sufficiently deep lakes, a relatively higher proportion of heavy metals 
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remained in the dissolved form. Under the diffusion model this is the bioavailable pool. Thus, 

running waters during winter months or even during summer months in the hypolimnia of 

sufficiently deep lakes should be very vulnerable to heavy metal contamination. However, under the 

protein model the sorbed phase, whether metals are sorbed to particulate organic matter or to 

dissolved organic molecules, is the bioavailable phase. Accordingly, running waters during winter 

months, or even during summer months in the hypolimnia of sufficiently deep lakes will be at 

relatively low risk of pollution impacts from heavy metals, because a large proportion of the metals 

are in solute form, and (for all except iron) are not biologically available.  

It will be argued repeatedly in this thesis that, under the protein model, how heavy metals/ 

metalloids partition into the solute and solid phases is irrelevant, because the solute phase cannot be 

bioavailable without first binding to an organic unit (molecule, polymer, nanoparticle, biofilm or 

other organic matter). It is the sorbed phase that is bioavailable, because it may be imported in a 

concealed form by a transporting protein (see Quinnell et al. 2004). Accordingly, it is the sorbed 

phase that should be measured. Measures of ‘water pollution’ and ‘pore water’ concentrations 

cannot be related to the actual risk to living organisms from heavy metals. 

A number of transport proteins for metals have been identified: e.g. the ZIP trans-

membrane proteins, which move zinc (Zn), Fe, manganese (Mn) (not a heavy metal) and cadmium 

(Cd) (Jenkikasemwong et al. 2012). However, many of these proteins appear to operate within 

organisms, not at surface tissues (e.g. Guerinot 2000): e.g. proteins that are members of the cation 

diffusion facilitator family transport metal ions out of the cytoplasm or into into extracellular spaces 

or nto internal cellular compartments, such as vacuoles (Gustin et al. 2011).  Thus, heavy metals 

may be transferred within living organisms quite expediently, but most cannot directly enter living 

organisms by any process known in biology: i.e. no importing proteins for most heavy metals have 

been identified on the external surface of organisms. The few exceptions are the heavy metals that 

are essential nutrients, especially iron. 

The most common heavy metals are profiled below. Firstly, however, the implications of 

the protein model for heavy metal uptake need to be spelt out. As for lipophilic pollutants, the 

soluble phase of heavy metals will usually pose the lowest risk because solutes have to bind to 

organic substrates before they are imported into a cell. No matter how high a heavy metal’s solute 

concentration is, it will not be imported into living organisms unless the appropriate importing 

protein exists. Most heavy metals will enter living organisms via ‘concealment’ (Quinnell et al. 

2004). Thus, a high heavy metal reading in water samples may indicate that much of the available 

pool of the metal is not bound to a substrate and, therefore, is not biologically available. Thus, pore 

water readings for most heavy metals are readings of the biological phase that is not available. 
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Aluminum (Al)  

Aluminum is naturally abundant (8% of Earth’s crust), but is mostly locked up in mineral phases, 

especially clay (e.g. aluminum silicate) (de Carvalho et al 1996). Aluminum is not an essential 

element for life forms, but unlike most other non-essential metals/ metalloids Al is not very toxic 

until quite high concentrations are reached. The most biologically active form of aluminum is Al
3+

. 

The impact of Al
3+ 

poisoning is a case study of what can happen if the biological membrane’s 

integrity is compromised. 

Plants are very vulnerable to Al
3+ 

poisoning through disturbance of their biological 

membrane’s functioning, especially in rapidly growing roots cells. Aluminum may cause the 

membrane to depolarize (i.e. lose its electric potential, which is critical for regulating cross-

membrane substance trafficking) (Alberts et al. 2008). A diversity of symptoms manifests, 

including: inhibition of root cell division, cell elongation due to cell wall thickening and callous 

deposition, irregular cell division, changes in root cell patterning, alterations in cell shape and 

vacuolization, disintegration of the cytoskeleton, formation of myelin figures in the biological 

membrane and deposition of electron-dense deposits in the membrane. High levels of Al
3+ 

also 

reduce the cell’s ability to import substances through endocytosis, and interfere with the production 

of NO (nitric oxide) (de Carvalho et al. 1996). The latter is an important signaling molecule that 

regulates protein activity within eukaryotes (Alberts et al. 2008, p.887f).   

High levels of Al
3+

 may also stimulate production of reactive oxygen species (de Carvalho 

et al. 1996), which can be metabolically damaging. Thus, high Al
3+

 levels in estuaries may be toxic 

to mangroves, seagrasses and possibly macroalgae. Any impact on estuarine plants would have 

implications for total estuary productivity and therefore macrobenthic communities. 

In metazoans Al
3+ 

is a neurotoxin, even at the low concentrations typical of many bodies of 

freshwater (Bondy 2010). However, guidelines for maximum recommended concentrations are 

based on solute concentrations (diffusion model) and may not reflect the actual bioavailaibility of 

Al
3+

, which will come from sorbed sources (protein model). It is claimed that high levels of solute 

Al
3+ 

can affect larval fish development (Kane & Rabeni 1987) and may interfere with gill 

functioning in fish (Teien et al. 2006) (a diffusion model perspective). Under the protein model, Al
3+

 

is endocytosed by fish gills thorugh ‘concealment’ after binding to suitable organic molecules, 

polymers or nanoparticles that are endocytosed. Given that importing transport proteins will not 

exist because Al
3+ 

is not an essential substance, the importation of Al
3+ 

into the fish according to the 

protein model will have been via ‘concealment’. The  Al
3+ 

will hav been sorbed to a molecular unit, 

polymer or nanoparticle that was imported. Al
3+ 

tolerance varies between freshwater fish species 

(Poleo et al. 1997), which indicates that protein expression (i.e. variability of the genome) is 

important in Al
3+ 

sensitivity/
 
tolerance (protein model applied). Resilient fish may have proteins that 



Estuarine canaries  

49 | P a g e   C h a p t e r  2 :  L i t e r a t u r e  r e v i e w  

 

can sequester Al
3+

 in inert tissues or exporters than can eliminate Al
3+  

 from the body (e.g. Wu et al. 

2012).  

Biofilms associated with sediments in aquatic ecosystems may sorb large quantities of Al
3+

 

from water in a simple abiotic partitioning process. The abundance of Al
3+

 sorption sites on biofilms 

in the sediments will determine the partitioning of Al
3+ 

between the water (W) and the biofilms (B). 

The partitioning coefficient could be estimated (KWB). Thus, here, at the interface of abiotic 

environment / biotic environment, the diffusion model may offer a potentially useful approximation 

of the total Al
3+ 

bioavailability (Writer et al. 2011a, b).  

The influence of abiotic factors is evident in water which is relatively rich in silicon (Si). 

Here the risk from Al
3+ 

is said to be low (Mackin & Aller 1984), because Si readily binds Al
3+

 (de 

Carvalho et al 1996), effectively deactivating it. However, this is the diffusion model perspective, 

because it is referring to the solute form of Al
3+

. What it is important to know under the protein 

model is whether increased Si concentrations moderate the availability of Al
3+ 

bound to organic 

substrates. It is evident that the diffusion model and the protein model draw different conclusions 

regarding the risk from Al
3+

. 

Salinity also is considered an important determinant of solute Al
3+ 

levels, because high 

salinity limits the quantity of Al
3+

 that may enter solution. Therefore, as salinity rises Al
3+ 

is 

increasingly adsorbed on the surface of very fine clay particles (Hydes & Liss 1977; de Carvalho et 

al 1996). However, this is a diffusion model interpretation. Under the protein model increasing 

salinity may increase the quantity of Al
3+ 

sorbed to the substrate, so increasing the risk to any 

organism that feeds on the substrate if that substrate is organic: e.g. biofilm on clay particles. Again, 

it is evident that application of the protein model may result in different interpretations of pollution 

risks than application of the diffusion model. 

It is claimed that at very low pH, solute Al
3+

 (Corfield 2000) concentrations may reach the 

levels at which Al
3+ 

apparently becomes toxic to aquatic organisms (Kane & Rabeni 1987; Newman 

& Unger 2003, p. 28; de Carvalho et al. 1996). Reduced pH acts upon this partitioning, because it 

increases the quantity of soluble Al
3+

 that may then bind to organic substrates. Free radicals of N 

(e.g. NH4
+
, NO3

-
) do not appear to affect solute Al

3+ 
concentrations. This means that Al

3+ 

concentrations may not be measurably affected by estuarine nutrient enrichment (Zhang et al. 

1999).  

In general, use of predictions of pollution impacts based upon the abiotic chemistry of Al
3+ 

says nothing about the availability of Al
3+ 

sorbed to dissolved organic matter and the potential for 

biological uptake of this Al
3+

. To understand the effects of Al
3+

on organisms the sorbed phase must 

be considered, for it will be the phase that is bioavailable.  
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Arsenic (As)  

Arsenic usually exists as arsenate (AsO4
3-

). It is not an essential nutrient and small amounts are 

potentially very poisonous for most eukaryotes, although some plants tolerate arsenic accumulation 

(Alkorta et al. 2004). Arsenic is known to accumulate in fish and shellfish (e.g. Ching-Ping Liang et 

al. 2011; Li et al. 2003).  

Arsenic uptake by living organisms has been explained through application of the diffusion 

model (e.g. Li et al. 2003) and by using a SPMD to assess its bioavailability (e.g. Crosley & Parry 

2001). However, the findings lack validity,  because arsenic will not diffuse into and out of living 

organisms. Under the protein model arsenic uptake will involve ‘concealment’ not diffusion: e.g. 

“… cell membranes are hydrophobic and inhibit the transport of hydrophilic molecules. … 

The undesired uptake of these toxic species (heavy metalloids) is possible via pathways 

designed for the uptake of other structurally and chemically similar essential compounds … 

forming or embedded in nano-sized particles escape the need to cross the cell membrane 

because these particles can be taken into the cell by endocytosis.” (Zangi & Filella 2012).  

This is the first evidence presented of a ‘concealment’ uptake of a pollutant provided in this thesis. 

Arsenic is imported concealed on a nanoparticle. Molecular rafts that carry concealed arsenic are 

most likely to be organic polymers that are 25 – 30 nm in size (Zhang et al. 2012) or nanoparticles 

(Canesi et al. 2012). A ‘concealment’ uptake route for arsenic using glucose as the raft is proposed 

in Chapter 5. 

The cell also has protein-mediated mechanisms for the elimination of arsenic and other 

toxic metals using the process of exocytosis: 

“… extrusion of arsenic and antimony out of the cell is an example of a detoxification 

mechanism. As a consequence of the hydrophobic character of the cell membrane in all 

living systems, the main route for the uptake and efflux of metalloids is facilitated by 

transmembrane (exporter) proteins” (Zangi & Filella 2012). 

Thus, cellular biochemistry governs the risk to organisms from incorporated arsenic. The ability of 

cells to eliminate arsenic depends in part on the proteins they express. In humans, non-methylating 

cells (e.g. urothelial cells and fibroblasts) seem to accumulate higher amounts of arsenic than 

methylating cells (e.g. hepatocytes). This probably results because endocytosis (the protein-

mediated cellular uptake processes) and exocytosis (extrusion) of arsenic forms appears to be more 

rapid in hepatocytes than in urothelial cells (Dopp et al. 2010). Uptake rates of forms of trivalent 

methylated arsenic (TMeAs) were found to exceed those of their pentavalent counterparts (PMeAs) 

by several orders of magnitude. A possible explanation under the protein model is that TMeAs will 

bind readily to polymers that are rapidly endocytosed whereas PMeAs will not. The diffusion model 
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cannot accommodate such complexities and diversities of ways in which arsenic is handled by 

living organisms.  

Biotic environmental factors also affect the bioavailability of arsenic. Fungi may methylate 

(–CH3) environmental arsenic to create highly toxic forms of arsenic (Newman & Unger 2003, p. 

28; Thompson et al. 2004). Arsenic also may be methylated within living organisms, which creates 

more reactive and toxic organometalloid forms than those that were incorporated (e.g. Thompson 

1993, Thompson et al. 2004). Thus, arsenic is a very dangerous substance.  

Arsenic is used in many products, such as herbicides and pesticides. It is more likely to 

concentrate in marine and estuaries sediments than in freshwater sediments, possibly because there 

is more organic matter to which it may bind in sediments than in most freshwater bodies (Ichikawa 

et al. Not Dated). Sediment bioturbation affects the availability of arsenic stored in estuarine 

sediments (Riedel et al. 1989). Tests that measure arsenic solutes as a means of assessing the risk 

from arsenic lack biological validity. 

 

Cadmium  

Cadmium (Cd
2+

) is not an essential nutrient and quite small quantities may be toxic to eukaryotes. 

At high concentrations the metabolic damage Cd
2+

causes may be severe (Lira et al 2011). It affects 

most organ systems and is a carcinogen. Proteins able to eliminate Cd
2+ 

appear not to exist. 

Therefore, Cd
2+ 

elimination is very slow and it tends to accumulate in living organisms over time.  

Cadmium is released by many industrial processes and is a common component of sewage 

sludge (Newman & Unger 2003, p. 28). Consequently, Cd
2+

 may be very common in estuaries and 

water courses that receive sewage effluent. Chakraborty et al. (2012) found that the total organic 

carbon (TOC) content of sediments was a key factor in controlling speciation of Cd
2+

 in estuaries.
 

Cadmium
 
may undergo changes of form depending upon the nature of the substrate it binds to. This 

may have implications for the danger posed by Cd
2+ 

to living organisms. Protein – metallothioneine 

binding, which occurs in epithelial cells of the intestinal wall (Acra et al. 1998), is considered 

important in the bioconcentration of Cd
2+

 in the estuarine food web (Gochfield & Burger 1982). The 

diffusion model cannot encompass such complexities. 

Trannum et al. (2004) found that increasing quantities of Cd
2+

 did not affect marine 

benthos. This was probably because at their low trophic position benthos is unable to bioconcentrate 

significant amounts of Cd
2+

. In higher trophic orders, protein – metallothioneine binding greatly 

increases the vulnerability of animals to Cd
2+

 poisoning through bioconcentration (Gochfield & 

Burger 1982).  

In the absence of physical disturbance of the sediments, Cd
2+

 that has been sediment-sorbed 

(e.g. on to microbial biofilms) may be released as solute Cd
2+

 (Bi et al 2011). However, under the 
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protein model, the solutes will not be biologically available because there is no way they can enter 

eukaryotes directly.  

It seems that for at least some bacteria Cd
2+

 is an essential nutrient (e.g. Shenton et al. 

1997). The bacteria will have dedicated proteins for Cd
2+

 uptake. Also, a cadmium-dependent 

carbonic anhydrase (an enzyme) has been reported in the marine diatom Thalassiosira weissflogii 

(Lane & Morel 2000).   

Warren & Zimmerman (1994) used distribution coefficients to estimate the most important 

geochemical phases of Cd
2+

 within an urban river. Through application of the diffusion model they 

assumed that the metal’s solute form (Cd
2+

) was the bioavailable state. This cannot be so in 

metazoans, because solute Cd
2+

 will be unable to cross the biological membrane. Tests that measure 

Cd
2+

 solutes as a means of assessing the risk from Cd
2+

 lack biological validity.   

 

Chromium 

Chromium is widely used in industry and thus is often present in high concentrations in the 

environment as Cr
3+

or Cr
4+

. Both tend to accumulate in estuarine sediments (Hursthouse et al. 

2003). Of these Cr
4+ 

is the more poisonous (Newman & Unger 2003, p. 28). Chromium (Cr) is listed 

as an essential nutrient for mammals (US EPA 2000a). However, large amounts of Cr can be toxic. 

In fish, high levels of Cr damages kidneys, livers and gill epithelial cells (Mishra & Mohanty 2008).  

Because Cr is an essential micronutrient, under the protein model there may be transporters 

for its uptake. No reports of Cr-uptake proteins were found in a literature search. However, only 

small quantities of Cr are ever required. Therefore, it is possible that Cr is transported into a cell by 

‘concealment’ on an imported organic molecule or nanoparticle raft (see Zangi & Filella 2012).  

Chromium exporters apparently have not been found, which explains why Cr may 

accumulate progressively in organisms. In an effort to eliminate it, metazoans may deliver Cr to 

epithelial cells; especially those on respiratory surfaces, where elimination of wastes by exocytosis 

occurs. However, for want of any exporters here, cytotoxic Cr concentrations may increase with 

resultant cytological damage to the cells (e.g. Pascal & Tessier 2004). It is possible that sloughing 

of external epithelial cells carrying toxic levels of Cr (and other heavy metals) together with 

sequestration in inert structures (e.g. hair and chitin) are the primary mechanisms by which 

organisms divest themselves of accumulated heavy metals. 

Under the protein model, biologically available Cr is likely to be bound to biofilms and 

nanoparticles. Bi et al. (2011) found that once riverine sediments had been resuspended and the 

sediment biofilm had fragmented, Cr was quickly released from the sediments into the overlying 

water column. Thus, sediment disturbance may reduce Cr toxicity in aquatic ecosystems, although 

the diffusion model would predict an increase in its toxicity. It is possible that aerobic microbes, 
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play a role in the release of Cr from suspended sediments that, before suspension, were buried in 

anoxic conditions. 

The risk of Cr in aquatic habitats has been assessed according to the diffusion model (e.g. 

Baumann & Fisher 2011). Warren & Zimmerman (1994) assumed that the metal’s solute form was 

the bioavailable form and used distribution coefficients (Kd) to estimate the most important (sic) 

geochemical phases of Cr within an urban river. In another application of the diffusion model, the 

threat to estuaries from Cr is claimed to be moderated through binding to the large quantities of 

organic carbon in the ecosystem (Kumblad et al. 2005). Under the protein model, both are incorrect. 

Chromium bound to organic matter will be the bioavailable form. Tests that measure Cr solutes as a 

means of assessing the risk from Cr lack biological validity. 

 

Copper  

Copper is widely used in industrial processes and as an antifouling agent on boats. Consequently, 

where shipping occurs, Cu
2+ 

may be present in high concentrations and in a variety of forms of 

varying bioavailability (Comber et al. 2002). Many forms of Cu
2+ 

bind strongly to organic 

substrates (Snyder 1999), or are metabolically complexed by suspended organic matter (Newman & 

Unger 2003, p. 29). Under the protein model, these are likely to have a high degree of 

bioavailability. 

Copper (Cu
2+

) is an essential micronutrient, but is poisonous in high concentrations (Voet et 

al. 1999). In keeping with its status as an essential nutrient, Cu
2+ 

has transporting proteins dedicated 

to transport of Cu
2+ 

across the biological membrane, such as Ctr1 in eukaryotes (Kuo et al. 2006). 

These may bind to Cu
2+

 solutes. However, Ctr1 does not appear to engage in the uptake of Cu
2+ 

from the intestine. Other proteins undertake this; specifically proteins that cluster on the apical 

domain of certain epithelial cells. This uptake at only one cellular domain is contrary to the 

diffusion model under which cross-membrane trafficking should be equal across the entire exposed 

outer face of the intestinal cell. Copper uptake may be complex. In one protein-mediated uptake 

process two or more Cl
-
 (chlorine) ions are transported at the same time as a Cu

2+
 ion (Zimnicka et 

al. 2010). This is an example of the complexity of substance-uptake by living organisms. 

Nanoparticles of copper appear to be readily endocytosed in the gut, which can lead to 

severe poisoning because the uptake rate is so high (Chen et al. 2006). However, it does not seem to 

be known if the nanoparticles themselves are endocytosed or whether they first bind to an organic 

substrate that is endocytosed.  

Ecotoxicologists use the diffusion model to estimate the bioavailability of Cu. Warren & 

Zimmerman (1994) applied distribution coefficients (Kd) to estimate the most important 

geochemical phases of Cu
2+ 

within an urban river. It has even been claimed that this sorption to 
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organic matter reduces the bioavailability of Cu
2+

 (Newman & Unger 2003, p. 29). This is incorrect. 

Passive diffusion of Cu
2+

across the biological membrane will not occur. Sorption of organic matter 

may greatly increase the bioavailability of Cu
2+

. Tests that measure only Cu
2+

 solutes as a means of 

assessing the risk from Cu
2+

 lack biological validity because they will have measured only pat of the 

Cu
2+

 that is bioavailable. 

 

Lead  

Lead (Pb
2+

 or Pb
4+

) is a widespread neurotoxin that has very serious impacts on early stages of 

embryonic development (Choi et al. 2011). Lead occurs naturally in aquatic ecosystems, including 

estuaries (Massolo et al. 2012), but its concentrations are often greatly elevated by industrial 

activities (Newman & Unger 2003, p. 29). Lead appears to bind to biofilms; a study found that it 

was quickly released from the sediments into the overlying water column when the biofilm of 

aquatic sediments was damaged by re-suspension of the sediments (Bi et al. 2011).  

Sorption to substrates has been stated as reducing the bioavailability of Pb (Elbaz-Poulichet 

et al. 1984). Accordingly, pore water concentrations of Pb are measured as an estimate of the threat 

to living organisms, including benthic organisms (e.g. Zielinski et al. 2007; Lamb et al. 2009). This 

represents the diffusion model perspective. Under the protein model, it is the sorbed phases of Pb 

that are the risk. Under the protein model the solutes are the biologically safe phase of many 

pollutants. Thus, pore water studies such as Elbaz-Poulichet et al. (1984) lack validity, because they 

are not measuring what they claim to be measuring (the bioavailability of Pb). Tests that measure 

Pb solutes as a means of assessing the risk from Pb lack biological validity. 

 

Iron  

Iron (Fe
2+

 or Fe
3+

) is a very common element that is an essential nutrient for all life forms. In 

bacteria, Fe uptake is protein-mediated; often by the Fur protein (ferric uptake regulator protein) (da 

Silva Neto et al. 2009). Iron importing proteins also have been identified in eukaryotes: e.g. Ferritin 

(Ft), a large iron-transporting protein (~ 450 kDa [Daltons]) that binds Fe solutes (Kalgaonkar & 

Lönnerdal 2009). Studies of the Ft protein have provided insights into the efficiency of protein-

mediated substance uptake. Each Ft molecule can bind up to 4,500 Fe atoms (Kalgaonkar & 

Lönnerdal 2009). Bonding will take place in pits on cell surfaces with thousands of transporters 

possible per pit. Consequently, an endocytosis pit of 1000 Ferratin proteins may import up to 

450,000 Fe ions. Because hundreds of pits may leave the surface of a cell every minute, Fe uptake 

may be very rapid. Thus, Fe is one metal that may be biologically available as a solute and in 

sorbed forms. Under the protein model, any uptake of food-sorbed Fe in a metazoan is also likely to 

be partially through ‘concealment’ of Fe within endocytosed food polymers. The diffusion model 
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cannot accommodate such complex uptake processes. Whilst it may measure the solute 

concentration of Fe, measures of passive diffusion rates cannot predict the rate of protein-mediated 

uptake.  Tests that measure only Fe solutes as a means of assessing the risk from Fe lack biological 

validity because they will have measured only part of the Fe that is bioavailable. 

Toxic levels of Fe in sediments occur less frequently in estuaries than in freshwater 

ecosystems, because the ability of Fe to dissociate from sediments is reduced with rising salinity 

(Gerringa, et al. 2001). However, acid sulphate conditions in estuaries can liberate large quantities 

of Fe into the water and cause poisoning of living organisms. Acid sulphate conditions develop 

when iron sulphide-rich estuarine sediments, laid down under anaerobic conditions, are disturbed 

and thus exposed to the air, allowing them to oxidise. The resulting condition is often inimical to 

eukaryotes and many microbes. In addition to the release of large amounts of Fe, sulphuric acid is 

produced (Eq. 2.1) and very low pH (< pH 4) conditions may develop. Low pH adversely affects 

the biological membranes of living organisms, especially the membrane’s electrical polarity and its 

protein functions (Arvinte et al. 1989). Consequently, cells may be damaged or killed by a break-

down in the impermeability of the biological membrane. 

 

 2 FeS2 + 9 O2 + 4 H2O → 8 H
+
 + 4 SO4

2−
 + 2 Fe(OH)3  (Eq. 2.1) 

Where Fe = iron; H = hydrogen; O = oxygen and S = sulphur 

 

Mercury  

Mercury is not an essential micronutrient and is very toxic to eukaryotes, depending on its form. 

Predicting the environmental risk from Hg can be difficult. This is because simple forms of Hg that 

pose a low risk may be methylated (–CH3) by microbes, converting them to the very poisonous 

form of MeHg (Newman & Unger 2003, p. 29). This is a risk in estuaries because anaerobic iron- 

and sulfate-reducing bacteria that generate MeHg proliferate in the anoxic subsurface sediments 

(Schaefer et al. 2011). Methylated mercury is a potent neurotoxin and a cause of cardiovascular 

disease in mammals (Karagas et al. 2012).  

Schaefer et al. (2011) has identified a protein-mediated transport pathway for ‘concealment’ 

uptake of Hg(II). The polymers that act as rafts are thiols (organosulphur compounds), some of 

which are essential substances (Subbarao & Kenkare 1977) and are therefore endocytosed by living 

organisms from the external environment. Schaefer et al. (2011) also observed a tight coupling 

between Hg methylation and MeHg export from the cell: i.e. substance-eliminating transport 

proteins were active. This suggests that cells may use methylation to avoid the buildup of toxic Hg 

levels.  
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Mercury has many industrial uses and is a component of some fungicides. Thus, it is 

commonly found in sewage. The organic matter content of estuarine sediments controls the Hg 

concentration in the sediments. As a result, in Hg-contaminated estuaries, physical disturbance of 

the habitat, such as restoration of intertidal wetlands, may lead to increased concentrations of Hg in 

the food web (Eggelton & Thomas 2004). It has been claimed that sorption of Hg to sediments will 

reduce Hg’s bioavailability (Benoit et al. 1998). However, this is a diffusion model perspective. The 

protein model does not allow this. The uptake of Hg from the intestine, skin or respiratory surfaces, 

is likely to involve its ‘concealment’ on an essential substance that is endocytosed (Quinnell et al. 

2004; Schaefer et al. 2011).  

The diffusion model has been applied to predict the risk from MeHg (e.g. Acquavita et al. 

2011). Under the framework of the protein model this generally lacks validity. However, Hg uptake 

in mammals may be moderated by the presence of a viral infection (Frisk et al. 2008), which entails 

breaching the biological membrane’s impermeability by the virus (Delves et al. 2006). However, 

this will be a highly regulated process (by the virus),  that is unlikely to offer any significant time 

over which the diffusion model is applicable because of  membrane damage. Also, the window of 

diffusional opportunity will be narrow, because either the breached cell will die or it will quickly 

repair the damaged membrane and so become impermeable to diffusing solutes. Tests that measure 

only Hg or MeHg solutes as a means of assessing the risk from forms of Hg lack biological validity 

because they will have measured only part of the Hg that is bioavailable. 

 

Nickel  

Large amounts of nickel (Ni
2+

): are present on Earth and the metal is widespread. An estimated 8.5 

million kg is released into the atmosphere via wind-blown dust, volcanic eruptions and vegetation 

per year. About 8 billion tons of Ni
2+

 are dissolved in the oceans, whilst coal and oil combustion 

releases considerable amounts. Large quantities of Ni
2+

 are also released by many industrial 

processes. Twenty years ago it was estimated that industry produced five times the amount of Ni
2+

 

that comes from natural sources (See US EPA 2000b). The quantity being released today is likely to 

be much higher. Nickel may accumulate in estuaries (Dillingham et al. 1992) where it preferentially 

adsorbs to organic matter (Doig 2006).  

Some microbes utilize Ni
2+

 in enzymes, using transport proteins for its uptake (Mulrooney 

& Hausinger 2003). The ABC family of exporter proteins has been shown to export Ni
2+

 from 

microbial cells (Stoof et al. 2010). At least some plants use Ni
2+

 in enzymes (Ahmad & Ashraf 

2011). However, they may lack external Ni
2+

 importing proteins, and rely on symbiotic bacteria to 

incorporate Ni
2+

 from the environment (Ying Maa et al. 2002). The role of mycorhizal fungi also 

may be critical in Ni
2+

 uptake by plants. For metazoans Ni
2+

 is a non-essential metal that is toxic in 
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high concentrations (Newman & Unger 2003, p. 29). It may cause a wide range of effects from 

dermatitis to cardiovascular and neurological disruptions (Ilic et al. Not Dated). No information on 

how Ni
2+

 is incorporated into metazoans was found in the literature. It is likely to enter through 

‘concealment’ on an imported polymer (Quinnell et al. 2004). It may sorb to nanoparticles as well 

as biofilms. 

Ecotoxicologists use the diffusion model to understand the risk from Ni
2+

. Thus, they focus 

on partitioning coefficients to explain Ni
2+

 bioavailability: e.g. in a bioassay of estuarine sediments 

for Ni
2+

 toxicity Borgmann et al. (2001) exposed the aquatic amphipod, Hyalella azteca 

(Dogielinotidae) that lives pelagically within vegetation, not in contact with sediments (Borgmann 

et al. 2001, p. 189), to test sediments for Ni
2+

  contamination. Under the protein model, this 

amphipod will not have been directly vulnerable to Ni
2+

 poisoning from the sediments, because it is 

unlikely to have had the opportunity to endocytose sedimentary matter, unless it becomes 

suspended. Thus, the test lacks validity on one count:  because it did not measure what it purported 

to measure: i.e. the toxicity of sediments.  Rather, the bioassay showed the bioavailability of Ni
2+

 

that was sorbed to organic particles suspended in the water column. Thus, the test lacked validity on 

a second count, because it could not have measured what it purported to measure (the risk from Ni
2+

 

solutes), which could not have been  imported by H. azateca. Baker et al. (2012) assessed the risk of 

sediment-sorbed Ni
2+

 to aquatic invertebrates through measures of sediment pore water 

concentrations. This also is the diffusion model perspective. Solute Ni
2+

 concentrations are not 

biologically relevant, because Ni
2+

 will not diffuse across the biological membrane. Therefore, 

Borgmann and colleagues’ experiment also lacks validity, because it claims to have measured 

something which it did not.  

 

Selenium  

Selenium is used industrially. It is also found in high concentrations in coal ash. Selenium (Se
2+

) is 

an essential micronutrient for metazoans, but not plants (Voet et al. 1999). (Metazoans need it for 

the manufacture of various enzymes.) However, Se
2+

 becomes poisonous to all eukaryotes when its 

simple form (e.g. SeO2) is transformed by microbes and plants to produce alkylated selenides, 

which are highly toxic (DSEWPC 2010). High concentrations cause severe damage to numerous 

cellular metabolic pathways (Suzuki et al. 2008). Thus, the range between the amount of Se
2+

 that a 

metazoan cell needs to incorporate for survival and that which is toxic is very narrow. Therefore, 

cells use a sophisticated regulating mechanism to control Se
2+

 levels (Suzuki et al. 2008). Thus, the 

risk to organisms from solute Se
2+

 cannot be explained using the diffusion model. However, pore 

water measurements are used in pollution tests of Se
2
 (e.g. Di Bonito et al. 2008). Such tests lack 

validity because they measure the biologically unavailable form of Se. 
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Zinc  

Zinc (Zn
2+

) is widely used by industry and may accumulate in estuaries (Chakraborty et al. 2012). It 

is an essential micronutrient, but in large quantities may be poisonous (Newman & Unger 2003, p. 

30). In a study of Zn
2+ 

in estuaries, Chakraborty et al. (2012) found that the total organic carbon 

(TOC) content of sediments is a key factor in controlling speciation of Zn
2+ 

in sediments. This 

concurs with the protein model. However, the diffusion model is used to predict risks from Zn
2+

. 

Warren & Zimmerman (1994) used distribution coefficients (Kd) to estimate the most important 

geochemical phases of Zn
2+ 

within an urban river and assumed that identified solute forms 

represented the bioavailable form (the diffusion model). Such a test lacks validity. 

 

Conclusion to heavy metals and metalloids 

All tests of heavy metals using pore water or water column samples will not measure what they 

claim to measure, which is a heavy metal’s bioavailability. Nor will bioassays that place pelagic 

organisms in a microcosm containing putatively contaminated sediments measure the risk from the 

sediments. All such tests lack what calls construct validity: i.e. the experimental designs were 

faulty. If the test organisms became sick or died, apparently from exposure, it will not be because 

they had bioaccumulated solute heavy metals. It will have been because the heavy metals were 

transported within the water column sorbed to organic substrates that the test organisms 

endocytosed. There are no exceptions to this. Even for Fe and Cu, whose solutes may be imported 

by living organisms, the uptake processes are protein-mediated and not reliably dependant on the 

concentrations of the solute forms of these metals. The expressions of transporters for Fe and Cu 

uptake also has to be allowed for in predicting the potential uptake of these substances by living 

organisms. 

 

2.10.2 Organic pollutants 

Organic pollutants (OPs) are complex, carbon-based molecules that are poisonous to life. Many are 

naturally occurring substances that are mined and concentrated. Others are manufactured. As a 

result, high conentrations of both natural and manufactured OPs are released as incidental wastes 

from industry and agriculture.  

OPs display a wide range of physicochemical properties and variable environmental 

persistence (Newman & Unger 2003, p. 33f). Many OPs are lipophilic (not electrically charged) and 

readily dissolve in non-polar (not electrically charged) substances, including other lipids, but not in 

water which is polar (electrically charged). Such substances tend to accumulate in plant and animal 

lipids, including fatty tissues in metazoans. Within the environment OPs are likely to strongly sorb 

to the lipidic components of microbial biofilms (Writer et al. 2011a,b). 
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Ecotoxicologists usually assess the risk posed by OPs using partitioning coefficients (K) 

developed under the diffusion model. To assess water pollution risks OPs partitioning between 

octanol and water are used: e.g. Williamson et al. 2002; Yong et al. 2009; Cho et al. 2010; Cropp et 

al. 2011. However, Grime et al. (2008) showed that lipidic (uncharged) organic molecules will not 

diffuse across the lipid bilayer of a phospholipid bilayer (i.e. the inner component of the biological 

membrane). These uncharged molecules also should not be able to penetrate the highly electrically 

charged external brush borders on cells (Quinnell et al. 2004; Alberts et al. 2008).  

The OPs of the greatest concern usually are those that degrade only slowly and therefore 

may accumulate in large amounts in the environment and within living organisms. These are the 

persistent organic pollutants (POPs). POPs have very low water solubility and a very high affinity 

for lipids in microbial biofilms (Writer et al. 2011a, b). POPs include some forms of organochloride 

pesticides (e.g. DDT) as well as PCBs (polychlorinated biphenyls) and HCBs 

(hydrochlorobenzines), and polyaromatic hydrocarbons (PAHs) (El-Shahawi 2010; Cropp et al. 

2011). Some POPs are neurotoxic (e.g. organochlorides, pyrethroids and organophosphates). Many 

are endocrine disrupters (e.g. DDT and its metabolites [see p. 6]) (Connell et al. 1999). Atmospheric 

transport and deposition of POPs occurs on a global scale, often to remote polar oceanic regions, 

where POPs bioconcentrate in food webs (Echeveste et al 2010; Cropp et al. 2011). 

Complex mixtures of POPs may interact synergistically with each other or with other 

environmental factors and, as a result,  are > 10
3
 times more toxic than that of a single pollutant 

(Echeveste et al. 2010). An example was shown by a study of the impacts on eggs and larval stages 

of benthic crabs of simultaneous exposure to PAHs (polyaromatic hydrocarbons) and ultraviolet 

sunlight (UV). In a laboratory, exposure to PAH or UV alone caused no mortality effects, but 

mortality was as high as 100% when both PAH and UV were present (Peachey 2005) (See also 

Hatch & Burton 1999). Sometimes the impacts of organic pollutants are amplified by factors of 

biological origin that could not be predicted from assays by exposure to the pollutant alone: e.g 

Pestana et al. (2009) found that in an aquatic insect population, exposure to the pesticide, 

imidacloprid, reduced their responses to predator released hormones. This demonstrates the great 

complexity of life form – pollutant interactions, which are unlikely to be predicted from partitioning 

coefficients and which cannot be represented as pore water and water pollution measures under the 

diffusion model. 

A summary of what is known about major groups of organic pollutants is provided below. 

The focus is upon identifying pathways by which they may enter and leave living organisms.  
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Polycyclic aromatic hydrocarbons (PAHs)  

PAHs are a large group of synthesised and naturally occurring hydrocarbons (e.g. petroleum). They 

are common contaminants of estuaries, especially estuarine sediments (e.g. Bach et al. 2005; 

Guezzella et al. 2005; Cachot et al. 2006; Engraff et al. 2011; Pozo et al. 2011). Because of 

variations in the number of benzene rings PAHs contain and the resultant variations in their 

molecular weights, different types of PAHs have different properties. Low weight PAHs have short 

half lives and tend to break down readily in sunlight. However, heavy PAHs have long half-lives, 

are very toxic and may be carcinogenic. They are regarded as some of the most damaging POPs. 

Hatch & Burton (1999) found that the toxicity of PAHs changed in aquatic invertebrates that were 

exposed to UV light. 

Some heavy PAHs are genotoxic and affect embryological developments (Cachot et al. 

2006). Fish are so sensitive to heavy PAHs that a PAH sediment quality threshold of 1000 ng/ g has 

been set by NOAA
i
 to help limit bioconcentration of heavy PAHs by fish stocks (Baohua et al. 

2012). Invertebrates also are very susceptible to poisoning by heavy PAHs (Guidetti et al. 2000; 

Newman & Unger 2003, p. 34). However, annelids have a higher degree of tolerance than most 

other taxa (Chandler et al. 1997). This is addressed in Chapter 5 (immunological model).  

In estuaries, microbes usually degrade heavy PAHs (Pozo et al. 2011). Microcosm 

experiments involving the exposure of microbial communities to hydrocarbons have reported a 

general decrease in bacterial diversity within contaminated sediments because there is a strong 

selection for a microbial community consisting specifically of hydrocarbon degrading bacteria 

(Coelho et al. 2010). Such changes as a result of PAH contamination could have impacts on total 

estuarine ecology. This cannot be explained by partitioning coefficients under the diffusion model. 

The bioavailability of PAHs is often predicted from water concentrations (e.g. Ferguson & 

Chandler 1998) (diffusion model), although there are studies that simply measure sediment loads 

(e.g. Zheng et al. 2011). However, no study that then translated sediment loads into a risk level 

statement was found in a search of ScienceDirect’s data base (10 December 2012). Ecotoxicology 

does not take measures of sediment loads any further, probably because they have no models that 

can predict how sediment-sorbed pollutants may be incorporated by living organisms. The form of 

PAH most likely to be bioavailable will be that bound to polymers that are likely to be endocytosed 

by eukaryotes.  

Prokaryotes can degrade many PAHs (Bach et al. 2005), which may reduce the risk or 

greatly increase it depending on whether the metabolites are poisonous or not. 

 

 

                                                 
i
 National Oceanic and Atmospheric Association (US) 
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Polychlorinated biphenyls (PCBs)  

PCBs are chlorinated hydrocarbons that have been in use for 150 years. They are highly poisonous 

and therefore their use is usually regulated (Newman & Unger 2003). However, PCBs degrade 

slowly. Consequently, large quantities remain in many environments. Estuarine sediments can be 

heavily contaminated (Fu & Wu 2006).  

PCBs tend to bioconcentrate along the food chain (e.g. Brázová et al. 2011). However, 

detritivorous fish (a low trophic position in the detrital food chain) also may incorporate high 

concentrations of PCBs (Colombo et al. 2007; Brázová et al. 2011).  This supports the protein 

model’s prediction that in aquatic ecosystems major pollutant inputs into food webs will be at the 

lower trophic levels where organic matter to which the pollutants are bound is endocytosed in large 

amounts. However, dermal and respiratory surface uptake by endocytosis may occur independently 

of the food chain. Brázová et al.( 2011) showed that the kind of fish, their feeding habits, and 

specific conditions of the habitat are mutually interrelated factors that cause significant variations in 

fish body burdens of PCBs. This is consistent with variation between fish species in the types of 

protein expressed as well as differences in fishes’ life histories and trophic activities. The diffusion 

model cannot explain such variable responses to PCB contamination. However, the protein model 

may.  

Genotoxic effects from PCBs and damage to developing embryos have been reported 

(Cachot et al. 2006; Colombo et al. 2007; Dickerson et al. 2011). However, some life forms can 

tolerate PCBs. A diatom that is resistant to PCBs has been reported (Cosper et al. 1988). The most 

likely explanation for this under the protein model is that ancestral diatoms were exposed to (i.e. in 

metabolic or eliminate) PCBs and that there was strong selection pressures favouring those 

individuals that could deal with (i.e. metabolise and/ or eliminate) PCBs. They may have been 

individuals that carried genes which coded for the enzymes needed for the biochemical degradation 

of PCBs, and/ or for the proteins needed to exocytose incorporated PCBs and their metabolites from 

the diatom. These will have since been conserved in the diatoms’ lineage; possibly through 

intermittent exposure to PCBs. The fact that the gene identified by Cosper et al. (1998) has not been 

reported outside some diatoms suggests that it is of recent evolutionary origin. No report of protein-

mediated PCB uptake was found in a literature search. PCB uptake is likely to be taken up by a cell 

via ‘concealment’ (protein model) (Quinnell et al. 2004). 

It is known that PCB uptake is a very complex event consisting of different stages (e.g. Ko 

et al. 2012). Yet, the diffusion model has been widely applied to assess the risk PCBs pose (e.g. 

Verweij et al. 2004; Wang et al. 2009; Wang et al. 2011). This fixation with assessing pollutants 

through application of the diffusion model introduces a potential for erroneous measurements of the 

pollution risk posed. 
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Polybrominated biphenyls (PBBs)  

PBBs are brominated hydrocarbons that are analogous to the PCBs, except that they have bromine 

instead of chlorine as the halogen (Newman & Unger 2003). The PBBs are POPs and may be highly 

toxic to life. PBBs have been reported within estuarine organisms (e.g. Bragigand et al. 2006). The 

threat to life from PBBs has been assessed using the diffusion model (e.g. Joseffson et al. 2011). 

PBB uptake is likely to be via ‘concealment’ (Quinnell et al. 2004). 

  

Organochlorines  

Organochlorines are very poisonous POPs that can cause great damage to eukaryotic 

neurochemistry (Newman & Unger 2003, p. 30; Schäfer et al. 2012). They have been widely used 

as insecticides and, therefore, are widespread. Organochlorines are highly lipophilic and tend to be 

concentrated in aquatic sediments (Newman & Unger 2003, p. 30) where those that are POPs may 

remain for many years. One of the most notorious organochlorines is DDT. The term ‘DDT’ usually 

refers to the insecticide, p,p’-DDT (C14H9Cl5). However, technical grade DDT is composed of up to 

fourteen chemical compounds, of which only 65–80% is considered ‘active’ (see p. 6). Although 

industrially many forms of DDT are considered impurities, within living organisms they may cause 

serious mortality, morbidity and failure of reproduction (Connell et al. 1999, p. 60f): e.g. DDE, a 

degraded metabolite of DDT alters the metabolism of essential fatty acids (Howell & Manqum 

2011). Other environmentally important organochlorides include dioxins, which are used as highly 

toxic herbicides (e.g. 2,4D
j
). These have been extensively applied  in the past 50 years. Dioxins also 

function as endocrine disrupters and can cause reproductive and developmental problems as well as 

damage the immune system. Dioxins are rare in nature, but, because they are manufactured 

industrially, are now found throughout the world. They readily accumulate in the food chain, 

especially in the fatty tissue of animals (WHO Media Centre 2010; US EPA 2011b).  

Based on the diffusion model, partitioning coefficients have often been used to predict the 

environmental risks from organochlorides (e.g. Hawker & Connell 1988a,b; Richardson et al. 2005; 

Dueri et al. 2006; Vasquez et al. 2011). Sediment pore water concentrations are often measured to 

assess these pollutants’ bioavailabilities to benthic organisms (e.g. Menchai et al. 2008; Yu et al. 

2011; Poulsen et al. 2012). Under the protein model, organochlorides are likely to enter organisms 

via the ‘concealment’ route, especially those organochlorides that are sorbed to sediments which are 

eaten by detritus-feeding organisms, including deposit-feeding macrobenthos and soil-ingesting 

organisms (Quinnell et al. 2004). Some uptake may occur through the skin and respiratory surfaces 

via endocytosis of polymers carrying organochlorides. Appraisal of pollution risks will be very 

different in the respective diffusion and protein models, because the protein model allows for the 

                                                 
j
 2,4D = 2,4-Dichlorophenoxyacetic acid 
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complex process of protein-mediated substance trafficking, whereas diffusion model does not 

concede that ‘life’ has any influence on what it incorporates. Partitioning coefficients are unlikely to 

provide reliable estimates of pollution risks, because they are conceptually invalid measurements – 

they measure the phase of pollutants that is unlikely to be biologically available. For lipophilic 

pollutants it can be stated that the real bioavailability of pollutants and their metabolites may be 

thousands to some millions of times higher than that predicted under the diffusion model.  

 

Organophosphates  

Organophosphates are used as insecticides, flame retardants, plasticisers and lubricants, and are 

readily sequestered within sediments (e.g. Martinez-Carballo et al. 2007). Many that are used as 

insecticides are poisonous to many metazoans (Newman & Unger 2003, p. 41f) through their 

actions as anti-acetycholinesterase agents (Karasu-Minareci et al. 2012). Studies of 

organophosphates have provided evidence of chemical antagonism amongst pollutants: e.g. 

piperonyl butoxide (an inhibiter of cytochromes) reduces the toxicity of organophosphates to 

benthic peracarids (Ankley & Collyard 1995). Some organophosphates damage developmental 

stages in aquatic organisms (Day & Kaushik 1987) through sub-lethal effects (Day & Scott 1990). 

Thus, the agents of an ecologically evident impact in aquatic ecosystems and soils, which defy 

attempts to identify it,  may well be metabolites or degraded forms of organophosphates, about 

which we know very little. 

Annelids are unusual in that they have a relatively high resilience to organophosphate 

poisoning (Ankley & Collyard 1995), including annelids, whose ancestors are unlikely to have been 

exposed to high levels of organophosphates: e.g. leeches (Lapkina & Arkhipova 2000): i.e. the 

annelids’ resilience to organophosphates is likely to be located at a higher level of biological 

complexity than the proteome (e.g. at the level of the cell). The annelids’ resilience has been 

attributed to their coelomocytes (free-ranging phagocytes of the immune system), which engulf 

xenobiotics (Dhainaut & Scaps 2001). This peculiarity of the annelids is discussed under the 

immunological model in Chapter 5. Plants too have been found to be resilient to gross impacts by 

organophosphates (e.g. Jianping Gao et al. 2000). This may be because the greatest damage 

organophosphates inflict is a marked disruption of neurological processes; plants do not have 

nervous systems. However, resistance to organophosphates has been developed in insect 

populations that have been repeatedly sprayed with organophosphates (e.g. Fragoso et al. 2002; 

Pathan et al. 2008). This can be explained by the protein model: resistant insects will possess either 

enzymes that rapidly degrade organophosphates or be able to express exporter proteins to rapidly 

eliminate organophosphates. Such exporter proteins may come from the large ABC family, which 
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cause multi-drug resistance in use of lipophilic drugs for the treatment of cancer (Alberts et al. 

2008, p. 665).  

Because they tend to degrade much more quickly in the environment than organochlorides, 

organophosphates often are preferred as insecticides. One organophosphate of special interest in 

this study is chloropyrifos, a broad-spectrum insecticide, which is widely used in agriculture, the 

home garden, in and around buildings, and on food-producing and domestic animals. Its use was 

approved in Australia in mid-1995; six months before mass mortality events began to occur in 

Bramble Bay. It has been extensively used as a termiticide on concrete house slabs throughout the 

catchment of Bramble Bay. Chloropyrifos is an occasional contaminant of surface waters, but can 

be very difficult to detect in aquatic ecosystems (NRAAVC 2000). All estimations of environmental 

levels of chloropyrifos located in a literature search were measures of solute concentrations 

(diffusion model). Little information could be found about the fate of chloropyrifos bonded to 

sediments (e.g. NRAAVC 2000). Chloropyrifos is known to produce toxic metabolites (NRAAVC 

2000), although no information on their impacts could be found. It is known that young mammals 

exposed to organophosphates may develop a metabolic condition similar to pre-diabetes whilst 

exposed adults are likely to become obese (Slotkin 2011).  

Organophosphates are assessed environmentally using the diffusion model (e.g. Meredith-

Williams et al. 2012). Because organophosphates are more water soluble than organochlorides, they 

are thus less likely to bind to sediments in aquatic ecosystems (Newman & Unger 2003, p. 41f). 

However, this does not mean that an uptake of solute organophosphates (i.e. the diffusion model) is 

likely to occur. Application of the protein model shows why. Firstly, to be directly incorporated into 

living organisms, organophosphates would have to bind to a substrate-specific transporting protein. 

If such a transporter has ever developed, very powerful selection pressure (rapid death or 

reproductive failure) will have immediately acted against the organism that carried this protein. Nor 

will there be accidental uptake of large amounts of solute organophosphates during endocytosis. 

This is because, as an endocytosing pit invaginates, it excludes the fluid from the external 

environment as far as possible (Alberts et al. 2008). Under the protein model, the sorbed-phase of 

organophosphates will be the biologically available phase.  

Sediment concentrations of organophosphates are sometimes measured by ecotoxicologists. 

However, a literature search did not find a study that predicted organophosphate bioavailability 

from measured sediment-sorbed sources. Ecotoxicologists also frequently use pore water 

concentration of organophosphates (diffusion model) as estimates of the threat organophosphates 

pose to life (Dueri et al. 2008). Although organophosphates have a moderate degree of water 

solubility, there is no known mechanism by which solute organophosphates could individually cross 

the biological membrane. Under the protein model, organophosphate uptake will depend upon the 
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risk that polymers to which pollutants are bound will be endocytosed by living organisms. Pore 

water concentrations are irrelevant. The octanol – water partitioning coefficients (KOW) measured in 

many studies (e.g. Zeng et al. 2005) provide information on the kinetics of a physical process 

involving organophosphates, but say nothing about the bioavailability of organophosphates in 

ecosystems. Thus, an appreciation of the ecological risk from organophosphates is imperilled 

through an application of the diffusion model with erroneous predictions of the pollution risk 

imposed by such toxins.  

 

Pyrethroids  

Pyrethroids are synthetic analogues of naturally occurring pyrethrums that are neurotoxic for 

metazoans (EXTOXNET 1996), especially invertebrates (Wolansky & Harrill 2008).  They are 

more stable than pyrethrums and are relatively short-lived in the environment, but have been 

implicated in mass macrobenthic mortality events (Davies & Cook 1993; Odenkirchen & Eisler 

1998). Despite this, there has been limited research into their impact on benthos (Hintzen et al. 

2009). There are reports that pyrethroids disrupt crustacean reproduction (e.g. Wang et al. 2009) 

whereas annelids seem resilient (Dean 2008). This is discussed under the immunological model in 

Chapter 5. 

Since pyrethroids are highly insoluble in water they tend to accumulate in sediments 

(Newman & Unger 2003, p. 42; Hintzen et al. 2009). However, current interpretations of risks 

almost inevitably focus on the solutes of pyrethroids as the bioavailable phase (e.g. Yang et al. 

2006) (diffusion model). Some researchers have employed partitioning coefficients (e.g. Budd et al. 

2011) to decide actual biological risks from pyrethroids in aquatic ecosystems. Others have 

measured sediment as well as pore water concentrations without stating which actually contributed 

to the pyrethroids’ bioavailability (e.g. Feo et al. 2010). In short, the literature on pyrethroids shows 

that sediment loads of pyrethroids are considered worthy of measurement, but the diffusion model is 

then invoked to explain their bioavailability by assessing pore water concentrations (e.g. Yang et al. 

2006). Thus, under the protein model environmental risks from pyrethroids are being improperly 

and probably dangerously mis-assessed. 

There is concrete evidence of protein involvement in organisms’ responses to pyrethroid 

poisoning. Tao Jin et al. (2010) used a proteomic approach to understand pyrethroid resistance in 

insects. They found that over 3 hr, 6 hr and 12 hr time periods a number of proteins were observed 

to change according to the period of pyrethroid exposure. Out of 15 investigated proteins, nine were 

observed only after pyrethroid treatment (i.e. they were expressed in response to the biochemical 

threat of pyrethroids), whilst six proteins showed different expressions depending on exposure 

times. The expressed proteins will have been either enzymes capable of degrading the pyrethroids, 
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exporter proteins capable of eliminating it and/ or both. This complexity of protein responses to 

poisoning is consistent with the protein model. 

A study of urban creeks in China found that pyrethroids were present in every water and 

sediment sample and that the most common was bifenthrin (Weston et al. 2009).  Bifenthrin is of 

special interest to this thesis, because it is widely used against termites and in home gardens. Its use 

was approved in Australia in mid 1995; six months before mass mortality events began to occur in 

Bramble Bay. Jiang and colleagues, have investigated the fate of bifenthrin used this way. They say;  

“Runoff from concrete 1 d  (1 day) after pesticide treatment contained high levels of 

bifenthrin (82 μg/L) and permethrin (5143 μg/L for cis and 5518 μg/L for trans), indicating 

the importance of preventing water contact on concrete after pesticide treatments. Although 

the runoff transferability quickly decreased as the pesticide residence time on concrete 

increased, detectable residues were still found in runoff water after 3 months (89 d) (89 

days) exposure to hot and dry summer conditions (Jiang et al. 2012). 

Therefore, bifenthrin is a prime suspect in the poisoning of Bramble Bay. The risk represented by 

bifenthrin in terms of both toxicity and bioavailability once released into the environment and 

sorbed on to polymers has not been addressed. This is consistent with the diffusion model approach. 

Also, no information on bifenthrin’s metabolites and degraded forms could be found. 

 

Organotins  

Organotins, which are biologically poisonous organic compounds containing tin (Sn), have been 

widely used as biocides, especially in estuarine ecosystems. They act upon transport proteins on the 

mitochondrial membrane (Powers & Beavis 1991). Although they have now been banned from use 

in many marine ecosystems, triorganotins are stable and persistent in estuarine sediments (Bell & 

Chadwick 1994; Veltman et al. 2006; Takahashi et al. 2012). Consequently, many estuaries are 

contaminated by triorganochlorines.  Other applications of triorganotins include their use as 

antibiotics, and as fungicides on crops. Organotins also are used by industries (USGS 1998).  

 

2.10.3 Summary of chemical pollution investigation 

The diffusion model is widely applied to assess the bioavailability of pollutants. Although 

partitioning coefficients were developed for lipophilic contaminants, they have been applied to 

metals and metalloids and even soluble organic pollutants. This practice lacks validity, because 

under a biological perspective of how substances are imported and exported from cells, passive 

diffusional uptake of substances cannot occur. 

Ecotoxicologists sometimes measure sediment concentrations of pollutants, but no 

examples of the use of sediment concentrations to predict the risk pollutants pose could be found. 
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Therefore, pore water concentrations are more commonly used to predict the level of threat from 

polluted sediments. Within the protein model the solid (sorbed) phase is the phase that for most 

pollutants poses the greatest risk to living organisms. (Copper and Fe are exceptions, although the 

sorbed phase of both is biologically available and, in the case of Cu, may prove to be the only 

biologically available phase.) In the interests of promoting sustainability of estuaries and larger 

ecosystems it is plainly imperative that erroneous models and measurement of pollutant risks be 

identified and eliminated.  

In the battle to understand ecosystems and risks to them, the schism between the diffusion 

model and the protein model represents a major conceptual divide between a simplistic and 

erroneous assumption about the nature of the biological membrane and an approach that embraces 

the complexity of biological systems. The protein model allows the membrane’s essential function 

as a permeability barrier that prohibits the passage of passively diffusing chemicals. The diffusion 

model denies this essential feature of life. 

 

2.10.4 Nutrient pollution 

Because they are low-kinetic energy ecosystems, estuaries accumulate nutrients and therefore have 

high internal productivity (Odum 1970) (see 2.1). However, nutrient input into riverine estuaries is 

also related to rainfall (Uncles et al. 1998) and tidal inflow (see 2.1) as well as local 

geomorphological factors. Today, nutrient pollution is almost ubiquitous in the world’s estuarine 

ecosystems with compelling evidence that the problem is accelerating (Goberville et al. 2011). 

Bramble Bay has a long history of enrichment by sewage effluent, urban runoff and catchment 

erosion (Dennison & Abal 1999). Elevated primary production in this estuary frequently manifests 

as extensive phytoplankton blooms and benthic algal overgrowth. This review considers how 

anthropogenic nutrient enrichment may affect estuarine ecology. Many factors interact to determine 

internal estuarine productivity. 

Watkinson et al. (2005) has stated that there may be fundamental differences in the 

limitation on primary production in subtropical and temperate coastal systems because of relative 

differences in the types of agents of N-fixation and denitrification respectively. The available forms 

of nitrogen may, in turn, limit ecosystem responses to elevated nutrient levels (Granéli 1987). The 

nutrients that are of most interest are N (usually as NH4 and NO3) and P (as PO4). Silica (Si) levels 

also may affect estuaries, largely because Si may play an important role in determining the success 

and proliferation of phytoplankton (Levine et al. 1997). Iron (Fe) levels may be critical, because Fe 

is an essential micronutrient for some groups of phytoplankton to develop into blooms (Vuorio et al 

2005). Temperature, salinity, pH and light level variables are important determinants of estuarine 

productivity: e.g. estuaries with low to moderate light levels are less likely to show biological 
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responses to increased nutrient input than well-lit estuaries. Primary productivity in estuaries also 

may be mediated by site-specific geomorphological features of estuaries (Painting et al. 2007). In 

estuaries that have been physically modified acid sulphate conditions may affect the survival of 

plants by limiting their ability to use ammonium (NH4
+
) efficiently (Hamill & Cocking 1986). Thus 

total estuary productivity in acid sulphate-impacted estuaries may decline.  

This review shows that, whilst nutrient enrichment has some fairly predictable general 

outcomes, such as eutrophication and benthic hypoxia, the details of nutrient enrichment effects 

vary greatly from estuary to estuary, because each estuary is physically and chemically 

idiosyncratic. Two case studies are presented below that exemplify this. Both are of temperate 

riverine estuaries. The intention is not to cover all or even most manifestations of nutrient 

enrichment, but to show how its impact varies because of factors other than just ‘nutrients’; not just 

between estuaries, but from place to place within estuaries. 

The Humber riverine estuary: Sanders et al. (1997) investigated the nutrients in the Humber 

estuary: a large and complex estuarine system fed by several rivers on the east coast of England. 

They found that fluxes of nutrients into the system were highly seasonal and river-specific. Nitrates 

and phosphates dominated winter flows in one river. However, the ammonium flux was dominant in 

the other rivers. One river had a large internal source of ammonium, which sustained microbial 

processes that removed about 80% of its dissolved phosphate load. Another river that had large 

internal sources of nitrate and phosphate as well as ammonium was able to remove over 60% of its 

dissolved phosphate load. Overall both rivers were sinks for phosphates, nitrate and ammonium.  

Below the confluence of river systems where tidal flow was influential  the Humber estuary 

was able to remove ~ 50% of the phosphate and ~ 50% of the ammonium that were tidally imported 

and about 50% and 80% of total P and NH4
+
 respectively. Seasonality of the nitrate flux within the 

system affected all parts of the system. However, seasonality of the phosphate flux was almost 

eliminated in lower part of the rivers where the salinity gradient became influential.  

A self cleansing capability also was evident in The Humber system, which removed 85% of 

its dissolved phosphate load, and 4% of its dissolved inorganic nitrogen load (Sanders et al. 1997). 

Some nutrients will have entered the atmosphere, but most probably were lost out to sea. This will 

have reduced the Humber’s vulnerability to nutrient pollution. 

 Scheldt tidal riverine estuary: The Scheldt tidal estuary occurs in the lower reach of a 350 

km long river in northern France, western Belgium and the south-western Netherlands. Arndt et al. 

(2009) have quantified the seasonal Si and N filtering capacities of the Scheldt estuary and tracked 

export fluxes to the coastal zone over one year. They identified pronounced seasonal variability in 

nutrient cycling resulting from the combined effect of biogeochemical transformations and nutrient 

flux imbalances. Dissolved silicon analysis revealed a large mass storage capacity. However, other 
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nutrient fluxes, especially N, responded to upstream disturbances more slowly than could be 

explained by variations in N concentrations alone. This affected the nutrient export to the coastal 

zone, which in turn affected offshore marine phytoplankton growth. The estuarine nutrient retention 

showed marked seasonal variability, which was driven by a complex interplay between reaction and 

transport of nutrients. The process was complex and the seasonal filtering capacity of the estuary 

could not be estimated. However, nutrient export fluxes to the coastal zone could be predicted 

readily from the river nutrient loads and the estuarine filtering capacities. 

 

2.10.5 Nutrients in Moreton Bay  

The focus of the field work in this thesis is Bramble Bay, which lies within the large Moreton Bay 

estuarine area. Therefore, the nutrient status of Moreton Bay, especially in the vicinity of Bramble 

Bay has to be considered. 

Benthic N-fixation rates are high within Moreton Bay. As a result, N is not a limiting factor 

for estuarine productivity. However, Moreton Bay is potentially P-limited (Wulff et al. 2011). This 

may explain why phytoplankton biomass showed little change from 1991 to 2006 in the sections of 

Moreton Bay most impacted by wastewater effluents (i.e. Bramble Bay). This was despite a large 

reduction in wastewater N loads from 2000 to 2002 owing to an upgrade of sewage treatment at the 

large Luggage Pt plant, which has discharged into Bramble Bay for ~ 100 years (Wulff et al. 2011). 

This may reflect the long-term ability of embayment estuaries to retain nutrients and so sustain very 

high internal productivity. 

There may be localised responses to nutrients within Moreton Bay. Immediately north of 

Bramble Bay blooms of a toxic alga, Lyngbya majuscule, occur but apparently not in Bramble Bay 

itself. Wulff et al. (2011) found that blooms are nutrient-related and seem to reflect changes to 

sewage treatment at Luggage Pt. There have been rapid increases in the occurrence of N-fixing of L. 

majuscule, as wastewater P loads have increased relative to wastewater N loads because of the 

upgrade of the Luggage Pt sewerage plant. Yet, dissolved and total nutrient concentrations have not 

differed significantly preceding or during blooms. Therefore, other factors are important. 

Water samples from creeks discharging into Bramble Bay indicated elevated concentrations 

of total Fe and dissolved organic carbon associated with low pH values, which it is thought may 

stimulate L. majuscula blooms, as Fe forms complexes with dissolved organic carbon. The blooms 

develop rapidly, probably because of inputs of nutrients (N and P). Nutrient recycling may then 

sustain blooms for several weeks: e.g. Fe efflux, stimulated by redox changes during decomposition 

of dead L. majuscula mats releases Fe for reuse by the algae (Watkinson et al. 2005).  

Udy & Dennison (1997) investigated growth and physiological responses of three seagrass 

species in Moreton Bay (Halodule uninervis, Novozostera capricorni and Cymodocea serrulata) to 
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elevated sediment N (100 × control) and/or P (10 × control) over a three month period from spring 

to early summer. The study was undertaken because primary productivity in seagrasses may be 

limited by the supply of nutrients, particularly nitrogen (N) and phosphorus (P). Whilst all three 

species responded to added N and added N and P, they did so differently.  

The conclusion is that whilst evidence of nutrient pollution may be obtained from simple 

measures of N and P or chlorophyll estimates, estuary response to nutrient enrichment is very 

complex and may be unpredictable. Minor trace elements may play important and poorly 

understood roles. 

 

2.11 HOW MACROBENTHOS IS STUDIED 

This is a literature review of how researchers have investigated pollution impacts using 

macrobenthos. It will look for evidence that researchers begin their investigations by asking the 

fundamental questions, such as: Is macrobenthos a reliable indicator of pollution? Do changes in 

macrobenthic communities signal pollution? Does it matter if there are no healthy estuary data?  

How will any pollution impacts be identified? Is it valid to compare a polluted estuary with a 

polluted estuary in a search for evidence of impact?  The answers to such questions are critical for 

reducing the risk that a study is invalid because it fails to investigate what it purports to investigate. 

How pollution is measured based on information in the literature is considered here. 

 

2.11.1 Healthy estuary data 

An impression gained from a literature review of information on soft-bottomed estuaries was that 

there are not very many published papers. Jinshui Sun et al. (2012) confirmed this. The output of 

papers grew from one article in 1902 (the first such publication on record) to 33 in 2010. Amongst ~ 

5550 papers of the past 20 years that Jinshui Sun and colleagues reviewed, studies of healthy 

estuaries are very uncommon. The reason is simple. There is a problem obtaining data about healthy 

estuaries, because of the extent to which estuaries are polluted. Rapid, worldwide human population 

growth and uncontrolled development in many coastal areas means that many/ most estuaries are 

severely impacted by a wide variety of chemical contaminants and nutrients (Jinshui Sun et al. 

2012). Few estuaries outside Polar Regions are unimpacted and even polar coastal waters may be 

polluted. In Antarctica pollution impacts on coastal ecosystems are evident from changes to the 

macrobenthos (Lenihan & Oliver 1995; Thompson et al. 2003), whilst coastal ecosystems 

associated with even very isolated islands are contaminated: e.g. Macquarie Is (Simpson et al. 

1995). Australia has one of the lowest human population densities in the world (22 million people 

in a country about the size of the US). Yet, even estuaries in remote locations are vulnerable to 

impact: e.g. macrobenthic data from far north Queensland shows evidence of impact; in this case 
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from a sewerage plant that serviced just a few hundred people (data from Dittman 2001). 

Consequently, we know relatively little about healthy estuaries; especially about the stability of 

macrobenthic community ecology within healthy estuaries. We know much more about the ecology 

of polluted estuaries (e.g. Dauer et al. 1995; Skilleter 1998; Powilleit & Kube 1999; Desrosiers et 

al. 2000; Lui et al. 2002; Edgar et al 2005; Austen & Widdicombe 2006; Labrune et al. 2007; 

Patrício et al. 2009; Carvalho et al. 2010; Dolbeth et al. 2011).  

This is a problem. It inhibits resolution of one of the challenges in assaying estuaries for 

damage: the need to distinguish between pollution and natural physico-chemical impacts (Deeley & 

Paling 1999). Nevertheless many researchers have tried. However, isolating pollution impacts from 

natural physico-chemical impacts may be all but impossible in polluted estuaries. For example, 

Stephenson et al. (1977), Saenger et al. (1982), Currie & Small (2005), Eyre & Ferguson (2005) and 

Ritter et al. (2005) all claim to have identified flood impacts on estuarine macrobenthos. However, 

in all cases the estuaries being investigated were vulnerable to increased pollution input caused by 

floods that most probably transported pollutants from contaminated catchments. Appropriate 

assessments that allow pollution impacts to be differentiated from natural physico-chemical changes 

in estuarine ecosystems will be possible only if healthy estuary data can be obtained. Given that it is 

very difficult to find ‘healthy’ estuaries today; historical healthy estuary data should be used to 

define temporal and spatial heterogeneity of these ecosystems, especially to define the normal 

behaviour and natural variability (Deeley & Paling 1999). This thesis does this using data from a 

healthy macrobenthic community collected in the early 1970s (see Chapter 3). 

 

2.11.2 Assaying estuaries for evidence of pollution 

With the research question(s) being addressed firmly in mind, the first undertaking in a study should 

be to nominate simple community measures the study could focus upon. Chemical tests must be 

rejected as the only measures of damage on the basis of the inappropriateness of the diffusion model 

and our lack of knowledge about the impacts of pollutant metabolites and degraded forms. If 

evidence of environmental contamination is being sought, the most unmistakable signals for 

pollution will lie within biological communities. This is because living organisms directly reflect 

the bioavailability of pollutants and their ecophysiological impacts, and thus the degree of estuary 

pollution. Single test species may be used (e.g. Kikuchi et al. 2000; Beiras et al. 2003; Matthews & 

Fairweather 2005; Mountassif et al. 2007; de-la-Ossa -Carretero et al. 2009).  However, this 

approach in not without pitfalls if species are tested in a manipulated environment (e.g. Sibonia et 

al. 2004; de-la-Ossa-Carretero et al. 2009) where experimental conditions may differ markedly from 

field conditions. Another option is to use community measures (e.g. Grémare et al. 1998; 

Rakocinski 2000; Occhipinti-Ambrogi et al. 2005; Austen & Widdicombe 2006; Dolbeth et al. 
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2011). The use of community measures is likely to provide a more realistic measure of pollution 

impacts, because the nature of biological communities represents an integrated array of 

ecophysiological responses to the environment, including pollutants.  

Despite the difficulties in obtaining healthy estuary data, changes to macrobenthos have 

been successfully used to describe the nature and magnitude of organic enrichment of estuaries (e.g. 

Holte & Oug 1996; Simonini et al. 2001; Austen & Widdicombe 2006) and chemical contamination 

(e.g. Agard et al. 1993; Dauba et al. 1997; Belan  2003). Species richness, diversity indices and 

measures of biomass have probably been the most widely used indicators in the majority of 

published works, but a literature review showed that these community attributes were examined 

often without appropriate critical analysis of their utility. Community structure, biomass, the 

relative abundance of functional groups and indicator species have also been developed and used as 

environmental indicators: i.e. specific measurable markers that help to assess the condition of the 

environment and how it changes through time and space (e.g. Meire & Dereu 1990; Beukema et al. 

1993; Rakocinski et al. 2004; Hermand et al. 2008). Both short term changes and general trends in 

those markers may indicate improved or worsening environmental health (US EPA 2008). Some of 

these indices may offer very useful shorthand ways of describing impacts: e.g.  the annelid: 

peracarid index, which is based on the observation that whilst annelids are very tolerant of 

pollution, peracarids tend to be reduced.  One of the critical steps in assaying communities for 

evidence of impact should be an investigation to identify which community measure will be the 

most sensitive to pollution, but have low sensitivity to natural environmental disturbances. The next 

step has to be a decision about how to test the data. One option is the use of biological indices. Well 

chosen indices will seek out patterns encoded within the data and target these to generate pollution 

signals. How to specify what community differences are being sought is the challenge.  

Indices need to be biologically meaningful. Thus, differences between higher taxa may be 

the focus (e.g. MacNeil et al. 2002), based upon the knowledge that some taxa (e.g. annelids) are 

more resilient to pollution than others (e.g. peracarids). Alternatively, differences between trophic 

groups could be used: e.g. the ratio of deposit: suspension feeders. The reason for each choice has to 

be very clear: e.g. using the established knowledge that higher taxa have fundamentally different 

ecophysiological responses to pollutants. Bellan et al. (1988) devised the Annelid Index. 

Observation that annelids are very pollution tolerant whereas peracarids are not (e.g. Bellan 1980; 

Tsutsumi 1987; Amaral et al. 1998; Ward & Hutchings 1996; Hibling & Blake 1998; Guidetti et al. 

2000; de-la-Ossa-Carretero et al. 2010; Pechenik 2010, p. 320f; Elías et al. 2001; Charles et al 2003; 

Raman & Ganapati 2003; Belan 2004; Samuelson 2001; Cardoso et al. 2006; Joydas et al. 2011) 

means that an annelid: peracarid ratio may be useful for detecting pollution. Knowledge of the 

protein model indicates that trophic groups (deposit and suspension feeders) could be used to create 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22de-la-Ossa-Carretero%20JA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
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a trophic pollution index. Any suspicion that endocrine disrupters are affecting an estuary could 

lead to the development of reproductive strategies indices (e.g. K-: r-strategists). Ecotoxicologists’ 

bioconcentration model (Newmann & Under 2003) could be invoked and evidence of pollutant 

magnification through the food web could be used to assay estuaries.  

Simple indices such as those proposed above have an appealing advantage: data do not have 

to be modified prior to generation of an index. Therefore, if sampling is adequate, simple indices 

derived in response to the questions being asked will be appropriate measures of pollution impacts. 

However, a fundamental challenge to the appropriateness of in-depth data analyses of 

biological systems results from the great complexity of biological systems (Sokal & Rohlf 1995, p. 

272). This is because within biological systems there are often many species from a range of taxa 

with a diversity of life styles present in differing abundances. Thus, some of the first attempts to 

summarise the complexity of biological communities involved the development of complex indices 

that allow complex data to be summarily represented: e.g. diversity indices, such as the Similarity 

index, and Shannon and Simpson indices, and the Bray-Curtis (B-C) index (Eq. 2.2): 

  

BCij = sCij/ (Si + Sj)       Eq 2.2 

Where Cij = the sum of the lesser value for those species found in both compared 

communities; Si and Sj = the sum of the total number of all specimens counted at both sites 

(i and j). 

 

The B-C index is sensitive to extreme scores, which may influence the finding of tests. To allow for 

the great variability in the numbers of individuals within species or whatever grouping is used, 

abundance data are often transformed (e.g. 
4
√ [Skilleter 1998; Currie & Small 2005], 

3
√ 

[Stephenson et al. 1977); log10 (x) or log10 (x + 1) [Chariton et al. 2011], or ln(x) or ln(x + 1): e.g  

“Double square root (N
1/4

) transformations were applied to the data before calculating B-C 

dissimilarity measures. These transformations were made to prevent abundant species from 

influencing the B-C dissimilarity measures excessively.”(Currie & Small 2005, p. 317).  

Thus, the influence of very common species that may have major ecological impacts (e.g. 

equilibrium species [Thomas 1993]) may be less evident. So may the influences of invasive 

opportunistic species.  

 

2.12  WHAT COMMUNITY ATTRIBUTES ARE MEASURED? 

It is evident from a literature review that, although there is no consensus on how to analyse 

macrobenthos for evidence of pollution impact, ANOVA dominates the published studies. ANOVA 

is favoured because it is recognized as a powerful test. The pitfall is that ANOVA has some basic 
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assumptions (see Sokal & Rohlf 1995) that must be met if it is to be a valid test for the data. 

Preeminent of these are the assumptions that that data have proximally normal distributions, and 

that the variances of compared data sets are similar. Many raw data from biological communities do 

not fulfill these assumptions, especially abundance data from macrobenthic communities in 

estuaries. 

 

2.12.1 Measuring community attributes 

Probability distributions may be described by four parameters: the measure of central tendency 

(first moment), measures of dispersion (second moment), skewness (third moment) and kurtosis 

(fourth moment) (Sokal & Rohlf 1995, p. 111f). Variance, kurtosis and skewness are measures of 

the deviation of the data from a normal distribution.  

The mean is one of three measures of central tendency. The others are the median and 

mode. All may be used to compare sampled populations. The median is the middle measure in an 

ordered set of data (Sokal & Rohlf 1995, p. 24). It is less affected by skewness in the data than the 

mean. However, both tests have the same inherent limitation – they can compare only a MCT 

(measure of central tendency) the first moment of data’s distribution. Differences in the inherent 

variability and distribution of data are not directly assessed. Comparions of MCT are unlikely to 

reliably reflect changes in other moments, such as the variance, skewness or kurtosis, any of which 

may contain important pollution signals 

The mean ( ) is often coupled with the variance (s
2
), which greatly influences the value of 

the mean. Therefore, for comparisons based on measures of the mean to be reliable, any pronounced 

differences between data sets in the influence of the variances must to be reduced. Also, to use the 

mean as the measure of central tendency (MCT), data should have proximal normal distributions. 

To meet these two conditions, data may be transformed (Sokal & Rohlf 1995, p. 409).  Here is 

the nub of a major problem in assessments of estuarine and marine ecosystems using macrobenthos. 

Should data be transformed? If it is transformed, does this alter the fundamental relationships 

between data sets that are being compared? 

Whether  or not data may be transformed depends on which community measure(s) is the 

most sensitive to the treatment being investigated and therefore should be used in estuary assays. If 

the mean is an appropriate measure of pollution then data may probably be transformed to allow 

ANOVA to be used (although for data with homogeneous variances this is not necessary). If the 

median is the most sensitive measure of pollution, then K-W tests are appropriate and data should 

not be transformed. To do so would reduce the differences between median scores. If the variance is 

the most sensitive measure of pollution, then the data should not be transformed, because such 

transformation is likely to greatly reduce the differences between treatments if some data sets, but 
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not others, include some high scores. If all data sets consist of low scores then this also precludes 

data transformation (Verwust 1991). Thus, the probability test to be used in assays of estuaries 

using macrobenthic data should be addressed most carefully. 

 

2.13 HOW DATA ARE ANALYSED 

A review of 30 papers (1990 – 2011) showed ANOVA to be the chosen statistical test for > 95% of 

the studies. The established resolution for data whose variances are not homogeneous is to 

transform them so that they are approximately homogeneous. Yet, such data transformation is based 

on several important assumptions, which researchers rarely report that they have addressed. It 

assumes that the mean is the optimal measure of pollution impacts on macrobenthos.  If the mean is 

not the most sensitive measure of pollution, then ANOVA probably should not be used. Therefore, 

the literature review sought evidence that researchers asked: What is the community measure that is 

most sensitive to pollution? The answer should lead straight to a second question: What probability 

tests and ordinations are appropriate for these data? 

A survey of 15 research papers on macrobenthic community ecology (2005 – 2012) found 

that only one study reported having tested their data prior to analyses. Twelve of the studies applied 

ANOVA (e.g. Currie & Small 2005; Barnes & Ellwood 2012; Dafforn et al. 2012; Paganelli et al. 

2012; Soraz-Gomes et al. 2012). None reported having investigated their data prior to deciding 

which probability test would be the most appropriate. It is likely that any of these studies may have 

committed a Type II error.  

Non-parametric tests may be more appropriate. The non-parametric equivalents of 

ANOVAs are the K-W (Kruskal-Wallis) tests, which rank scores according to the MCT (Sokal & 

Rohlf 1995, p. 46). The null hypothesis is: that populations from which the samples originate have 

the same median score. When ANOVA’s assumptions are met, a 1-way K-W test has 90% of the 

power of ANOVA. When 2-way K-W is used the test has 85% of the power of  a 2-way ANOVA. 

However, if ANOVA’s primary assumptions are not met then K-W is the more powerful test (Zar 

2010). The K-W test is sensitive to changes in the MCT  

If, however, the variance is the most sensitive measure of a treatment, an optional test is 

Levene’s test, which compares variances and is less affected by changes to the MCT than ANOVA 

and K-W (Zar 2010, p. 154f). Bartlett’s test also compares variances, but tests that their 

homogeneity. Therefore, the data must have proximally-normal distributions (Zar 2010, p. 220).  

Levene’s test is suited to data that do not have proximal normally distributions. The test does 

require, however, that sample sizes are equal or near-equal (Zar 2010, p. 156). Also, if the data are 

asymmetric, then the median should be used as the MCT (Zar 2010, p. 157). The correct choice of a 

probability test should be based on the knowledge of what statistic is the most sensitive to the 
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attribute being measures (e.g. pollution) with the statistical test being the one that measures this 

attribute – not some other data attribute that is less sensitive to the treatment.  

In short, sampling protocols, ordinations and probability tests should not be employed just 

because they are widely used. Knowledge of the primary pollution signal and the distribution of the 

data are needed to chose the most appropriate data treatments (if any) and to choose the most 

appropriate statistical test.  

 

2.14 SUMMARY FOR CHAPTER  

The intent of the literature review in this chapter was, firstly, to reveal the most likely biological 

processes through which pollutants may be stored in ecosystems, especially estuaries, and to 

understand how pollutants are incorporated into living organisms. It also provided information that 

shows how estuaries are similar to and different from other types of aquatic ecosystems in their 

potential for pollution storage. Estuaries and other aquatic ecosystems with low kinetic energy as 

well as soils are especially vulnerable to the accumulation of pollutants because they contain large 

amounts of organic matter. This is because the decomposing microbial communities may generate 

extensive sheets of microbial biofilms to which pollutants sorb. (Nanoparticles also are being 

recognised as sites of pollutant storage [Canesi et al. 2012], but as yet, little is published on this that 

pertains to estuaries.)  

Under the protein model, pollutants sorbed on biofilms and nanoparticles are the forms that 

are most likely to enter estuarine food webs. This is contrary to predictions of the diffusion model 

which views these sorbed pollutants as ecologically inert. To this end the pollutant uptake paradigm 

that dominates ecophysiology (the diffusion model) was tested for its biological sensibility. It has 

been found wanting because it is based on the premise that the biological membrane is permeable, 

which it is not. 

Rather, substance trafficking across the membrane is mediated and regulated by membrane proteins. 

The protein model has been developed as an alternative conceptualisation of pollutant uptake 

(Quinnell et al. 2004). The protein model does not claim to represent comprehensively the great 

complexity of processes that ensues when living organisms interact biochemically with pollutants, 

but it offers a much more plausible explanation of pollutant uptake and elimination than the 

diffusion model.  

This review demonstrates how important it is to consider the attributes of that which is 

being investigated. The reason we are concerned about pollutants is that they inflict such terrible 

damage on living organisms in ways we often do not understand and, therefore, cannot predict. For 

this reason, chemical tests for pollutants may fail to answer the question: is this ecosystem affected 

by pollution?  



Estuarine canaries  

77 | P a g e   C h a p t e r  2 :  L i t e r a t u r e  r e v i e w  

 

Chemical tests will also flounder when they are founded upon the diffusion model because their 

concentrations of the major source of bioavailable chemicals (substrate-sorbed pollutants) are not 

measured. Living organisms with the vast array of ecophysiological responses to pollution are the 

appropriate units of measure of pollution. Chemical tests should be considered as secondary to 

pollution signals from life forms. 

It also is important that researchers consider carefully the nature of the data they collect. 

This takes experimental design well beyond the the development of a sampling protocol. It requires 

that the intrinsic nature of the data be investigated and understood. Three questions are especially 

important; What community measure is most sensitive to pollution? Will transforming the data 

affect the measured pollution signal? and, What is the likely to the the most powerful probability 

test?  Given that estuaries are severely threatened ecosystems on a global scale yet are critical in 

wildlife conservation, the maintenance of fish stocks and provision of food for hundreds of millions 

of people, incorrect estuary assessments is indefensible. 
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Chapter 3 

METHODS 

 

This thesis is a meta-analysis. As such, it integrates data from 16 different field studies to 

investigate three lines of inquiry. One is about the natural changes in healthy macrobenthic 

communities. One identifies the macrobenthic community attributes that are most sensitive to 

pollution and tests the data to determine what the most appropriate probability tests are. Another 

describes how pollution affects macrobenthos in riverine and embayment estuaries. These 

inquiries allowed the Primary Research Question (PRQ) to be answered: 

 PRQ: What factors caused the mass mortality events and persistent ecological 

impoverishment of the Bramble Bay estuary?  

This chapter describes the study areas, studies, methods of sampling and rationale for the 

approach taken.  

 To address the PRQ, six Research Questions (RQs) were proposed. They have been 

logically presented on page 13. Each RQ has been addressed using multiple Secondary 

Research Questions (SRQs). Most SRQs are stated only in Appendix 3 where they are related to 

the RQs. However, two SRQs (1 & 2) are stated in this chapter, because neither refers to an RQ. 

 The primary intentions of the individual studies are to:  

A. Identify the statistical measures that are most likely to detect significant pollution 

impacts on macrobenthic communities; 

B. Decide if changes to macrobenthic communities be accepted as ecologically reliable 

indicators of pollution;  

C. Assess the resilience of macrobenthic community ecology in healthy estuaries to 

spatial and temporal changes; 

D. Pinpoint specific times when the Bramble Bay estuary has shown clear signs of 

ecological degradation.  

E. Identify, if possible, the origin of damaging agents;  

F. Describe how ecological community measures in polluted estuaries change.  

From the information generated by the studies, models of pollution impacts on macrobenthic 

communities and related hypotheses are generated. These models are tested in the last analytical 

section of Chapter 4.   

 The results of these tests will be used to address the robustness of ecophysiological 

models that are the core of this thesis (i.e. the diffusion model, protein model, immunological 

model, reproductive strategy model and the equilibrium species model) (Chapter 5). The 

equilibrium species model was proposed by Thomas (1993). The diffusion model comes from 

ecotoxicology where it was first known as the three-phase model (Connell & Bycroft 1990).  

The protein model was proposed by Quinnell et al. (2004). It applied knowledge of cross-

membrane substance trafficking from molecular biology to allow an understanding of pollutant 
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uptake and elimination. The immunological model, which has not appeared as such in the 

literature, is presented here for the first time. It offers an explanation based on differences in 

animals’ primary immune system (phagocytes) for variations in the pollution tolerances of 

higher taxa (Annelida, Sipuncula, Mollusca and Crustacea). The reproductive strategy model is 

intended to describe how organisms’ reproductive strategies confer advantage/ disadvantage in 

polluted estuaries. 

 Chapter 5 also offers a near-posthumous diagnosis of the tipping points Bramble Bay 

has passed through as it degraded from what < 1820 was a very productive estuary (see Hall 

1990, p. 176f) to its current state of very low animal biomass, low biodiversity and dominance 

of the invertebrate community by opportunistic invasive species with reduced fish numbers 

(Quinnell 1999) and of limited use to wading birds or large invertebrates.  

 This section that presents the studies is organised into Parts A – D each of which 

presents a specific theme. Thus Part A presents the total study. It shows how the disparate 

individual studies have been linked. Part B presents the background studies that have to be 

addressed before macrobenthic communities can be compared. They address the questions: How 

may animals of different shapes and sizes be validly compared? What trophic groups do the 

various species belong to? Of all the attributes macrobenthic communities possess, which 

should be measured to identify pollution impacts? Part D contains the studies of pollution 

impacts. Its primary focus is on Bramble Bay.  

 This study uses the data from multiple field studies to address some questions about 

pollution and macrobenthic community ecology may come. It is important to remember that the 

primary focus is the investigation of the Research Questions presented on page 13, not the 

findings of individual studies. Therefore, the structure of Chapter 4 will not flow seamlessly 

from this chapter. To assist readers to relate findings to field and laboratory studies, each study 

presented in this chapter is allocated an identification number. Chapter 4, which answers the 

RQs, will cite the Study number from this chapter.  

  

3.1 STUDY AREA 

This study is set in a subtropical location in eastern coastal Australia (Fig. 3.1). The study area 

(Fig. 3.2) covers almost 250 km of coastline. Prior to European settlement here in the early 

nineteenth century, several thousands of Aboriginal people had occupied the area for > 40,000 

years. During this time the major environmental changes would have been caused by shifts in 

climate associated with Ice Age/ Interglacial oscillations. Since the mid 1800s the human 

population has grown to about three million people and human pressure on the coastal 

environment has increased greatly. Coastal habitats are now being closely monitored (e.g. 

Dennison & Abal 1999), but the overall trend is one of accelerating environmental degradation.  

 The locations that provided data for this thesis are Bramble Bay, which lies in western 

Moreton Bay (27
0
 17’S; 153

0
.03’E) (Fig 3.2).  Other study areas were in eastern Moreton Bay 
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(27
0
 26’S; 153

0
.48’E) and riverine estuaries to the north and south of Bramble Bay (from 

26
0
.23’S; 153

0
.03’E to 27

0
 58’S; 153

0
.22’E). Two rivers and numerous small creeks drain into 

Bramble Bay. Historical records provide information on the natural state of Bramble Bay and 

how and why it has changed. The primary location for this thesis is Bramble Bay in western 

Moreton Bay. Bramble Bay was mapped in detail in 1827 (Fig. 3.3) and described as backed by 

extensive wetlands and having muddy sediments (Steele 1975). This indicates that the area 

received sedimentary matter carried there by Pine R and Brisbane R and from numerous small 

creeks that drained into the bay. It appears to have been very like it is today – a turbid, soft-

bottomed habitat fringed by extensive stands of mangroves with intertidal salt marshes, and 

backed by freshwater wetlands. Therefore, major abiotic habitat changes should not have greatly 

influenced macrobenthic community ecology in Bramble Bay. The severe impacts evident today 

are likely to have come from outside the bay – either from other parts of Moreton Bay, from 

catchments of rivers and creeks that drain into Bramble Bay or point sources, such as sewerage 

plant effluent releases. 

  

 

 

 

3.1.1 Bramble Bay  

Today, Bramble Bay is within the largest and oldest urban area in Queensland. It has a 170 year 

history of commercial use (e.g. fisheries) and misuse (release of a large sewerage plant’s 

effluent directly into the bay, release of pollutants into associated rivers and creeks
a
, catchment 

clearance, extensive felling of mangroves to allow for farms and land reclamation). However, 

mangroves have largely re-established and, because of its importance for wading birds, Bramble 

Bay is incorporated within the Moreton Bay Ramsar site. Many of the creeks also are protected 

                                                 
a
 ‘Creek’ is an Australian term for a small stream. 

Figure 3.1: Map of Australia 

showing study area. Map: S. 

Quinnell. 

 

Figure 3.2: Riverine estuaries of southern Queensland. 

The 10 systems sampled by the Campbell et al. (1974a) 

are named. The location of Bramble Bay and its 

catchment is also shown. Map: S. Quinnell. 
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because they are recognized as very important fish habitats (Stephenson & Dredge 1976; Brown 

1986; Quinnell 1999).  

 

 

        

 
 

 

PART 3A 

THE TOTAL STUDY 

 

This Part shows how 16 independent studies have been integrated to create a study of how 

pollution impacts macrobenthic communities. 

 

3.2 TOTAL STUDY 

The field study component of this thesis will use data and information from 13 individual field 

studies of Bramble Bay’s macrobenthos between 1971 and 2000 as well as three other studies of 

fish and birds and information gathered during compilation of a field guide to Bramble Bay 

(Quinnell et al. 1999). Figure 3.4 shows how the most important of these studies have been 

integrated to create this thesis. Those projects directed by myself are indicated in brown 

(Quinnell 1996, 1997, 1999, unpubl., Quinnell et al. 1999); those undertaken under the direction 

of others are in black (Campbell et al. 1974a, b, c; Stephenson & Campbell 1977; Stephenson et 

al. 1977; Stejskal 1985; Stejskal & Chamberlain 1984; Davie 1986; G. Miller [ornithologist] 

unpubl. data 1996- 1997; G. Miller [ecotoxicologist] 1999, 2000).  

The beach of Bramble Bay is 350 – 400 

m wide at mean low water. Until 1980 the entire 

area was a delta through which creeks meandered 

and which received the discharge from Brisbane 

R. All but three drainage systems had urbanized 

catchments by 1970. The southern part of the 

Bramble Bay delta (The Serpentine) was largely 

destroyed in 1980 – 1981 during construction of 

Brisbane Airport. Natural water flow was diverted 

through a new deep channel (Kedron Brook 

Floodway), and old drainage systems were in-

filled with sediments from offshore in Moreton 

Bay. However, much of the central part of the 

Bramble Bay (Dynah Is) delta is largely intact and 

protected. 

 
Figure 3.3: 1827 map of Bramble Bay. Note the word ‘Mud’ over Bramble Bay 

(After J. Cross 1827, London. In Steele, 1975 p. 51.) 
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 Major studies are used to answer the PRQ. However, the first studies presented do 

not. Rather, they are essential prerequisites for the data analyses and were needed to ensure that 

abundance counts are ecologically comparable and to provide the information needed to classify 

organisms into trophic groups. However, before they are presented, how comparability between 

the diversity of studies presented here was ensured has to be explained. The purpose of the total 

study is to address the Primary Research Question (p. 13).   

 

 
 

3.3 ENSURING BETWEEN-STUDIES COMPARABILITY 

It was important for this thesis that recent data collection and treatment was comparable to past 

studies. This was necessary to allow valid qualitative data comparisons between studies. How 

data were collected in the past and how they were collected in 1995 – 2000 is discussed below. 

 

3.3.1 How sampling in riverine estuaries was standardised 

Studies by Campbell and colleagues (1974 a, b) provide the reference data for the riverine 

estuaries. A sampling program for biota based on the studies by Campbell and colleagues was 

applied to the riverine estuary studies in 1995 – 2000. This was done so that data from 1972 – 

1974 were comparable with data from 1995 - 2000.  

 In all studies, subtidal samples of sediments were collected using a van Veen grab, 

usually from a boat or on foot (e.g. in 1998 – 2000 when the tide was very low). Each sample 

had a surface area of 0.05m
2
. Collected sediments were wet-sieved through a 1 mm sieve within 

30 minutes of taking. The sievings (including the animals) were immediately transferred to 80% 

alcohol and stored in sealed bags. Thus, the sizes of samples, sampling technique and sieve 

meshes were the same.  A label was placed within each bag indicating the sample number, the 

 

 

 

 

 

 

 

 

Figure 3.4: Integration of investigations 

presented in this thesis showing the 

underlying fieldwork program over more 

than 30 years. Those projects directed by 

Quinnell (Quinnell 1996, 1997, 1998) are 

indicated in brown; those directed by 

others in black (Campbell et al. 1974a, b; 

Stejskal 1985; Stejskal & Chamberlain 

1984; Miller [ornithologist] unpubl. data 

1997; Miller [ecotoxicologist] 1999, 2000) 

and the highly desirable but study that 

cannot be made because it is too late 

(healthy Bramble Bay) is in blue.  
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site collected and the location as well as the time and date collected and sorter and the name of 

the collector. 

 However, Campbell and colleagues’ sampling regimes were not as rigorous as those 

typically applied today. Therefore, subtidal samples from all riverine estuary studies have been 

organised into comparable sampling programs. Each will be presented with the relevant study. 

 

3.3.2 How sampling on beaches was standardised 

The reference data intended for the intertidal beach sampling in 1996 - 2000 was to have come 

from studies by Stejskal (1985) and Stejskal & Chamberlain (1984). Funding was provided by 

the Brisbane City Council. However, it was insufficient funding to repeat Stejskal’s extensive 

work (1979 – 1984). Therefore, the committee that oversaw this project decided that the 

sampling program for the first (1996 – 1997) beach study should be similar to that of Stejskal (a 

transect from low to high water with sampling stations along it), but that sample sizes and sieve 

mesh sizes should be the same as those used to monitor macrobenthos on the beach at the Port 

of Brisbane, which is just south of Bramble Bay: i.e. samples were to be 0.04 m
2
 in surface area 

and 10 cm deep (Port of Brisbane information J. Dobson
b
, pers. comm.).  

 Unfortunately, the information from the Port of Brisbane study was so generalist and 

non-quantitative that it could not be used. For this reason, Stejskal’s PhD (Stejskal 1985) and 

Stejskal & Chamberlains’ report (Stejskal & Chamberlain 1984) have provided reference data 

for the beach studies. It is used in a summarised from.  

 All intertidal beach samples for the 1996 – 2000 studies were collected with a trowel. 

Sediments were placed in sealed bags within cool boxes. They were wet sieved through a 1 mm 

sieve within two hours of taking. The sievings were immediately transferred to 80% alcohol and 

stored in sealed bags. 

 

3.4 LABORATORY TREATMENT OF SAMPLES 

In all studies presented here all sieved sediment samples were stained in the laboratory with rose 

Bengal, which turns soft tissues of organisms pink, helping differentiate animals from sediment 

particles. The stained sievings were then sorted at x 10 magnification and animals removed. 

Animals were identified to species, named as far as possible from species to class, depending on 

the available literature, and counted. All individuals were measured to the nearest 0.5 mm using 

callipers (animals with exoskeletons) or rulers for worms. In the case of elongate organisms, 

such as annelids, the length of the organism was measured. Bivalves were measured across the 

widest part of their shells, crabs across the widest part of their carapace and peracarids by their 

lengths.  

 

 

                                                 
b
 John Dobson, then Environment Officer, Port of Brisbane Authority. 
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PART 3B 

ESSENTIAL FOUNDATION STUDIES 

 

This part presents the studies that were required before ‘pollution impacts on macrobenthos’ 

were investigated. Their purpose was to ensure that what was being compared were ‘pollution 

impacts’, not some other factor that influences macrobenthic community ecology. Two (the 

Preliminary Studies) relate to how animals were handled and used to generate data.  One 

addressed the important RQ 3. 

RQ3: What statistical analyses are most likely to detect significant pollution impacts on 

macrobenthic communities? 

In so doing it tested the impact of estuary the ‘size’ of a riverine estuary (i.e. its approximate 

width at its mouth) on macrobenthic community ecology. Therefore, although they are not 

conceptually related, the studies of ‘appropriate community statistic’ and ‘influence of estuary 

size’ are analytically coupled. 

 

3.5 PRELIMINARY STUDIES 

The two preliminary background studies are presented next, starting with the study to ensure 

that compared macrobenthic community abundances were comparable. The study of trophic 

investigations follows. 

 

3.5.1 Comparing abundances (Preliminary Study 1) 

Macrobenthos consists of a diversity of organisms in a variety of shapes and sizes. Therefore, 

abundance data may be a poor approximation of community biomass. The purpose of this study 

is to prepare abundance data so that counts reflect community biomass. The SRQ is:  

SRQ 1: Can counts of animals of varying shapes and sizes and therefore varying 

biomass be compared validly? (Not related to an RQ) 

Of the estimated 150,000 individuals that provide data from this thesis about 120 were 

of species that grow much larger (e.g. crabs and snails > 10 mm in diameter) than most other 

species that were collected. The remaining 99.75% of animals were much smaller. Although, 

large invertebrates represented < 1% of all collected individuals, because of their sizes these 

animals may disproportionately influence the ecology of macrobenthic communities: e.g. the 

soldier crabs (Mictyris longicarpus), which are up to 25 mm wide, may occur in large numbers 

and actively process large quantities of surface and sub-surface sediments whilst feeding (Webb 

& Eyre 2004). Such high-level impacts may be obscured if tests of data are based on raw 

abundance counts.  

This study shows how this problem has been addressed by calculating the average 

volumes (approximations of biomass) of species (including different-age cohorts), which allows 

abundance counts to be converted to units of ‘volume’.  
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Data for this study come from studies in 1998 – 2000. Each animal that was collected 

was measured with callipers or a ruler to the nearest 0.5 mm. The volume of each species is 

calculated according to what shape it most closely approximates: e.g. cylindrical (many worms 

and tanaid crustaceans), box shaped (some amphipods and bivalves), pyramidal (a few bivalves) 

and spherical (many crabs). Then the actual portion of the volume occupied by the animal is 

estimated. An example is presented in Figure 3.5 using a hypothetical polychaete. The animal is 

basically cylindrical. The volume of this cylinder is ~ 31.5 mm
3
. The worm occupies ~ 90% of 

the volume of the cylinder. The calculated volume of this worm is 28.3 mm
3
. Thus, the average 

volume of individuals in a population of the hypothetical worm could be calculated using the 

mean size of individuals. 

 

 
Figure 3.5: Calculating the approximate volume of a hypothetical annelid.     

Illustration: S. Quinnell. 

   

 Thus, abundance counts for animals will actually be units of volume. However, the term 

‘volume’ is less ecologically intuitive than ‘abundances’ of organisms. Also, the units are 

relative measures, not recognized units of volume. Therefore, the term ‘converted abundance’ 

will be used with the understanding that what is being compared are abundance counts that have 

been converted to represent the relative volumes of animals. Readers will be reminded of this 

throughout the data analyses. 

 

3.5.2 Trophic classifications (Preliminary Study 2) 

For this study SRQ 2 is pertinent: 

SRQ 2: What is the taxon’s trophic position? 

Knowledge of the trophic classifications of organisms is important because evidence of 

pollution impacts on trophic groups will be used to test the diffusion and protein models. The 

reasons are reiterated: 

a. Under the diffusion model all benthic organisms are exposed to pore water pollutants 

in the sediments. Consequently, all trophic groups will be about equally exposed to 

pollution.  

b. Under the protein model, animals that feed on sediments (the primary repository site 

for most pollutants in estuaries), are likely to ingest large quantities of pollutants. In 

contrast, suspension feeders take food from the water column, where levels of most 

contaminants are usually much lower. Thus, deposit feeders have a much greater 

exposure to pollutants than suspension feeders. (It is assumed that both trophic groups 
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will be about equally exposed to pollution from endocytosis of sediment-associated 

pollutants through their external surface).  

To address SRQ 2, some individuals of each species collected in the 1998 – 2000 study were set 

aside for dissection to investigate what they had been feeding on. (The animals from past 

studies were not available for this.)  

 Animals were viewed and their mouth parts and food-collection appendages were 

examined at x 10 magnification. They were then dissected. Anterior gut contents were removed 

and stained with rose Bengal so that animal tissues would be evident. Gut contents were then 

examined at x10 – x 40 magnifications and food type was identified as far as possible: e.g. 

sediment particles, microalgae, detrital matter and other invertebrates. A literature review was 

also undertaken to assemble as much information as possible on the trophic positions of the 

species collected. This allowed animals to be assigned to one of three trophic groups: deposit 

feeders, which feed on substrate matter or smaller animals that feed upon the substrate; 

suspension feeders, which extract food from the water column by filter-feeding; and infaunal 

carnivores, which eat other live macrobenthos. Animals that may be optional deposit/ 

suspension feeders were assigned to trophic groups according to gut contents (i.e. their trophic 

groups when collected).  

 In addition some animals were housed in tanks to observe their feeding behaviours. 

Specimens were sorted from sediments with a 1 mm sieve then placed in 20 L tanks of 

oxygenated water collected in Bramble Bay. These contained well-settled estuarine sediments 

collected where it was thought pollution levels would have been low. Animals were maintained 

in the tanks for 3 – 5 days. How each species placed itself within the sediments (burrower, tube-

builder or surface dweller) was recorded. After 24 hours food (fish flakes) was offered in the 

form of finely ground fish flakes. Whether any of this was deliberately collected was recorded. 

Drops of rose Bengal solution also were added to the tanks (1 ml / 10 L of water) to observe 

water currents set up by suspension feeders. Evidence of these was recorded. 

 The results of this investigation are provided in Appendix 1.  The findings will be 

used to classify animals into trophic groups in the major studies.  

 

Annelid gut contents 

In addition, dissection of annelids to allow examination of their gut contents was undertaken. 

The intention was to obtain/ not obtain evidence that free-ranging cells in annelid intestines are 

involved in food assimilation by the worm.  The literature review suggested that this will be a 

universal process in major annelid groups. Therefore, the gut contents of common garden 

earthworm (Aporrectodea caliginosa, Lumbricidae) were stained and examined. The 

collected worms were firstly anaesthetised with CO2 then killed. Their anterior and 

posterior gut contents were extruded separately then stained with rose Bengal. Gut 

contents were then viewed at x 40 magnification.  
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3.6 HOW ESTUARIES MAY BE COMPARED AND POLLUTION IDENTIFIED  

This study was devised initially to determine how communities should be compared and 

measured. It addressed RQs 2- and 4: 

RQ 2: What ecological community measures changed? (Studies 1 & 2) 

RQ3: What statistical analyses are most likely to detect significant pollution impacts on 

macrobenthic communities? (Study 1) 

RQ 4: Can changes to macrobenthic communities be accepted as ecologically reliable 

indicators of pollution? (Study 2) 

An outcome of the data analyses was the finding that the size a riverine estuary is has 

implications for the nature of its macrobenthic community. Therefore, two apparently unrelated 

studies are linked because they are founded upon the same data analyses.  

 

3.6.1 Two studies – community statistics and estuary size 

Two investigations are presented. They are coupled because they require the same sampling 

design and testing procedure. Each study has a different objective. The first addressed RQs 2 

and 3. It compared healthy and polluted riverine estuaries. The second addressed RQ 4. It 

compared riverine estuaries of different sizes. 

 

3.6.1.1 Community statistics (Study 1) 

This study determines which attributes of macrobenthic communities are the most sensitive to 

pollution. This study is related to RQ 3 (above).  

 

3.6.1.2 Estuary size impact (Study 2) 

Preliminary analyses of data from healthy estuaries collected by Campbell and colleagues 

(1974a, b) indicated that macrobenthic communities are highly resilient to major abiotic 

variables, with the notable exception of estuary ‘size’. If estuary ‘size’ is a significant variable, 

it must be allowed for so that changes in macrobenthic community as a result of estuary ‘size’ 

are not mistaken for pollution impacts. Because this study included very small as well as large 

estuaries, the influence of ‘estuary size’ has been incorporated into the tests for Study 3.6.1.1. 

The study addressed RQ 4 (Can changes to macrobenthic communities be accepted as 

ecologically reliable indicators of pollution?). 

 

3.6.1.3 Joint study of community statistic and estuary size (Studies 1 & 2) 

Background 

Data for the large healthy estuaries and large polluted estuaries were collected by Campbell and 

colleagues in mid-1974 (Campbell et al. 1974a). Data for the small healthy estuaries were 

collected by Campbell and colleagues in mid-1972 (Campbell et al. 1974b). Data for the small 

polluted estuaries were collected by Quinnell. 
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Large healthy estuaries  

The Australian Government commissioned the Queensland Museum, to conduct baseline 

surveys of macrobenthos in riverine estuaries throughout southern Queensland. The study from 

which these data come was conducted in mid-1974. It included three drainage systems (Noosa 

R, Caboolture R and Ninghi Ck). At the time of sampling all appear to have had had been at low 

from pollution.  

All three riverine estuaries are large and shallow (< 5 m depth) and therefore may be 

exposed to extremes of temperature, especially heat in summer. Extreme floods had affected all 

estuaries early in 1974, but there had been limited rainfall in the three months prior to sampling 

(ABOM Data Sheets).  

In 1974 Noosa R suffered limited human disturbance. The upper catchment of a small 

tributary was partially cleared and sustained low-intensity cattle grazing. There was a township 

near the river’s mouth, but sewage and storm water apparently were not discharged into the 

river (Local Govt. Information). Therefore, Noosa R probably was ecologically ‘healthy’ in 

mid-1974. Ninghi Ck may have suffered limited nutrient enrichment because of catchment 

erosion. Otherwise it should have been ‘healthy’ in mid-1974. Caboolture R was associated with 

cattle and horse grazing and had a small town in its catchment. However, sewage and storm 

water apparently were not discharged into the river (Local Govt. Information). It has, therefore, 

been classified as ‘healthy’. 

 

Large polluted estuaries  

The large polluted estuaries included Logan (27
0
41’49”S; 153

0
15’30” E) and Coomera Rs 

(27
0
51’12”S; 153

0
14’39” E), (Fig. 3.2), both of which were dredged and probably acid sulphate-

contaminated. They also were at risk from contamination by agricultural chemicals.  Nerang R, 

the other large polluted riverine estuary, had been extensively modified to create housing estates 

and will have been at risk of acid sulphate conditions as well as urban pollution.   

 

Small healthy estuaries  

The Serpentine (27
0
 21’ 36” S; 153

0
 04’ 17”E) (Fig. 3.6) was built of deep muddy deposits. As a 

result, nearly all samples were from muddy substrate (≥ 40% mud by volume). Because 

sediment type is known to affect total abundance (p. 39), the few samples of sandy sediments 

collected will be excluded from consideration. Three creeks were sampled – Kedron Brook, 

Jacksons Ck and Serpentine Ck. However, only data from Jacksons Ck and Serpentine Ck will 

be used, because it is known that by 1972 Kedron Brook suffered contamination from its urban 

catchment (Quinnell 1996).  

Because they were destroyed almost 30 years ago, the ecological ‘health’ of Jacksons 

Ck and Serpentine Ck has been assessed in retrospect. In 1972 - 1973, Jacksons Ck and 

Serpentine Ck had very limited urban disturbance in their catchments. There was no identifiable 
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contamination by sewage effluent from Bramble Bay (QWQC 1974). The creeks’ immediate 

surrounds (mainly intertidal mangrove communities and intertidal salt pans) were largely intact 

in 1972 - 1973. The macrobenthos has been described as diverse and abundant by global 

standards (Campbell et al. 1974b, c). All available evidence indicates that both creeks may be 

classified as ‘healthy’. 

   

               

Small polluted estuaries 

The small polluted estuary data came from the locations shown in Figure 3.7.  They were 

sampled in 1998 – 2000 by Quinnell. All were exposed to varying degrees of urban 

contamination.  

Cabbage Tree Ck (27
0
 20’ 03” S; 153

0
 02’ 33”E) had a large urban area in its 

catchment, received the effluent from a sewerage treatment plant that services > 2,000 premises, 

had a dredged marina at its mouth and received the runoff from a large freeway.  

Nundah Ck’s (27
0
 20’ 21” S; 153

0
 05’ 04”E) lower reaches are within the Boondall 

Wetlands Reserve. However, Nundah Ck had an extensive urban/ industrial area in its 

catchment and also received the runoff from a large freeway. Nundah Ck is confluent with 

Cabbage Tree Ck at their mouths and may have tidally imported pollution from lower Cabbage 

Tree Ck. (Data from the small polluted estuaries are presented only here. See Appendix 2 for a 

list of the species captured.) 

Nudgee Ck (27
0
 20’ 37” S; 153

0
 05’ 19”E)  has a large industrial and domestic waste 

disposal site in its headwaters, adjoins a small urban area, receives the effluent from a sewerage 

plant that services ~ 200 premises and also receives runoff from a large freeway.  

Freddy’s Ck (27
0
 15’ 35” S; 153

0
 04’ 38”E) was within a conservation reserve, but was 

extremely exposed to pollution importation from Pine R. It may also have been affected by acid 

sulphate conditions (S. Cummings, Osprey House Environmental Centre, pers. comm.).  

 

 

Figure 3.6: Jacksons Ck, Serpentine Ck and Kedron Brook 

(data not used) of The Serpentine, a small delta system in 

Bramble Bay (27
0
 21’ 36” S; 153

0
 04’ 17”E) (before it was 

destroyed in 1980 - 1981). Here, sediments had accumulated 

over 5,000 years to form deposits 5-7 m deep. The shaded 

area was an intertidal habitat colonized by mangroves and 

salt marsh plant communities. (After Campbell. 1974b.)  
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The Anabranch (27
0
 21’ 15” S; 153

0
 06’ 33”E) was assessed as the drainage system 

least directly exposed to pollution. However, it received runoff from Brisbane Airport, had 

suffered occasional contamination by raw sewage from a damaged pipe at the time of sampling.  

 

  

 

Sampling protocol 

Estuaries were classified according to their health and width. ‘Large estuaries’ are those whose 

width at the mouth is > 750 m. ‘Small estuaries’ are those whose width is < 150 m. Thus, the 

study compared macrobenthic communities in large and small healthy and polluted riverine 

estuaries. There were four treatments: 1. Large healthy estuaries (LHE); 2. Small healthy 

estuaries (SHE); 3. Large polluted estuaries (LPE) and; 4. Small polluted estuaries (SPE). The 

sampling protocol is presented in Figure 3.8. 

 

 
 

The Anabranch also is confluent with the large, 

extensively urbanised Kedron Brook drainage system 

and will have been exposed to tidal importation of 

pollutants. The Anabranch may also be affected by acid 

sulphate conditions from extensive damage it incurred 

by the construction of Brisbane Airport. 

 

 

 

 

Figure 3.7: Riverine estuary sampling locations 1998 – 2000 

(Freddys Ck, Cabbage Tree Ck, Nundah Ck, Nudgee Ck, 

Kedron Brook and The Anabranch). In the embayment 

estuaries the Juno Pt lacks chemical data. Map: S. Quinnell. 

 

 

 

 

Figure 3.8: Structure of 

investigation of appropriate 

community measures. In this 

protocol there are 22 – 31 samples 

per estuary size-healthy/ polluted 

treatment. There were at least three 

locations (individual estuaries) with 

two or three sample sites per 

location. Small estuaries had a 

midstream location and an 

upstream location. Large estuaries 

also had an additional downstream 

location that was at least 200 m 

upstream of the mouth. Study 

design: S. Quinnell. 
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PART 3C: HEALTHY ESTUARIES 

 

This Part describes the macrobenthos in healthy estuaries. It addresses two important questions: 

Does the estuary a macrobenthic community lives in influence that community’s ecology? and 

Do changes associated with time (e.g. seasons and floods) cause changes in macrobenthic 

community ecology? 

 

3.7 RESILIENCE OF HEALTHY MACROBENTHIC COMMUNITY ECOLOGY 

In order to identify changes in a macrobenthic community as probable pollution impacts, 

reference ‘healthy’ estuary data are required. To be useful, such data must have a high degree of 

predictability through time and between different estuaries. Also, any changes should be 

comprehensible as predicted responses to natural abiotic variables, such as seasons or floods, 

and not be stochastic events. How macrobenthos in healthy estuaries responds to many natural 

variables is not well documented, because most studies have been undertaken in pollution-

exposed estuaries. Therefore, this is a rather unusual study. The RQ addressed is: 

RQ 4: Can changes to macrobenthic communities be accepted as ecologically reliable 

indicators of pollution? 

 This pivotal study was concerned with the predictability of macrobenthic community 

ecology in healthy estuaries. There are two subsidiary studies. In the first was of different, 

nominally healthy estuaries that were sampled at about the same time (mid 1974). This is an 

investigation of ‘estuary’.  In the second study, the same nominally healthy estuaries were 

sampled five times in 15 months. This has allowed an investigation of the impacts of ‘time’ on 

macrobenthic communities.  

  

3.7.1 Different healthy estuaries same sample time (mid-1974) (Study 3) 

This study assessed three different riverine estuaries that, as far as can be ascertained, were 

healthy at the time of sampling. The data sets come from Noosa R (26
0
 23’ 22” S; 153

0
 05’ 11” 

E), Ninghi Ck (27
0
 03’ 37” S; 153

0
 06’ 21” E) and Caboolture R (27

0
 08’ 27”S; 153

0
 11’ 56” E) 

and were collected by the Queensland Museum in mid-1974 (Campbell et al. 1974a) (Fig 3.2).  

 

Sampling protocol 

The sampling protocol is shown in Figure 3.9. Samples were taken from offshore of each 

estuary’s mouth to as far upstream as navigable (Campbell et al. 1974a). Only those taken 

within the estuaries were used in this study. However, offshore data were used to interpret 

evidence of pollution in Bramble Bay. Estuary mouth samples were excluded because such 

locations were strongly influenced by offshore conditions and may be intensely disturbed by 
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tidal flow. Samples were collected from a boat using a van Veen grab. Their collection and 

treatment are described in Section 3.4.   

           

  
 

3.7.2 Same healthy estuaries different sample times (1972 – 1973) (Study 4) 

Sampling protocol 

The sampling protocol for this study is shown in Figure 3.10 Campbell and colleague’s 

intention had been to collect 28 samples per location per sample time (12 in Jacksons Ck and 16 

in Serpentine Ck). However, this intensity of sampling was not always possible with some 

sample sites/ sample time represented by 1-2 samples. Nevertheless, once coarse sediments data 

are excluded, at least 11 from Jacksons Ck and 11 from Serpentine Ck were collected each time.  

This number of samples / location/ time will be used throughout this study, providing 22 

samples/ time. Where necessary, additional samples will be eliminated at random until 11 

samples / location/ time remain. Samples were collected and treated as described in Section 3.4. 

 

 

 

 

Figure 3.9: Sampling protocol of a 

study of three healthy riverine 

estuaries in southern Queensland, mid 

1974. Design: S. Quinnell. 
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Ancillary information 

In addition to the biological samples, salinity readings were taken at different stations using a 

calibrated conductivity meter. Initially, samples were analysed using a settling tube technique 

with filtration of unsettled material to determine silt/clay fractions. Trials found that visual and 

textural estimates of the silt/ clay fraction showed good agreement with the results of physical 

analyses (± 5%), and subsequently only qualitative assessment of sediments were undertaken.  

Estimates were made as to the percentages of sand and fine-sand; mud, silt and clay; gravel; and 

leaf litter in each sample. Based on these readings, samples were accepted for data analyses if 

their sediments contained ≥ 40% mud by volume (muddy sediments) or rejected if they 

contained < 40% mud by volume and were mainly sand (sandy sediments). Sediments that 

contained lots of shell were rejected, because what impact shell sediment has on macrobenthos 

in estuaries of southern Queensland is unknown.  

This information is not of direct interest. However, it was used to ensure that all 

samples used in data analyses were from muddy substrates. This was necessary because 

preliminary studies found that substrate type affected macrobenthos, especially the abundance 

of these organisms, which was much lower in sandy substrates than in substrates that contained 

at least 40% mud. 

 

PART D  

BRAMBLE BAY STUDIES 

 

Here the various studies of Bramble Bay and the associated riverine estuaries are presented. 

Where they were undertaken, how the studies were organised into sampling regimes and how 

 

 

 

 

Figure 3.10: Sampling protocol used by the 

Queensland Museum in the study of The Serpentine in 

1972- 1973. (Based on Campbell et al. 1974b and 

information provided by P. Davie, pers. comm.). 

Design: S. Quinnell. 
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samples were collected is described. Also, the information sought from each study is stated. 

Data from all the studies will be used to show how pollution impacts the Bramble Bay estuary. 

 

3.8 INTERTIDAL BEACH STUDIES IN BRAMBLE BAY (1979 – 1997) 

This section gathers together the evidence on Bramble Bay’s past state. It looks for evidence of 

past pollution impacts. RQs 1 and 2 were addressed; 

 RQ 1: What has been the nature of the changes in the Bramble Bay estuary and when 

and where did they originate? 

 RQ 2: What ecological community measures changed?  

However, studies also answer other RQs. These are stated where appropriate. Whilst these 

studies yield limited data for analyses, they all provided valuable information on changes within 

the Bramble Bay estuary (27
0
 19’ 39” S; 153

0
 03 17” E). 

 

3.8.1 Bramble Bay beach study (1979 – 1982) (Study 5) 

This study of the intertidal macrobenthos in Bramble Bay was undertaken in 1979 - 1982 by 

Stejskal (Stejskal 1985) and Stejskal & Chamberlain (1984). It addressed RQ 2 and 5:  

 RQ 2: What ecological community measures changed?  

 RQ 5: Do the changes in the macrobenthic community ecology of Bramble Bay indicate 

what factors are affecting it? 

The SRQs associated with RQ 5 were intended to provide details of changes in Bramble Bay’s 

ecology over > 20 years (See Appendix 3).  

 

3.8.2 Bramble Bay beach study (1996 – 1997) (Study 6)  

In 1996 – 1997 study (Quinnell 1997) used transect sampling technique similar to that of the 

Stejskal (1985) to obtain similar data from Bramble Bay’ foreshore on Nudgee Beach (Fig. 

3.11). This study’s importance is that it provided a profile of the beach just before a mass 

mortality event. It addressed the RQs 2 and 5:  

 RQ 2: What ecological community measures changed?  

 RQ 5: Do the changes in the macrobenthic community ecology of Bramble Bay indicate 

what factors are affecting it? 

This study entailed monthly sampling every 10 m along a transect line perpendicular to 

the shoreline from MHW to 150 m towards MLW. Four random samples were collected within 

5 m of every sample station. The transect was not extended further because it was impossible to 

cover the more of the beach in one low tide. This should not have prejudice comparisons with 

Stejskal’s data, because preliminary data analyses indicated that the macrobenthic fauna 30 m 

and lower below MHW did not apparently differ in species composition, higher taxa 

representations, total abundance and abundances of taxa irrespective of the relationship of a 

sample to MLW.  
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Sampling was undertaken 10 times in 12 months (January and April 1997 were 

omitted). The major difference is that Stejskal used a 0.5 mm sieve. This study used a 1 mm 

sieve and larger sample sizes (0.04 m
2
) compared with 0.005 m

2
 used by Stejskal (1985). The 

sampling protocol is described in Figure 3.12. Samples were collected and treated as described 

in Section 3.4. 

 

      

 

 

 

 

 

3.8.3 Bramble Bay beach study (1997 – 1998) (Study 7)  

In 1997 – 1998 funding was obtained from the Australian Government’s then National Heritage 

Trust Program to involve interested secondary school students in monitoring the beach of 

Bramble Bay for changes through time. The study area was central Bramble Bay, along the 

foreshore of Nudgee Beach and Dynah Is (Fig. 3.11). This study followed changes in 

macrobenthos over seven months during which time the beach was sampled six times. What is 

important about this study is that it commenced on 16
th
 October 1997, one week after the first 

storm rain at the end of the dry season (58.4 mm in < 1.5 hr). Up until this time no rainfall > 17 

mm had fallen over Bramble Bay or its catchment since early May. To know what the beach’s 

macrobenthos was like just before this study started, data from Study 3.8.2, collected just prior 

to the rainfall event were used. The RQs are as for 3.8.2. 

 The 2.5 km of beach from 30 m below mean high water to low water (a distance of 

400 m) was sampled. It was subdivided by a grid in which each unit was 25 m long x 8 m wide. 

A stratified random sampling program was used as a means of subdividing members of the 

statistical population (the members of the macrobenthic community) into homogeneous 

subgroups that were then sampled. Each grid unit was then numbered. Locations for sampling 

Figure 3.11: Study area for monitoring of 

beach macrobenthos within Bramble Bay at 

Nudgee Beach and Dynah Is.  Coordinates at 

south end of Nudgee Beach are 27
0
20’ S; 153

0
 

153’ E. Map: S. Quinnell. 

 

Figure 3.12: Sampling protocol 1996 – 1997 for 

intertidal study of macrobenthos in Bramble Bay. 

Design: S. Quinnell. 
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were then chosen for each sample time by a random selection of 16 numbers from 1 – 50. This 

yielded data from 16 locations. Samples were collected and treated as in Section 3.4. Figure 

3.13 shows the sampling protocol.  

 

 
 

 

3.9 KEDRON BROOK  

3.9.1 Kedron Brook (1972 – 1974) (Study 8)  

In early 1974 extreme flooding affected all of south-eastern Queensland, especially riverine 

estuaries of Bramble Bay. Therefore, Campbell and colleagues returned to The Serpentine and 

resampled the Jacksons Ck and Serpentine Ck. In addition, they returned to Kedron Brook. 

Kedron Brook was also sampled by Campbell and colleagues in 1972 – 1973 (Campbell et al. 

1974b). However, its data have not been used in the preceding analyses, because it was known 

to be contaminated by a moderately large urban catchment. This study focused on the data from 

Kedron Brook. It has used information from Campbell et al (1974b) as well as unpublished data 

sheets from Kedron Brook in mid-1974. This study provides information on RQ 2: 

RQ 2: What ecological community measures changed? 

 

3.9.2. Kedron Brook (1974 – 1976) (Study 9) 

Pete Davie, one of the researchers in Campbell’s team that surveyed The Serpentine(including 

Kedron Brook) in 1972 - 1973 (Campbell et al. 1974b), returned to Kedron Brook to monitor 

the macrobenthos over two years (from late 1974 – 1976) (Davie 1987). This study provided 

information on RQ 2:   

RQ 2: What ecological community measures changed? 

 

3.9.3 Kedron Brook (1995) (Study 10)  

The Serpentine was largely destroyed by construction of the Brisbane Airport in 1980 – 1981. 

Today, Kedron Brook is a 6 km long engineered water course that is estuarine throughout. This 

drainage system was constructed in 1980 – 1981 to direct floodwaters away from Brisbane 

Airport. Therefore, Kedron Brook is very prone to flooding. It also receives runoff from a large 

urban area and is highly at risk from catchment-derived pollution. 

Figure 3.13: Sampling protocol for 1997 – 98 

for intertidal study of macrobenthos in 

Bramble Bay. Design: S. Quinnell. 
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 In mid-1995 I was commissioned by the Australian Government to report on Kedron 

Brook’s macrobenthic fauna (Quinnell 1996). Fieldwork took place from late September 1995 – 

late December 1995. The study entailed similar sampling to that undertaken in creeks of 

Bramble Bay in 1972 – 1973 (Campbell et al. 1974b). A longitudinal transect with three cross-

stream transects was set up. Samples were taken every 100 m along the longitudinal transect 

and every 20 m across the transverse transects. Samples were collected from a boat using a van 

Veen grab of 0.02 m
2
 in surface area then processed with a 1 mm sieve. Samples were collected 

and treated as in 3.4. 

 When it was apparent that Kedron Brook supported a very impoverished 

macrobenthic community the sampling intensity was increased. Three grab samples were taken 

at every sample Station. Particular attention was paid to sediment type with an emphasis on 

collecting muddy sediments, which data from Campbell et al (1974a, b) showed often supported 

high densities of macrobenthos.  Data from this study were used to profile changes to the 

macrobenthos in Kedron Brook through time. This study provides information on RQ 2: 

RQ 2: What ecological community measures changed?  

 

3.10 SUBTIDAL MACROBENTHOS OF BRAMBLE BAY  

3.10.1 The 1974 floods’ impacts (Study 11) 

In 1971 – 1974 Stephenson sampled the subtidal macrobenthos of Bramble Bay every three 

months (Stephenson et al. 1997). This study includes early 1974 when the Bay was affected by 

severe flooding. This study provided information on RQ 2 in relation to flood impacts on 

macrobenthos in estuaries that are at risk of flood-transported pollution from their 

catchments: 

RQ 2: What ecological community measures changed?  

 

3.10.2 More recent subtidal sampling (Study 12) 

Additional sampling of Bramble Bay’s subtidal and intertidal macrobenthos was undertaken by 

Greg Skilleter (1998). This study provided information on RQ 2: 

RQ 2: What ecological community measures changed? 

 

3.11 THE MAJOR FIELD STUDY (1998 – 2000) (Study 13) 

In 1998, because of concern over mass mortality events in Bramble Bay and persistent 

estuarine impoverishment, funding was obtained from the Australian Government through the 

Natural Heritage Trust
c
 to pay for chemical testing of Bramble Bay for pollutants. The chemical 

study was to be incorporated with macrobenthos sampling. A large study intended to uncover 

what was damaging the Bramble Bay estuary was planned. Firstly, there was to be a pilot study 

                                                 
c
 Now Caring for Our Country. 



Estuarine canaries  

98 | P a g e  C h a p t e r  3 :      M e t h o d o l o g y  
 

that took 20 samples under a stratified sampling program. From the findings hypotheses were to 

be generated and the full study was to be designed. The study was intended to address:  

RQ 1: What has been the nature of the changes in the Bramble Bay estuary and when 

did they originate?  

RQ 2: What ecological community measures changed?  

RQ 4: Can changes to macrobenthic communities be accepted as ecologically reliable 

indicators of pollution? 

This study also addressed RQ 5.  

RQ 5: Do the changes in the macrobenthic community ecology of Bramble Bay indicate 

what was affecting it?  

 

   
 

Figures 3.7 and 3.14 provide maps of the study areas that show sampling locations. A 

pilot program was instituted at trial embayment locations: Dynah Is, Nudgee Beach and Juno Pt 

in Bramble Bay with Waterloo Bay to the south of Bramble Bay as a reference location. 

Cabbage Tree Ck, Nundah Ck, Nudgee Ck and Kedron Brook were chosen as the impacted 

riverine estuaries locations. Data from Campbell et al. (1974b) was used to provide healthy 

reference riverine estuary data. Sites were accessed on foot. Using grids, each location was 

divided into equal-sized sites (25 m x 80 m) along beaches. There were 10 sites / location. 

Locations for sampling within riverine estuaries were chosen in a similar way.  

Within the riverine estuaries, those locations that were close to the mouth (i.e. within 50 

– 100 m of mouth, depending on estuary size) were rejected. This was because analyses of 

healthy riverine estuary data showed that, intense tidal flow at riverine estuary mouths scours 

them of fine sedimentary matter, including organic materials, leaving only coarse sediments. 

Consequently, macrobenthic abundances are much reduced in sediments with ≥ 60% sand/ 

gravel/ shell/ leaf litter (p. 38). If randomly chosen sites had sandy sediments, the nearest 

muddy sediment site was sampled. (Quinnell unpubl. data analyses of Campbell et al. 1974a), 

 

 

 

 

 

 

 

 

 

Figure 3.14: Locations of embayment estuary and 

riverine estuary study Locations (Myora, Dunwich, 

Dynah Is, Nudgee Beach, Juno Pt and Luggage Pt). 

Map: S. Quinnell. 
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Two sites / location were chosen to be sampled using a random numbers table. At each 

site, two randomly located chemical samples were collected together with two biological 

samples from either side of each chemical sample. (Randomness was decided using a numbered 

grid and a random numbers table.) If nominated sample sites had sandy or no sediments, 

sampling was moved to the nearest muddy sediments. This sampling program provided two 

chemical samples and four biological samples/ site.  

Field work for the pilot study occurred in late September - October 1998. Biological 

samples were collected and treated as described in Section 3.4. Chemical samples were 

collected with a stainless steel trowel. The surface area of each was 0.002 m
2
. Subtidal samples 

were collected with a stainless steel van Veen grab. Sediments were immediately placed in cool 

boxes with ice. Collection equipment was cleaned between sampling to avoid cross-sample 

contamination. Chemical Samples had a surface area of 0.025 m
2
. How chemical samples were 

treated in the laboratory is described in detail by Miller (1999, 2000) (Appendix 4).  

The pilot study failed in the objective of generating hypotheses, because the chemical 

tests did not identify any contaminants at levels considered ‘cause for concern’ (Miller 1999). 

Therefore, it has been integrated with the main study. Based on the findings of the pilot study, 

sampling was modified. Some chemicals were excluded from the main study whilst sampling 

for evidence of nutrient enrichment was included. Additional locations were visited. One was a 

nominally healthy embayment on the north-western side of North Stradbroke Is (eastern 

Moreton Bay) (Fig. 3.7). The others were two small riverine estuaries (The Anabranch and 

Freddy’s Ck), which it was hoped would have less impacted communities than in other riverine 

estuaries of Bramble Bay. The total sampling protocol is shown in Fig. 3.15.  

Many sites were visited more than once. This meant that there were site x times 

macrobenthic data. Additional samples were collected to investigate the mesobenthos and 

meiofauna. For every one macrobenthic sample that was processed with the 1 mm sieve, one for 

mesobenthos (processed through a 0.5 mm sieve) and one for meiofauna (not sieved) were also 

taken. The mesobenthos samples were 0.001m
2
 in surface area and 5 cm deep. The meiofauna 

samples were 0.1 cm
2
 in size. 

The data from the beaches were used in the final study presented in this thesis. It has 

been used to test the hypotheses generated from other, earlier studies of Bramble Bay’s beach.  

 

3.12 MINOR STUDIES 

Information from other field studies was employed. They included two studies on the fish of 

Bramble Bay’s creeks (Brown 1986 and Quinnell 1999) as well as a study of wading birds 

(Miller Pers. comm.) and a monitoring program that led to a field guide (Quinnell et al. 1999).  

 



Estuarine canaries  

100 | P a g e  C h a p t e r  3 :      M e t h o d o l o g y  
 

 
 

3.13 CONCLUSION TO CHAPTER 

Data from 16 studies that took place over almost 30 years have allowed this thesis to evaluate 

the appropriateness of the dominant paradigm (the diffusion model) used by ecotoxicology to 

assess pollutants’ risks to living organisms. This is possible because the data will allow the PRQ 

to the answered: 

PRQ: What factors caused the mass macrobenthic mortality events and persistent 

ecological impoverishment of the Bramble Bay estuary?  

There are two major alternative hypotheses (Chapter 2): 

1. The deposit feeders and suspension feeders were equally impacted. Evidence of 

this will be accepted as support for the diffusion model. 

2. The deposit feeders and suspension feeders responded differently to polluted 

conditions. Evidence of this will be accepted as support for the protein model. 

There are three other pertinent hypotheses. These are: 

3. Different taxa have different resilience to pollution because of fundamental 

differences in the ways with which their digestive systems function and interact 

with the organism’s primary immune system. This is the immunological model. 

4. Reproductive strategies (r- or K-strategies) confer different advantages on 

organisms in polluted estuaries. This is the reproductive strategy hypothesis. 

5. That equilibrium species regulate the form of the macrobenthic community 

through top-down predation. 

Also, analyses of the data will also address the issue of how to measure pollution impacts on 

macrobenthos and what statistical tests are most appropriate. Principal component analyses 

(PCA) will be used to ordinate the data in the search of patterns. The statistical tests used are a 

2
- type test of biodiversity (QI Macro 2012) and Levene’s test of variances (Levene 1960, Zar 

2010). Chapter 4 presents the findings. 

2 BIOLOGICAL SAMPLES 

Figure 3.15: Sampling field 

program 1998 – 2000 for 

collection of chemical samples. 

How biological sampling was 

integrated with the chemical 

sampling is shown. For every 

chemical sample collected, two 

biological samples were taken. 

Sample design: S. Quinnell. 
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Chapter 4 

RESULTS 

 

This chapter presents the findings of the meta-analyses undertaken for this thesis. It is organised 

into three parts (A – C). Part A presents the essential foundation studies that allow pollution 

impacts on macrobenthic communities to be modelled. Part B investigates the nature of the 

Bramble Bay estuary. The overall focus of Part B is on the Primary Research Question; What 

factors caused the mass mortality events and persistent ecological impoverishment of Bramble 

Bay?  The findings allowed hypotheses to be generated and models proposed to describe how 

pollutants impact upon macrobenthic communities. These are tested in Part C. 

 

PART 4A 

ESSENTIAL FOUNDATION INVESTIGATIONS 

 

Part A contains five studies that are needed to identify what macrobenthic community attributes 

are likely to be the most reliable indicators of pollution. It shows how the relative biomass of 

communities consisting of organisms of different sizes can be compared, and how to classify 

organisms into trophic groups. Part A also identifies which macrobenthic community statistic is 

the most sensitive to pollution. It also investigates how resilient healthy macrobenthic 

communities are to the influences of varying environmental conditions, including the impact of 

estuary ‘size’. 

 

4.1 PRELIMINARY STUDIES   

This section consists of two preliminary studies that do not directly address a Research 

Question.  One is intended to ensure that samples of different species and individuals of varying 

shapes and sizes are reliably compared.  This study addressed SRQ 1 (SRQ 1: Can counts of 

animals of varying shapes and sizes and therefore varying biomass be compared validly?). 

The other study is about how organisms were classified into trophic groups. It addressed 

SRQ 2 (SRQ 2: What is the taxon’s trophic position?). This study allowed the trophic impacts 

of pollutants to be investigated. 

 

4.1.1 Converting abundance  

Preliminary Study 1 (3.5.1) 

This study is intended to accommodate the very different shapes and sizes of animals in 

abundance counts of intertidal organisms from Bramble Bay. Sufficient ‘size data’ (i.e. 

measurements from > 30 individuals) existed to assess the five most common species.  They 

come from three higher taxa (Annelida, Bivalvia and Crustacea). Their average volume is 
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estimated. Consequently, abundance comparisons used in this thesis will actually be 

comparisons of relative community biomass.  The findings are below. 

 

ANNELIDA 

Australoneris ehlersi (Nereididae): Australoneris ehlersi tends to populate the beach of 

Bramble Bay with sporadic mass recruitments.  Individuals are ~ 10 mm long when they first 

become evident; growing to 35 - 40 mm over three weeks at which time they appear to 

reproduce then die (Quinnell, field notes 1996 - 1999). More than 50 worms from each of two 

populations that were present in December 1999 were measured. One population that was 

recorded was almost three weeks old. The other population was about 10 days old (Quinnell, 

field notes).  

The worm is conically shaped. The head is from 0.8 – 1.2 mm wide, depending on the 

worm’s age. The older population’s average size was 18.7 (± 6.5) mm (Fig. 4.1). The estimated 

average volume of mature A. ehlersi was ~ 5 mm
3
. The estimated average volume of worms 

from the younger population was ~ 4mm
3
. Therefore, the estimated average volume of A. 

ehlersi on the beach of Bramble Bay in December 1999 was ~ 4.5 mm
3
.  

 

5 10 15 20 25 30 35 40 45

Size distribution of Australoneris ehlersi (mm)

95% CI Notched Outlier Boxplot

Median (20.0)

95% CI Mean Diamond

Mean (18.7)

± 1 SD

Outliers > 1.5 and < 3 IQR

Outliers > 3 IQR
 

Figure 4.1: Size range of the annelid, Australoneris ehlersi (Nereididae) in the intertidal habitat of 

Bramble Bay (Dec 1999).  

 

BIVALVIA 

Tellina diluta (Tellinidae): This bivalve is essentially a narrow rectangular box. Descriptive 

statistics of the length of individuals on the beach of Bramble Bay in September 1999 are shown 

in Figure 4.2. Tellina diluta’s mean size (length of shell) was 2.24 (± 0. 45) mm. The estimated 

average volume of T. diluta in the intertidal habitat, allowing that it is not perfectly rectangular, 

was ~ 4.5mm
3
. 

 

0 2 4 6 8 10 12 14

Size distribution Tellina diluta (mm)

95% CI Notched Outlier

Boxplot

Median (2.00)
95% CI Mean Diamond

Mean (2.24)

± 1 SD

Outliers > 1.5 and < 3 IQR
 

Figure 4.2: Size range of the bivalve, Tellina diluta (Tellinidae) in the intertidal habitat of Bramble Bay 

(Sept 1999).  
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Spisula trigonella (Mactridae):  This is an ovoid-shaped bivalve. Figure 4.3 shows the size 

classes of S. trigonella on the beach of Bramble Bay in December 2000. The bivalves’ 

estimated average size was 2.79 (± 1.496) mm. The estimated average volume of S. trigonella in 

the intertidal habitat was ~ 5 mm
3
. 

 

0 2 4 6 8 10 12 14

Size Spisula trigonella (mm)

95% CI Notched Outlier Boxplot

Median (2.500)

95% CI Mean Diamond

Mean (2.794)

± 1 SD

Outliers > 1.5 and < 3 IQR

Outliers > 3 IQR
 

Figure 4.3: Size range of the bivalve, Spisula trigonella (Mactridae) in the intertidal habitat of Bramble 

Bay (Dec 2000).  

 

PERACARIDA 

Urohaustorius metungi (Urohaustoridae): This amphipod, which grows to ~ 4 mm, is long, 

laterally compressed and approximately rectangular in shape. Its size in early January 2000, 

when many individuals were present in Bramble Bay, is shown in Figure 4.4. The population 

had a mean length of 1.79 ± 0.05 mm. The estimated average volume of an individual U. 

metungi in the intertidal habitat was ~ 5 mm
3
. 

 

0 2 4 6 8 10 12 14

Size distribution (Urohaustorius metungi) (mm)

95% CI Notched Outlier

Boxplot

Median (1.50)
95% CI Mean Diamond

Mean (1.79)

± 1 SD

Outliers > 1.5 and < 3 IQR
 

Figure 4.4: Size range of peracarid, Urohaustorius metungi (Urohaustoridae) in the intertidal habitat of 

Bramble Bay (Jan 2000).  

 

Despite considerable variability between macrobenthic species in body shape and size, 

all the above species have comparable average volumes (4-5 mm
3
). This was true over all 

sample times for 23 species whose body sizes were measured (October 1997 – January 2000). 

Therefore, the use of abundance counts to represent community biomass could be an acceptable 

means of assaying estuaries for pollution impacts on macrobenthos. However, there are some 

exceptions that must be accommodated, although only one of these species was very common – 

a crab, Mictyris longicarpus. 

 

DECAPODA 

Mictyris longicarpus (Mictyridae): The only commonly collected decapod in any study was 

the soldier crab (Mictyris longicarpus), which was found in large numbers in the intertidal 

habitat of some embayment locations. Although mainly juvenile soldier crabs were collected in 
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the 1996 – 2000 studies, even these individuals were considerably larger than nearly all 

individuals of most other collected species. The average size (i.e. carapace width) of soldier 

crabs collected in December 1999 and January 2000 was 4.75 (± 0.75) mm. Their estimated 

average volume was ~ 23.5 mm
3
. Thus, one juvenile soldier crab represented about 4.5 times the 

volume of any other common macrobenthic species. Therefore, comparing raw abundances of 

soldier crabs with the raw abundances of most other species will underplay the ecological 

impact that the deposit-feeding soldier crabs (Webb & Eyre 2004) are likely to have had on a 

macrobenthic community. Accordingly, abundance data were adjusted to negate this; smaller 

soldier crab densities were multiplied by a factor of five so that their volume was comparable 

with that of most other macrobenthic species. However, the presence of some very large crabs 

in multiple samples also had to be accommodated. Older crabs were ~ 25 mm in size (estimated 

volume ~ 700 mm
3
). There was one adult crab for every 15 juveniles. Therefore, soldier crab 

abundance has been appropriately adjusted to be comparable to that of most other taxa by 

multiplying their raw abundance counts by 13. 

Several other large crab species as well as a few large molluscs also were collected. 

Their abundance scores have been adjusted to be the equivalent of the common macrobenthos 

(all peracarids, most annelids and most bivalves).  However more than 96% of all species 

collected had an average volume of ~ 4.5 mm
3
. Less than 4% of all animal counts (mostly 

soldier crabs) have been adjusted. Therefore, the term ‘abundance’ will be retained to describe 

the relative biomass of macrobenthic communities, especially as the term ‘abundance’ is 

intuitively more sensible in an ecological context than ‘relative biomass’. It is stated in the text 

where data have been converted. 

 

4.1.2 Trophic classifications  

Preliminary Study 2 (3.5.2) 

Data come from Studies 5, 6, 7 (3.8.1 – 3), 10 (3.9.3), 11 (3.10.1), 12 (3.10.2) and minor studies 

(3.12).  

This investigation addressed SRQ 2 (SRQ 2: What is the taxon’s trophic position?)The findings 

are presented in Table 4.1. Most species collected are deposit feeders.   

 

Table 4.1: Trophic classifications of species recorded in the 1996-2000 studies of Bramble Bay. 
Phylum/ Class Family Species Trophic 

position 
Supporting evidence  

NEMATODA 1 unidentified 
species 

 Carnivore Dissection 

NEMERTEA   Carnivore Tank observations 
Ruppert et al. 2004, p. 274 

SIPUNCULA Golfingidae Golfingia Selective 
deposit  
feeders 

Dissection 
Beesley et al. 1998, p. 381 9 unidentified 

species 
 

ECHIURIA Unidentified 
species 

 Deposit 
feeder 

Beesley et al. 1998, p. 362 

    (Cont.) 
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Phylum/ Class Family Species Trophic 
position 

Supporting evidence  

POLYCHAETA Capitellidae Unid sp 1 
 

Non-
selective 
deposit 
feeder 

Beesley et al. 1998, p. 69 

Unid sp 2  

Maladanidae Unid Beesley et al. 1998, p. 74 

Cossuridae Cossura sp Deposit 
feeders 

Dissection 
Beesley et al. 1998, p. 73 

Opheliidae Unid sp Deposit 
feeders 

Dissection 
Beesley et al. 1998, p. 78 

Orbiniidae Haploscoloplos Deposit 
feeders 

Dissection 
Beesley et al. 1998, p. 81 

Eunicidae Marphysa Carnivore/ 
scavenger 

Field observations 
Beesley et al. 1998, p. 95 

Lumbreneridae Lumbreneris ? carnivore Dissection 

Aphroditidae Unid unknown  

Glyceridae Glycera Carnivore Dissection  
Beesley et al. 1998, p.129 

Nephtyidae Nephtys  Carnivores Beesley et al. 1998, p.137 

Nereididae Australoneris 
ehlersi 
Neris uncinula 
Ceratoneris 
erythroneris 

Deposit Dissections 
Tank observations 
Beesley et al. 1998, p.129 

Phyllodocidae Phyllodoce 
novaehollandiae 

Predator Field observations 
Beesley et al. 1998, p.145 

Syllidae Unid Selective 
suspension 
feeders 

Beesley et al. 1998, p.182 

Sabellidae Unid Suspension 
feeder 

Beesley et al. 1998, p. 20 

Oweniidae Owenia syn. 
fusiformis 

Deposit 
feeder 
 

Tank observations 
Dissection 
Beesley et al. 1998, p.174 

Spionidae Unid Carnivore Beesley et al. 1998, p.20 

Chaetopteridae Chaetopteris 
variopedatus 

Suspension 
feeder 

Tank observation 
Beesley et al. 1998, p.191 

Magelonidae Magelona dakini Surface 
deposit 
feeder 

Dissection Beesley et al. 1998, p.195 

Ampharetidae Unid Deposit  
feeder 

Beesley et al. 1998, p. 207 

Terebellidae Unid Selective 
deposit 
feeders 

Beesley et al. 1998, p.229 

Cirratulidae Unid Surface 
deposit 
feeder 

Beesley et al. 1998, p.211 

Pectinaridae Unid Deposit 
feeder 

Dissection 
Tank observations 
Beesley et al. 1998, p.220 

OLIGOCHAETA Unid Unid Deposit Dissection 

MOLLUSCA 
BIVALVIA 
Proto- 
branchia 

Solemyidae Solemya Suspension 
feeder. 
Chemauto-
trophic 
symbiotic 
bacteria 

Beesley et al. 2000, p. 242 
 

 

Pterio- 
morphia 

Mytilidae 
 

Mytilus Suspension 
feeder 

Field observation 
Beesley et al. 2000, p. 251 

Arcidae Anadara 
trapezia 

Suspension 
feeder 

Tank observation 

Malleidae Malleus Suspension 
feeder 

Beesley et al. 2000, p. 263 

Anomiidae Patro australis Suspension 
feeder 

Tank observations 

    (Cont.) 
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Phylum/ Class Family Species Trophic 
position 

Supporting evidence  

Heterodonta Lucinidae Epicodakia 
gunnamatta 

Chemauto-
trophic 
bacteria 

Dissection 
symbiotic bacteria 
Beesley et al. 2000, p. 313 

Psammobiidae Soltellina alba Apparently a 
surface 
deposit 
feeder 

Dissection 
Beesley et al. 2000, p. 345 

Tellinidae Tellina australis 
T. deltoidalis 
T. diluta 

Surface 
deposit 
feeders 

Tank observations 
Dissections 
Beesley et al. 2000, p. 343 

Mesodesmatidae Paphies 
elongate 

Unknown Beesley et al. 2000, p. 3138 

Corbiculidae Cubicula Suspension 
feeder 

Beesley et al. 2000, p. 354 

Veneridae Dosinia caerulea Suspension 
feeder 

Beesley et al. 2000, p. 357 

Mactridae Spisula 
trigonella 

Suspension 
feeder 

Tank observations,  Dissection 
NOAA (1998) Tech memo NMFS-
NE-142 

Laternulidae Laternula 
gracilis 

Deposit 
feeder 

Many dissections and gut content 
examination 

GASTROPODA Cerithiidae Cerithidea 
novae-
hollandiae 
Pyrazus ebenius 

Grazers Field observations (graze on 
epibenthic matter, especially 
microalgae) 
 

Naticidae Polinices 
sordidus 
(syn. Conuba 
sordidus) 

Carnivore Field observations 

Nassaridae Nassarius 
dorsatus 
N. pullus 

Scavenger/ 
carnivore 

Field observations 

Amphibolidae Salinator fragilis Deposit 
feeder/ 
Grazer 

Field observations 

CRUSTACEA 
Peracarida 

Mysidaceae Unid Nocturnal 
suspension 
feeders 

Ruppert et al. 2004, p. 653 

Tanaidae 

Apseudidae 

Longiflagrum 
estuarius 

Omnivorous  
bottom 
scavenger & 
carnivore 

Tank observations 
Ruppert et al. 2004, p. 660 

Isopoda 

Sphaeromidae 
Unid 
 

Parasite or 
predator 

Gut dissections 

Amphipoda 

Gammaridae 
Dryopoides Benthic 

scavengers, 
deposit 
feeders 

Tank observ (Eriopisa) 
Ruppert et al. 2004, p. 655f 

 
Eriopisa 

Grandidierella 

Corophium 

Corophiidae Ericthonius Omnivore Gut dissection 
Ruppert & Barnes 1994 

Melitidae Melita Deposit 
shredders 

Hawking et al. 2009 
 

Oedioceratoidae Unid 1 
Unid 2 

Unknown  

Phoxocephalidae Paraphoxus Deposit Tank observation 

Urohaustoridae Urohaustorius 
metungi 

Suspension 
feeder 

Tank observations 

Unknown  Claw-lobed 
amphipod 

?Carnivore Dissection 

Unknown Red-eyed 
amphipod 

?Deposit 
feeder 

Field observations 

Decapoda Paenidae Metapenaeus 
unid 

Pelagic 
feeder 

Lonergan et al. 1997 

Sergestes Pelagic 
feeder 

Vestheim & Kaartverdt (2009)  
(Cont.) 
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Phylum/ Class Family Species Trophic 
position 

Supporting evidence  

Decapoda Hymenosoma-
tidae 

Hymenicus 
hodgkini 

Deposit 
feeders 

Hymenosomatidae  in Hawking et al. 
2009 

Halicarcinus 

Macrophthalmus Macrophthalmus Deposit 
feeders 

Tank observations 

 

4.2 TOTAL ABUNDANCE OR TOTAL SPECIES RICHNESS: WHICH IS THE MOST 

POLLUTION-SENSITIVE MEASURE? 

Study 1 (3.6.1.1) 

This investigation addresses two Research Questions. The first is RQ 2 (What ecological 

community measures changed?). SRQs 4 -7 were invoked (Appendix 2). The second is RQ3 

(What statistical analyses are most likely to detect significant pollution impacts on 

macrobenthic communities?) SRQs 9 & 10 were invoked (Appendix 2). Firstly, whether 

measures of species richness or measures of abundance (or both) are sensitive to pollution is 

investigated. This is done using data from large riverine estuaries (Table 4.2). The sampling 

protocol was as for that in Figure 3. 9. The variance as well as mean and median abundance 

scores will be evaluated as potential measures of pollution. 

 

Table 4.2: Effects of pollution on total species richness and total abundance in large healthy and large 

polluted riverine estuaries in south-eastern Queensland (Study 1) (Data from Campbell et al. 1974a.). 

 Total species richness Total abundance 

 
Descriptive attribute Healthy 

Chemically 
polluted 

Nutrient 
enriched Healthy 

Chemically 
polluted 

Nutrient 
enriched 

Mean 8.5 6.3 8 327.7 11.6 278.1 

Median 7.5 8 6 176.5 5 231 

Mode 7 8 6 #N/A 1 231 

Sample Variance 12.43 13.26 11.75 121,483.6 287.64 2,3017.11 

Kurtosis -0.068 -0.654 -1.619 0.032 5.704 -1.345 

Skewness 0.766 -0.545 0.551 1.154 2.427 0.154 

Range 12 12 9 1,117 67 435 

Minimum 4 0 4 9 1 77 

Maximum 16 12 13 1,126 68 512 

Sum 204 151 72 7864 278 2503 

Count 24 24 9 24 24 9 

CL (95.0%) 1.5 1.5 2.6 147.2 7.2 116.6 

 

Variance 

 The variance of total species richness increased by a factor of 1.1 with chemical 

pollution; 

 The variance of total species richness decreased by a factor of 1.1 with nutrient 

enrichment; 

 The variance of total abundance decreased by a factor of 422 with chemical pollution;  

 The variance of total abundance decreased by a factor of 5.3 with nutrient enrichment.  



Estuarine canaries  

 

108 | P a g e   C h a p t e r  4 :        R e s u l t s  
 

The variance of total abundance is more sensitive to chemical pollution and nutrient enrichment 

than the variance of total species richness. Pollution had no impact on the variance of total 

species richness.  

 

Mean  

 The mean of total species richness decreased by a factor of 1.3 with chemical pollution; 

 The mean of total species richness decreased by a factor of 1.06 with nutrient 

enrichment; 

 The mean total abundance decreased by a factor of 28.25 with chemical pollution; 

 The mean of total abundance decreased by a factor of 1.2 with nutrient enrichment. 

Mean total abundance was more sensitive to pollution than mean total species richness. 

Pollution had little impact on median total species richness. 

 

Median 

 The median of total species richness increased by a factor of 1.3 in chemical pollution; 

 The median of total species richness increased by 1.25 with nutrient enrichment;  

 The median of total abundance decreased by a factor of 35.3 with chemical pollution; 

 The median of total abundance decreased by a factor of 5.3 with nutrient enrichment. 

Median total abundance was more sensitive to pollution than mean total abundance. Pollution 

had little impact on median total species richness. 

 

Conclusion 

In riverine estuaries total abundance is much more sensitive to pollution than total species 

richness. The variance of total abundance is much more sensitive to pollution than the mean 

and median scores of total abundance. The median of total abundance is slightly more sensitive 

to pollution than the mean. The variance of total abundance is the most sensitive measure of 

pollution. This is considered in more detail below. 

 
 4.3 IF THE VARIANCE IS THE OPTIMAL MEASURE OF POLLUTION, HOW 

SHOULD DATA BE ANALYSED? 

Study 1 (3.6.1) and Study 11 (3.10.1) 

 

4.3.1 Chemically polluted riverine estuaries 

This investigation is about how measures of abundance respond to chemical pollution in large 

and small riverine estuaries. RQ 4 is assessed (Can changes to macrobenthic communities be 

accepted as ecologically reliable indicators of pollution?) (SRQ 10 was invoked). Only total 

abundance has been considered because the information above shows that it is possible to 

identify chemical contamination in riverine estuaries at this level of the community. The mean 
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and median as well as the variance of total abundance have been assessed as potential 

community measures. There are the four treatments (large healthy estuaries [LHE], small 

healthy estuaries [SHE], large polluted estuaries [LPE] and small polluted estuaries [SPE]) 

 

Sampling adequacy  

The adequacy of sampling intensity for representing the mean, median and variance scores of 

total abundance in the four treatments is assessed by plotting cumulative measures of these 

scores as sampling intensity increased. How sampling adequacy was determined for the mean 

and median scores is shown in Figures 4.5 – 4.8.  Figures 4.9 – 4.12 show the variances.  
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Sampling intensity for representing mean and median total 

abundance in small healthy estuaries
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Sampling sufficiency for representation of mean and median total 

abundance in large polluted estuaries
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Sampling sufficiency for representing of mean and median total 

abundance in small polluted estuaries
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Sampling adequacy for mean and median 
abundance large polluted estuaries 

Sampling adequacy for mean and median 
abundance small polluted estuaries 

Sampling adequacy for mean and median 
abundance large healthy estuaries 

 

 

 

Figure 4.5: Sampling adequacy for 

estimation of the mean and median of total 

abundance in large healthy (LHE) riverine 

estuaries. Mean and median are reliably 

estimated. (Data from Campbell et al. 

1974a).  

 

 

 

Figure 4.6: Sampling adequacy for 

estimation of the mean and median of total 

abundance in small healthy (SHE) riverine 

estuaries. Mean and median are reliably 

estimated.  (Data from Campbell et al. 

1974b). (Ln variance has been used to 

provide a more appropriate scale in this 

figure.)  

 

 

 

 

 

 

Figure 4.7: Sampling adequacy for 

estimation of the mean and median of total 

abundance in large polluted (LPE) riverine 

estuaries. Mean and median are reliably 

estimated. (Data from Campbell et al. 

1974a).  

 

 

 

 

 

Figure 4.8: Sampling adequacy for 

estimation of the mean and median of total 

abundance in small polluted (SPE) riverine 

estuaries. (Mean is reliably estimated, but not 

the median. Data from Quinnell.). 

Sampling adequacy for mean and median 
abundance small healthy estuaries 
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The MCTs were under-represented in SPE. This will be allowed for in data 

interpretations. The variance of total abundance was adequately represented in all treatments (22 

– 26 samples/ treatment). If the variance is to be used to measure pollution rather than the mean, 

this has implications for how data are handled. The nature of macrobenthic data and its 

distributions also influence how data are handled, especially whether or not they are 

transformed. Therefore the nature of the data is investigated next. 

 

 

 

Sampling adequacy for estimating variance of total 
abundance in small polluted estuaries 

Sampling adequacy for estimating variance of total 
abundance in large polluted estuaries 

Sampling adequacy for estimating variance of total 
abundance in large healthy estuaries 

Sampling adequacy for estimating variance of total 
abundance in small healthy estuaries 

Sampling adequacy for estimating variance of total 
abundance in small polluted estuaries 

Sampling adequacy for estimating variance of total 
abundance in large polluted estuaries 

 

 

 

 

 

Figure 4.9: Sampling adequacy for 

estimation of the variance of total 

abundance in large healthy (LHE) riverine 

estuaries. The variance is reliably 

represented. (Data from Campbell et al. 

1974a).  

 

 

 

 

 

Figure 4.10: Sampling adequacy for 

estimation of the variance of total 

abundance in small healthy (SHE) riverine 

estuaries. The variance is reliably 

represented. (Data from Campbell et al. 

1974b).  

 

 

 

 

 

Figure 4.11: Sampling adequacy for 

estimation of the variance of total 

abundance in large polluted (LPE) riverine 

estuaries. The variance is reliably 

represented. (Data from Campbell et al. 

1974a).  

 

 

 

 

 

Figure 4.12: Sampling adequacy for 

estimation of the variance of total 

abundance in small polluted (SPE) riverine 

estuaries. The variance is reliably 

represented. (Data from Quinnell.) 
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Nature of macrobenthic data 

Following are tests of the nature of the data. Figure 4.13 profiles the raw data from LHE and 

SHE. Both data sets are highly skewed towards low counts with a small number of extreme 

scores. Also, an effect other than ‘pollution’ is evident.  Estuary ‘size’ had an impact on the 

abundance of macrobenthos.  The very high scores present in LHE have been reduced in the 

SHE.  

 

 
Figure 4.13: Distribution of abundance scores in LHE (left) and SHE (right). An estuary ‘size’ impact is 

evident with more very high abundance counts in LHE than in SHE and more very low abundance counts 

in SHE than in LHE. (Data from Campbell et al. 1974a, b). 
 
 

Figure 4.14 profiles the LPE and SPE data. High abundance counts were eliminated by 

pollution: i.e. the variance of total abundance has been greatly reduced by pollution.  The mean 

and median scores also were reduced. 

 

 
Figure 4.14: Distribution of abundance scores in LPE (left) and SPE (right). Pollution eliminates all but 

very low abundance counts. The variance of total abundance is reduced.  (Data from Campbell et al. 

1974a; Quinnell). 
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Data transformations 

The next tests determine whether the transformation of the data is appropriate for pollution 

studies.  The reason for this study is that the data will have to be transformed if ANOVA is to be 

used. Raw and transformed data have been tested for their proximity to a normal distribution 

with the Shapiro-Wilk test (W). The Fmax test has been used for comparisons of variances 

(Table 4.3).  Data transformations have failed to generate proximally normal distributions or to 

increase the homogeneity of the variances (Sokal & Rohlf 1995, p. 396) in 75% of cases. 

 

Table 4.3: Effects of data transformations (ln[x +1]) on data distributions and homogeneity of variances 

in large and small, healthy and polluted riverine estuaries. (W = Shapiro-Wilk normality test score; LHE 

= large healthy estuaries: SHE = small healthy estuaries; LPE = large polluted estuaries; SPE = small 

polluted estuaries).   Shapiro-Wilk and Fmax tests used. P > 0.05 indicates that data transformation has 

met the objective of creating a proximally normal distribution (Data from Campbell et al. 1974a, b; 

Quinnell).  
 Raw Transformed (ln[x + 1]) 

Treatment Distribution Normality of data 
(Fmax test) 

Distribution Normality of data (Fmax test) 
after transformation 

LHE W = 0.82 
P = 0 

F = 467.9; df = 25, 29; 
P < 0.001 
Not normal after 
transformation 

W = 0.65; P < 
0.001 

F = 1.951; df = 25, 29; P = 0.04 
Not normal after 
transformation LPE W = 0.65;  

P < 0.001 
W = 0.86 
P = 0.001 

SHE W = 0.63;  
P < 0.001 

 F = 226.52; df = 36, 
36;  
P < 0.001 
Not normal after 
transformation 

W = 0.97;  
P = 0.314 

F = 1.356; df = 35, 35;  
P = 0.186 
Normal after transformation SPE W = 0.36;  

P < 0.001 
W = 0.87 
P = 0.001 

 

Raw and transformed total abundance data compared  

The other issue to be addressed is whether data transformation could affect the data’s ability to 

measure pollution. The PCA (principal components analyses) of community measures in Figure 

4.15 is intended to determine whether the transformation of the data is appropriate for the 

identification of pollution, or whether it reduces the potential pollution signals from any 

macrobenthic community scores (mean, median and variance) or markedly alters the 

relationships between these scores. 

To addresses RQ 2 (What ecological community measures changed?) SRQ 10 was 

invoked (Appendix 2).  Both raw and transformed data were ordinated (Fig. 4.15). The variance 

of total abundance has been identified as the community measure that is most sensitive to 

pollution. The mean and median scores were little affected by the data transformation. 

Therefore, if mean or median scores are used as the measures of total abundance for assays of 

macrobenthic data, data transformation will not greatly affect any pollution signals. However, 

the variance of total abundance is the most sensitive measure of pollution. Therefore, data 

transformation will greatly weaken any pollution signal. In this study, abundance data will not 

be transformed and Levene’s test of the variance will be used to measure pollution impacts. 
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When the variances of total abundance in healthy and polluted riverine estuaries were 

compared, pollution caused a significant reduction in the variance in Levene’s test (F = 15.76; 

df = 2[18]; P < 0.001).  

 A significant reduction in the variance of total abundance is a signal for chemical 

pollution in riverine estuaries.  

 Therefore, abundance data from riverine estuaries do not need to be further investigated 

(e.g. to the level of higher taxa or trophic groups) to identify a pollution impact. 

It is shown below that this finding is applicable only to riverine estuaries. Pollution has to be 

assessed differently in embayment estuaries. 

 

4.3.2 Nutrient enriched riverine estuaries  

Study 3 (3.7.1) and Study 11 (3.10.1) 

This next investigation compares nutrient enriched and healthy riverine estuaries. The mean and 

median scores as well as total abundance will be tested. RQ 3 (What statistical analyses are 

most likely to detect significant pollution impacts on macrobenthic communities?) is addressed. 

SRQ 10 was invoked. 

 

Sampling adequacy 

Figure 4.16 shows the sampling adequacy for representation of the mean and median scores of 

total abundance in the nutrient enriched estuaries. Figure 4.17 shows the assessment of sampling 

adequacy for the variances. Sampling adequacy assessments for the reference healthy estuary 

were presented in Figures 4.5 and 4.9. Sampling was inadequate for representation of the mean, 

but probably adequate for representation of the median. The variance of total abundance is 

under-represented. Where necessary, this will be allowed for in interpretations. 

 

 

 

 

 

 

 

Figure 4.15: PCA of measures of raw and 

transformed (ln[x +1]) total abundance for four 

treatments for chemically polluted estuaries using 

the abundances of the healthy estuaries as the axes 

variables. The reduced impact of the variance in 

data transformation (ln[v]) is evident. (LHE = large 

healthy estuaries: SHE = small healthy estuaries; 

LPE = large polluted estuaries; SPE = small 

polluted estuaries). Transformation greatly affects 

the variance (Data from Campbell et al 1974a, b; 

Quinnell.). 
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Nutrient enrichment impact on distribution of data 

Data distribution for the large healthy estuaries is show in Figure 4.13. Data distribution for the 

large nutrient enriched estuaries is shown in Figure 4.18. Nutrient enrichment does not damage 

total abundance in the way that chemical contamination does (see Fig. 4.14). 

 

    

 

 

 

 

 

 

 

Figure 4.16: Sampling 

adequacy for estimation of 

the mean and median of 

total abundance in large 

nutrient enriched estuaries. 

Sampling was inadequate 

for representation of the 

mean, but probably 

adequate for representation 

of the median (Data from 

Campbell et al. 1974a.) 

 

 

 

 

 

 

 

 

Figure 4.17: Sampling 

adequacy for estimation of 

the variance of total 

abundance in large nutrient 

enriched estuaries. Sampling 

was not adequate for 

representation of the 

variance. The variance is 

under-estimated (Data from 

Campbell et al. 1974a.) 

 

 

 

 

 

Figure 4.18: Distribution of data from 

large nutrient enriched estuaries. High 

abundance scores are present. (Data 

from Campbell et al. 1974a). 

 

Sampling adequacy for estimating mean and median total abundance in 
large nutrient enriched estuaries 

Sampling adequacy for estimating variance of total abundance 
in large nutrient enriched estuaries 
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Figure 4.19 shows the influence of nutrient enrichment on the mean and median scores 

of total abundance and on the variance of total abundance (RQ 3: What statistical analyses are 

most likely to detect significant pollution impacts on macrobenthic communities?). SRQ 10 was 

invoked (Appendix 2). 

 The mean and median scores of total abundance responded differently to nutrient 

enrichment; 

 In the nutrient enriched riverine estuaries (Study 11 [3.10.1]) the variance of total 

abundance was reduced by a factor of 52.7. However, the difference was not significant 

(F = 0.133; df = 8, 8; P = 0.72); 

 It is therefore not possible to identify nutrient enrichment in riverine estuaries from 

changes to total abundance. 

 

 

 

 This finding that nutrient enrichment does not measurably affect total abundance is very 

different from finding of the impact of chemical pollution, which greatly reduced the 

variance of total abundance.  

 This means that nutrient enrichment will be difficult to identify in riverine estuaries 

using measures of total abundance. Therefore, the impacts on the abundances of higher 

taxa have been investigated. 

 

4.3.3 Summary of pollution impacts on measures of abundance in riverine 

estuaries that are chemically polluted and nutrient enriched 

The tests below address RQ 2 (What ecological community measures changed?), RQ 4 (Can 

changes to macrobenthic communities be accepted as ecologically reliable indicators of 

pollution?) and RQ 5 (Do the changes in the macrobenthic community ecology of Bramble Bay 

indicate what factors are affecting it?). SRQs 12, 13 and 14 have been invoked (Appendix 2). It 

was found that: 

 

 

Figure 4.19: PCA of mean ( ) median 

(M) and variances (v) of total 

abundance in Healthy and nutrient 

enriched (Nutrients) riverine estuaries. 

The mean responded differently to 

nutrient enrichment from the median. 

The ordination indicates that nutrient 

enrichment has a limited impact.  (Data 

from Campbell et al 1974a.)  
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 In the chemically polluted riverine estuaries the variance of total abundance decreased 

by a factor of 422.3. The difference was significant (P < 0.001) 

 In the nutrient enriched riverine estuaries (Study 11 [3.10.1]) the variance of total 

abundance was reduced by a factor of 52.7. However, the difference was not significant 

(P = 0.72). 

 The variance of total abundance is greatly reduced in chemically polluted riverine 

estuaries, but nutrient enrichment does not have a measurable impact. Other possible 

measures of pollution in riverine estuaries are sought below. 

 

4.4 POLLUTION IMPACTS ON ABUNDANCES IN RIVERINE ESTUARIES  

Study 3 (3.7.1) and Study 11 (3.10.1). 

This section compares chemical pollution and nutrient enrichment in riverine estuaries. Table 

4.4 shows the impacts of chemical and nutrient pollution in large riverine estuaries on total 

abundance, the abundances of higher taxa (Annelida, Mollusca and Crustacea) and the 

abundances of trophic groups (deposit and suspension feeders)  

 

 Higher taxa 

Annelida  

 Chemical pollution did not cause the variance of annelid abundance to differ 

significantly (F = 2.531; df = 17, 17; P = 0.121).  

 Annelida is resilient to poisonous chemicals in riverine estuaries.. 

 Nutrient enrichment caused the variance of annelid abundance to increase significantly 

(P = 0.013).  

 Annelida is advantaged by nutrient enrichment in riverine estuaries. 

These findings show that Annelida cannot be used to differentiate between chemical 

pollution and nutrient enrichment. To distinguish between chemical pollution and nutrient 

enrichment, evidence of a reduction in the variance of total abundance, which is characteristic of 

chemically polluted riverine estuaries, should be sought. If it cannot be identified, an increase in 

the variance of annelid abundance is likely to be a nutrient enrichment signal.  

 

Mollusca  

 Chemical pollution caused the variance of mollusc abundance (99% bivalves) to be 

significantly reduced (F = 43.467; df = 17, 17; P = 0).  

 Mollusca is adversely affected by chemical pollution in riverine estuaries.  

 Nutrient enrichment did not significantly affect the variance of mollusc abundance (P = 

0.125).  

 Mollusca is not affected by nutrient enrichment in riverine estuaries. 
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Table 4.4: Impacts of pollution on the variances of total abundance, abundances of 

major higher taxa and abundances of major trophic groups of macrobenthos. Data 

from large healthy and polluted riverine estuaries in south-eastern Queensland. 

(Data from Campbell et al. 1974a.) 
VARIANCE Annelida Mollusca Crustacea Total 

Healthy 3,605.86 137.32 42,685.29 44,826.97 

Chemical contamination 2.261 0.5 72.42 71.53 

Nutrient enrichment 297.37 922.97 39,200.27 32,487.63 

MEAN     

Healthy 17.7 14.5 178.3 211.4 

Chemical contamination 1.4 0.4 8.2 2 

Nutrient enrichment 18.8 22.8 247.7 289.7 

MEDIAN     

Healthy 2.5 13.5 104.5 145 

Chemical contamination 1 0 7.5 8.5 

Nutrient enrichment 11 4 263.5 303 

TROPHIC GROUPS 

VARIANCE Deposit Suspension 

Healthy 34,916.26 373.67 

Chemical contamination 117.72 89.98 

Nutrient enrichment 3,1343.9 1.57 

MEAN   

Healthy 171.5 13.6 

Chemical contamination 9.2 3.6 

Nutrient enrichment 217.7 3.3 

MEDIAN   

Healthy 114 5.5 

Chemical contamination 6 1 

Nutrient enrichment 160 3 

 

 A reduction in the variance of mollusc abundance is likely to be a chemical pollution 

signal.  

 Mollusca is unresponsive to nutrient enrichment.  

In riverine estuaries a reduction in the variance of mollusc abundance is likely to be a chemical 

pollution signal. 

 

Crustacea  

 Chemical pollution caused the variance of crustacean abundance to decrease 

significantly (F = 11.199; df = 17, 17; P = 0).  

 Crustacea is adversely affected by chemical pollution in riverine estuaries. 

 The variance of crustacean did not differ significantly with nutrient enrichment (P = 

0.842).  

 Crustacea is unresponsive to nutrient enrichment in riverine estuaries. 



Estuarine canaries  

 

118 | P a g e   C h a p t e r  4 :        R e s u l t s  
 

In riverine estuaries a reduction in the variance of crustacean abundance is likely to be a 

chemical pollution signal. 

 

Summary of higher taxa 

The variances of abundances of taxa respond differently to pollution. Annelids are resilient to 

pollution. Molluscs and crustaceans are very sensitive to chemical pollution. All groups are 

resilient to nutrient enrichment. To distinguish between chemical pollution and nutrient 

enrichment in riverine estuaries measures other than the variance of total abundance will have to 

be used. Table 4.4 showed that one apparent signal for nutrient enrichment may be increased 

median total abundance. This occurs because the increased quantities of organic matter sustain 

higher densities of macrobenthos. Therefore, the Kruskal-Wallis test of total abundance may be 

useful (Zar 2010). 

The finding that taxa differ in their responses to pollution has been developed in the 

immunological model. 

 

Trophic groups 

Deposit feeders 

 The variance of deposit feeder abundance was significantly reduced by chemical 

pollution (F = 8.296; df = 17, 17; P = 0.007).   

 Deposit feeders are reduced by chemical pollution in riverine estuaries. 

 The variance of deposit feeder abundance was not significantly affected by nutrient 

enrichment (F = 0.513; df = 12, 12; P = 0.481).  

 Deposit feeders were not affected by nutrient enrichment in riverine estuaries.  

The deposit feeders are reduced by chemical pollution, but not by nutrient enrichment. In 

riverine estuaries a reduction in the variance of deposit feeder abundance is likely to be a 

chemical pollution signal. 

 

Suspension feeders 

 The variance of suspension feeder abundance was not significantly reduced by chemical 

pollution (F = 1.97; df = 17, 17; P = 0.17). 

  Suspension feeders are resilient to chemical pollution in riverine estuaries. 

 The variance of suspension feeders was not significantly affected by nutrient 

enrichment (F = 0.59; df = 12, 12; P = 0.45)  

 Suspension feeders are not significantly affected by nutrient enrichment in riverine 

estuaries. 

The suspension feeders are not affected by chemical pollution or nutrient enrichment. 
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Summary of trophic groups 

The only change to trophic groups identified was a significant reduction in deposit feeders in 

chemically polluted estuaries. The suspension feeders were not affected. This finding has been 

developed into the protein model. 

 

4.5 ESTUARY SIZE  

Study 2 (3.6.1.2) 

Figures 4.13 and 4.14 indicated that estuary size may influence macrobenthic community 

ecology. If this is so, it will have to be allowed for.  This section assesses the effect of estuary 

‘size’ on the variance of total abundance (RQ 4: Can changes to macrobenthic communities be 

accepted as ecologically reliable indicators of pollution?).  SRQ 13 and SRQ 14 were invoked.  

Table 4.5 compares a very small riverine estuary (Jacksons Ck, which was ~ 80 m 

wide) with a larger riverine estuary (Serpentine Ck, which was ~ 120 m wide). Comparison of 

the variances of the abundances of macrobenthos found that: 

 The variances of total abundance in Jacksons Ck and Serpentine Ck did not differ 

significantly (F = 1.848; df = 15, 15; P = 0.185). Accordingly, a change in estuary size 

does not significantly affect the total abundance of macrobenthos. 

 

Table 4.5: Influence of estuary size on variance of total abundance in healthy riverine estuaries. (Data 

from Campbell et al. 1974b). 

ESTUARY SIZE SAMPLE TIME 

 Mid 1972 Late 1972 
Early 
1973 Mid 1973 Late 1973 

Smaller system (Jacksons Ck) 37,978.89 152,816.5 42,322.22 164,667.6 6,671.964 

Larger system (Serpentine Ck) 63,935.76 388.89 984.67 8,178.091 955.2182 

 

However, when small polluted estuaries were compared with small healthy estuaries 

(see 3.6.1.3) a significant difference was found: 

 The variances of total abundance was significantly lower in the small polluted riverine 

estuaries (s
2
 = 348.61) than in the small healthy riverine estuaries (s

2
 = 388.89) (F = 

10.482; df = 35, 35; P = 0.002).   

Thus, a measurable change in the variance of total abundance in estuaries is much more likely to 

be a pollution signal rather than an estuary ‘size’ signal. 

 

4.6 HEALTHY ESTUARIES OF SIMILAR SIZES  

Study 3 (3.7.1) and Study 4 (3.7.2) 

This section also addresses RQ 4 (see above). It assesses the impact of ‘estuary’ and ‘time’ on 

macrobenthic communities. If in healthy estuaries, ‘estuary’ has a significant impact, then 

justifying comparing communities from different estuaries may be difficult. If ‘time’ has an 
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impact within healthy estuaries, then justifying comparing communities from different sample 

times may be difficult. 

 

4.6.1 Different estuaries, same sample time 

Study 3 (3.7.1) 

SRQ 13 and SRQ 14 (Appendix 2) specify alternative questions being answered. The intention 

is to identify those community attributes that are resilient to different variables associated with 

different estuaries and which, therefore, may be used to compare macrobenthos from different 

estuaries. 

 

Adequacy of sampling intensity 

The assessment of the adequacy of sampling intensity for representing median and variance 

scores was as shown in Figures 4.5 – 4.12. Using this method of data assessment, it was found 

that sufficient samples were collected in each estuary to yield near-stable estimates of the 

variance scores. 

 

Biodiversity  

The total number of species collected in each estuary was similar: 26 in Noosa R, 24 in Ninghi 

Ck and 24 in Caboolture R.  

 Total community biodiversity (total number of species) did not differ markedly with 

estuary. 

 Estuary also did not significantly affect biodiversity at the level of major higher taxa in 

a χ2- type test (χ2 < 0.001; df = 2, 6; n = 28; P = 0.519) (QI Macro 2012).  

 The basic taxonomic composition of the communities was very similar. Crustacea was 

represented by 22 species of which 15 were peracarids and seven were decapods. 

Annelida was the most species rich taxon with 18 species and Mollusca contained seven 

species. Only one species of molluscs was a gastropod. There were six species of 

bivalves.  

 

Species composition 

Table 4.6 lists the species collected in each estuary.  Of the 48 species collected overall, only 11 

(23%) were captured in all estuaries and 12 (25%) in two estuaries. Another 25 species (52%) 

were collected in just one estuary. Therefore, the predictability of species composition in each 

macrobenthic community was low (0.23).  Changes in species composition will not be a reliable 

measure of pollution. 
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Table 4.6: Occurrences of macrobenthic species in the subtidal habitat of three large healthy 

riverine estuaries (Noosa R, Ninghi Ck, Caboolture R) in mid (winter) 1974. Shading indicated that 

the species was present. (Data from Campbell et al. 1974a.) Names are those provided by Campbell 

et al. 1974a. (NR = Noosa R, NI = Ninghi Ck, CR = Caboolture R). 

Phylum/ 
Class 

Family 
Species 

NR NI CR 

Nemertea unid    unid    

Phoronida unid unid    

Polychaeta Oweniidae Owenia sp    

Sabellidae sp A    

Sp B    

Ampharetidae unid    

Trochochaetidae unid    

Spionidae Polydora    

Sp A    

Sp B    

Nereididae Australoneris ehlersi    

Neris uncinula    

Ceratoneris 
erythroneris 

   

Glyceridae Glycera    

Nephtyidae Nephtys australiensis    

Capitellidae sp A    

Eunicidae Marphysa    

Magelonidae Magelona    

Opheliidae Armandia intermedia    

Orbiniidae Haploscoloplos    

Gastropoda Nassaridae Nassarius    

Bivalvia 
 

Galeomatidae Arthritica helmsi    

Mytelidae Mysella    

Mactridae Spisula trigonella    

Venerididae unid    

Psammobiidae Soltellina donacioides    

Laternulidae Laternula gracilis    

Crustacea 
Peracarida 
 

Mysidae Gastrosaccus    

Tanaidaceae Longiflagrum estuarius    

Sphaeromidae Cerceis    

Chininopsis    

Shpaeroma    

Corophiidae Corophium 1    

Dryopoides    

Grandidierella    

Paracorophium    

Gammaridae Eriopisa    

Melitidae Melita    

Oedioceratoidae unid    

Phoxocephalidae Paraphoxus    

Urohaustoridae Urohaustorius metungi    

Unknown claw-lobed    

Crustacea 
Decapoda 
 

Penidae Metapenaeus    

    

Sergestidae Sergestes    

Hymenosomatidae Hymenicus hodgkini    

Halicarcinus    

Macrophthalmus Macrophthalmus    

Unknown unid juv    

unid juv    
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Dominant species 

Of the 15 species collected in each estuary Longiflagrum estuarius (Apseudidae), a tanaid 

peracarid, was the most numerous (> 95% of total abundance) (Fig. 4.20). It dominated all 

estuaries, accounting for 90-96% of total abundance. Estuary did not significantly affect the 

variance of abundance of L. estuarius (F = 4.13; df = 7, 7, 8; n = 28; P = 0.667). Tank 

observations indicated that it is a very active, nocturnal deposit feeder (Davie, pers. comm.). 

Therefore L. estuarius may qualify as a community equilibrium species (Thomas (1993).  This 

concept will be revisited in 4.6.2.   

 

 
Figure 4.20: Ranked total abundances of species represented by ≥ 30 individuals in three large healthy 

large riverine estuaries (Noosa R, Ninghi Ck and Caboolture R) sampled in mid (winter) 1974.  

Dominance of the all communities by the tanaid peracarid, Longiflagrum estuarius (Apseudidae), is 

evident. The other peracarids are Eriopisa, Dryopoides, Urohaustorius metungi and Gastrosaccus. 

Arthritica helmsi and Soltellina donacioides are bivalves. Annelida is represented by Haploscoloplos. 

(Data from Campbell et al. 1974a.) 

 

 
Total abundance  

Estuary did not cause a significant difference in the variances of total abundance (F = 0.792; df 

= 3[8]; P = 0.493), which were universally high (Table 4.7).  

 
Table 4.7: Measures of total abundances in the subtidal habitat of 

large three healthy large riverine estuaries (Noosa R, Ninghi Ck, 

Caboolture R) in mid (winter) 1974. (Data from Campbell et al. 

1974a.) 

Measure Noosa R Ninghi Ck Caboolture R 

Median 77 91 95 

Variance 12332.86 67194.25 41066.44 

Count 9 9 9 

 

 



Estuarine canaries  

 

123 | P a g e   C h a p t e r  4 :        R e s u l t s  
 

Abundances of higher taxa 

Seven higher taxa were collected in this study (Nemertea, Annelida, Gastropoda, Bivalvia, 

Peracarida, Decapoda and Phoronida). Only Annelida, Mollusca and Crustacea were sufficiently 

abundant to generate a median score (Table 4.8). These three taxa now form the ‘major higher 

taxa’ for riverine estuaries profiled in this study.  

When the major higher taxa were compared, estuary did not cause significant 

differences in the variances of abundances of major higher taxa: 

 Annelida (F = 0.323; df = 3[8]; n = 30; P = 0.727); 

 Bivalvia (F = 0.314; df = 3[8];; n = 30; P = 0.733); 

 Crustacea (F = 0.901; df = 3[8]; n = 30; P = 0.421).  

 

Table 4.8: Measures median and variances of abundances of higher taxa in the subtidal habitat of three 

large healthy riverine estuaries (Noosa R, Ninghi Ck, Caboolture R) in mid (winter) 1974. (Data from 

Campbell et al. 1974a.) 

 Nemertea Annelida Gastropoda Bivalvia Peracarida Decapoda Phoronida 

NOOSA R 

Median 0 1.5 0 16.5 84 0 0 

Variance 0.21 18.41 0 181.64 6,492.84 2.13 0 

Count 9 9 9 9 9 9 9 

 

NINGHI CK 

Median 0 4 0 5 21 0 0 

Variance 0.19 6.75 0.11 97 68,048.86 5.69 0.19 

Count 9 9 9 9 9 9 9 

 

CABOOLTURE  R 

Median 0 4.5 0 2.5 136 0 0 

Variance 0.27 85.41 0 447.07 27,149.71 1.16 0 

Count 9 9 9 9 9 9 9 
 

 

Trophic groups 

The variances of trophic group abundances are shown in Table 4.9. (The infaunal carnivores 

have not been compared because they were too uncommon.) When tested individually the 

variances of: 

 Deposit feeders did not differ significantly (F = 0.462; df = 3[8]; P = 0.636); 

 Suspension feeders did not significantly (F = 0.129; df = 3[8]; n = 24; P = 0.879).  
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Table 4.9: Measures of abundances of trophic groups in the subtidal 

habitat of three large healthy riverine estuaries (Noosa R, Ninghi Ck, 

Caboolture R) in mid (winter) 1974. (Data from Campbell et al. 

1974a.) 

 Deposit Suspension Carnivores 

NOOSA R    

Median 102 12 0 

Variance 8,641.91 154.234 0.29 

Count 8 8 8 

 

NINGHI CK 

Median 94 4 0 

Variance 69,347.43 798.21 0.29 

Count 8 8 8 

 

CABOOLTURE R 

Median 94 4 0 

Variance 31,218.48 178.29 0.29 

Count 8 8 8 

 

Conclusions on the impact of ‘estuary’ on macrobenthos 

Macrobenthic community ecology in the three large healthy riverine estuaries was very similar. 

Therefore, a general profile of macrobenthic communities in large healthy riverine estuaries in 

south-eastern Queensland has been generated using overall variances of major higher taxa 

abundance scores (Fig. 4.21). The peracarids accounted for 99% of the variance of total 

abundance. 

 

 
 

The deposit feeders, which dominated the communities, generated more than 98.9% of 

total variance (Fig. 4.22). The suspension feeders had very low variance.  

 

 

 

Figure 4.21: Variances of 

abundances of major higher 

taxa in three large healthy 

riverine estuaries (Noosa R, 

Ninghi Ck, Caboolture R) in 

mid (winter) 1974. More than 

99% of the total was generated 

by peracarid crustacean 

variance. (Data from Campbell 

et al. 1974a.) 
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4.6.2 Same estuaries, different times 

Study 4 (3.7.2) 

This investigation concerns the predictability of macrobenthic community ecology in the same 

two healthy estuaries over five sample times in 15 months.  

 

Sampling adequacy  

An assessment of the adequacy of sampling intensity for representing median and variance 

scores is presented as in Figures 4.5 – 4.12.  

 

Rainfall regime 

Rainfall in relation to each sample time is presented in Table 4.10. The driest sample time was 

winter (August) 1972, which is usually the dry season in south-eastern Queensland. The 

remaining sample times were within an unusually wet climatic regime (Aust. Bureau Meteorol. 

2010). Flood-generating rainfall events within the 10 days prior to sampling occurred in spring 

(November) 1972, summer (February) 1973 and winter (July) 1973. Noteworthy is the rainfall 

event prior to sampling in winter (July) 1973 when 471 mm fell over the Bramble Bay 

catchment in the 60 days prior to sampling, with 314 mm of this < 10 days prior to sampling. 

(This compared with an average total rainfall in the Bramble Bay area for August of 40 mm.) 

Localised flooding occurred in The Serpentine (ABOM Data sheets 2010 and Flood Records 

2011). This rainfall event has been used to assess the impacts of floods on macrobenthic 

communities.  

Although rainfall immediately prior to sampling in spring 1973 was low, by then the 

catchments of Jacksons Ck and Serpentine Ck had received such heavy rain over 12 months that 

the soils would have been at near-field capacity. Therefore, 18mm of rain just four days prior to 

sampling in spring 1973, probably generated moderate catchment runoff down Jacksons Ck and 

Serpentine Ck. It is likely that hyposaline conditions and strong stream flow persisted in The 

Serpentine over all of the last four sample times.  

 

 

 

 

 

Figure 4.22: Variances of abundances 

of trophic groups in three large healthy 

riverine estuaries (Noosa R, Ninghi Ck, 

Caboolture R) in mid (winter) 1974. 

More than 99% of the total was 

generated by deposit feeder variance. 

(Data from Campbell et al. 1974a.) 
 



Estuarine canaries  

 

126 | P a g e   C h a p t e r  4 :        R e s u l t s  
 

 Table 4.10: Rainfall regime in southern Queensland 1972-1973. Shading indicates a very wet climatic  

       regime. The   (The Recording Station was in catchments of Jacksons and Serpentine Cks). (Data from 

       ABOM Data Records 2010.) 

 
SAMPLE TIME 

RAINFALL (mm) 

5 days 10 days 20 days 30 days 60 days 

1. Winter 1972 3.3 3.6 3.6 21.2 43.5 

2. Spring 1972 193.6 290.9 290.9 391.2 470.9 

3. Summer 1973 130.6 209  232.7 261.2 345.5 

4. Winter 1973 6 314 332.1 332.9 366.1 

5. Spring 1973 18 18 22.8 106.4 199.7 

  

The findings of the study of the influence of time on macrobenthic community ecology, 

including flood, are presented below.  

 

Biodiversity  

The total number of species collected per sample time varied from 33 – 49. Biodiversity was 

lowest in spring 1972 and spring 1973 (33 species) and highest in summer 1973 (49 species).  

 Total biodiversity varies through time. 

However, time did not significantly affect the biodiversity of the major higher taxa 

collected each sample time in a χ2-type statistic for more than two variables (see QI Macros 

2012) (χ2 = 1.31; df = 2; 4; n = 38; P = 0.519).  

 The biodiversity of higher taxa was measurably stable through time. 

 

Species composition 

A total of 76 species were collected (Table 4.11). Thirty-one species (40.8%) were collected 

once; 14 (18.4%) twice; 11 (14.5%) three times; 4 (5.3%) four times; and 16 (21.1%) five times. 

Most (55.3%) were collected only once or twice. The predictability of species composition is 

low (0.211). Of all species collected 49% were captured in mid (winter) 1972 (dry season); 45% 

in late (spring) 1972 (onset of wet conditions); 58% in early (summer) 1973; 51% in mid 

(winter) 1973 (flooding) and 43% in late (spring) 1973.  These findings indicate that changes in 

the species composition of a macrobenthic community should not be used to identify a pollution 

impact. 

 

Dominant species  

Four peracarids (Longiflagrum estuarius, Eriopisa, Dryopoides and Grandidierella) were 

collected in moderate to large numbers each sample time while more than half of all species 

were collected only once. The bivalve, Spisula trigonella, occurred each sample time so did two 

annelids (Haploscoloplos sp and an unidentified capitellid). Figure 4.23 shows ranked 

abundance scores of the five most common taxa per sample time. Longiflagrum estuarius was 

found in large numbers in this study (up to 27,000 individuals/ m
2
).  
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Table 4.11:  Occurrence of macrobenthic species over five times in two small healthy riverine 

estuaries (Jacksons Ck and Serpentine Ck) of The Serpentine, Bramble Bay, Queensland. (Data 

from Campbell et al. 1974b.) T1 = mid 1972; T2 = late 1972; T 3 = early 1973; T4 = mid 1973; T 5 

= late 1973. 
Phylum/ 

Class/ 
Order 

Family Species T1 T2 T3 T4 T5 

Annelida 
Polychaeta 

Oweniidae Owenia sp      

Sabellidae unid      

Spionidae unid 1      

unid 2      

Magelonidae Magelona      

Aphroditidae unid      

Nephytidae Nephthys 
australiensis 

     

Nereididae Australoneris ehlersi      

Nereis sp      

Eunicidae Marphysa sanguinea      

Lumbre-
neridae 

Lumbreneris      

Capitellidae unid      

Opheliidae Armandia intermedia      

Orbiniidae Haploscoloplos      

unid      

 unid      

Mollusca Cerithiidae unid. 1      

Gastro-
poda 

Naticidae Polinices sordidus      

Nassaridae Nassarius       

Acetonididae unid 1      

unid 2      

Opisthobra
nchia 

Amphibolidae Salinator fragilis      

 unid      

 unid      

Bivalvia Mytelidae 
 

Modiolus      

Mysella      

Mactridae Spisula trigonella      

Lucinidae Epicodakia 
gunnamatta 

     

Galeomatidae Arthritica helmsi      

Tellinidae 
 

Tellina australis      

Tellina deltoidalis      

Psammobidae Soltellina alba      

Crustacea 
Peracarida 

Mysidaca Cyclapsis      

Tanaidae Sinelobus pinkeba      

Crustacea 
Peracarida 

Apseudidae Longiflagrum 
estuarius 

     

Unidentified 
tanaid 

unid      

Anthuridae Mesanthura      

Sphaeromidae Cerceis      

Chitinopsis      

Cymodoce      

Cerceis      

Chitinopsis      

Corophiidae Corophium      

Corophium      

Dryopoides      

Talorchestia      

Grandidierella 1      

Grandidierella 2      

Crustacea 
Peracarida 

Bodotoriidae unid      

Phoxo-
cephalidae 

Gammaropsis      
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Phylum/ 

Class/ 
Order 

Family Species T1 T2 T3 T4 T5 

Crustacea 
Peracarida 

Urohaustor-
idae 
 

Urohaustorius 
metungi 

     

Bodotoriidae unid      

Oedio-
ceratoidae 

Westwoodilla      

Gammaridae Eriopisa      

Melitidae Melita      

Unidentified unid      

 unid      

Claw-lobed amphipod      

Red-eyed amphipod      

unid      

Crustacea 
Decapoda 

Luciferidae Lucifer penicillifer      

Sergestidae Acetes sibogae      

Paenidae Metapenaeus      

Paguridae unid      

Hymeno-
somatidae 

Hymensoma hodgkini      

Ocypodidae Uca      

Mictyridae Mictyris longicarpus      

Grapsidae Australoplax tridentata      

Grapsidae Ceratograpsus      

Portunidae Portunus pelagicus      

Macro-
phthalmidae 

Macrophthalmus 
punctulatus 

     

Pinnotheridae Pinnotheres      

Xenophalmidae Xenophthalmus      

unknown unid juveniles      

 

 

 
Figure 4.23: Ranked total abundances of species represented by ≥ 30 individuals in total over five sample 

times in two small healthy riverine estuaries (Jacksons Ck and Serpentine Ck) sampled over five times 

from mid-1972 to late-1973. Dominance of all sample times by a tanaid peracarid, Longiflagrum 

estuarius (Apseudidae) is evident. The other common peracarids were Eriopisa, Dryopoides and 

Grandidierella. Spisula trigonella was the only common bivalve. Annelida is represented by 

Haploscoloplos and an unidentified capitellid (Data from Campbell et al. 1974b.) 
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Total abundances  

Sample time did not cause significant differences in the variance of total abundance (F = 7.49; 

df = 4; 21; n = 110; P = 0.094).  

 Total abundance is stable through time. 

 

Abundances of higher taxa  

Six higher taxa were collected (Nemertea, Annelida, Gastropoda, Bivalvia, Peracarida and 

Decapoda).  Of these only Annelida, Mollusca and Crustacea were common.  The focus will be 

on these major taxa. Table 4.12 compares the variances of their abundances per sample time.  

PCA ordination of taxas’ variances is shown in Figure 4.24. The findings are that: 

 The variance of Annelida’s abundance did not differ significantly over five sample 

times (F = 1.267; df = 5[38]; P = 0.284).  

 The variance of Mollusca’s abundance differed significantly over five times (F = 2.884; 

df = 5[38]; P = 0.024). Spring 1972 (after 15 months of above average rainfall) 

favoured the molluscs. This was largely caused by an extremely low variance of bivalve 

abundance in early (summer) 1973. Over the other four sample times, the variance of 

Mollusca did not differ significantly (F = 1.193; df = 4(38); P = 0.314).  

 The variance of Crustacea’s abundance also did not differ significantly over five sample 

times (F = 2.122; df = 5[38]; P = 0.08).  

 The flood (winter 1973) did not cause a major change in the variances of any higher 

taxa, especially compared with winter 1972, which was dry prior to sampling (Table 

4.10). 

Therefore, ‘time’ has very little impact on the variances of the abundances of major higher taxa 

in healthy riverine estuaries. 

  

         
 

 

 

 

 

Figure 4.24: PCA of variances of 

abundances of higher taxa in two small 

healthy riverine estuaries (Jacksons Ck 

and Serpentine Ck) of The Serpentine in 

Bramble Bay, over five sample times in 

winter 1972 – spring 1973. The flood of 

winter 1973 did not have a marked impact. 

The scree plot for this graph indicated that 

almost 100% of the variability was 

accounted for by the three major taxa. 

Bivalvia responded the first rainfall event 

of the wet season. (Data from Campbell, et 

al. 1974b.) 
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Table 4.12: Measures of abundances of higher taxa in two small healthy riverine estuaries (Jacksons 

Ck and Serpentine Ck of The Serpentine) in Bramble Bay, over five sample times in winter 1972 – 

spring 1973. (Data from Campbell, et al. 1974b.) 

 Nemertea Annelida Gastropoda Bivalvia Peracarida Decapoda 

Mid (winter) 1972 

Median 0 3 0 6 11 0 

Variance 0.05 66.93 0 79.2 29,800.25 0.28 

Count 41 41 41 41 41 41 

Late (spring)1972 

Median 0 3.5 0 0 15 0 

Variance 0.07 82.68 1.6 27.24 124,052.2 6.04 

Count 40 40 40 40 40 40 

Early (summer) 1973 

Median 0 2 0 0 10 0 

Variance 0 33.61 0.03 1.64 94,501.64 0.16 

Count 40 40 40 40 40 40 

Late (spring 1973 

Median 0 3 0 1 6 0 

Variance 0.11 47.93 0 257.321 60,160.1 0.41 

Count 40 40 40 40 40 40 

Mid (winter) 1973 

Median 0 2 0 2 5 0 

Variance 0.05 58.03 0 80.01 11,330.99 0.15 

Count 39 39 39 39 39 39 

 

Abundances of trophic groups 

Table 4.13 compares abundances of trophic groups.  The communities were dominated by the 

deposit feeders each sample time.  

 

 

 
 

 

Figure 4.25: PCA of variances of 

abundances of trophic groups in two 

small healthy riverine estuaries 

(Jacksons Ck and Serpentine Ck) of 

The Serpentine in Bramble Bay, 

winter 1972 – spring 1973. The flood 

of winter 1973 affected deposit and 

suspension feeders whilst after 12 

months of frequent heavy rain (spring 

1973) the deposit feeders were 

reduced, but the suspension feeders 

had increased. Summer (early 1973) 

had no impact (Data from Campbell, 

et al. 1974b.) 
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 The variances of deposit feeder abundances were not significantly affected by time (F = 

1.946; df = 5[21]; n = 88; P = 0.126). 

 The variances of suspension feeder abundances were not significantly affected by time 

(F = 1.196; df = 5[21]; n = 88; P = 0.317).  

PCA of variances of trophic groups shows that spring 1973 had an adverse impact on 

the abundances of deposit and suspension feeders (Fig. 4.25). Evidence will be presented later 

that this was probably a pollution impact. 

 
Table 4.13:  Abundances of trophic groups in two small 

healthy riverine estuaries (Jacksons Ck and Serpentine 

Ck) of The Serpentine, Bramble Bay, Queensland. (Data 

from Campbell et al. 1974b.) 

Date & measure Deposit Suspension 

Mid (winter)  1972   

Median 34 4 

Variance 3880.4 73.23 

Count 22 22 

Late (spring) 1972   

Median 30 1.5 

Variance 3973.0 1221.99 

Count 22 22 

Early (summer) 1973 

Median 16 5 

Variance 11211.96 67.27 

Count 22 22 

Mid (winter) 1973 

Median 11.5 1.5 

Variance 46783.67 19.64 

Count 22 22 

Late (spring) 1973 

Mean 76.55 3.91 

Variance 3880.4 73.23 

Count 22 22 

 

Conclusions on the impact of time on macrobenthos  

The attributes of the macrobenthic communities over five sample times may now be compared. 

Peracarida accounted for 99.991% of total variance; Annelida for 0.007% and Bivalvia for 

0.002%. Contributions from the other taxa were negligible (Fig. 4.26). 
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Figure 4.26: Contributions of higher taxa to variance of total of abundance over five sample times in two 

small healthy riverine estuaries (Jacksons Ck and Serpentine Ck) of Bramble Bay, winter 1972 – spring 

1973. More than 99% of crustaceans were peracarids. Nemertea, Gastropoda, Decapoda and Phoronida 

are excluded because of extreme rarity. (Data from Campbell et al. 1974b.) 
 

When the food web was investigated it was found that:  

 Deposit feeders accounted for 98.93% of the  variance of total abundance; 

 Suspension feeders accounted for 1.06% of the  variance of total abundance (Fig 4.27).   

 

  
Figure 4.27: Contributions of trophic groups to the variance of total of abundance over five sample times 

in two small healthy riverine estuaries (Jacksons Ck and Serpentine Ck) of Bramble Bay, winter 1972 – 

spring 1973. (Data from Campbell et al. 1974b.) 

 

 

***** 

 

PART 4B 

BRAMBLE BAY 1971 - 1998 

 

4.7 MACROBENTHIC COMMUNITY CHANGE IN POLLUTED ESTUARIES 

This study investigates how to measure macrobenthic communities for evidence of pollution 

impacts. It addresses RQs 4 (RQ 4: Can changes to macrobenthic communities be accepted as 
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ecologically reliable indicators of pollution?) and 5 (RQ 5: Do the changes in the macrobenthic 

community ecology of Bramble Bay indicate what factors are affecting it?).  SRQs 15-23 are 

invoked (Appendix 2).  

 

4.7.1 Mass mortality event  

Study 5 (3.8.1), Study 6 (3.8.2) and Study 7 (3.8.3) 

Early in October 1996 a mass mortality event affected nearly all the macrobenthos throughout 

the Bramble Bay estuary, including urban riverine estuaries as well as the offshore and intertidal 

communities. The only exception was the upper zone (2.5%) of the intertidal flats where the 

sediments are immersed by water for < ½ hr per high tide. Studies profiled in Chapter 3.8.2 and 

Chapter 3.8.3 recorded a similar event in early October 1997 following the first heavy storm 

rain at the end of the dry season. It is detailed below. 

 

Features of a mass mortality event 

 Within 1 - 2 days of an intense rainfall event (50.8 mm in < 1 hr) over many of the smaller 

catchments that drain into Bramble Bay all of the macrobenthos on the foreshore of the 

beach apparently died.  

 Sediment surfaces showed no sign of bioturbation: i.e. sediment disturbance by benthic 

animals. 

 However, the sediments contained numerous intact but empty annelid tubes (e.g. 

Australoneris ehlersi, Owenia fusiformis and Diopatra ambionensis), as well as many dead 

but articulated bivalves (e.g. Spisula trigonella, Tellina spp and Soltellina alba); all in situ, 

as they are when alive.  No living animals were found in 12 random sediment samples each 

0.04 m
2
 in size that were processed with a 1 mm sieve. Previously, 10 – 250 animals were 

collected per sample. 

 Waders and benthic-feeding fish promptly deserted the beach. 

Table 4.14 presents evidence of the mortality event.  

The differences in the communities were: 

 

Before the mass mortality event 

 Eight higher taxa (Sipuncula, Echiuria, Annelida, Gastropoda, Bivalvia, Peracarida, 

Decapoda and Brachiopoda) were collected from the intertidal habitat three weeks prior to 

the rainstorm.  

 Community biomass (measured as abundance counts) was relatively stable. 
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Table 4.14: Measures of relative abundances of higher taxa on the beach of Bramble Bay before and after a 

mass mortality event. 
Date & 
measure 

 
 
Sipuncula 
 

Echiuria 
 

Annelida 
 

Gastropo 
-da 
 

Bivalvia 
 

Peracarida 
 

Decapod
-a 
 

Brachio-
poda 
 17 Sept 

Median 0 0 0 0 8.5 8.5 0 0 

Variance 0.07 0 0.07 4.5 292.37 139.14 25.34 0.07 

Count 19 19 19 19 19 19 19 19 

16-Oct- MASS MORTALITY EVENT EIGHT DAYS EARLIER 

Median 0 0 0 0 16 0 0 0 

Variance 0 0 0 0 6199.92 0 0 0 

Count 19 19 19 19 19 19 19 19 

 

Eight days after the mass mortality event 

 Only bivalves were found;  

 All bivalves collected were very small (<0.5 – 2.5 mm); i.e. probably no more than about a 

few hours to days old;  

 The mean abundance of Bivalvia on the beach increased by a factor of 4.25;  

 The median abundance of Bivalvia was almost twice that before the mortality event;  

 The variance of bivalve abundance increased x 21.2 times of that prior to the mortality event;  

 Other higher taxa did not reappear in evident numbers for another two weeks. Even then 

only a few species of annelids and rare gastropods were recruited (Quinnell field notes);  

 Most species present on the beach in September 1997 did not return or appeared only in very 

low numbers over the following six months (Quinnell, unpubl. data);  

 Community biomass (measured as abundance counts) was very unstable. 

The impacts of the mass mortality event on trophic groups’ abundances is shown in Table 4.15.  

 
Table 4.15: Changes to measures of abundances of major trophic groups on the 

beach of Bramble Bay before and after a mass mortality event. 

 Deposit Suspension Carnivores 

17-Sep-97 NO HEAVY RAIN FOR ALMOST FOUR MONTHS 

Median 8.5 10 0 

Variance  285.61 124.31 0.13 

  

16-Oct-97 MASS MORTALITY EVENT EIGHT DAYS EARLIER 

Median 0 16 0 

Variance 1.3 6,199.92 0 

Number samples 19 19 19 

 

After the mass mortality event; 

 The median abundance of suspension feeders had increased a factor of 1.6;   

 Most of the recruited bivalves (98.5% of all individuals collected) were the 

opportunistic suspension feeder, Spisula trigonella (Mactridae);  
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 The variance of the suspension feeders had increased by a factor of 4,769.2; 

 The deposit feeders did not generate a median score in October 1997;  

 Deposit feeder variance had decreased by a factor of 219.7.  

Thus, a very modest rainfall event (30 mm) had an apparently devastating impact on the ecology 

of Bramble Bay. Therefore, the impacts of an extreme flood are examined next to determine if 

such devastation is commonly associated with rain. 

 

4.7.2 Impacts of extreme floods (1974)  

Study 8 (3.9.1) and Study 9 (3.9.2) 

Figure 4.28 shows changes in the abundances of higher taxa in the macrobenthic community of 

Kedron Brook between mid-1972 and late-1976.  Kedron Brook is an urban riverine estuary that 

drains into Bramble Bay. Data from Campbell and colleagues (Campbell et al. 1974b and 

Queensland Museum, unpubl. data sheets) and Davie in 1974 – 1976 (Davie 1987) provide 

evidence of an apparent pollution impact.  

 

 
 Figure 4.28: Mean abundances of higher taxa in Kedron Brook in 1972 – 73 and in 1974 – 76 (Campbell 

et al. 1974b and Davie 1986). Between the two studies Kedron Brook had experienced severe floods in 

early 1974. 

 

 

Rainfall events 

Between July 1973 and January 1974 there was minor to moderate flooding several times in 

Kedron Brook. In January and March (summer) 1974, extreme flooding occurred (ABOM Data 

Sheets, 2010).  In winter 1974, five months after the last flood, when the climatic conditions 

were generally dry, Campbell and colleagues returned to Kedron Brook to see what the floods’ 

impacts had been (Campbell et al. unpubl. data). Extreme rainfall did not occur over the 
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following years (late 1974 – 1976) during which time Davie continued to monitor the estuary 

(Davie 1987).  It is evident that: 

 Minor flooding in winter 1973 was immediately followed by a proliferation of 

peracarids; 

 This had faded by November 1973; 

 There was an increase in the peracarids again after the early 1974 floods; 

 By late 1974 the peracarid fauna had declined to below any level monitored in Kedron 

Brook in 1972 and 1973; 

 Even 32 months after the last flood the peracarid fauna in Kedron Brook had not 

recovered. 

 The severe floods of early 1974 may have inflicted long-term damage on the peracarid 

community of Kedron Brook. The fact that the r-strategists were apparently unimpacted 

suggests that the peracarids’ K-strategy reproduction was a disadvantage. The impact is 

consistent with the long-term effects of endocrine disrupters. It is likely that the 

peracarid population progressively declined after the flood through reduced 

reproductive success. The fact that heavy rainfall was uncommon from mid-1974 to late 

1976 indicates that this was not a rainfall impact. In fact, heavy rainfall in healthy 

riverine estuaries is followed by a proliferation of peracarids (Campbell et al. 1974a, b); 

 Annelids increased slightly. This is consistent with Annelida being highly resilient to 

pollution; 

 Bivalves remained unchanged; 

 Between mid-1972 when Campbell and colleagues first sampled Kedron Brook 

(Campbell et al. 1974b) and late 1976 (Davie 1987), Kedron Brook’s ability to sustain 

macrobenthos had declined. The pattern in the data suggests that Kedron Brook may 

have been contaminated by the extreme 1974 floods. 

 The observation that K-strategists were severely impacted but r-strategists were not led 

to the development of the reproductive strategy model. The observation that crustaceans in 

Kedron Brook were increasingly impacted, but molluscs were not much affected, whilst 

annelids increased through time led to the development of the protein model.  

 

4.7.3 Changes after major flooding in Bramble Bay  

Study 11 (3.10.1) 

The January and March floods 1974 mentioned above affected all of south-eastern Queensland. 

By then a monthly survey of the subtidal macrobenthos in Bramble Bay had been underway for 

> 2 years (Stephenson et al. 1977). Consequently, the researchers had a baseline with which to 

compare any flood impacts.  
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 Prior to the floods, the subtidal community of Bramble Bay was very similar to that 

described on the foreshore in 1979 – 1981 by Stejskal (Stejskal 1985; Stejskal & 

Chamberlain 1984): i.e. it was moderately species rich and dominated by annelids and 

bivalves, Spisula trigonella was very common, but its density fluctuated greatly 

between sample times.  

 The floods of early 1974 deposited up to 1.5 m of sediments from the large, highly 

urban Brisbane R catchment (Fig 3.2) in Bramble Bay together with sediments from all 

other drainage systems that flow into the bay (Stephenson et al. 1977).   

 Three months after the 1974 floods no subtidal macrobenthic fauna could be found in 

the bay (Stephenson et al. 1977).  

 Even 15 months after the 1974 floods, by which time the flood sediments appeared to 

have dispersed, the macrobenthic community was extremely simplified. The bivalve 

Spisula trigonella (Mactridae) accounted for > 99.9% of total abundance and a 

scavenging gastropod, Nassarius sp (Nassaridae) accounted for the remainder of total 

abundance (Stephenson et al. 1977). 

 

4.8 BRAMBLE BAY 1996 – 1998 

This section uses the intertidal macrobenthic community of Bramble Bay’s foreshore in the 

period 1996 – 1998 to describe the ecological state of Bramble Bay at this time. RQ 1 (What has 

been the nature of changes in the Bramble Bay estuary and where did they originate?) has been 

addressed. SRQs 5 – 7 have been invoked (Appendix 2). 

   

4.8.1 Intertidal beach communities 1996 – 1998  

Study 6 (3.8.2) & Study 7 (3.8.3) 

This investigation combines data from the studies described in Chapter 3.8.  The intention was 

to seek evidence of pollution in 1996 - 1998.    

 

Sampling adequacy 

The sampling adequacy for this study is addressed in Figure 4.29 using data collected in early 

spring of September 1997, when the macrobenthos had not been disturbed by a mass mortality 

event for about five months and when the seasonal temperature on the intertidal flats is mild: i.e. 

total abundance was at a seasonal peak (Quinnell 1997). (The maximum value on the scale 

(6,641) in Figure 4.29 represents the variance recorded in a healthy embayment estuary in 

eastern Moreton Bay.)  
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Biodiversity  

Over the 1996 – 1998 period, total biodiversity (the total number of species measured per 

sample time) varied from three species about 10 days after a mass mortality event to 41 species 

in August - September.   

 A χ2-type test (QI Macro 2012) which compared the three major higher taxa (Annelida, 

Mollusca and Crustacea) over 14 sample times found that biodiversity did not differ 

significantly through time (χ2 = 32.75; df = 2; 13; P = 0.169).  

 Community biomass was measurably stable through time. 

 

Species composition  

A list of the species collected from September 1997 to April 1998 is presented in Table 4.16.  

 Species composition had a very low predictability (0.04).  

 Only two species were recorded over all sample times: the bivalves, Spisula trigonella 

(Mactridae) and Tellina australis (Tellinidae).  

 This is consistent with very severe disturbance of the estuary.  

 

Dominant species / equilibrium species 

Spisula trigonella was sometimes very common (  = 16 individuals/ sample; s
2
 = 6,199.9). The 

only other common species was a peracarid, Urohaustorius metungi, (Urohaustoridae). It too is 

a suspension feeder (Ruppert & Barnes 1994, Quinnell, tank observ.) and was not always 

common. No species qualified as an equilibrium species under Thomas’s definition. This is 

probably a pollution impact on deposit feeders that are crustaceans, which usually provide the 

equilibrium species (Thomas 1993). 

 

 

 

 

 

 

Figure 4.29: Sampling sufficiency for 

estimation of the variance of total 

abundance in intertidal habitat of 

Bramble Bay (September 1997), when 

there had been no mass mortality 

event for five months. The scale of 

the axis (6,641) is the measure of 

variance of macrobenthos abundance 

in a healthy embayment estuary in 

Moreton Bay. Converted abundances 

used. 

 

Sampling sufficiency for estimate of 
variance 
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Total abundance 

Measures of total abundance are presented in Table 4.16. The variance of total abundance did 

not change significantly through time (F = 1.579; df = 7[13]; P = 0.162).  

 

Table 4.17: Changes in measures of total abundance per sample time on beach of Bramble Bay 

September 1997 – April 1998.  

 
DRY 

SEASON 

AFTER 
MASS 

MORTALITY 
WET 

SEASON 

Sample 
time 

September 
1997 

October 
1997 

November 
1997 

December 
1997 

January 
1998 

February 
1998 

April 
1998 

Median 54 32 39 19 14 14 6 

Variance 1,748.59 24,799.67 2796.07 851.604 540.34 275.34 167.72 

Count 14 14 14 14 14 14 14 

 
       

Annelid abundance 

 The variance of Annelida abundance differed significantly through time (F = 2.717; df 

= 7[13]; P = 0.018).  

 The variance of Mollusca abundance did not differ significantly through time (F = 

1.925; df = 7[13]; P = 0.085).  

 The variance of Crustacea abundance did not differ significantly through time (F = 

1.935; df = 7[13]; P = 0.083).  

Annelida was more impacted by changing conditions than Mollusca and Crustacea.  

 

Trophic group abundances 

Figure 4.30 shows changes in the variances of deposit and suspension feeders over time.  

 The variance of abundance of the deposit feeders (components of the detrital food 

chain) did not differ significantly through time (F = 1.539; df = 6[13]; P = 0.174). 

 The variance of abundance of suspension feeders (components of the pelagic food 

chain) was much increased in October 1997. However, the variance of abundances of 

the suspension feeders did not differ significantly through time (F = 1.89; df = 13, 13; P 

= 0.091).  

The variance of the abundance detrital food chain was secondary to variance of the suspension 

feeders: i.e. the pelagic macrobenthic food chain dominated the detrital macrobenthic food 

chain. 
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To understand better the apparent impoverishment of Bramble Bay, its data are 

compared with data collected at the mouth of the healthy Ninghi Ck estuary, which was 

surveyed in 1974 (Campbell et al. 1974a) (Study 3 [3.7.1]). Because Ninghi Ck opens into 

northern Moreton Bay via a wide unobstructed mouth it has many of the abiotic attributes of 

embayment estuaries. Based on the findings in Sections 4.5 and 4.6 that macrobenthic 

community ecology in healthy estuaries is predictable through time and space, Ninghi Ck’s 

trophic abundance data have been used to assess the status of the deposit-feeding community in 

Bramble Bay.  

 The deposit feeders in Ninghi Ck had a variance of total abundance of 69,347.43 

(Campbell et al. 1974a). By this measure, the variance of deposit feeders in Bramble 

Bay (s
2 
= 1,180.766) was reduced by a factor of 58.7 times. 

 The detrital food chain was greatly reduced in Bramble Bay. 

 The variance of abundances of suspension feeders in Bramble Bay was higher than that 

in Ninghi Ck (s
2
 = 798.21), but only because of the mass settlement of bivalves in 

October 1997 after the mass mortality event (Fig. 4.22).  

 Otherwise, the variance of suspension feeders in Bramble Bay was much reduced in this 

study (s
2
 = 93.4) by a factor of 8.9 compared with Ninghi Ck.  

 The macrobenthic component of the pelagic food chain was much reduced in Bramble 

Bay. 

The macrobenthic basis of the estuarine food chain in Bramble Bay had collapsed. Given that 

macrobenthos is the basis of most estuarine animal life (p. 30), evidence that the reduction of 

the macrobenthos affected higher-order consumers has been sought. 

 

4.8.2 Other evidence of estuarine food web collapse  

Minor studies (3.12) 

A mass mortality event occurred in early October 1996 following 30.2 mm of rain over Bramble 

Bay’s catchment at a time when historically thousands of migratory wading birds arrive in in the 

Figure 4.30: Changes through 

time in the variances of deposit 

and suspension feeders in 

intertidal habitat of Bramble Bay 

from September 1997 – April 

1998. This period included a 

major mass mortality event about 

a week prior to sampling in 

October 1997. The peak in 

suspension feeders followed. 

Converted abundances used. 
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bay. Within 24 – 36 hours of the rain > 90% of the birds disappeared (Fig. 4.31) (G. Miller,
a
 

pers. comm.; Quinnell pers. observ.). Also, benthic-feeding fish disappeared, especially rays 

(Dasyatidae and Rhinobatidae) that usually prey upon intertidal macrobenthos during high tides 

(Quinnell 1999; Quinnell et al. 1999; Quinnell, field notes 6 – 11 October 1996). 

 

 
Figure 4.31: Counts of wading birds foraging on the foreshore of central Bramble Bay and rainfall events 

that were followed almost immediately by mass mortality of the macrobenthos. From spring 1996, 

macrobenthos and bird numbers of the beach were chronically depressed. (Data G. Miller, ornithologist.) 

 

A repetitive pattern of rainfall → macrobenthos mortality → bird and fish loss continued 

in Bramble Bay from 1996 until 2000 when regular monitoring ceased. Recoveries by wader 

populations after each mass mortality event were increasingly weak (Fig. 4.31). Seabird 

populations (cormorants and pelicans) as well as the numbers of raptors, including the sea eagle 

(Haliaeetus leucogaster), osprey (Pandion haliaetus), Brahminy kite (Haliastur indus) and 

whistling kite (H. sphenerus) noticeably declined. The beach remained severely impoverished 

until 2006 - 2007 when the numbers of birds foraging in Bramble Bay increased markedly 

(Quinnell observ.). This coincided with a severe drought that greatly reduced rainfall and 

therefore, catchment runoff into Bramble Bay. The respite from catchment runoff apparently 

allowed the beach to recover its macrobenthic community sufficiently to support higher order 

consumers.  

Infaunal carnivores have also shown an impact. Predatory gastropods on the intertidal 

flats of Bramble Bay greatly declined after early 1996, especially Polinices sordidus (Naticidae), 

which feeds on bivalves (Beesley et al. 2000). The species retained a presence on the foreshore 

throughout 1996 - 1998, but was much less common than prior to 1996. Also, individuals were 

much smaller (up to 15 mm compared with 25 mm prior to 1996). This reflected a reduced 

                                                 
a
 Greg Miller, Ornithologist. 
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availability of prey. Prior to early 1996 the bivalve fauna of Bramble Bay was far more diverse 

(Quinnell et al. 1999) than that reported in this study: e.g. Soltellina alba (Psammobiidae), one 

of the common food items for Polinices sordidus, was present in densities up to 5/ m
2
 in 

intertidal pools with muddy substrates (Quinnell field notes 1995). Since 1996 it has been very 

uncommon most of the time: i.e. <0.01/ m
2
. 

Severe impoverishment of the macrobenthic community on Bramble Bay’s beach also 

is evident in measurements of Spisula trigonella individuals collected in 1996 - 1998. Juvenile 

S. trigonella are < 0.5 mm when they first settle on the beach of Bramble Bay, but rapidly grow 

to ~ 8 mm (Quinnell, field notes, 1995). However, since 1996 the species has become very short 

lived. Figure 4.32 shows the range in bivalve sizes on 17 September 1997 and on 16 October 

1997. In September the bivalve’s average shell width was 2.35 mm. Prior to 1996 a portion of 

this cohort would have survived long enough to reach 8 mm (Quinnell, field notes 1995). 

However, those on the beach in September did not. Sampling in October showed that the beach 

had lost the larger individuals and that the population consisted of much smaller individuals (  

= 1.38 mm); so small that they probably settled just hours to 1- 2 days before they were 

collected.  
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Figure 4.32: Left: Sizes of Spisula trigonella after three months without rain on the beach of Bramble 

Bay 25 September 1997. 

Right: Sizes of S. trigonella after heavy rain on the beach of Bramble Bay October 1997. Many 

individuals < 1.5 mm will have been lost because a 1 mm sieve was used 
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4.9 CHEMICAL TEST RESULTS (Appendix 3) 

For this study sites in eastern Moreton Bay were sampled together with Bramble Bay and 

Waterloo Bay in central Moreton Bay. The Primary Research Question is addressed (PRQ: 

What factors caused the mass mortality events and persistent ecological impoverishment of the 

Bramble Bay estuary?  The results from chemical tests are summarised below). (Details of the 

tests are provided in Appendix 3.)  

 

4.9.1 Nutrients  

Nitrogen (N) & phosphorus (P) 

Embayments 

When mean concentrations of N and P were ordinated through PCA, a nutrient impact emerged 

in Bramble Bay (Fig. 4.33).  

 Dunwich and Myora, the nominally healthy reference sites in eastern Moreton Bay, 

differed from Bramble Bay. 

 Nutrient enrichment (N and P) affected Bramble Bay.  

 The healthy locations (Dunwich and Myora) differed from all locations in Bramble Bay. 

The Bramble Bay location that was most vulnerable to urban contamination (Nudgee 

Beach) had high P and differed from the sites closest to the outflow of the sewerage 

plant at Luggage Pt (Luggage Pt and Juno Pt) (elevated N). 

 

 
 

Riverine estuaries 

Ordination of mean N and P concentrations in the riverine estuaries is shown in Figure 4.34. 

 There was elevated N in Cabbage Tree Ck and Nudgee Ck. Both creeks received 

secondary treated sewage effluent. 

 

 

 

Figure 4.33: PCA of mean nitrogen (N) 

and phosphorus (P) concentrations at 

five locations for embayment estuaries 

with different sewage pollution 

vulnerabilities. M = Myora; D = 

Dunwich; DI = Dynah Is; NB = Nudgee 

Beach; LP = Luggage Pt; JP = Juno Pt 

D and M were the healthy reference 

locations. (Data from Miller 2000).  
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 The estuaries with small urban catchments without any direct sewage input (Nundah Ck 

and The Anabranch) were different from the estuary with the large urban catchment but 

without sewage (Kedron Brook) (high P).  

 Kedron Brook was associated with high P, low N. This probably was an ‘urban 

catchment’ impact. 

 Freddys Ck and The Anabranch, which had no urban areas in their catchments and did 

not discharge sewage, had low N and low P. There is no evidence that creeks of 

Bramble Bay are naturally nutrient enriched. 

 

N: P value and TOC%  

 Evidence of nutrient enrichment of the sediments has been sought using the N: P value 

and TOC% (total organic carbon percentage) (Fig. 3.34).  

 

 
 

Embayments  

There is no interpretable pattern in these data (Fig. 4.35). Sewage pollution-vulnerability cannot 

be related to TOC% in the embayment locations. Nor is an effect from the ongoing upgrading of 

sewage treatment at the Luggage Pt plant (JP and LP) evident.  Sites near the outfall (JP and LP) 

showed signs of nutrient enrichment of the sediments. This probably was the result of the 

release of ever-increasing quantities of sewage into the area for ~ 140 years (Gregory 1996, p. 

84). 

Sewage 

 

 

 

Figure 4.34: PCA of mean 

concentrations of nitrogen (N) and 

phosphorus (P) concentrations at six 

locations for riverine estuaries with 

different sewage pollution 

vulnerabilities. A = Anabranch, CT = 

Cabbage Tree Ck, FC = Freddys Ck KB 

= Kedron Brook, NU = Nudgee Ck, UC 

= Nundah Ck. Freddys Ck had lower N. 

Sewage appears to have an impact. 

(Data from Miller 2000.) 

 



Estuarine canaries  

 

147 | P a g e   C h a p t e r  4 :        R e s u l t s  
 

  

Biplot (axes N: P and TOC %: 100.00 %)

D

D

M

M

MM

NB

NB

DI

DI
LP

LP
DI

DI

JP

JPNB

NB DI

DI
LP

LP
DI

DI

JP

JP
TOC %

N: P

-3

-2

-1

0

1

2

-3 -2 -1 0 1 2 3 4

N: P (56.77 %)

T
O

C
 %

 (
4
3
.2

3
 %

)

 
 

Riverine estuaries  

PCA shows a high N: P in Cabbage Tree Ck but low TOC% (Fig. 4.36). This creek received 

large amounts of secondarily-treated sewage. Otherwise there is no clear pattern in the data. 
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Chlorophyll A  

Embayments 

Chlorophyll A (ClA) readings in embayment locations were quite low: 17 mg/ m
2
 at Luggage 

Pt, 1 mg/ m
2
 and10 mg/ m

2
 at Nudgee Beach and no more than 1 mg/ m

2
 at Dynah Is. There 

were too few readings to generate meaningful ordinations.   

 

 

 

 

 

 

 

Figure 4.35: PCA of N: P and TOC% at five 

locations for embayment locations with 

different sewage pollution exposure. M = 

Myora; D = Dunwich; DI = Dynah Is; NB = 

Nudgee Beach; LP = Luggage Pt; JP = Juno Pt 

(Data from Miller 2000).  

 

 

 

 

 

Figure 4.36: PCA of N: P and TOC% at 

six locations for riverine locations with 

different sewage pollution 

vulnerabilities. A = Anabranch, CT = 

Cabbage Tree Ck, FC = Freddys Ck KB 

= Kedron Brook, NU = Nudgee Ck, UC 

= Nundah Ck. Freddys Ck had lower N. 

There are no evident patterns of impact. 

Cabbage Tree Ck shows an impact.  

(Data from Miller 2000). 
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Riverine estuaries  

A high ClA concentration was recorded only in Cabbage Tree Ck (64 mg/ m
2
) which received 

large quantities of sewage that had undergone secondary treatment. Otherwise, ClA levels were 

low.  

 

4.9.2 Acid sulphate conditions 

Acid sulphate conditions have been assessed as Al
3+

 and Fe
3+

 concentrations.  

 There was no evidence of acid sulphate conditions in embayments or riverine estuaries.  

 Also, there was no evidence of acid sulphate conditions affecting Bramble Bay from pH 

monitoring. All readings taken were > 7 (M. Mortimer, Queensland Government, pers. 

comm. 1998; Quinnell unpubl. data).   

 

Aluminium 

In the embayment estuaries the nominally healthiest site at Myora (M) had the lowest Al
3+

. 

Bramble Bay contained higher Al
3+

 levels. Of the riverine estuaries Freddys Ck had the lowest 

Al
3+

 concentrations and Cabbage Tree Ck the highest.  

 Iron (Fe
3+

) did not respond similarly. This is evidence that ecologically significant acid 

sulphate conditions did not exist. 

 Al
3+

 was high in Bramble Bay and Cabbage Tree Ck, which have long histories of 

sewage pollution.  

  

4.9.3 Organic chemical pollutants 

The findings for chemical pollutants are summarised in Table 4.18. It was impossible to 

generate meaningful hypotheses from the ordination of such limited data. Only very low levels 

of some pollutants were identified.  

 

4.9.4 Heavy metals and metalloids 

The trace metals detected, other than Fe and Al, are arsenic (As), cadmium (Cd), chromium 

(Cr), copper (Cu) lead (Pb), mercury (Hg), nickel (Ni) and zinc (Zn). All were present in 

concentrations well below recommended guidelines of the time (Moss & Costanzo 1998), 

except for arsenic for which no recommended safe level was listed (Table 4.19). 

Table 4.20 shows correlations in the occurrences of metals and metalloids. Arsenic was 

positively correlated with all other elements that were detected, except Cd.  

 

***** 
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CHEMICAL TESTS: TABLES OF FINDINGS 

Table 4.18: Results of tests for known chemical contaminants in the 1998 – 2000 study. None of the 

listed concentrations are at levels considered cause for concern. (Data from Miller 1999, 2000). 

Chemical Class of chemical Location Concentration (mg/kg) 

Chloropyrifos 

Organophosphate 

Cabbage Tree Ck 
Nundah Ck 

0.008 – 1.6  
0.02  

Waterloo Bay 0.33  

Parathion-
methyl 

Nudgee Ck 0.004 – 0.32  

Aldrin 

Organochlorides 

Waterloo Bay 0.001 – 0.003  

Dieldrin 
Waterloo Bay 
Nudgee Ck 
Cabbage Tree Ck 

0.004 – 0.009  
0.001 – 0.003  
0.001 – 0.003  

Total DDT 

Nudgee Ck 
Cabbage Tree Ck 
Kedron Brook 
Nundah Ck 

0.01 – 0.005  
0.01 – 0.002  
0.02 0.019  

Heptachlor 
Epoxide 

Waterloo Bay 0.007  

B- 
endosulphan 

Waterloo Bay 0.004 – 0.01  

Not specified PCBs Cabbage Tree Ck 0.03 – 0.04  

Dibutyl tin 

Organotins 

Nundah Ck 0.6  

Tributyl tin 
Cabbage Tree Ck 
Nundah Ck 

0.4 – 0.6  
2.2 – 4.2  

Phthalate 
esters 

Organic  miscellaneous 

Nudgee Ck 
Nundah Ck 
Cabbage Tree Ck 
Dynah Is 
Kedron Brook 
Anabranch 
Luggage Pt 

0.001 – 0.026  
0.003 – 0.894  
0.001 – 0.003  
0.134  
0.003 – 0.149  
0.006  
0.935  

Table 4.19: Accepted median safe levels and measured sediment levels for eight heavy metals. 

(Bramble Bay Data from Miller 1999 – 2000) . Standards from Queensland Government Standards for 

Estuaries (Moss & Costanzo 1998.) 

 
Draft  Australian  
water quality guidelines 

Effects range for median concentrations (mg/ kg) 

As Cd Cr Cu Pb Hg Zn 

NA 9.6 370 270 218 0.71 410 

Myora 0.95 0.15 0.6 0.75 0.2 0.01 0.55 

Dunwich 3.5 0.15 0.5 0.6 0.7 0.01 0.4 

Dynah Is 14 0.1 17 2.5 2 0.01 10.5 

Nudgee Beach 13.5 0.1 12 2 1 0.01 9 

Luggage Pt 10.5 0.1 7.5 2.5 3 0.01 6 

Table 4.20: Matrix of correlations of  heavy metal occurrences in five locations of embayment 

estuaries in Pearson correlation test (Positive correlations in bold.).  (Data from Miller 1999, 2000). 

Trace elements 

Variables As Cd Cr Cu Pb Hg Ni Zn 

As 1 -0.643 0.871 0.765 0.614 

 Not  
detected 

0.889 0.509 

Cd -0.643 1 -0.547 -0.310 -0.483 -0.554 -0.378 

Cr 0.871 -0.547 1 0.691 0.459 0.963 0.232 

Cu 0.765 -0.310 0.691 1 0.742 0.799 0.187 

Pb 0.614 -0.483 0.459 0.742 1 0.587 0.273 

Hg        

Ni 0.889 -0.554 0.963 0.799 0.587 1 0.175 

Zn 0.509 -0.378 0.232 0.187 0.273 0.175 1 
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PART 4C 

HYPOTHESES AND TESTING THE MODELS 

 

4.10 HYPOTHESES (Appendix 2) 

This completes the initial investigation of the pollution of Bramble Bay. Five major hypotheses 

have been generated from the findings thus far (These are presented in Appendix 2). They 

concern community abundances, equilibrium species, nutrient enrichment, chemical pollution 

and reproductive strategy. All are ‘logical hypotheses’: i.e. they are derived logically from an 

observation that has already been made (Underwood 1997, p. 13f). Therefore, the testing of 

these hypotheses will allow powerful inferences to be drawn about the impact of pollution on 

the Bramble Bay estuary. Four are tested below. One (the reproductive strategy model) could 

not be tested because the necessary riverine estuary data were not available. This occurred 

because data that are used to generate hypotheses may not be used to test hypotheses 

(Underwood 1997, p. 13f). During the fieldwork stage of this investigation, it was not foreseen 

that additional riverine data would be valuable, because it was not expected that the chemical 

tests would fail to identify the cause of Bramble Bay’s impoverishment. 

 

4.11 TESTING MODELS  

Study 11 (3.10.1)  

The purpose of this study is to determine whether the proposed hypotheses can be supported. 

Null hypotheses are tested. 

 

Sampling adequacy 

Based on previous tests of the sampling intensity required, the number of samples collected per 

location (minimum of 17) was considered sufficient to represent each location. Section 4.6.2 

showed that healthy macrobenthic community ecology has a high degree of stability through 

time. Therefore, samples taken at different times were pooled to create the data bases for each 

location. Also, it is assumed that the healthy macrobenthic community that once would have 

existed in Bramble Bay would have been measurably similar to the healthy community from 

eastern Moreton Bay used to profile the ‘healthy estuary’ for this study.  

The variances will be compared using Levene’s test. Changes have been qualified by 

the order of magnitude (OM) in a geometric progression of the differences. Thus, an OM of 0 - 

1 is a weak signal; > 1-2 is a moderate signal; > 2-5 is a strong signal; > 5 - 10 is a very strong 

signal and > 10 is an extreme signal. 
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4.11.1 Total abundance  

(Ho: Pollution does not cause the variance of total abundance to differ significantly.) 

The variance of total abundance was significantly changed by pollution (F = 4.795; df = 4[16]; 

P = 0.004) (Table 4.21).  

 The variance of total abundance decreased extremely in SST and TST and increased 

moderately in UC. 

 

Table 4.21:  Orders of magnitude (OM) of changes in means, medians and variances of total 

abundance in healthy and impacted embayment locations December 1999 – January 2000. (H = 

healthy; SST = secondary sewage treatment; partial TST = partial tertiary sewage treatment; UC = 

urban catchment contamination.) 

Measure H SST  Partial TST  UC 

Mean 91.6 26.9 20.5 99.4 

OM  difference ------------ 3.4 X decrease 4.5 X decrease 1.1 X increase 

Median 64 20.5 12.5 65 

OM  difference ------------ 3.1 X  decrease 5.1 X decrease 1.1. X increase 

Variance    7,122.8 417.32 472.1 11,360.99 

OM difference ------------ 17.1 X decrease 15.1 X decrease 1.6 X increase 

Power of variance signal Extreme  Extreme  Moderate  

Number of samples 17 17 17 17 

 

4.11.2 Abundances of higher taxa  

(Ho: Pollution does not cause the variances of abundances of higher taxa to differ 

significantly).  

This is investigated for the major higher taxa (Table 4.22). 

 

Annelida 

 The variance of abundance of annelids was significantly increased by pollution (F = 

20.314; df = 4[16]; P = 0).  Annelids are very tolerant of pollution. 

The variance of annelid abundance increased extremely in all treatments. 

 

Mollusca  

 The variance of abundance of molluscs was significantly changed by pollution (F = 

3.781; df = 4[16]; P = 0.015).   

Molluscs are adversely affected by pollution. 

 

Crustacea  

 The variance of crustacean abundance was significantly decreased by pollution (F = 

10.5; df = 4[16]; P < 0.001).  Crustaceans are very severely affected by pollution. 

The variance of crustacean abundance decreased moderately in SST and extremely in TST and 

UC. 
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Table 4.22:  Orders of magnitude (OM) of changes in means, medians and variances of abundances of 

higher taxa (Annelida, Mollusca and Crustacea) in healthy and impacted embayment locations December 

1999 – January 2000. (H = healthy; SST = secondary sewage treatment; partial TST = partial tertiary 

sewage treatment; UC = urban catchment contamination.) 

ANNELIDA 

Measure H SST Partial TST UC 

Mean 0.2 20.3 2.8 3.1 

OM  difference -------------- 90 X increase 
11.8 X 

increase 13 X increase 

Median 0 16.5 1 2 

OM  difference -------------- Increase Increase Increase 

Variance    0.3 311 12.28 438.54 

OM  difference  
1,032 X 

increase 
40.9 X 

increase 
1,455 X 

increase 

Power of variance signal Extreme Extreme Extreme   

MOLLUSCA 

Measure H SST Partial TST UC 

Mean 5.8 8.7 14 3.1 

OM difference ------------- 1.5 X  increase 2.4 X  increase 1.9 X decrease 

Median 3 7.5 1 2 

OM difference -------------- 2.5 X increase 3 X  decrease 
1.5 X  

decrease 

Variance    66.84 60.56 348.5 11.55 

OM difference  
1.1 X  

decrease 5.2 X  increase 
5.8 X  

decrease 

Power of variance signal Weak Strong Strong 

CRUSTACEA 

Measure H SST  Partial TST UC 

Mean 81.1 57 2.8 3.5 

OM difference ------------- 1.4 X decrease 
28.7 X 

decrease 23 X decrease 

Median 59 41 0 2 

OM difference -------------- 1.4 X decrease 
Completely 

lost 
29.5 X 

decrease 

Variance    6,714.74 3,039.75 23.4 13.4 

OM difference  2.2 X decrease 
287 X  

decrease 
501.5 X 

decrease 

Power of variance signal Moderate Extreme Extreme 

Number of samples 17 17 17 17 

 

4.11.3 Abundances of trophic groups  

(Ho: Pollution does not cause the variances of abundances of trophic groups to change 

significantly.) 

 

Deposit feeders  

 The variance of abundance of deposit feeders decreased significantly with pollution (F 

= 5.869; df = 4[16]; P = 0.001) (Table 4.23).  

The variance of deposit feeder abundance decreased strongly in SST, and extremely in TST and 

UC. 
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Table 4.23:  Orders of magnitude (OM) of changes in means, medians and variances of abundances of 

trophic groups (deposit feeders and suspension feeders) in healthy and impacted embayment locations 

December 1999 – January 2000. (H = healthy; SST = secondary sewage treatment; partial TST = partial 

tertiary sewage treatment; UC = urban catchment contamination.) 

DEPOSIT 

Measure H SST Partial TST UC 

Mean 90.8 46.9 14.7 15.9 

OM difference ------------- 
1.94 X 

decrease 
6.17 X 
decrease 

5.71 X 
decrease 

Median 62 31.5 8 6 

OM difference -------------- 
0.54 X 

decrease 
7.75 X 

decrease 
10.33 X 
decrease 

Variance    6,809.89 3,110.56 364.72 580.38 

OM difference -------------- 
2.9 X 

decrease 
18.67 X 
decrease 

11.733 
decrease 

Power of variance signal Strong Extreme Extreme 

SUSPENSION 

Measure H SST Partial TST UC 

Mean 6.4 52.6 11 9.7 

OM difference ------------- 
8.162 X 

increase 
1.708 X 

increase 
1.509 X 

increase 

Median 5 37.5 7 5 

OM difference -------------- 
7.5 X 

decrease 
1.4 X 

decrease No change 

Variance    27.33 2,777.31 192.36 255.06 

OM difference  
101.6 X 

increase 7.0  X increase 9.3 X increase 

Power of variance signal Extreme Very strong Very strong 

Number of samples 17 17 17 17 

 

Suspension feeders  

 The variances of abundances of suspension feeders were significantly affected by 

pollution (F = 3.316; df = 3.316; df = 4[14]; P = 0.026).  

The variance of suspension feeder abundances increased extremely in SST and very strongly in 

TST and UC.  

 

Deposit-feeding taxa 

Table 4.24 shows orders of magnitude of changes in the mean, median and variances of 

abundances of the deposit feeders in the major higher taxa in healthy and polluted locations.  

 

Annelid deposit feeders 

 Abundances of deposit feeding annelids were significantly increased by pollution (F = 

22.749; df = 4[16]; P = 0).  

The variance of deposit-feeding annelid abundance increased extremely in SST, but increased 

moderately in TST and UC. 
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Molluscan deposit feeders  

 Abundances of deposit-feeding molluscs were significantly increased by pollution (F = 

3.850; df = 4[16]: P = 0.014).  

The variance of deposit-feeding molluscs increased strongly in SST, extremely in TST and UC. 

 

Crustacean deposit feeders 

 The abundances of deposit-feeding crustaceans were significantly decreased by 

pollution (F = 20.638; df = 4[16]; P = 0.000).  

The variance of deposit-feeding crustaceans decreased extremely in all treatments. 

 

Table 4.24:  Orders of magnitude (OM) of changes in means, median and variances of abundances of 

deposit-feeding taxa (Annelida, Mollusca and Crustacea) abundances in healthy and impacted 

embayment locations December 1999 – January 2000. (H = healthy; SST = secondary sewage treatment; 

partial TST = partial tertiary sewage treatment; UC = urban catchment contamination.) 

ANNELIDA 

Measure H SST  Partial TST UC 

Mean 3.2 21.9 2.8 3.1 

OM difference ------------- 6.8 X increase 1.2 X decrease > 1 X decrease 

Median 2 21 0 1 

OM difference -------------- 10.5 X increase Total loss 2 X decrease 

Variance    21.44 338.74 23.4 24.86 

OM difference -------------- 15.8 X increase 1.09 X increase  1.16 X increase 

Power of variance signal Extreme Moderate Moderate  

MOLLUSCA 

Measure H SST  Partial TST UC 

Mean 10.3 20.6 40.8 82 

OM difference ------------- 1.6 X increase 3.9 X increase 7.9 X increase 

Median 4 8 16 32 

OM difference -------------- 2 X increase 4 X increase 8 X increase 

Variance    207.65 832.13 3,363.36 13,380.24 

OM difference -------------- 4 X increase 16.2 X increase 64.4 X increase 

Power of variance signal Strong Extreme Extreme  

CRUSTACEA 

Measure H SST  Partial TST UC 

Mean 81.1 1.4 2.8 3.2 

OM difference ------------- 60 X decrease 28.7 X decrease 25.5 X decrease 

Median 59 0 0 1 

OM difference -------------- Complete loss Complete loss 59 X decrease 

Variance    6714.74 6.49 23.41 25.9 

OM difference -------------- 1,034 X decrease 286.9 X decrease 259.2 X decrease 

Power of variance signal Extreme Extreme Extreme 

Number of samples 17 17 17 17 

 

Suspension-feeding taxa 

Only six suspension-feeding annelids were collected in this study. Therefore, they have not been 

compared. Suspension-feeding molluscs and crustaceans are compared in Table 4.25. 
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Molluscan suspension feeders 

 The abundances of suspension-feeding molluscs were significantly increased by 

pollution (F = 6.724; df = 4[16]; P = 0.001).  

The variance of suspension-feeding molluscs increased extremely in SST and TST and 

increased strongly in UC. 

 

Crustacean suspension feeders 

 The abundances of suspension-feeding crustaceans were significantly increased by 

pollution (F = 2.985; df = 4[16]; P = 0.038).  

The variance of suspension-feeding crustacean abundance increased very strongly in SST and 

UC, but increased moderately in TST. 

 

Table 4.25:  Orders of magnitude (OM) of changes in measures of means, median and variances of 

abundance of suspension feeding taxa (Mollusca and Crustacea) abundances in healthy and impacted 

embayment locations December 1999 – January 2000. (H = healthy; SST = secondary sewage treatment; 

partial TST = partial tertiary sewage treatment; UC = urban catchment contamination.) 

MOLLUSCA 

Measure H SST Partial TST UC 

Mean 0.4 3.9 12.7 1.7 

OM difference --------------  
9.4 X 

increase 
30.8 X 

increase 
4.1 X 

increase 

Median 0 3 1 1 

OM difference -------------- Increase Increase Increase 

Variance    0.632 22.36 307.846 3.096 

OM difference -------------- 
35.4 X  

increase 
487.1 X 

increase  
4.9 X  

increase 

Measure  
Extreme 

signal 
Extreme 

signal Strong signal 

Power of variance signal Extreme Extreme Strong 

CRUSTACEA     

Mean 8.8 32.6 7.2 14.7 

OM difference ------------- 
3.7 X 

increase 
1.2 X 

decrease 
1.7 X 

increase 

Median 7 31 0 2 

OM difference -------------- 
4.43 X 

increase Complete loss 
3.5 X 

decrease 

Variance    66.28 637.76 105.78 544.87 

OM difference -------------- 
9.6 X 

increase 1.6 X increase 
8.2 X 

increase 

Power of variance signal Very strong Moderate Very strong 

Number of samples 17 17 17 17 

 

4.11.4 Interpretations  

Figure 4.37 ordinates the variances of total abundance and the abundances of higher taxa. It 

shows that: 

 SST is least different from H (i.e. lowest pollution impact).  This site was nutrient 

enriched by sewage and exposed to chemical pollution. 
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 TST is associated with a major decrease in total abundance and increased annelid and 

mollusc abundances. TST had a high variance of total abundance, but was dominated 

by annelids and molluscs. This site had received very large quantities of sewage for 

>70 years.  Treatment of the sewage was being upgraded to tertiary at the time of 

sampling. 

 UC is the most impacted treatment with a low total abundance and low abundances of 

all taxa. This site was exposed to urban catchment runoff. 

 Total abundance (T#) responded differently from the taxa abundances (A#, M# and C#).   

 Crustacean abundances (C#) differed from annelid (A#) and mollusc (M#) abundances. 

(Taxa respond to pollution in different ways.) 

 

Figure 4.38 ordinates the variances of total abundance and the abundances of higher 

taxa. It shows that: 

 The food webs of all polluted locations (SST, TST and UC) differed from the healthy 

location (H) in the same way: i.e. deposit feeders decreased and suspension feeders 

increased.   

 This differing impact on trophic groups cannot be allowed for or explained by the 

diffusion model, according to which all trophic groups of macrobenthos are equally 

vulnerable, because all will incorporate pore water contaminants.  

 The protein model will be offered as an alternative explanation. 

 

 

 

 

 

Figure 4.37: PCA of variances of total 

abundance (T#) and abundances of higher 

taxa (Annelida [A#], Mollusca [M#] and 

Crustacea [C#]) in embayment locations 

December 1999 – January 2000. (H = healthy; 

SST = secondary sewage treatment; partial 

TST = partial tertiary sewage treatment; UC = 

urban catchment contamination.). Pollution 

affects different taxa differently. Converted 

abundances used. 
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4.11.5 Equilibrium species model 

(Ho: Macrobenthic communities in polluted estuaries do not change significantly because 

equilibrium species are lost from or severely reduced within these communities.) 

When soldier crab abundances were taken out of the data, the total abundance of macrobenthos 

in polluted locations did not differ significantly from that within the healthy location (F = 2.648; 

df = 5(15); P = 0.058). The biomass of soldier crabs, the nominal equilibrium species, 

represented the major difference between the healthy and polluted embayments. There is 

supporting evidence for this proposal.  

In the small healthy and polluted riverine estuaries the tanaid, Longiflagrum estuarius 

(Apseudidae), was the nominated primary equilibrium species. When L. estuarius was removed 

from the data, total variance of remaining abundance in the small healthy estuaries no longer 

differed significantly from that in the small polluted estuaries (F = 0.237; df = 37, 37; P = 

0.398). Again, the presence or absence of the so called equilibrium species accounts for the 

biomass difference between healthy and polluted estuaries.  

  

4.11.6 Summary of findings 

Secondary treated sewage (SST) 

Table 4.26 summarises the pollution signals for SST. The location was adversely impacted 

(reduced variance of total abundance). There is a strong signal for nutrient enrichment 

(increased suspension feeder variance of abundance) and evidence of chemical contamination 

(increased annelid variance of abundance and decreased crustacean variance of abundance). 

 

 

 

 

 

 

Figure 4.38: PCA of variances of 

abundances of trophic groups [D = 

deposit feeders; S = suspension feeders]) 

December 1999 – January 2000. (H = 

healthy; SST = secondary sewage 

treatment; partial TST = partial tertiary 

sewage treatment; UC = urban 

catchment contamination.). Pollution 

affects different taxa differently. 

Converted abundances used. 
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Table 4.26 Signals for nutrient enrichment (SST). 

Abundance attribute Strength of signal Direction of change 

Total  Extreme  Adverse impact 

Annelid  Extreme  Positive impact 

Mollusc  Weak Uncertain 

Crustacean  Moderate  Decrease 

Deposit feeders Strong Decrease 

Suspension feeders Extreme Increase 

Deposit-feeding annelids Extreme Increase 

Deposit-feeding molluscs Strong Increase 

Deposit-feeding crustaceans Extreme Decrease 

Suspension-feeding molluscs Extreme Increase 

Suspension-feeding crustaceans Very strong Increase 

 

Partially tertiary sewage treatment (partial TST): 

Table 4.27 summarises the pollution signals for TST. Here, most of the nutrients in sewage 

were being captured before release, although poisonous chemicals were still released. The 

location is also vulnerable to urban catchment pollution. Most measures decreased extremely (a 

strong signal for sediment contamination). However, Annelida increased (sediment 

contamination). The low number of suspension feeders is a signal for low levels of nutrient 

enrichment in the water column as a result of tertiary sewage treatment.  

 

Table 4.27: Signals from tertiary treated sewage impact (TST). 

Abundance attribute Strength of signal Direction of change 

Total  Extreme Decrease 

Annelid  Extreme Increase 

Mollusc  Strong Increase 

Crustacean  Extreme Decrease 

Deposit feeders Extreme Decrease 

Suspension feeders Strong Increase 

Deposit-feeding annelids Moderate Increase 

Deposit-feeding molluscs Extreme Increase 

Deposit-feeding crustaceans Extreme Decrease 

Suspension-feeding molluscs Extreme Increase 

Suspension-feeding crustaceans Moderate Increase 

 

Urban catchment contamination (UC) 

Table 4.28 summarises the pollution signals for partial secondary treatment of sewage with 

vulnerability to UC. Most measures decreased extremely (a strong signal for sediment 

contamination). However, Annelida increased (also a strong signal for sediment contamination) 

and suspension feeders increased, because suspension-feeding molluscs and suspension-feeding 

crustaceans increased (signal for nutrient enrichment, mainly from the catchment of Kedron 

Brook). The area, which was badly contaminated by sewage effluent was no longer severely 

impacted because of a sewage treatment upgrade.  
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Table 4.28: Signals  from urban catchment contamination impact(UC) 

Abundance attribute Strength of signal Direction of change 

Total  Moderate Decrease 

Annelid  Extreme  Increase 

Mollusc  Strong Decrease 

Crustacean  Extreme  Decrease 

Deposit feeders Extreme Decrease 

Suspension feeders Very strong Increase 

Deposit-feeding annelids Moderate  Decrease 

Deposit-feeding molluscs Extreme Increase 

Deposit-feeding crustaceans Extreme Decrease 

Suspension-feeding molluscs Strong  Increase 

Suspension-feeding crustaceans Very strong Increase 

 

 The findings in the investigations above will be discussed in Chapter 5. Chapter 5 is 

divided into two parts. Part A will interpret the results of the findings. Part B will present the 

major models – the diffusion model, protein model, immunological model, reproductive strategy 

model and the equilibrium species model. 
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Chapter 5 

DISCUSSION 

 

Chapter 5 consists of two parts: A and B. Part A answers fundamental questions that pertain to 

estuarine ecology. It applies the models developed in Chapter 4 to interpret changes within the 

macrobenthic communities of Bramble Bay using putatively healthy embayment data from 

eastern Moreton Bay. Significant changes identified in patterns of macrobenthic community 

ecology are used to answer three major questions relating to pollutant impacts. They are: 1) How 

does pollution affect macrobenthic communities? 2) Are observed changes consistent with 

predictions of the diffusion model?  3) Does the protein model provide an explanation of pollutant 

uptake and elimination by living organisms that is biologically more sensible than the diffusion 

model? Two further questions that relate to pollution impacts on macrobenthos also are answered. 

These are: 4) Why do different higher taxa respond differently to the same pollution regime 

(immunological model)? 5) Does reproductive strategy influence the pollution tolerance of 

macrobenthic taxa (reproductive strategy model)? In addition, the equilibrium species model 

(Thomas 1993), which was tested for its usefulness in explaining pollution impacts, will be 

investigated. Part B presents the theory of the models that have been offered as explanations of 

pollution responses by living organisms.  

 Two important questions were addressed in Chapter 4. The first question concerns what 

macrobenthic community measure(s) is the most sensitive to pollution. The second question was 

about the nature of macrobenthic community ecology in healthy estuaries. It was found that 

healthy community ecology is highly resilient to most forces of change. This knowledge is 

crucial, because there is an imperative need to be able to distinguish measurable community 

changes caused by pollution from those that were the result of normal responses to natural 

ecosystem variables.  

 

 

5A: USING MACROBENTHOS TO DIAGNOSE ESTUARY HEALTH 

 

5.1 HOW TO MEASURE POLLUTION IMPACTS 

5.1.1: What ecological community measures changed?  

Investigation of the data (4.3) found that, in both chemically polluted and nutrient enriched 

estuaries, total abundance is sensitive to pollution whereas total species richness is not unless 

pollution levels are extreme (Table 4.2). Therefore, measures of abundance were used to identify 

pollution impacts, except when biodiversity was assayed. Here species richness counts were used.  
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5.1.2 Measuring pollution  

Using data from large healthy and polluted riverine estuaries it was found that the median score 

of abundance is often more sensitive to chemical pollution and nutrient enrichment than the 

mean (Table 4.4). Notably, the median may distinguish between chemical contamination and 

nutrient enrichment when the mean cannot. Therefore, the median is a stronger MCT of 

pollution than the mean. However, neither the mean nor the median was as responsive to 

pollution as the variance, which was extraordinarily sensitive to pollution impacts (e.g. Table 

4.5). These findings indicated that the variance of total abundance as well as variances of the 

abundances of major higher taxa and trophic groups should be preferred as measures of 

pollution impacts over the mean and median scores. The MCTs should be used only to provide 

supplementary information. If a MCT is required the median is preferable over the mean.  

This finding, that the variances of measures of abundance are the most sensitive 

measure of pollution indicates that data should not be transformed to reduce the influence of the 

variance, for to do so risks failing to identify an impact from pollution. Given that data should 

not be transformed, there are further major implications for data testing.  

 

5.1.3 Why ANOVA is not the most suitable probability test  

ANOVA is widely used to analyse ecological data (Sokal & Rohlf 1995). However, data 

analyses undertaken here indicate that it is not a well suited test. Firstly, ANOVA compares 

mean scores. However, the mean is a weak measure of pollution impacts on macrobenthic 

communities.  This is the first limitation to the application of ANOVA. 

Also, raw data from macrobenthic communities do not fulfil two of ANOVA’s primary 

requirements. These are that data must have proximally normal distributions and that the 

variances of compared data sets must be relatively homogeneous (Sokal & Rohlf 1995, p. 393f). 

If data fail to meet these assumptions, which most estuarine macrobenthic data appears to do, 

then ANOVA’s power as a reliable test of the raw data is greatly weakened (Zar 2010, p. 207f).   

The traditional approach to overcoming this problem is to transform raw data so that they are 

proximally normal and so that the variances are similar. ANOVA may then be applied (Sokal & 

Rohlf 1995, p 409f).  However, data transformation immediately reduces the primary diagnostic 

difference between healthy and chemically polluted estuaries – differences in the variances of 

total abundance, taxa abundances and trophic group abundances. Therefore, data transformation 

will greatly reduce primary pollution signals in chemically polluted and nutrient enriched 

estuaries. This is ANOVAs second limitation. 

Also, transformation of data sets consisting of many small numbers (i.e. estuaries 

impacted by chemical pollution) is invalid, because it cannot generate proximally-normal 

distributions (Verwust 1991).  Therefore, data transformation should not be undertaken for the 

purpose of assessing estuarine health through the comparisons of abundances of macrobenthic 

communities. This is ANOVA’s third limitation. Consequently, ANOVA is an inappropriate 
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test. A test of the variance is more suitable. (Some ordinations also require data to have 

proximally normal distributions and, therefore, may be inappropriate because data have to be 

transformed to meet this assumption.) 

Throughout this thesis, Levene’s test of the variances has been used. It is well suited to 

macrobenthos data for it makes no assumptions about the distribution of data and may use either 

the mean (for normally distributed data) or median (for non-normally distributed data) as the 

MCT with which the variances are compared (Levene 1960). Levene’s test has repeatedly 

proved to be sensitive to pollution. It has shown that the variances of many measures of 

macrobenthic community abundance are measurably similar in healthy estuaries, but 

significantly different in polluted estuaries. 

A literature survey (35 papers from 2003 to 2011) found that very few researchers 

report testing the nature their data. All of the studies viewed applied ANOVA; one also used the 

nonparametric Kruskal-Wallis test, but did not state why. The ANOVA tests all were based on 

transformed abundance data. Thus, there is a high risk that many studies of macrobenthos are 

failing to identify pollution impacts that are present. This applies to marine ecosystems as well 

as to macrobenthos. It may also apply to many assessments of terrestrial communities that 

compare abundances.  

 

5.2 RESILIENCE OF HEALTHY MACROBENTHIC COMMUNITY ECOLOGY  

The proposal that pollution impacts may be identified by measuring changes to macrobenthos 

rests upon a major underlying assumption: that the healthy state of macrobenthos is predictable. 

Therefore, in a preliminary investigation for this thesis, data were analysed to determine if 

external variables measurably affected the ecology of macrobenthic communities (e.g. 

temperature, catchment productivity, connectivity with other estuaries and predation pressure on 

macrobenthos by fish and birds). Only one variable – estuary size – was found to influence 

macrobenthic community ecology significantly.  

 

5.2.1 Estuary size  

An estuary’s suitability to macrobenthos appears to decrease as the estuary’s size (measured as 

width at mouth) decreases (Fig. 5.1).  It is proposed here that the estuary size impact relates to 

changes in the SA: V (surface area: volume) ratio with estuary size. Notably, the SA: V 

increases geometrically in influence as estuary size decreases. Therefore, small estuaries will be 

much more vulnerable to many disturbances originating from outside their boundary (e.g. 

radiant heat exchange and nutrient fluxes from the sediments and atmosphere) than large 

estuaries. In healthy riverine estuaries, the variance of total abundance in the large systems (s
2
 = 

121,483.6) (Campbell et al. 1974a) was 2.4 times that of the small healthy estuaries (s
2
 = 

50,999.67) (Campbell et al. 1974b). This may be understood as a SA: V (surface area: volume) 
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impact. The smaller estuaries are, the more vulnerable they are to disturbances entering from 

outside (e.g. heat exchange with the atmosphere and nutrient fluxes from the sediments). 

   

 
 

  Other than the ‘size’ impact, the ecology of macrobenthos in healthy estuaries has a 

high degree of resilience to change.  Biodiversity is stable between estuaries and stable through 

time at the level of higher taxa. The variances of Annelida and Crustacea abundances were 

statistically stable between estuaries and through time. The variance of Mollusca’s abundance 

showed limited seasonal instability. Many suspension-feeding molluscs appear to be 

opportunistic: i.e. their abundance cannot be predicted a priori. This reduces this taxon’s 

potential usefulness in estuary assays. In healthy estuaries Crustacea accounts for ~ 98% of the 

variance of total abundance.  Also, in healthy estuaries, the variance of the abundance of deposit 

feeders is stable. They accounted for ~ 99% of the variance of total. Suspension feeders 

accounted for ~ 1% of the variance between estuaries and through time. Infaunal carnivores 

made a negligible contribution to total variance. Thus, any change in this stable pattern of the 

healthy macrobenthic communities (i.e. a high variance of abundance and extreme dominance 

by deposit-feeding crustaceans) is likely to be a pollution impact; either from chemical 

pollution, nutrient enrichment or both.  

 

5.2.2 Resilience to flooding 

This study found that the variance of total abundance of macrobenthic communities in healthy 

riverine estuaries is very resilient to flood impacts. In preliminary studies not presented here it 

was found that only one major community measure was affected by flooding – an increase in 

the abundance of suspension-feeding bivalves. However, this effect was limited. Generally, 

macrobenthos should be expected to recover very quickly from flooding, because estuarine 

organisms have had eons in which to adapt to and recover rapidly from the disturbances by 

floods. Others have concluded that flooding has no impact on macrobenthic community ecology 

(e.g. Jones 1987; Dauer & Alden III 1995; Eyre et al. 1998; Dyer et al. 2000). However, 

estuarine organisms have had very little time in which to develop resilience to increased 

 

Figure 5.1: Impact of estuary size 

on variance of total abundance. 

The variance of total abundance 

decreased as estuary size 

decreased. This indicates that an 

estuary’s suitability to 

macrobenthos decreases as the 

estuary’s size decreases. (Data 

from Campbell et al. 1974a, b.) 
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exposure to pollutants imported into estuaries from urban, industrial and agricultural 

catchments. The impacts of chemical pollutants can be very destructive, although some taxa are 

more sensitive than others (p. 32). Therefore, claims that floods have impacted estuaries which 

receive runoff from polluted catchments (e.g. Saenger et al. 1982; Occhipinti-Ambrogi et al. 

2005) should be treated with extreme caution. If the estuary’s catchment is likely to be 

contaminated, flooding may deliver pollutants to the estuary. This pollution may affect 

macrobenthos.  

Predictably, in embayment estuaries floods are likely to cause the loss of marine taxa: 

e.g. hemichordates, some cnidarians, some annelids and molluscs and all echinoderms (Gelin et 

al. 2001; Quinnell, pers. observ.). Otherwise, healthy macrobenthos should not be measurably 

affected by a flood.  

 

5.3 POLLUTION 

5.3.1 Chemical pollution 

Riverine estuaries 

Chemical pollution in riverine estuaries generates a number of signature signals. These are 

summarised in Table 5.1. Although it is known that different higher taxa have different 

pollution sensitivities, under the diffusion model all organisms from the same taxon should be 

about equally impacted by pollution. It cannot explain why deposit-feeding crustaceans are 

much more vulnerable to sediment contamination than suspension-feeding crustaceans. The 

finding that standard ecotoxicology cannot explain differences in chemical pollution impacts 

associated with organisms’ trophic positions was the impetus for the protein model. The 

immunological model offers an explanation for why different higher taxa have different 

pollution tolerances. The reproductive strategy model seeks to explain why the K-strategists fare 

so poorly in chemically polluted riverine estuaries. 

 

Table 5.1: Summary of impacts of chemical pollution only on macrobenthos in riverine 

estuaries. 
Community measure Chemical pollution Interpretation 

Variance of total abundance Major reduction Conditions are poisonous to life 

Median abundance Much reduced 

Community biomass Major reduction 

Annelid abundance Unchanged Annelids and molluscs are tolerant of 
chemical pollution Mollusc abundance Unchanged 

Crustacean abundance Extreme reduction (up to 100%) Crustaceans are sensitive to chemical 
pollution 

Deposit feeders Extreme reduction (e.g. > 95% loss) Poisonous sediments. Water column 
unaffected Suspension feeders Unaffected 

K-strategists Extreme reduction Endocrine disrupters 

r-strategists Unaffected Able to recruit from distant parental 
populations 

 

 

Embayment estuaries 

Although chemical pollution affects living organisms in embayments in the same ways that it 

affects organisms in riverine estuaries, the outcomes differ (Table 5.2). This is because 
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embayment estuaries may readily recruit new individuals, especially r-strategists, to replace 

individuals lost to pollution. To enter riverine estuaries such organisms must overcome the 

barriers of outflowing runoff water and tidal scouring at estuary mouths. Consequently, the 

impact of chemical pollution may be much more severe in riverine estuaries than embayments. 

In the riverine estuaries portrayed in this study chemical pollution may cause a 95% reduction in 

community biomass. 

 

Table 5.2: Summary of impacts of chemical pollution only on macrobenthos in 

embayment estuaries. 
Community measure Chemical pollution Interpretation 

Variance of total abundance Reduction Tolerant taxa increase 

Median abundance Reduction 

Community biomass Reduction 

Annelid abundance Increase Annelids and molluscs are tolerant of chemical 
pollution Mollusc abundance Increase 

Crustacean abundance Major decrease Crustaceans are sensitive to chemical pollution 

Deposit feeders Major decrease Poisonous sediments. Water column unaffected 

Suspension feeders Unaffected 

K-strategists Marked decrease Endocrine disrupters 

r-strategists May recruit from offshore Able to recruit from distant parental populations 

 

 

5.3.2 Nutrient enrichment 

Riverine estuaries 

Nutrient enrichment does not cause major changes in riverine estuaries (Table 5.3). The 

variance of total abundance and of the abundance of crustaceans may decrease, whilst their 

median abundance may increase. Both changes reflect the greater availability of food, which 

can sustain higher densities of organisms.  

 

Table 5.3: Summary of impacts of nutrient enrichment only on macrobenthos in riverine 

estuaries. 
Community measure Nutrient enrichment Interpretation 

Variance of total abundance Some reduction Greater number of high abundance counts 

Median abundance May increase 

Community biomass Increases More food 

Annelid abundance Increases More food in sediments 

Mollusc abundance Unaffected Probably cannot recruit to take advantage of largess of 
food 

Crustacean abundance Increases More food 

Deposit feeders Increase More food 

Suspension feeders Unaffected Probably cannot recruit to take advantage of largess of 
food 

K-strategists Increase More food supports larger population 

r-strategists Unaffected Probably cannot recruit to take advantage of largess of 
food 

 

Embayment estuaries 

No embayment location in this study was impacted only by nutrients. Therefore, the attributes 

of a nutrient enriched embayment have been surmised from knowledge gathered on how 

pollution affects organisms (Table 5.4). 
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Table 5.4: Summary of surmised impacts of nutrient enrichment only on macrobenthos in 

embayment estuaries. 
Community measure Nutrient enrichment Interpretation 

Variance of total abundance Some reduction Greater number of high abundance counts 

Median abundance May increase 

Community biomass Increases More food 

Annelid abundance Increases More food in sediments 

Mollusc abundance Unaffected Probably cannot recruit to take advantage of largess of 
food 

Crustacean abundance Increases More food 

Deposit feeders Increase More food 

Suspension feeders Major increase More food 

K-strategists Increase More food supports larger population 

r-strategists Unaffected Major increase 

 

The conclusion is that there is no evidence that benthic hypoxia, which may result from 

nutrient enrichment, disadvantages macrobenthos. 

Thus, pollution responses in riverine estuaries differ from those in embayments. The 

most likely reason is that riverine estuaries cannot easily recruit individuals from offshore 

populations to replace those lost to pollution. However, there is an almost inevitable 

confounding factor in any polluted estuary. It is that estuaries are rarely ever impacted by just 

‘chemicals’ or just ‘nutrient enrichment’. Chemical contamination and nutrient enrichment 

usually occur simultaneously, in which case the sediments may be very poisonous, resulting a 

greatly diminished number of deposit feeders whilst the nutrient-enriched water column may 

support large numbers of suspension feeders. Therefore, the greatest impact of pollution is on 

the trophic structure of the macrobenthic food web. The pelagic food chain (based on suspended 

organic matter) largely replaces the detrital food chain (based on sedimentary organic matter). 

 

5.3.3 Modelling chemical pollution and nutrient enrichment  

How data may be employed to look for pollution impacts is demonstrated next. Figure 5.2 used 

PCA (principal components analyses) to ordinate medians and variances of total abundance 

from healthy habitats, a highly nutrient enriched embayment habitat with some chemical 

pollution and two locations that were chemically impacted but also had limited nutrient 

enrichment. The findings are that: 1) Maintenance of a relatively high variance of total 

abundance as a result of an extremely high variance in the abundance of suspension feeders is a 

nutrient enrichment signal in embayment estuaries that also suffer severe chemical pollution of 

the sediments; 2) A low variance of total abundance is a signal for ecosystem contamination by 

toxic chemicals sorbed to the sediments without major nutrient enrichment of the water column. 

In this example nutrient enrichment is associated with a reduced median of total abundance and 

unchanged variance compared with healthy data. (Compare with findings for riverine estuaries 

in Table 4.2). The variance was greatly reduced by chemical contamination. Figure 5.2 also 

demonstrates the sensitivity of the variance of total abundance to chemical pollution; it 

accounted for 97.2% of the differences between locations compared with 2.8% for the median. 
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Figure 5.2: PCA of median and variances of total biomass per sample in embayment estuaries with 

different pollution vulnerabilities. The highly nutrient enriched site, which will also have had some 

chemical pollution, differed from the healthy location and from those vulnerable to chemical pollution. 

The variances at the chemical locations were much reduced. The variance of total abundance accounted 

for 97.2% of the differences. The median accounted for 2.8%. (Based on converted abundances.) 

  

Figure 5.3 used PCA to ordinate medians and variances of the abundance of major 

higher taxa (Annelida, Mollusca and Crustacea) from a healthy location, a highly nutrient 

enriched embayment location with some chemical pollution and two locations that were 

chemically impacted with limited nutrient enrichment.  

 

Healthy

Nutrients

Chemical 1

Chemical 2

Mollusca

Annelida

Crustacea

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3 3.5 4

N
u

tr
ie

n
ts

 (
2

9
.3

2
 %

)

Healthy (69.58 %)

Biplot (axes Healthy and Nutrients: 98.90 
%)

  
Figure 5.3: PCA of median and variances of biomass for major taxa per sample in embayment estuaries 

with different pollution vulnerabilities. The highly nutrient enriched site, which will also have had some 

chemical pollution, was less different from the healthy location than the chemically impacted locations.  

Crustacea favoured the healthy location. Annelida favoured the location where tertiary-treated sewage 

was released. Mollusca favoured nutrient enrichment. The variance in the healthy location accounted for 

70% of the differences; the nutrient enriched location for 30% of the differences. The chemical locations 

were poorly represented.  (Based on converted abundances.) 
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The first finding is that the variance in the healthy location accounted for 70% of the 

differences between treatments; the nutrient enriched location for 30% of the differences. The 

chemical locations were poorly represented (~ 0% of the total variance). This demonstrates the 

sensitivity of measures of the variances of abundance to pollution. 

The highly nutrient enriched location, which also had some chemical pollution, was less 

different from the healthy location than the chemically impacted locations that had lower 

exposures to nutrient enrichment. (Nutrient enrichment may partially mask the impacts of 

chemical contamination.) This was largely a function of the presence of suspension-feeding 

molluscs and crustaceans.  

The tertiary treated sewage location (Chemical 1) differed from the urban catchment 

contamination location (Chemical 2) in that Chemical 1 favoured annelids. Urban catchment 

contamination had the most deleterious impact on macrobenthos. It favoured Molluscs, most of 

which were suspension feeders. The fact that this location did not favour any taxon indicates 

that urban contamination of the sediments may be very high. (However, chemical tests did not 

find evidence of this [Appendix 3].) 

Crustacea favoured only the healthy location. It was disadvantaged by nutrient 

enrichment with some chemical contamination and severely disadvantaged by chemical 

pollution. Virtually all the crustaceans in the nutrient enriched location were suspension feeders. 

There were almost no deposit-feeding crustaceans. Therefore, chemical pollution greatly 

disadvantages deposit-feeding crustaceans, although this impact may be partially masked by 

nutrient enrichment. Mollusca flourished with nutrient enrichment. Annelida favoured the 

location where tertiary-treated sewage was released (Chemical 1). Such findings of variations in 

taxas’ resilience to pollution led to development of the immunological model. 

Figure 5.4 ordinates the variances of abundances of deposit and suspension feeders in 

different embayment locations. It shows that the highly nutrient enriched location differed from 

chemical locations as well as from the healthy location. A high variance of the abundance of 

deposit feeders is evident at the healthy location: i.e. the detrital food chain dominated healthy 

estuaries (see p. 30). Reduced variance of the abundance deposit feeders is a signal for chemical 

pollution. Increased variance of the abundance of the suspension feeders is a signal for nutrient 

enrichment of the water column. A major reduction in the variance of deposit-feeding 

crustaceans despite a moderate to high variance of total abundance is a signal for chemical 

pollution in a nutrient enriched estuary.  
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5.4 DIAGNOSING THE BRAMBLE BAY ESTUARY USING MACROBENTHOS 

The example in Section 5.3.3 used data from Bramble Bay and a healthy reference embayment. 

Therefore, it is now possible to diagnose the impacts on the Bramble Bay estuary. This estuary 

showed symptoms of: 

 Estuary-wide chemical contamination of the sediments (greatly reduced numbers of 

deposit feeders, except for annelids). This can be explained by the immunological 

model. 

 High levels of nutrient enrichment (many suspension feeders) in the northern part of the 

estuary but a greatly reduced number of deposit feeders. This can be explained by the 

protein model. Such nutrient enrichment, coupled with high levels of sediment 

contamination, allowed a higher biomass to be sustained than the locations with 

probably similar levels of chemical sediment contamination but with limited nutrient 

enrichment; 

 Severe chemical impact near the mouth of an urban riverine estuary. Therefore, urban 

chemical pollution severely disadvantages macrobenthos, especially the deposit feeders. 

However, there was some nutrient enrichment here, which favoured molluscs (all 

bivalves). This can be explained by the protein model; 

 The upgrade of a large sewerage plant (Luggage Pt in southern Bramble Bay) to tertiary 

treatment, which was ongoing during this study, had effectively eliminated most 

suspension feeders that once were sustained here in large numbers by high levels of 

sewage effluent in the water column. However, the location had high levels of chemical 

pollution in its sediments that only annelid deposit feeders could tolerate well. This can 

be explained by the immunological model. 

 

 

 

Figure 5.4: PCA of median and 

variances of biomass for major trophic 

groups per sample in embayment 

estuaries with different pollution 

vulnerabilities. The highly nutrient 

enriched site, which will also have had 

some chemical pollution was less 

different from the healthy location than 

the chemically impacted locations.  

Deposit feeders favoured the healthy 

location. Suspension feeders favoured 

the nutrient enrichment location. The 

chemical sites were poorly suited to both 

trophic groups. (Based on converted 

abundances.) 
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 Crustaceans in Bramble Bay were greatly reduced, especially deposit-feeding 

crustaceans whereas deposit-feeding annelids were not. This can be explained by the 

immunological model. 

 The diffusion model cannot explain why deposit and suspension feeders are unequally 

affected by sediment pollution, because both are equally exposed to pore water 

pollutant concentrations. Certainly, some suspension feeders were bivalves (abundance 

s
2
 = 60.55/ sample), which are relatively resilient to pollution. However, most 

suspension feeders recorded in the nutrient enriched estuary were peracarid crustaceans 

(s
2
 = 596.4.3), which are very sensitive to pollution (p. 30). There were almost no 

deposit-feeding crustaceans at the nutrient enriched location (s
2
 = 81.98/ sample), which 

was also vulnerable to sediment contamination, compared with the healthy location (s
2
 

= 6,928.67/ sample). 

 

5.4.1 Sewerage Plant Upgrade  

A notable finding in this diagnosis is that the upgrading of the Luggage Pt sewerage plant to 

tertiary treatment unveiled a severe level of chemical contamination of the sediments. 

Previously, this had been masked by the abundance of suspension feeders sustained by large 

quantities of sewage effluent (off-shore data from Campbell et al. 1974b; Stephenson et al. 

1977; Stejskal & Chamberlain 1984 Stejskal 1985). Without a sewage input (nutrient 

enrichment), the Bramble Bay estuary is so poisoned by chemical pollutants that it is incapable 

of sustaining a robust animal community.  

Therefore, by 1998 – 2000, southern Bramble Bay was a severely impoverished 

estuarine habitat with limited ability to sustain higher order consumers such as wading birds and 

fish. Once the sewerage plant that discharges into Cabbage Tree Ck is also upgraded to tertiary 

treatment, all of Bramble Bay will be a similarly impoverished. The origins of the chemical 

contaminants will be past and present chemical discharges in sewage effluent and pollutants 

carried from urban/ industrial catchments and a boat marina. 

 

5.5 TRAJECTORY OF DECLINE OF THE BRAMBLE BAY ESTUARY  

Records of human impacts on Bramble Bay prior to 1970 exist. Aboriginal people had intensely 

used the bay for birding and fishing (Hall 1990). However, the bay has been vulnerable to 

sewage and chemical pollution since the 1860s (Gregory 1996). Fortunately, some of the 

riverine estuaries that drain into Bramble Bay were documented before they declined 

ecologically from pollution. Also, there are ‘healthy’ data from eastern Moreton Bay. Therefore, 

it is possible to postulate the nature of the healthy Bramble Bay estuary and to reconstruct the 

decline of the Bramble Bay estuary.  

Postulated and recorded changes in Bramble Bay over the past 180 years are modelled 

in Figures 5.5 (changes to taxa) and 5.6 (changes to trophic groups). The macrobenthic 
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community is shown as having crossed multiple tipping points. Nominal and identified tripping 

points are: 

Pre-1823: About 5,000 Aboriginal people lived in Moreton Region, which includes Bramble 

Bay (Hall 1982). These people used Moreton Bay including Bramble Bay for birding and 

fishing. 

1824: First Europeans arrived to establish a convicts’ settlement. From the 1840s, when free 

settlers began to colonise the catchment of Bramble Bay, sedimentation of Brisbane R which 

flows into Bramble Bay, increased due to land clearing and grazing (McLeod 1990, p. 192). 

Dredging of Brisbane R began in in 1862 and created a shipping channel into Bramble Bay 

(McLeod 1990, p. 193). This may have affected the macrobenthic community. 

1860s: The Brisbane R was increasingly used as a disposal site for a diversity of wastes from an 

expanding human population. By 1880s raw sewage directly entered Bramble Bay via Kedron 

Brook (Gregory 1996, p. 84).  

1893: There was an extreme flood in the Brisbane Valley that drained through an urban/ 

agricultural area of ~ 250,000 people (OESR 2009) into Bramble Bay in 1893 (Gregory 1996, p. 

108f). There was no regulation over the disposal of hazardous wastes into water bodies at this 

time. Therefore, the flood will have transported pollutants into Bramble Bay. Whether pollution 

by the 1893 flood severely affected the Bramble Bay estuary is unknown. However, sediment 

contamination may have increased markedly. Therefore, the 1893 flood has been nominated as 

likely to have pushed the Bramble Bay estuary over its 1
st
 tipping point.  

1923 - 1970: Release of sewage effluent into Bramble Bay from Luggage Pt began in 1923 

(Gregory 1996, p. 84). By this time > 400,000 people lived in the catchment of Bramble Bay. 

This escalating release of untreated sewage into Bramble Bay is likely to have pushed Bramble 

Bay over its 2
nd

 tipping point. The input of increasingly large amounts of sewage will have 

caused suspension feeders (mostly bivalves) to proliferate and sustained an increased number of 

annelids. Hypoxia as well as increasing (and unregulated) chemical pollution will almost 

certainly have caused the peracarids to decline. Between 1900 and 1970 several severe floods 

affected Bramble Bay and will have transported contaminants from the growing urban area in 

Brisbane Valley and other catchments of drainage systems that enter Bramble Bay. There was 

still no regulation of ‘water pollution’ at this time. Therefore, large quantities of pollutants may 

have been carried into Bramble Bay.  

Extreme floods in 1974: The long-term impact of extreme floods in 1974 poisoned Bramble 

Bay (Stephenson et al. 1977). The macrobenthic community was reduced to just two species of 

deposit feeders. Thus, Bramble Bay probably passed a 3
rd

 tipping point) 

1996: A sudden change in early 1996 is indicated. Bifenthrin has been nominated as the 

possible cause of the severe degradation of the Bramble Bay estuary since early 1996. However, 

chlorpyrifos also was released for use at the same time. It may have had an impact. Also, some 

novel combination of unknown pollutants may have pushed Bramble Bay to this tipping point 
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into a state of reduced biodiversity. It had a much reduced fauna, especially the deposit-feeding 

component, but a prolific community of suspension feeders dominated by Spisula trigonella, 

which is an invasive opportunistic bivalve (Wilson & Kendrick 1968). Bramble Bay’s ability to 

sustain higher trophic orders (birds and fish) had been severely compromised. A 15 month study 

of fish in Bramble Bay in 1997 – 1998 (Quinnell 1999) found that the once dominant species 

that accounted for > 60% of fish biomass (Brown 1986) had been lost (4
th
 tipping point). 

1998 and later: The upgrade of sewage treatment to remove the nutrients caused a marked 

reduction in the suspension feeders. By 2000 all that remained in southern Bramble Bay was a 

highly impoverished macrobenthic community of low biomass dominated by annelids where 

once suspension feeders had thrived on the nutrient enrichment. A large number of suspension 

feeders were present in northern Bramble Bay because secondary-treatment sewage was 

released here. Once this plant’s upgrade is completed, all of Bramble Bay will be a highly 

impoverished estuary of low biodiversity and low biomass. Severe sediment contamination will 

be evident. Some of this will have been transported into the bay with sewage effluent. Much 

will have come from urban areas in the estuary’s catchments. There is concrete evidence of this 

– the macrobenthos in all urban drainage systems associated with Bramble Bay is extremely 

impoverished. It has very low biomass and is dominated by annelids and sipunculids. The once 

prolific peracarids (Campbell et al. 1974a, b) have all but gone. The area has become much less 

well suited to higher order consumers, such as wading birds and benthic feeding fish, especially 

since 1996. In short, it is a very badly degraded estuarine ecosystem. 

 

 

 
Figure 5.5: Postulated and recorded changes in the macrobenthic community of Bramble Bay and human 

population growth in south-eastern Queensland 1820-1996. Changes to higher taxa representations are 

shown. (From data in OESR  2009, Data in Campbell et al. 1974a, b, unpubl. Stephenson et al. 1977, 

Stejskal 1985, Quinnell 1996, 1997, unpubl). Model: S. Quinnell. 
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Figure 5.6: Postulated and recorded changes in the macrobenthic community of Bramble Bay and human 

population growth in south-eastern Queensland 1820-1996. Changes to trophic group representations are 

shown. (From data in OESR  2009, Data in Campbell et al. 1974a, b, unpubl. Stephenson et al. 1977, 

Stejskal 1985, Quinnell 1996, 1997, unpubl). Model: S. Quinnell. 

 

5.5.1 Chemical tests could not measure the impacts 

Chemical tests could not identify any substance likely to have been responsible for the severe 

ecological damage to the Bramble Bay estuary reported in this thesis. Chemical tests could not 

explain why the deposit feeders were severely diminished whereas the suspension feeders had 

proliferated. Under the diffusion model all benthic organisms should be about equally vulnerable 

to pollutant uptake from solutes in the water. Therefore, the Primary Research Question (PRQ: 

What factors caused the mass macrobenthic mortality events and persistent ecological 

impoverishment of the Bramble Bay estuary?) cannot be answered except by inference from the 

biological data. The diagnosis of Bramble Bay in 1998 – 2000 is that it was severely polluted by 

chemical contamination of the sediments with high levels of nutrient enrichment especially in 

the north where secondary treated sewage was discharged. Removal of the nutrient input into 

the southern part of Bramble Bay (the upgrade of the Luggage Pt sewerage plant) resulted in a 

great reduction in total macrobenthic biomass. The Bramble Bay estuary has severely 

contaminated sediments. This finding leads directly to RQ 6: Why did chemical tests fail to 

identify the cause of Bramble Bay’s impoverishment? This is the subject of Part B. 

   

5B: POLLUTION UPTAKE MODELS 

 

5.6 DIFFUSION MODEL 

The diffusion model originated in ~ 1895 when Ernest Overton proposed that lipidic molecules 

cross cell membranes through passive diffusion according to concentration gradients (Al-

Awqati 1999). In the 1970s environmental chemists and engineers promoted this idea for the 

purposes of assessing pollution risks to aquatic environments and soils. Accordingly, 

coefficients were advanced as techniques for predicting the partitioning of lipophilic pollutants 

between water (representative of the environment) and lipids (representative of living 
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organisms). Thus, the potential governance of substance uptake and elimination by living 

organisms has been effectively eliminated from such pollution risk assessments. 

Partitioning coefficients have been applied widely in ecotoxicology (p. 41)). They are 

pre-eminent in fugacity modelling (chemical thermodynamics), which may incorporate aquatic 

living organisms into pollution dispersion models (e.g. Bin Wang et al. 2011; Cropp et al. 2011, 

p. 11). Such modelling claims to measure rates of ‘bioconcentration’ (The purported net 

accumulation of pollutants from water [Newman & Under 2003, p. 358]). This approach reflects 

the dominant ‘diffusion’ perspective of pollution uptake in living organisms by ecotoxicologists 

- that life forms are passive abiotic units (black boxes). This they are not. 

There are two primary reasons why the diffusion model lacks credibility from a 

biological perspective. Firstly, by 1960 there was evidence that transport proteins regulate 

cross-membrane substance trafficking with the first transport proteins definitively identified 25 

years ago (see Alberts et al. 2008). Secondly, it has been demonstrated that only small acidic 

units penetrate the inner phospholipid bilayer of an artificial membrane; large molecular and 

ionic units cannot (Grime et al. 2008). In fact, the real biological membrane, with its external 

defensive brush border of glycoproteins (see below) is a far more formidable barrier than the 

artificial bilayer used by Grime and colleagues (2008). The impermeability of the biological 

membrane allows cells to sustain high internal concentrations of thousands of types of often 

very complex, organically synthesized molecules, including lipids (Allen & Star 1982; Alberts 

et al. 1994; 2008; Voet et al 1999; Madigan et al. 2003; Williams et al. 2003). Membrane 

impermeability is a fundamental requisite for life. Simply put, the impermeability of the 

biological membrane is the reason a fish does not dissolve in water. Thus, whilst the diffusion 

model is based on principles of physics that have been validated (passive diffusion), abiotic 

partitioning coefficients cannot be extrapolated from the relatively simple conditions of the 

abiotic environment to the profoundly different complex chemical state of living organisms.  

The diffusion model is a presumptive theory. Although it claims to predict the pollutant 

uptake and elimination process, the diffusion model cannot account for observed high rates of 

cross-membrane trafficking of lipophilic substances: e.g. very high fluxes of insoluble long-

chain fatty acids into tissues (Thumser & Storch 2000). Also, there is no published evidence that 

pore water measures of pollutants actually are measures of the pollutants’ bioavailability. 

Rather, this has been surmised by the diffusion model.  

The outcome of the application of the diffusion model is that large quantities of 

biologically irrelevant data have been and are being widely collected: namely, solute 

concentrations of pollutants in water (i.e. ‘water pollution’) and pore water and elutriate 

concentrations of pollutants in sediments. Even when pollutant concentrations of sediments are 

measured, the risk they pose is rarely assessed, presumably on the grounds that under the 

diffusion model there is no way that substrate-bound pollutants can diffuse into living 

organisms. The failure of chemical tests to identify the cause of the Bramble Bay estuary’s 



Estuarine canaries 

 

175 | P a g e  C h a p t e r  5    D i s c u s s i o n  
 

severe ecological degradation, especially the great reduction of deposit feeders, almost certainly 

reflects the use of pollution tolerance thresholds that are derived from diffusion model based 

experiments and, as a result, are set far too high.  

If the impoverishment of aquatic ecosystems because of pollution, such as Bramble 

Bay, cannot be described chemically, another means of measuring pollution is needed. Its 

requirement is that ‘life’ must be included. This thesis has demonstrated that environmental 

change may be explained reliably as changes in biological communities. Within the ecological 

hierarchy this is a top-level resolution of the question: What ails Bramble Bay? An explanation 

of the biochemistry (lowest-level of the hierarchy) that drives community changes in polluted 

habitats is needed to better understand the impacts of pollutants. Herein, the protein model is 

offered. 

 

5.7 PROTEIN MODEL  

An application of knowledge gained by studies of substance transport across the biological 

membrane in molecular and cell biology was used to generate the protein model of pollutant 

uptake and elimination (Quinnell et al. 2004). The protein model leads directly to the conclusion 

that in polluted estuaries (or any other detritus-rich ecosystem), deposit feeders will be highly 

vulnerable to sediment-sorbed pollutants, whereas, in aquatic ecosystems, suspension feeders 

will not. Data from Moreton Bay support this proposition (Fig. 5.4). The protein model’s 

primary assumption (that pollutants do not diffuse across the biological membrane) is the 

corollary of the diffusion model’s primary assumption (that pollutants do diffuse across the 

biological membrane). The nature of the membrane is examined first to understand why 

‘diffusion’ cannot be the means by which pollutants cross the biological membrane. 

 

5.7.1 The biological membrane 

Life consists of tightly enclosed chemically isolated spaces ranging in size from organelles and 

cells to blue whales. The barrier between all spaces and their external environment is provided 

by the biological membrane (p. 34). Such is its importance that damage to the biological 

membrane may cause metabolic disruptions leading to disease or death of organelles, cells, 

tissues and individual organisms;  

“…many, if not most, diseases involve the membrane in some shape or form.” (Petit-Zeman 

2010).  

Further understanding of the biological membrane’s functioning will explain why the protein 

model has much greater credibility than the diffusion model.  

Four attributes of the biological membrane that prevent unwanted diffusion of 

substances into and out of cells have been identified.   
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Bilayer: The bilayer is the scaffolding of the biological membrane. It assembles spontaneously 

from phospholipids in water (Alberts et al. 2008, p. 617f). The chemistry of phospholipids 

determines the membrane’s structure. Each phospholipid has a hydrophobic head (water 

insoluble/ lipid soluble) but hydrophilic tails (water soluble/ lipid insoluble). The hydrophilic 

phospholipid tails are electrically charged and therefore form the bilayer’s outer boundaries 

which interact with water. This inhibits the diffusion of lipophilic substances (including many 

pollutants) towards the inner membrane. The bilayer of the membrane (the ‘heads’) has an 

internal fence of lipophilic heads that lack an electrical change. This lipidic zone is a formidable 

barrier to the diffusion in both directions of electrically charged substances (Alberts et al. 2008, 

p. 405; Grime et al. 2008) (e.g. forms of heavy metal as well as hydrophilic organic molecules). 

This structural scaffolding is life’s first barrier to passive diffusion of substances across the 

biological membrane.  

 

Brush border: The outer surfaces of all cells carry a dense brush of closely packed, cross-

bonded glycoproteins and proteoglycans. These form a coating of carbohydrates that helps 

regulate substance trafficking across the biological membrane (see transport proteins below) and 

therefore into and out of organisms (Alberts et al. 2008, p. 636). This occurs because 

glycoproteins concentrate ions at the cell’s surface, altering the membrane’s electrical field 

potential (Alberts et al. 2008, pp. 628, 636). Such an electrical shield provides another physical 

barrier to passively diffusing lipidic (non-polar) chemical units, which includes many pollutants. 

This is life’s second barrier to the passive transfusion of substances across the biological 

membrane.  

    

Band of still water: The biological membrane contains an internal unstirred layer of water 

between the lipidic heads of the bilayer. This layer’s permeability coefficient (Ps) depends on 

the water solubility of a diffusing solute (Yangmin et al. 2006). The unstirred layer will be 

highly impermeable to diffusing nonpolar units (e.g. lipophilic pollutants). This is life’s third 

barrier to passive transfusion of substances across the biological membrane under governance 

by the cell.  

    

Cholesterol: Cholesterol is deposited within the biological membrane strengthening it against 

physical damage (Voet et al. 1999, p. 308; Alberts et al. 2008, pp. 623f), which conceivably 

might allow pollutants to enter a cell. This is life’s fourth barrier to passive transfusion of 

substances across the biological membrane.  

With such defences in place, virtually no substance and certainly no pollutants should 

be able to diffuse across the biological membranes of a healthy organism. Yet, living organisms 

need to import or eliminate chemicals, such as nutrients, wastes and signaling molecules. This is 
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the role of transport proteins, which regulate substance uptake and elimination from cells. They 

overcome the membrane’s impermeability in a controlled manner. 

 

5.7.2 Overcoming membrane impermeability 

The original life forms on Earth faced a dilemma. Living organisms can survive only if they are 

chemically isolated from the abiotic environment within which they are immersed. Yet, to live 

and procreate, living organisms must be able to import essential food, water and signaling 

molecules, and must be able to export wastes and signaling molecules to the external 

environment. Regulated substance uptake and elimination has been made possible through the 

evolution of transport proteins that are embedded within (partially dissolved within) the 

membrane (Voet et al. 1999; Alberts et al. 2008 p. 695f). 

Transport proteins (transporters) control cross-membrane substance trafficking in 

prokaryotes (Madigan et al. 2003) and eukaryotes (Alberts et al. 2008). The difference between 

the two life forms is that prokaryotes undertake primary degradation of complex organic 

molecules (food) externally and, therefore, have no need of the importing proteins able to carry 

complex molecules and polymers across the bilayer. In eukaryotes limited external substance 

degradation may take place (i.e. external digestion within the intestinal lumen of metazoans 

[Eckert et al. 1988]), but most substance degradation occurs within cells, especially within 

lysosomes. Thus, within a eukaryotic cell there is an; 

“…elaborate system of transport pathways that convey cargo in and out of the cell, from the 

movement of macromolecules by vesicular transport from donor to acceptor organelles 

during secretion and endocytosis, to mechanisms of organelle 'inheritance' at cell division.” 

(Petit-Zeman 2010).  

 

5.7.3 Proteomes 

About 10
9
 proteins of ~ 10

4
 types occur in the average mammal cell (Alberts et al. 1994). These 

are usually only a portion of all the proteins that an organism’s genome holds codes for. It 

constitutes the organism’s ‘expressed proteome’. Even the simplest of eukaryotes possesses 

many types of transporters: e.g. the pores alone in the membrane of a eukaryotic cell’s nucleus, 

which govern substance movement across the nuclear membrane, contain up to 1,000 proteins 

of 50 – 100 kinds (Voet et al. 1999). Complex eukaryotes will have multitudes of kinds of 

transport proteins. Given the variability of the genomes of advanced life forms, the array of 

transport proteins used by life on Earth must be enormous. Indeed, this variability in protein 

expression is what allows different organisms to have very different life styles from bacteria to 

trees and mammals. It means that organisms’ vulnerabilities to pollution are likely to vary 

greatly. 

The great variability of life’s proteome compromises our ability to easily predict what 

threat a pollutant poses to living organisms. In fact, the proteome’s variability is so great at all 
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levels of biological complexity that, in multicellular organisms, it is difficult to extrapolate the 

identity of a proteome from one type of cell to another even within the same organism. For 

example, in the myelin sheath of a mammalian nerve cell, which has low biochemical activity, < 

25% of the cell membrane consists of protein. In contrast, mitochondria, whose function is 

energy transduction, proteins form ~ 75% of the mass of the membrane. It is even more difficult 

to extrapolate from one individual to another, and exceedingly difficult to extrapolate from one 

higher taxon to another, because the proteomes within phyla have been diverging over > 450 

million years. The diffusion model cannot encompass the complexity that must underlie living 

organisms’ defences against pollution. 

Transport proteins are produced (expressed) according to a cell’s requirements 

depending on the code in an organism’s genome. The totality of expressed proteins within a cell 

or organism at any one time constitutes its ‘expressed proteome’. The expressed proteome in a 

cell and, therefore, in an organism is inevitably just a portion of its total proteome, whose 

expression exists in a state of flux through time (Madigan et al. 2003, p. 500). The expressed 

proteome varies from cell to cell, tissue to tissue, organ to organ, individual to individual, 

population to population and species to species, and so ascending the taxonomic hierarchy. 

Thus, substance uptake, handling and elimination is extremely variable.  

 

5.7.4 Transport proteins 

Transport proteins (transporters) have been grouped into a number of families based on their 

basic chemical structure. A few families seem to have arisen in recent evolutionary times 

(Ahearn et al. 2001; Paden et al. 2001), but genomic studies show that most transport proteins 

belong to a limited number of archaic families that have diversified into an array of kinds over 

the past three billion years (Quintero & Blatt 1997; Paden et al. 2001; Konzo et al. 2003). 

Therefore, the most widespread transporters will be ancient proteins whose genetic code has 

been preserved over eons.  

Transport proteins function in one of two basic ways – as channels or as carriers.  

 

Channel proteins 

Channel proteins (‘porins’) form temporary aqueous pores across the biological membrane. 

Porins are opened and closed by the cell according to its requirements. When open, porins allow 

‘facilitated transport’: i.e. the passive diffusion of small ionic units (e.g. H
+
, Na

+
, K

+
, Li

+
, Ca

2+
, 

Cl
-
 and H2O) along electrochemical and concentration gradients across the biological membrane 

for as long as the cell requires (Fig. 5.7). Each type of porin transports a specific ion and 

virtually no other (Alberts et al. 2008, p. 672). Which type of ionic unit a channel protein will 

transport is governed by the configuration of the narrowest portion of the porin (Fig. 5.8). 
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Carrier proteins  

The second type of transport protein is the carrier. These function like enzymes in that they bind 

to the substrate for transport then chemically reconfigure, causing the substrate to be transported 

across the biological membrane without being permanently changed themselves by the process 

(Fig. 5.9). However, unlike an enzyme, a carrier does not modify the substance it transports, but 

delivers it unchanged across the membrane (Alberts et al. 2008, p. 654). Substance movement 

by carriers is energy-expensive, especially if substances are transported against concentration 

gradients. Such transportations may be powered by ATP (adenosine triphosphate). Some 

transporters (symporters) couple the movement one substance uphill and another downhill 

against gradients: e.g. the protein, A23187, which is an importing transporter for Ca
2+

 and Mg
2+

, 

exports 2H
+
 ions for every imported divalent cation (Alberts et al. 1994).  

 

 

 

Figure 5.8: Bacterial potassium (K
+
) 

channel protein (porin) dissolved in the 

biological membrane. The vestibule 

facilitates K
+
 transport. When the porin is 

opened by the cell, the channel allows 

movement of K
+
 along concentration 

gradients. Illustration: S. Quinnell, after 

Alberts et al. 2008, p. 672. 

 

Figure 5.7: Model of the functioning of a channel 

protein (porin). Porins allow some small polar units to 

passively diffuse across the biological membrane. The 

cell governs diffusion with a gate mechanism that is 

opened and closed according to the needs of the cell. 

(After Quinnell et al. 2004). 

 

Figure 5.9: Essential functioning of a eukaryotic carrier 

transport protein that moves a single substance against a 

chemical gradient. The carrier can exist in two 

conformational states. In State A the protein is exposed to 

low concentrations of required substances. Here 

molecular units that enter the carrier are bound at sorption 

sites. Once a critical number of binding sites are occupied, 

the protein reconfigures then releases the transported 

substance on the other side of the biological membrane. 

Whilst importing carriers are substrate-specific, some 

move more than one chemical, sometimes in different 

directions. However, they only ever move specific 

chemicals. Generalist substance transport does not occur. 

Many exporting carriers are less substrate-specific and 

may eliminate entire classes of chemicals.  Illustration: S. 

Quinnell, after information in Alberts et al. 2008, p. 655. 
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Despite the impermeability of the biological membrane and the substrate specificity of 

transport proteins, pollutants and other poisons readily enter living organisms. The conclusion 

has to be that substance trafficking into organelles and cells is imperfectly controlled.  

 

5.7.5 Mechanisms for crossing the biological membrane 

The protein model proposes two mechanisms by which a pollutant may be incorporated: 

‘similarity’ and ‘concealment’. 

   

Similarity  

The ‘similarity’ mechanism operates if a pollutant’s chemical structure is so similar to that of an 

essential molecule that the pollutant is able to form a ligand with the carrier protein and so be 

transported across the membrane. ‘Similarity’ operates within living organisms: i.e. once the 

pollutant has been transported across an organism’s external epithelial boundary. The 

intracellular transport of CO in vertebrates by its attachment to the ligand for O2 in haemoglobin 

is an example. Because the haeme – CO bond is 210 times stronger than the haeme – O2 bond, 

CO tends to displace O2 (Van De Graaff & Fox 1992). Similarly, oestrogen- or androgen-

mimicking substances (e.g. many biocides and phthalate esters) and neurotoxins (e.g. many 

insecticides) may bind to a receptor intended for a natural signalling molecule (e.g. pheromone). 

However, a literature search, found no evidence that ‘similarity’ uptake occurs at the external 

epithelial surface of an animal (e.g. skin, gut, gills, lungs or reproductive tract). It seems that 

here importing proteins are highly substrate specific. This is another biological defence against 

the uptake of unwanted substances by living organisms. Therefore, ‘similarity’ is probably not a 

pollutant uptake process. 

 

Concealment 

‘Concealment’ uptake allows pollutants to cross the biological membrane undetected because 

they are bound to large, metabolically essential organic molecular units that themselves bind to 

transporters and are then shuttled across the membrane (Patton 1981; Kanda et al. 1990). 

Examples would be pollutants bound to food molecules: e.g. a fatty acid, polypeptide (Kanda et 

al. 1990; 1995), or pollutants bound to a molecular complex, such as micelles, liposomes and 

lipopolysaccharides of microbial biofilms.  It is proposed here that the uptake pathway for 

virtually all pollutants into any living organism will be via ‘concealment’. A likely example is 

offered below. 

 

Arsenic poisoning 

Arsenic (As) reportedly crosses the intestinal barrier in animals through glucose transporters 

(Calatayud et al. 2012). Under the ‘concealment’ pathway, glucose is a ‘raft’ for arsenic: i.e. an 
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essential molecular unit that is able to carry arsenic in a way that will conceal the arsenic from 

the importing transport protein of an organism (i.e. arsenic will not chemically interact with the 

transporter). For this to happen, arsenic must be able to bind to glucose outside of living 

organisms. It is proposed here that the CH2OH group on glucose offers a potential 

‘concealment’ site for As. The reason is that the CH2OH group binds to phosphorous during 

glycolysis (Voet et al. 1999, p. 387). Bondage of arsenic is proposed because arsenic (As) and P 

have the same valence (see the Periodic Table). If so, arsenic may enter a cell via the transport 

protein responsible for the uptake of a commonly imported simple carbohydrate – glucose (Fig. 

5.10).  

 

 

 

In a heavily contaminated environment the rate of arsenic uptake could be very rapid. 

All that is required is for an animal to ingest organic matter to which arsenic is bound. 

Extracellular digestion in the animal’s gut will degrade the incorporated matter, producing 

glucose to which arsenic may bind, releasing it. The binding of arsenic to glucose may not, in 

fact occur until this point.  

One endocytosis pit alone may bind thousands of glucose molecules before 

endocytosing (Kalgaonkar & Lönnerdal 2009).  Even if only 1% of glucose molecules that bind 

to transport proteins carry arsenic, hundreds of arsenic atoms would be imported per pit.  About 

2,500 pits may leave a cell surface every minute (Alberts et al. 2008). In gut epithelial cells the 

cells’ outer domains are likely to contain pits dedicated to glucose importation. Thus, the 

arsenic uptake rate may be relatively rapid with biologically significant loads accumulated 

within hours to days in a highly contaminated habitat. This offers an ecologically credible 

explanation of arsenic poisoning.  In this example, the diffusion model applies only to the point 

where arsenic is partitioned between the water in the intestinal lumen and rafts of glucose 

generated by extracellular digestion.  

If arsenic does bind to the phosphorylation site of glucose, this may help explain why 

arsenic is such a dangerous poison (see p. 50). Once within a cell, any arsenic that is bound to 

glucose will interfere with the critical process of phosphorylation. Given that arsenic is difficult 

to eliminate from a cell, ever-increasing quantities may bioconcentrate in living organisms. 

 

 

Figure 5.10: Concealed uptake of arsenic (As). It is 

proposed here that As may enter living cells by 

attaching at the CH2OH group, which is the site that P 

binds to in glycolysis. Thus, As enters a cell when 

glycogen is endocytosed. Model: S. Quinnell. 
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Once biological factors are accounted for, the risk from arsenic increases by orders of 

magnitude because the effects are multiplicative, not additive.  

This proposal – that glucose is a raft for arsenic uptake – should be readily falsified by 

laboratory experiments if it is incorrect.  Similarly, the proposal that arsenic binds to the site 

intended for phosphorylation could be easily tested. Indeed, it is imperative that such 

experiments are undertaken to provide useful information on the risk to living organisms within 

polluted habitats.  

The reliability of any estimate of the risk from a pollutant will be constrained by the 

ability of organisms to vary their proteome. Thus, in the very unlikely situation where a 

metazoan does not express glucose transporters at the time when arsenic bound to glucose is 

present in its gut, arsenic uptake will not occur irrespective of what the arsenic load in the gut is 

(provided of course that no other ingested organic molecule destined for uptake by the organism 

is also able to raft arsenic).  

The example above predicts that pollution uptake pathways will vary with pollutant 

types as well as with the availability of molecular ‘rafts’ to which they may bind. Pathways will 

also vary in conformity with the exceeding complexity and variability of cellular and 

biochemical processes. Whilst a transporter for arsenic has been nominated, transporters for 

most pollutants remain/ unknown. However, transport proteins responsible for substance uptake 

can be identified through the use of protein inhibitors – a technique frequently used in molecular 

biology and biochemistry (Gerencser et al. 1995), and one that could be usefully applied in 

ecotoxicology.  

 

The case for oxygen rafting 

An extensive literature search found that the only essential substance that appears to lack 

recognised cross-membrane transporters at the surface (external epithelial cells) of eukaryotes is 

oxygen (O2). Such an anomaly seems unlikely. It is proposed here that the function of mucous 

on respiratory surfaces is to facilitate O2-uptake. Oxygen has relatively low water solubility, 

therefore may bind in large amounts to mucosal polymers, which may be endocytosed by 

epithelial cells on respiratory surfaces. This provides an example of how a substance may cross 

the biological membrane. 

All other essential substances, including all small ionic units (H
+
, Na

+
, K

+
, Cl

-
, NH4

+ 
and 

H2O), use transporters. Protons cross the membrane through proton pumps (Alberts et al. 2008, 

p. 828). Nitric oxide (NO) is co-transported by an L-arginine transporter (an amino acid-

carrying molecule) (Stevens et al. 2000). Water (H2O) crosses through aquaporins (Alberts et al. 

2998, p. 673f). 

To protect living organisms from the accidental uptake of unwanted substances, 

including  poisons, importing transport proteins (importers) at the external surface of living 

organisms are highly substrate specific (Alberts et al 2008, p. 652):  i.e. they transport only one 
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to two or three specific substances according to a cell’s needs. Importantly, for the theory 

presented here, living organisms relax this specificity internally to a degree. Thus, proteins are 

the primary governors of substance trafficking into and out of a living organism. Their role in 

mediating pollutant uptake and elimination has to be allowed for in pollution risk assessments.  

 

5.7.6 Pollutants, biofilms and the protein model 

Chapter 2 presented evidence that, whilst bacteria in the water column of estuaries usually occur 

at modest densities, there are swarms of microbes of a great diversity of kinds in estuarine 

sediments, often to great depths. Consequently, microbial biofilms are usually much more 

concentrated and extensive in the sediments than in the water column (p. 28f). It follows that, 

because pollutants in estuaries bind to the biofilms (the basis of bioremediation), most 

pollutants are preferentially sequestered in sediments. Pollutants therefore pose a high risk to 

deposit-feeding organisms, which may feed on pollutants sorbed to biofilms. This offers a 

credible explanation for the severe poisoning of deposit-feeding macrobenthos observed in 

Bramble Bay and also explains why the suspension feeders were much less impacted. 

Suspension feeders will usually be vulnerable to estuarine contamination only if pollution levels 

are extreme. Thus, it was found in Chapter 4 that in chemically contaminated riverine estuaries 

the deposit feeders were greatly reduced, but the suspension feeders were not measurably 

impacted (Fig. 5.3). It will be argued in Section 5.9 that the risk to organisms from dermal 

uptake of pollutants will be much lower than the risk from intestinal uptake. The reason is 

simple: the rate of endocytosis in most animals’ intestines is very much higher than the rate of 

endocytosis on skin surfaces. 

 

5.7.7 Pollutant elimination proteins  

An array of exporting transporters (exporters) that are capable of eliminating many types of 

xenobiotics, including lipophilic substances, has been identified. The actions of some of these 

underlie major medical problems, including antibiotic and multi-drug resistance (MDR) as well 

as biocide resistance in pest and weed species (Alberts et al. 1994, 2008; Schäfer et al 1996; Al-

Awqati 1999; Closs et al. 2000; Stevens et al. 2000; Thumser & Storch 2000; Ueda & Matsuk 

2000; Chaumont et al 2011; Hu & Wu 2001; Marples 2001; Nesjum et al. 2001; Sansom & Law 

2001; Raggers et al. 2002; Madigan et al. 2003). Ivermectin, a lipophilic drug that is toxic to 

platyhelminths, is tolerated by many other taxa because animals in other phyla can rapidly 

synthesize the appropriate transporters to eliminate this drug, whereas helminths cannot 

(Schinkel et al. 1994; Umbenhaer et al. 1997; Smith & Pritchard 2002).  This cannot be 

explained by the diffusion model, according to which pollutants exit living organisms via 

diffusion. 

Nor can the diffusion model explain disparities in xenobiotic uptake and elimination 

between organisms that belong to the same species: e.g. mice that lack the gene for the 
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expression of mdr1 a (P-glycoprotein that eliminates Ivermectin), accumulate 100 times more 

Ivermectin in their brains than mice with the appropriate gene (Schinkel et al. 1994). The 

practise of developing partitioning coefficients within the diffusion model framework, such as in 

Connell & Lam (1999, p. 47) lacks conceptual validity, because it does not and, indeed, cannot 

account for the impermeability of the biological membrane, the action of transporters and/ or 

great variations in the proteome.  

The large ubiquitous ABC superfamily of exporters is well known (van Veen et al 2000; 

Alberts 2008, p. 663f). In insects, increased expression of P-glycoproteins, a subgroup of the 

ABC superfamily, has been linked to insecticide resistance (Retnakaren et al. 2001). Increased 

levels and activity of P-glycoprotein-mediated processes also have been related to levels of 

environmental pollution (Smital et al. 2000). This is consistent with the protein model’s 

predictions that living organisms are active in pollution elimination. Pollutants do not diffuse 

out of cells any more than they diffuse into cells. Until this is accepted pollution risk 

assessments are likely to continue to be highly inaccurate and dangerously misconceived. 

The appearance of generalist exporting proteins in living organisms was probably an 

evolutionary response to an array of naturally occurring classes of cytotoxins that sometimes 

were present in the environment in large amounts: e.g. organophosphates. Accordingly, 

exporters capable of eliminating such substances or their metabolites may have originated long 

ago (Knoll 2006) and, because they are at least occasionally useful, have been retained and 

honed through Natural Selection (Alberts et al. 2008, p. 256f). However, eukaryotes may be 

incapable of eliminating pollutants that are absent or very rare in the biosphere world. Such 

substances may be the chemicals that are most poisonous to life. Dioxins (polychlorinated 

dibenzodioxins) are prime examples. They almost never occur naturally and are extremely toxic 

in small amounts (WHO 2010). They are highly persistent in living organisms (7-11 years in 

humans) with an environment half-life up to 132 years (WHO 2010). The environmental 

persistence of dioxins suggests that microbes are incapable of degrading these substances (Their 

final degradation is probably an abiotic process). Eukaryotes also have difficulties eliminating 

many heavy metals (p. 48f). This may be because some (i.e. those that are difficult to eliminate) 

are rarely present in biologically available forms in the biosphere (e.g. As, Hg and Pb). 

Eukaryotes may also have been exposed to large quantities of such metals so rarely that they 

have not developed the appropriate exporting proteins. This may not be a major health problem 

for organisms when such substances are present in minute concentrations, but it means that 

under polluted conditions acute heavy metal poisoning may result. 

 

5.7.8 Problems with bioassays  

The problem of the diffusion model extends to bioassays, which are used to test components of 

habitats, such as sediments or water, for contamination. Many bioassay protocols endorse the 

use of test species that live in the water column for sediment assays in the belief that solute 
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concentrations in the water represent the pollution risk: e.g. planktonic suspension-feeding 

crustaceans (e.g. Burton & Landrum 2003; Lahr et al. 2003), pelagic larvae (e.g. de Mora et al. 

2004), phytoplankton or floating vascular plants (e.g. Phillips et al. 2003; Chou et al. 2004; 

Palma-Flemming & Gutierrez 2004; Peterson et al. 1997) and suspension-feeding invertebrates 

(e.g. Keddy et al. 1995; Debusk et al. 1996; Weltje et al. 2002; Djomo et al. 2004). Under the 

protein model, such ‘solute exposure’ tests lack validity, because they do not in fact measure 

what they claim to measure, which is sediment contamination. Pollutant solutes, which the 

diffusion model causes to be measured, simply cannot be the pathway by which pollutants enter 

any food web in any type of ecosystem on Earth. 

The protein model offers an alternative conceptual framework based on concrete 

evidence of substance trafficking across the biological membrane. Experimental evidence is 

now needed to confirm/ prospectively falsify the ‘mechanisms of pollutant uptake at the protein 

level as proposed here.   

 

5.7.9 Endocytosis  

In eukaryotes, transport proteins are located in pits on the cell membrane at sites of need 

(domains), with sometimes thousands of transporters for a specific chemical clustered within 

one pit (Alberts et al. 1994) (see p. 26f). Formation of ligands between the substance to be 

transported and a critical number of transport proteins within a pit triggers endocytosis, the most 

conspicuous substance-uptake process in a cell (Alberts et al. 2008). In vertebrates, the entire 

biological membrane’s surface of a macrophage cell (a type of white blood cell) goes through 

pinocytotic invagination every 30 minutes. Thus, an external substance can be rapidly imported 

into a cell in large amounts (Alberts et al. 1994).  

Endocytosis occurs at two extreme scales – phagocytosis (large) and pinocytosis (very 

small), although intermediate scale processes are known. Phagocytosis is limited to amoeboid 

cells, which use it to incorporate large particles and whole microorganisms (Roitt 1994; Lodish 

et al. 2000). Phagocytosis apparently is not a significant pollutant-uptake process (Kujawinski et 

al. 2000). Pinocytosis is the primary means by which all except very small polar ions and 

radicals and molecules are incorporated into eukaryotic cells (Alberts et al. 2008, p. 787f).  

Figure 5.11 shows endocytosis of lipids during yolk formation in a developing hen’s 

egg.  Firstly, lipoproteins are bound to substrate-specific importers in pits dedicated to the 

uptake of the required lipoprotein. When a critical number of pit proteins have been coupled 

with the lipid the pit invaginates, quickly breaking away from the cell’s surface thence forming 

an internal vacuole. Cellular machinery then delivers the vacuole to where it is needed along the 

ER (endoplasmic reticulum) (Alberts et al. 2008, p. 695f). From Figure 5.11 it is easy to 

visualise how pollutants bound to (concealed upon) the lipoproteins that are incorporated into 

the egg may enter the egg and, if they are endocrine disrupters, cause damage to the developing 

young.  



Estuarine canaries 

 

186 | P a g e  C h a p t e r  5    D i s c u s s i o n  
 

 

 
Figure 5.11: Probable sequence of endocytotic uptake of lipid molecules in formation of hen oocyte. 

Lipids bind to transporter proteins in pits on the cell surface. The pit invaginates until it is pinched off 

from the external environment, forming an enclosed vesicle. This example of endocytosis is important, 

because it does not support the ecotoxicologists’ diffusion model’s in which lipidic matter enters cells by 

diffusion (Illustration: S. Quinnell, based upon information in Alberts et al. 2008, Fig 2.9, p. 21). 

 

Application of the lipid rafting pollutant-uptake concept 

A pollution uptake process similar to that in Figure 5.11 may have caused the demise of 

Longiflagrum estuarius throughout polluted riverine estuaries in south-eastern Queensland (see 

Chapter 4). Longiflagrum estuarius is a K-strategist that broods developing eggs in ventral 

pouches on parents (Thomas 1993; Ruppert & Barnes 1994; Thiel 1998). In polluted habitats, 

the developing young may be very vulnerable to endocrine disruption.  

This high vulnerability of peracarids to pollution, which has been widely reported (see 

p. 72), could be a valuable topic for a future research project. If the proposed route of poisoning 

is verified, the loss of peracarids from a habitat or the absence of peracarids where they could be 

expected to be present in large numbers may be useful as a pollution signal in environmental 

assessments. 

 

5.7.10 Exocytosis 

The continual loss of biological membrane through endocytosis is offset by membrane 

replacement through the reciprocal process of exocytosis. All organelles, cells and living 

organisms export complex molecules (hormones, metabolites, wastes and accidentally 

incorporated cytotoxins) through exocytosis. Again, substrate-specific exporting proteins are 

involved in the release of secretions, wastes and toxins from organelles, cells and living 

organisms (Kasat et al. 2002; Leslie et al. 2004; Alberts et al. 2008, p. 800f). However, 

exporters may not be as substrate-specific as importers: e.g. certain ABC exporters may 

eliminate an entire class of poisons (Alberts et al. 2008). The export of such substances is 

triggered by intracellular signals (Morgan et al. 2005) in a top-down regulatory process (Wei 

Zhang et al. 2002).  
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5.7.11 Protein-mediated uptake and elimination model 

Figure 5.12 depicts the protein model of pollutant uptake and elimination. It shows the 

endocytosis and exocytosis cycle. Between them a cascade of a multitude of exceedingly 

complex biochemical events occurs (transcytosis). These may degrade pollutants, chemically 

inactivate them (e.g. chelation of mercury), sequester them or simply eliminate them as fast as 

possible.  

  

 
Figure 5.12: Protein model of pollutant uptake and elimination showing the roles of transport proteins, 

cellular organelles and the processes of endocytosis, transcytosis and exocytosis. The time arrow indicates 

that this cycling of substances into, through and out of the cell is continuous. In vertebrate macrophages 

the entire biological membrane’s surface goes through pinocytotic invagination every 30 minutes. Thus, 

an external substance can be rapidly imported inside a cell in large amounts (Alberts et al 1994). 

Exocytosis replaces the lost membrane. Transcytosis includes all the events of metabolic transformation, 

sorting, degradation and dispatch that the incorporated pollutant undergoes. Note: this model does not 

depict pollutant sequestration in the cell, however, this may occur. (Model: S. Quinnell).  

    

 The endocytosis – transcytosis – exocytosis cycle has been applied to pollution uptake, 

metabolism and transfer by a generalized epithelial cell from a eukaryotic intestinal wall where 

active food uptake occurs. The process depicted occurs only after contaminated organic matter 

has been ingested and been subject to extracellular degradation in the gut (external digestion). 
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This degrades food into nanoparticles (liposomes) made from the mix of food and digestive 

secretions (e.g. intestinal-fatty acids [I-FAs]).  

 The model postulates the fate of a lipophilic pollutant ingested as a food contaminant. 

DDT is used as the exemplar. Here, DDT is assumed to have attached to I-FA liposomes, 

although, because of DDT’s high lipophilicity, many other lipidic molecular food units also 

could function as carriers.  

 Carrier proteins responsible for endocytosis of I-FAs cluster in pits on the cell’s surface. 

The rate of biological membrane in-pocketing is determined by the concentration of the 

substance for import in the external environment, the density of pits on the cell’s surface 

(Lodish et al. 2000), the density of transporters within pits and a cell’s requirements. 

Endocytosis is activated when a critical number of transporters within the pit have formed a 

critical number of ligands with micelles or liposomes (Sue et al. 1993; Voet et al. 1999). The pit 

then seals off to form an endosome, and commences the process of transcytosis (movement of 

the imported substances within the cell) (Alberts et al. 1994). Otherwise, the processes are the 

same. 

 

Further reducing the uptake of unwanted matter  

Pinocytosis was once called ‘cell drinking’. However, this name is misleading. When the 

endocytotic pit closes prior to invagination, it does so in a way that minimizes the quantity of 

aqueous medium from outside the cell that is enclosed (Alberts et al. 2004). Therefore, 

accidental uptake of solute pollutants in this matter will be limited.  

 It is proposed here that pinocytosis is the mechanism by which pollutants concealed on 

ingested material are rafted into eukaryotic cells. The fact that prokaryotes do not apparently use 

endocytosis (Madigan et al. 2003) offers an explanation for their relative resilience to many 

pollutants; many pollutant molecules are larger than most chemical substrates imported by 

prokaryotes. Instead, prokaryotes degrade complex molecules externally, importing simple 

degraded substances without the apparent use of endocytosis. Therefore, prokaryotes do not 

display pinocytosis process. Indeed, external degradation of complex organic molecules by 

prokaryotes is the basis of bioremediation (Radwan & Al-Hasan 2002; Singh & Cameotra 2004. 

During the transcytosis phase, the newly formed endosome migrates inwards along the 

ER (endoplasmic reticulum) and fuses with a lysosome (a sack of hydrolyzing enzymes) 

(Alberts et al.1994, 2008), allowing intracellular digestion to proceed. This decomposes the 

micelles, liposomes and their cargo of DDT, releasing fatty acid metabolites and metabolites 

from the hydrolysis of DDT (e.g. the poisons DDE and DDD).  

If a cell lacks the genome to express the necessary exporting proteins, these poisons will 

be very difficult to eliminate from the cell. If this is so, then DDE and DDD as well as any non-

hydrolyzed DDT may be sequestered within the cell. (For the sake of simplicity, sequestration is 
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not shown in model Fig. 5.12). The sequestration process is a function of internal cellular 

transport proteins. It is a result of very complex cellular activities.  

The elimination of DDT, DDD and DDE is most unlikely to be a consequence of 

diffusion, because the cell’s cytosol is complexly dissected by the dendritic nature of the 

biological membrane into networks of transport pathways, the ER (Alberts et al. 2008).  (Note: 

the super-structure of the ER is the biological membrane.) Thus, the movement of substances 

any distance within cells usually involves transport by proteins along the ER. 

 In Figure 5.12 an ABC transporter is depicted as the exporter that eliminates DDT and 

its derivatives from the cell. In metazoans these exported toxins are transported by intracellular 

proteins to sites of metabolism (e.g. liver), elimination (e.g. kidney, gills, skin and intestine) or 

sequestration (e.g. fatty deposits, liver, lungs, gill surfaces and kidneys). The DDT, DDE and 

DDD molecules have low water solubility. Therefore, to achieve final elimination they may be 

encapsulated within a ‘raft’ in the animal’s circulatory system (not shown in Figure 5.12) and 

transported to sites of elimination in this way. Successful elimination of any pollutant from a 

cell or living organism will depend on the organism’s ability to express the appropriate 

exporting transporters.  

 The entire process of pollutant uptake, handling and elimination in living cells is 

exceedingly complex and variable. The elimination of poisons is likely to involve hundreds to 

thousands of specific biochemical reactions, all of which are determined by the organism’s 

ability to express the appropriate proteome. The diffusion model cannot accommodate this vast 

complexity, a sense of which even the protein model can only superficially convey. 

 

5.7.12 Nanoparticles may be critical  

Micelles and liposomes are nanoparticles: that is, small molecular assemblages (~ 10 nm) (p. 

24). Micelles are formed from a single-tailed phospholipid layer. They have external 

hydrophilic heads that interact with water and a hydrophobic/ lipophilic inner cavity that 

excludes water (Alberts et al. 1994), but which readily accommodates lipophilic materials 

(Cserháti et al. 2002; Park et al. 2002) (Fig. 5.13). Liposomes often are larger. They consist of 

bi-tailed phospholipids arranged into one or more bilayers that internally encapsulate solutes, 

but may also carry lipophilic materials attached to their lipidic wall (Alberts et al. 1994; Voet et 

al. 1999). Micelles and liposomes are widespread in aquatic environments (Di Toro et al. 1990; 

Park et al. 2002) as well as in the intestines of animals (Sue et al. 1993). They form 

spontaneously from phospholipids, including fatty acids.  

 The crossing of the biological membrane by micelles and liposomes is complex and 

does not involve diffusion (e.g. Di Toro et al. 1991; Park et al. 2002). Such nanoparticles are 

readily transported across the biological membrane by forming ligands with appropriate 

transporters (e.g. intestinal fatty acid binding [I-FAB] protein) (e.g. Sue et al. 1993; Billingsley 

& Lane 1996; Kaufman et al. 2001). This mechanism was invoked in the protein model 
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presented in Figure 5.12. The reason for promoting the role of these particular nanoparticles is 

that micelles and liposomes are highly abundant within the gut lumen, intercellular body fluids 

and intracellular fluids (the cytosol) (Alberts et al. 1994) as well as the external environment 

(e.g. Canesi et al. 2012; Zangi & Filella 2012). Therefore, micelles and liposomes are likely to 

be critical in pollutant uptake and transport by living organisms.  

Nanoparticles of the digestive system, such as micelles and liposomes, may be critical 

for rapid food assimilation by animals because they allow one transporter to transfer a large 

quantity of nutrients and energy with just one ligand. Furthermore, the nourishment will come 

not just from the nanoparticles, but also from the nutrients and energy of other substances for 

which micelles and liposomes act as rafts (Fig. 5.13).  

 

 
Figure 5.13: A micelle (left) and a liposome (right) composed of phospholipids showing how their 

structures confer the ability to contain and transport solutes and non-polar lipophilic molecules in aqueous 

environments. (Illustration: S. Quinnell adapted from Alberts et al. 1994 and Voet et al. 1999.) 

 

 

Organic nanoparticles, including micelles and liposomes, occur throughout aquatic 

environments and soils (Di Toro et al. 1990) where, together with polymers and organic 

molecules, they may deliver cargoes of pollutants to the external surfaces of living organisms. 

The most physiologically active external surface in most metazoans is the gut wall. Therefore, 

pollutant uptake during digestion has been considered in detail. However, the skin and 

respiratory surfaces may readily exchange matter with the external environment. Accordingly, 

pollutants may be imported here as well. These are considered later. 

 In animals with alimentary tracts, emulsifiers (e.g. bile salts) and dietary fats form 

intestinal liposomes and micelles (Alberts et al. 1994) that become primary holding vesicles for 

suspended food. Peristaltic churning of the gut’s contents provides opportunities for suspended 

liposomes and micelles to make contact with appropriate transport proteins: e.g. I-FAB 

(Intestinal- Fatty Acid Binding Protein) in the external domain of gut wall epithelial cells. This 

allows the uptake of not just the micelles and liposomes, but also their cargo of highly 

concentrated food molecules (Sue et al. 1993; Billingsley & Lane 1997). The disadvantage of 
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this delivery system is that unwanted substances, such as pollutants, may also be bound to the 

essential nanoparticles. There is evidence of this: liposomes are used medically to carry soluble 

and lipophilic drugs that are delivered by mouth (Sue et al. 1993; Alberts et al. 1994; Peihua et 

al. 2001). Conceivably, contaminated nanoparticles could also transport very large quantities of 

pollutants across biological membranes in the intestine of animals that ingest pollutant-

contaminated food, such as estuarine deposit feeders. The diffusion model cannot account for 

this.  

 

5.8 UPTAKE AT RESPIRATORY SURFACES 

It was proposed on p. 182 that O2-uptake in living organisms is protein-mediated and will entail 

endocytosis of respiratory surface mucous to which O2 has become sorbed. If so, in animals 

with a high O2 demand, the endocytosis of mucous should be vigorous. However, in aquatic 

ecosystems pollutants may also become sorbed on to the mucosal polymers on gills. In this way 

there may be a rapid transfer of pollutants through the gills of aquatic organisms (Lebkova & 

Kuznetsova 2005).  However, for pollutants with very low water solubility, it is likely that it is 

organic nanoparticles acting as rafts for pollutants that bind to the mucous and shuttle already 

sorbed pollutants across the respiratory surface. 

 Evidence of pollutant-trafficking across gill surfaces may manifest as severe genetic 

damage to gill tissues (e.g. Vincent-Hubert et al. 2011). In bivalves exposed to cadmium (Cd) 

the gills were the main uptake site for aqueous Cd whereas the intestine was the initial site of 

Cd accumulation by dietary exposure (Cooper et al. 2010). The observation can be interpreted 

from a protein model perspective. Accordingly, the uptake of dissolved Cd was high on the 

respiratory surface where aqueous Cd would have freely sorbed to the respiratory mucous and 

then been endocytosed. In contrast, solid-phase Cd bound to environmental organic matter was 

biologically available when ingested. There also was another potential uptake route that may 

have taken Cd from either the substrate or the pool of aqueous Cd – skin uptake. Skin uptake is 

considered next. 

 

5.9 SKINS, SLIME, EXOSKELETONS AND SUBSTANCE UPTAKE  

Animal’s surfaces are inevitably modified to protect the skin from physical damage (e.g. 

Mitragotri 2001; Gomot-de, & Pihan 2002; Vijver et al. 2002; Buist et al. 2009; Pope et al. 

2010). Metazoan classes and phyla display a diversity of protective barriers (Ruppert & Barnes 

1994, p. 96). Yet, dermal uptake of substances occurs in probably all animals, for the simple 

reason that external epithelial cells are metabolically active and will, therefore, need to 

endocytose and exocytose substances. Indeed, dermal delivery of drugs depends upon this 

(Anissimov & Roberts 2011). How animals that are covered with cuticles, scales, skeletons and 

slime may incorporate pollutants through their skin is investigated below.  
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Lower invertebrates, such as cnidarians, most platyhelminths and gnathostomulids 

(minute benthic worm-like invertebrates found in fine marine sands) cover their bodies with the 

glycocalyx; a permanent extracellular film of filamentous carbohydrates formed from the 

carbohydrate component of glycoproteins and glycolipids of the skin cells’ outer brush border. 

The external electrically charged ‘tails’ of the glycoproteins are highly impermeable to lipidic 

substances, such as many organic pollutants (Zakrzewska et al. 2010), and will form a barrier to 

passively diffusing substances. Nematodes, polychaetes, sipunculids and echiurids are protected 

by a solid cuticle constructed mainly of collagen (Rupert & Barnes 1994; Beesley et al. 2000; 

Valentine 2004, p. 354; Pechenik 2010) (a protein with  simple sugars) (Ruppert & Barnes, 

2004 p. 504f). It is a physical permeability barrier to passively diffusing substances. Nemerteans 

and many molluscs produce mucous – a slime of electrically charged glycoproteins embedded 

within the dermis (Ruppert & Barnes 1994; Pechenik 2010). This too is a permeability barrier 

for many substances, especially lipidic molecules (Voet et al. 1999, p. 215). Many molluscs and 

most crustaceans have hard exoskeletons (a few parasitic crustaceans are exceptions) consisting 

largely of either CaCO3 (Mollusca) or chitin (Crustacea) (Anderson 2001, p. 225; Pechenik, 

2010, p. 342f). Thus, even animals with seemingly exposed ‘soft skins’ are, in fact, highly 

protected from the external environment. Yet, pollutant uptake through skin may occur.  

 

5.9.1 Transport across the skin 

A regulated dermal exchange of substances between such animals and their external 

environment that involves endocytosis and exocytosis is known to occur (Gupta & Little 1970; 

Yamaguchi et al. 2000). This is possible because outer epidermal cells often carry microvilli, 

small fleshy protuberances with convoluted folding to increase the exposed skin surface area. 

These penetrate animal cuticles and so have direct contact with the external environment 

(Beesley et al. 2000 p. 10) (Fig. 5.14). In most animals skin microvilli exist primarily to convey 

chemical signals to an animal about its surroundings and to convey messages between animals 

(e.g. pheromones). However, skin microvilli may be used for food uptake by internal parasites. 

They achieve this through the endocytosis and exocytosis. Thus, concealed pollutants sorbed to 

imported molecular ‘rafts’ may be incorporated by living organisms through their skins. 
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Mollusc exoskeletons are often so thick and hard that direct dermal uptake from the 

external environment will be very limited (e.g. in bivalves that are almost fully enclosed) or at 

least reduced (e.g. in partially enclosed bivalves and snails). A comparison was made of skin 

and intestinal uptake of a heavy metal in a garden snail, (Helix aspera), whose body is protected 

dorsally by a shell, but which has an exposed head and food. It found that metal uptake across 

the skin was much lower than via ingestion  (Gomot-de and Pihan 2002). This gives credence to 

the proposal in this thesis that deposit-feeding macrobenthos in contaminated estuaries is 

poisoned through ingestion of contaminated sediments rather than just by living within them 

(the diffusion model prediction).  

There is no evidence that crustaceans’ exoskeleton is permeable: e.g. a study of heavy 

metal uptake in a terrestrial isopod (Peracarida) found dermal uptake to be negligible compared 

with the uptake of the metal in food (Vijver et al. 2005). This begs a diversionary question about 

pollution impacts on terrestrial arthropods in general. If surface uptake of pollutants is 

negligible, then how do knock-down insecticides have such dramatic impacts so quickly? 

‘Diffusion’ is not a credible explanation, because it would entail an extraordinarily rapid 

movement of pollutants through the insoluble thick wall of the arthropod exoskeleton. However, 

the protein model can offer an explanation: terrestrial arthropods are probably poisoned through 

their respiratory surface, which will import inhaled poisons by endocytosis. Aerosol-contained 

insecticides possibly transported within nanoparticles, are likely to bind to the respiratory 

surface then be rafted into the insect.  

Absorptive areas of intestines also often have an extensive area of microvilli, which will 

be many times greater in surface area than microvilli surface area of skin. Consequently, in most 

metazoans the intestine, not the skin is the primary substance uptake site. As a result, benthic 

animals that feed on contaminated sediments are more at risk than animals that are suspension 

feeders and have only skin contact with the sediments. In aquatic organisms, uptake through 

gills may also be important, but will be unable to explain why deposit feeders are often much 

more severely impacted by pollution than suspension feeders. 

The information above suggests that, even in aquatic ecosystems where matter is easily 

moved by water currents, dermal uptake of pollutants will be limited in most invertebrates 

 

 

 

 

 

 

Figure 5.14: Epidermal microvilli on annelid’s outer 

surface. Illustration: S. Quinnell. (From information 

in Alberts et al. 2008, p. 1008.) 

 



Estuarine canaries 

 

194 | P a g e  C h a p t e r  5    D i s c u s s i o n  
 

because of their protective body coverings. For most if not all free-living invertebrates, dermal 

uptake of pollutants is likely to be a minor uptake route, especially if they ingest contaminated 

food. There is no biological evidence that supports the diffusion model of substance uptake 

through the skin.  

Thus far, three basic ecophysiological systems have been investigated for the possibility 

that they facilitate pollutant incorporation under the protein model. They are the digestive, 

respiratory and skin physiological systems. Of these, digestion allows animals to access 

pollutants sorbed to assimilated food, the respiratory route incorporates solute pollutants that 

bind to respiratory mucous, especially in nanoparticle rafts that carry pollutants, whilst the 

dermal uptake pathway will be limited mainly to microvilli. Therefore, the findings in this thesis 

that in estuaries where most pollutants are preferentially sorbed to sediments, the deposit 

feeders were much more at risk of pollution uptake than the suspension feeders (Fig. 5.4) is 

highly credible from a biological perspective. It makes no sense from the perspective of the 

diffusion model. However, all deposit feeders are not equal. Chapter 4 showed that annelid 

deposit feeders are much more resilient to pollution than crustacean deposit feeders. The reason 

for this difference at the level of phylum is investigated next.  

 

5.10 IMMUNOLOGICAL MODEL  

An extraordinary resilience to pollution has been widely reported in annelids: e.g.  

“… over 20 years a battery factory discharged large quantities – about 53 tons! – of 

cadmium (Cd) and other heavy metals into the cove, resulting in concentrations of more 

than 10,000 μg Cd per gram of sediment (μg Cd/ g); deposit-feeding animals should be 

particularly impacted by such conditions. Yet, the cove supported large populations of 

the deposit-feeding oligochaete Limnodrilus hoffmeisteri (family Tubificidae) …. 

Clearly the increased tolerance to elevated Cd has a genetic basis … worms with 

dramatically increased cadmium tolerance could be obtained after only three 

generations”  

(Klerks & Levinton 1989, In Pechenik 2010, pp. 320-321).  

The Cd may have been imported as a solute, as an ionic or molecular form or sorbed to biofilms 

or nanoparticles. Cadmium (Cd) is very poisonous to eukaryotes because it interacts with 

chemical processes that normally use Fe (ATSDR 2011). Consequently, any uptake of 

concentrations of Cd that, by most standards are excessively poisonous predictably should kill 

annelids. Obviously, this is not so. An explanation has been sought. 

Some eukaryotes may express exporting proteins capable of eliminating a range of 

heavy metals (Achard et al. 2004; Madejczyk & Ballatori 2011). However, no such exporters 

were found in a study that looked for them in a marine polychaete (Ruffin et al. 1994). Nor was 

evidence of them found in a literature search. A different approach to understanding annelids’ 

pollution tolerance is needed. To this end, major physiological processes in different higher taxa 

http://www.ncbi.nlm.nih.gov/pubmed?term=Madejczyk%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=22178646
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(Order and above) were investigated, including digestive physiology, excretion, respiration, 

neurology, hepatic functioning, immunology and reproduction. The finding was that 

evolutionary history seems to be a critical determinant of an organism’s pollution tolerance. 

Today, an animal’s survival may be in part determined by how well their evolutionary history 

has pre-equipped them to tolerate the anthropogenic conditions they now encounter on Earth, 

especially high levels of pollution (i.e. annelids had past exposure to naturally occurring classes 

of poisonous substances). The investigation found that in some invertebrate taxa digestive 

physiology appears to be linked to immunology in a manner that has major implications for a 

taxon’s pollution tolerance.  

 

5.10.1 Digestive physiology 

Long and coiled or short and straight – metazoan digestive systems 

The total food requirement of any organism relates to its body mass and lifestyle (energy 

expenditure). Many animals have high nutrient and energy demands and need to import large 

quantities of food. High rates of food uptake may be achieved with long coiled intestines (e.g. 

vertebrates) (Eckert et al. 1988). Other groups may have extensive cavernous digestive glands 

(caeca) that provide a large surface area for the endocytosis of food; e.g. the hepatopancreas in 

crustaceans (Ruppert et al. 2004 p. 683) and many molluscs (Ruppert et al. 2004 p. 288; 

Pechenik 2010, p. 405) (Fig. 5.15). However, amongst the higher invertebrates there is a notable 

exception: annelids and their relatives (Pogonophora, Sipuncula and Echiuria) have short, often 

straight intestines and small, if any digestive glands (Fig. 5.16). This is a conundrum. Many 

annelids are active with potentially high nutrient/ energy needs. It seems logical that such 

worms would have a long coiled intestine or extensive digestive glands to provide a large 

surface area for food absorption. However, this is not so. Pectinarid polychaetes have a limited 

degree of intestinal coiling and a few families have small caeca that increase the absorptive 

surface area of the gut (Beesley et al. 1998, p. 221). Otherwise, in most annelids the gut has 

been described as:  

 “… essentially a straight tube” (Beesley et al. 2000 p. 20);  

 “… more or less a straight tube” (Ruppert et al. 2004, p. 418) and;  

 “… linear and unsegmented”(Pechenik 2010, p. 325) (Fig. 5.16).  

If they exist, annelid digestive glands are never very large (compare with Fig. 5.15). 

It is proposed here that the exceptional structural simplicity of the annelid gut may be a 

direct consequence of extreme body segmentation: e.g. about 50 segments between the mouth 

and anus in cirritulid worms (Fig.2.5). In such highly segmented animals, the construction of a 

convoluted intestine or large digestive glands passing in and out of so many partitioning septa 

would pose considerable organisational difficulties for developing individuals. A short straight 

gut would be a much simpler construct. However, it could be a severe liability for an animal 

with an active lifestyle, for a short gut would greatly limit the surface area for food-absorption. 
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It is unlikely that such a small gut could incorporate sufficient food for most annelids’ needs. 

Also, annelid digestion has another peculiarity.  

Intracellular digestion (endocytosis) by cells in the gut walls in annelids is reportedly 

very limited or not present:  

 “Digestion is extracellular.” (Ruppert & Barnes 1994, p. 508);  

 “Digestion is primarily extracellular, although some species show an intracellular 

component as well.” (Pechenik 2010, p. 325).  

So, how do active worms with short straight intestines of low surface area with limited or no 

endocytosis in their intestinal wall obtain sufficient food for their needs? There is an intriguing 

possible explanation. Annelids’ immune system probably provides the key to understanding.  

 

                  

     

            

5.10.2 Annelids’ primary immune system is its digestive system 

All metazoans possess free-living scavenging cells – phagocytes that are a critical component of 

all animals’ primary immune system (Delves et al. 2006, p. 250f). In general, phagocytes’ have 

very active pinocytosis, but use phagocytosis (the macro-scale of endocytosis) to engulf large 

foreign particles and pathogens (Blanco et al. 1997; Cabrera et al. 2002; Alberts et al. 2008, p. 

787). A primary function of these cells specialise in the recognition and destruction of ‘not self’ 

matter (Delves et al. 2006, p. 250f). Phagocytes are of ancient origin – probably 1,000-543 mya 

(Valentine 2004, p. 210), which has been sufficient time for animals to have diversified the use 

they make of such cells. Phagocytes engulf, destroy and remove microbes, exopolymers 

 

 

 
 Figure 5.15: Generalised gastropod mollusc showing 

the digestive system, including large paired digestive 

glands (caeca) in which food is digested and 

endocytosed. The intestine is relatively short. The 

digestive gland provides a large surface area for food 

uptake. Illustration: S. Quinnell. After Ruppert & Barnes 

1994, p. 405.  

 

 

 
Figure 5.16: Annelid showing their 

straight digestive tract, in this case 

with small digestive glands (caeca) in 

which some food is endocytosed. 

Many annelids do not have digestive 

glands. Illustration: S. Quinnell, after 

www.bumblebee.org/invertebrates/ 

ANNELIDAa.htm  
 

http://www.bumblebee.org/invertebrates/
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(biofilms) and foreign particulate matter (Fitzgerald & Ratcliff 1982; Shukla & Tiwari 2006, p. 

193; Delves et al. 2006, p. 250f). Importantly, phagocytes also act against pollutants (Fournier 

et al. 1998; Gupta 2000), including heavy metals (Fugére et al. 1996).  

In complex metazoans, phagocytes are produced by a number of epithelial tissues 

(Noble 1970; Vanden Bossche & Jangoux 1992). Nemerteans, echinoderms, annelids and at 

least some molluscs have phagocytes within their intestinal walls (Jangoux & Lawrence 1982, 

p. 319; Shukla & Tiwari 2006, p. 193). One type of annelid phagocyte (the coelomocyte), which 

is produced in annelid’s coelomic cavity (a secondary body cavity), is of special interest, 

because they play a role – it is argued here, a critical role – in annelid uptake of food.  

Coelomocytes move freely between the gut lumen and the interior of the worm’s 

body (Fugére et al. 1996). These cells are;            

“… endowed with a concentration of digestive enzymes, … supplements extracellular 

digestion (in the gut).” (Shukla & Tiwari 2006, p. 193).  

Staining of the gut contents of common garden earthworm (Aporrectodea caliginosa, 

Lumbricidae) revealed the presence of numerous independent cells (Quinnell, unpubl.). They 

may have been coelomocytes. Thus, phagocytes within annelids’ intestines appear to 

endocytose food and transport it across the gut wall into a worm’s body proper, particularly to 

the coelom from which the food may be distributed. Thus, coelomocytes probably are the means 

by which worms incorporate food (Mwynyi et al. 2009). This would allow worms with a short 

gut and reported limited/ no endocytosis in their intestinal wall to thrive.  

Such gut coelomocytes may also explain the remarkable ability of annelids to survive in 

heavily polluted environments. Coelomocytes could deal with ingested pollutants within the 

worm’s gut lumen before the pollutants can enter the worm’s body. Coelomocytes may then 

either denature the pollutants or chelate and so inactivate them, (e.g. some heavy metals, such as 

Hg). Degraded products that remain toxic may then be exocytosed into the intestinal cavity; 

possibly in inert forms that cannot bind again to intestinal polymers and be reabsorbed. Such 

waste would eventually be eliminated into the faeces for final passage out of the worm. 

Alternatively, entire coelomocytes with large burdens of contaminants, especially pollutants that 

cannot be exocytosed, may die or become unfit through the accumulation of poisons. These may 

then be eliminated with the faeces. This is offered as a sensible explanation for annelids’ 

resilience to pollution and digestive system peculiarities. However, in badly polluted habitats 

worms would need the capacity for very rapid coelomocyte production to avoid death from 

starvation.  

 

Sipunculids 

Species lists from Bramble Bay’s riverine estuaries showed that Sipuncula as well as Annelida 

was more species rich in highly polluted small riverine estuaries that were chemically and/ or 

nutrient enriched  (Appendix 1), but sipunculids were not recorded in the healthy riverine 
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estuaries (Campbell et al. 1974a, b). Polluted conditions that were adverse for Crustaceans 

suited Annelida and Sipuncula. Sipunculids may also use gut coelomocytes, although the 

possibility does not appear to have been investigated. This would be most likely if they had a 

common ancestor. Some think that pogonophorans, sipunculids and echiurids are derived from a 

common annelid ancestor (Mwynyi et al. 2009; Schulze and Rice 2009). 

 

External immune systems 

Because of these findings, annelids and related groups have been nominated as having an 

‘external immune system type’: i.e. the primary immunological response to ingested pollutants 

is likely to be undertaken within the worms’ gut lumen, which is external to the body proper. 

Thus, annelids and their relatives were pre-adapted for pollution. It is possible to conjecture that 

the environmental conditions the ancestral annelid appeared under were naturally contaminated 

(e.g. perhaps high levels of natural PAHs and/ or heavy metals). 

 

5.10.3 Molluscs’ primary immune system is part of its digestive system 

Molluscs, especially bivalves, often are abundant in soft-bottomed estuarine habitats, including 

contaminated habitats (e.g. Campbell et al. 1974b; Stephenson et al. 1977; Stejskal 1985; 

Beukema 1993; Hiddink & Wolff 2002). Therefore, they may have a degree of pollution 

tolerance. Under the protein model, deposit-feeding molluscs will be most at risk of poisoning 

by pollution. Some bivalves that feed on surface sediments (Tellinidae) were in the Bramble 

Bay estuary from 1996 – 2000 (Quinnell 1997, Quinnell et al. 1999). Therefore, the ability of 

bivalves to deal with incorporated pollutants has been investigated. 

 

Intermediate immune systems 

Bivalves have long partly coiled intestines with large digestive glands (Fig. 5.17) in which there 

is extensive endocytosis (Ruppert & Barnes 1994, pp. 322, 369). Under the protein model, 

bivalves may directly import concealed contaminants on food polymers.  

 

  
Figure 5.17: General body organisation of a bivalve showing inhalant and exhalent siphons, gills (food 

collecting surface) and intestine. Illustration: S. Quinnell. Modified from Ruppert & Barnes 1994, p. 428. 
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However, molluscs appear to have a partially external immune system that may also 

participate in food uptake. Large numbers of phagocytes occur in the bivalve’s stomach. Here 

they ingest particulate organic matter, which is then transported to various tissues in the bivalve 

body (Pellizzato et al. 2010). Bivalves also use phagocytes in their gill tissues (Canesi et al. 

2002); often in large numbers (Akaishi et al. 2007). Such cells almost certainly will have an 

immunological function and probably are active in preventing pollutant uptake. Thus, the 

external role of phagocytes in bivalves is similar to, but less protective of the animal than that in 

annelids. Because this is coupled with endocytosis of food by the gut wall epithelial cells, 

bivalves have been nominated as having an ‘intermediate immune system type’. 

Although gastropods do not use their gills for food collection, they have extensive caeca 

in which digestion and food uptake occurs. A specific reference to gut phagocytes in gastropods 

could not be found, but they exist in cephalopods (Beesley et al. 2000, p. 467) as well as 

bivalves and, therefore, are likely to be present in all other mollusc groups. It seems that whilst 

molluscs directly endocytose ingested matter, they also have external phagocytes that may act 

against pollutants and prevent or reduce their uptake by a mollusc. Therefore, all molluscs are 

classified as probably having an ‘intermediate immune system type’. 

  

5.10.4 Crustaceans’ immune system does not ingest food      

Arthropods appear to be only distantly related to annelids and molluscs (Fedonkin et al. 2007, p. 

42) and appear to have evolved a different type of digestive system. Decapod crustaceans 

undertake extensive intracellular digestion within a large ‘pyloric chamber’ (Ruppert et al. 2004, 

p. 637). Peracarid crustaceans probably have similar digestive processes. A literature search 

found no reference to gut phagocytes in this organ. Crustaceans may lack the immunological-

digestive coupling that it seems annelids, related worm taxa and molluscs possess. Therefore, 

crustaceans may be classified as having an ‘internal immune system type’. Predictably, 

crustaceans should be more sensitive to pollution than annelids and molluscs, especially if they 

are deposit feeders that access the highest pollution load. This was the finding in Chapter 4. 

 

5.11 APPLICATION OF THE PROTEIN MODEL AND IMMUNOLOGICAL MODEL 

Evidence has been presented that how an animal’s immune system interacts with its intestine 

may have major implications for its resilience to pollution. Thus, bioassays that assess pollution 

threats using annelids or molluscs may be very poor at predicting pollution risks for other higher 

taxa, especially Crustacea (Arthropoda). The great complexity of life has to be allowed for.  

Under the immunological model it may be predicted that deposit-feeding annelids and 

bivalves in Bramble Bay should be more pollution-resilient than deposit-feeding molluscs, 

which should be more resilient than deposit-feeding crustaceans. This was so (Chapter 4). In 

contrast, the suspension-feeding crustaceans were not reduced by pollution to the same extent 
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that deposit-feeding crustaceans were, especially where the water column was nutrient enriched. 

This is consistent with the protein model: i.e. suspension feeders were less vulnerable to 

pollution in Bramble Bay, because they fed in the water column, not on the sediments. If the 

diffusion model was taken to its most extreme prediction, all taxa and all trophic groups would 

have been equally affected by pollution, because pollutants from pore waters would have 

diffused into and out of organisms at about the same rates.  

However, it is acknowledged in ecotoxicology that different taxa have varying 

resilience to pollutants. Unfortunately, this has led only to slight variations in the predictions of 

partitioning coefficients; e.g. Connell & Lam (1999, p. 47) have developed one partitioning 

coefficient Kow intended to be universal for pollutant bioconcentration in fish, one for molluscs 

and one for microorganisms. This approach lacks appreciation of the importance of the great 

variability in the interaction between the proteomes of individual fish, fish populations, fish 

species and taxonomic groupings of fish and pollutants (e.g. Whitehead et al. 2011), molluscs 

and microorganisms. The partitioning coefficient has been incorporated into pollution 

assessment protocols (e.g. ECOSAR 2011). Thus, it is highly likely that such tests are failing to 

identify ecologically significant contamination of sediments until the impacts are extreme. 

 

5.11.1 Applying the models 

Other data may be used to verify the conclusions drawn about Bramble Bay. They come from a 

study of subtidal macrobenthos by Skilleter (1998). He compared the macrobenthos of Bramble 

Bay (highly vulnerable to chemical pollution and nutrient enrichment) with Tingalpa, a site 

further south in Moreton Bay and at the mouth of Burpengary Ck to the north. Tingalpa was 

vulnerable to chemical contamination from urban catchments on creeks that discharge here, but 

not highly vulnerable to nutrient enrichment. Burpengary was at relatively low risk of chemical 

contamination. Application of the protein and immunological models and knowledge of healthy 

estuaries allows a prediction to be made: crustaceans should have dominated Burpengary Ck, 

annelids at Tingalpa, and annelids and suspension-feeding bivalves in Bramble Bay. Table 5.5 

presents the results taken from charts provided in Skilleter’s report. The predictions are fulfilled. 

The models are supported. Thus, how the protein, immunological models and reproductive 

strategy models together may be used to develop a protocol for estuary assessment is 

demonstrated (Fig. 5.5).   
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Table 5.5: Applying the developed protocol: relative abundances of higher taxa in samples collected 

from the subtidal habitat of Bramble Bay, Tingalpa and Burpengary Ck, August 1997 and data 

interpretations. Data from Skilleter (1998). 
Taxon Annelida (all 

polychaetes) 
Suspension-
feeding  
bivalves 

Crustacea Deposit 
feeders 

Interpretation 

Burpengary 
 

90 18 
 
 
 
Possible low 
nutrient 
enrichment 

280 330 
 
No 
evidence of 
major 
chemical 
pollution 

 
 
Limited nutrient 
enrichment; 
possibly low levels 
of chemical 
pollution 

Tingalpa  200 
 
 
Chemical 
pollution 

2 
 
 
No nutrient 
enrichment 

50 45 
 
Moderate 
chemical 
pollution 

Evidence of 
chemical 
contamination. No 
nutrient enrichment 

Bramble 
Bay 
 

5 
 
Extreme levels 
of chemical 
pollution 

345 
 
Very high 
nutrient 
enrichment 

5 
 
High levels 
of chemical 
pollution 

5  
 
Extreme 
levels of 
chemical 
pollution 

Severe nutrient 
enrichment & 
chemical 
contamination 
(almost no deposit 
feeders) 

 

 One other major ecophysiological trait that was investigated proved useful for 

understanding pollution impacts - organisms’ reproductive strategies. 

  

5.12 REPRODUCTIVE STRATEGY MODEL 

Reproduction by animals in polluted habitats is sensitive to low concentrations of endocrine 

disrupters (Connell et al. 1999 p. 74; Newman & Unger 2003, p. 16). The ability of animals’ 

young to disperse also may influence how likely it is that in a polluted estuary, where local 

populations have failed to reproduce, the macrobenthic community will be able to maintain its 

biomass by recruiting the young of outlying populations unaffected by pollution. Therefore, 

dispersal strategies may be very important. The likely pollution impacts on different 

reproductive strategies have been investigated for their potential usefulness as pollution signals. 

There are two basic sexual reproductive strategies: the r-strategy or the K-strategy. (Asexual 

reproduction cannot be assessed, because there is no certain way of knowing when this has 

occurred.) 

 

r-strategists  

The embryos of estuarine r-strategists may develop quickly into independent planktonic larvae 

that pass through a number of developmental stages before settling as fully-formed juveniles. 

Although for many aquatic organisms the planktonic phase is short-lived, in some species’ it is 

the longest life cycle stage: e.g. Australoneris ehlersi (Nereididae), a common polychaete in 

Bramble Bay, may spend many months to years as part of the plankton but only a few weeks as 

an adult component of a macrobenthic community (Beesley et al. 1998, p. 141). The ecological 

advantage of this extreme form of the r-strategy is that it allows a very large number of 
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individuals a long dispersal time. Thus, in polluted estuaries, r-strategists from distant parental 

populations may be available for recruitment. This may mask any impact of endocrine 

disrupters on the reproductive success of established populations within the polluted habitat. 

There is another advantage in the r-strategy in polluted habitats; the quantity of food (lipid-rich 

yolk) provided by the mother for the developing embryo is limited. Therefore, young from 

polluted habitats may experience low exposure to lipophilic endocrine disrupting chemicals that 

are sequestered in egg yolks. Thus, they may be relatively inured to endocrine disrupters 

sequestered in eggs by mothers.  

 

K-strategists  

K-strategists produce a limited number of large yolk-rich eggs with each reproductive cycle 

(e.g. peracarids) (Ruppert & Barnes 1994). The mother may secrete these in protected locations 

(e.g. burrows) or incubate them until the developing young near adulthood. A marked 

consequence of the K-strategy is limited dispersal of young, which often join the parental 

population (‘in situ reproduction’) (Thomas 1993). Whilst the K-strategy is very successful in 

healthy habitats, the large yolk laid down to nourish the developing young of K-strategists is 

likely to be impregnated with reproductive system poisons if the parents have fed on endocrine 

disrupters in contaminated sediments (protein model). High concentrations of endocrine 

disrupters may then damage embryonic and juvenile development, leading to a progressive 

decline of the peracarids’ population. This is a plausible explanation for the progressive decline 

in peracarid numbers in Kedron Brook from 1972 – 1976 (Figure 4.29).  

 

5.13 CONCLUSION TO STUDIES OF DIFFUSION, PROTEIN, IMMUNOLOGICAL 

AND REPRODUCTIVE STRATEGY MODELS 

It is now possible to summarise how the four major models that were tested in this thesis (the 

diffusion, protein, immunological and reproductive strategy models) allow for the interpretation 

of pollution impacts on macrobenthos. Pollution is especially damaging to deposit-feeding 

(protein model) crustaceans (immunological model) that are K-strategists (reproductive strategy 

model). Pollution favours the r-strategists with intermediate or external immune systems that are 

suspension feeders: i.e. some annelids and many bivalves. It disadvantages deposit feeders with 

an internal immune system that are K-strategists: i.e. peracarids (reproductive strategy model). 

Thus, pollution will alter the forces of Natural Selection acting upon macrobenthic organisms at 

three levels, according to: 1) The animals’ taxonomic position; 2) Their food preferences and; 3) 

Their mode of reproduction. The diffusion model cannot encompass such complexity. Rather, it 

measures the phase of pollutants that, using evidence from cell and molecular biology, will not 

be biologically available. It is claimed here that, it was because organisms’ limits of pollution 

tolerance are derived mainly from application of the diffusion model paradigm, that chemical 
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tests were unable to explain the poisoning of Bramble Bay. Other examples of the limitations of 

chemical tests are presented in Section 5.15. 

 

5.14 EQUILIBRIUM SPECIES MODEL 

Thomas (1993) proposed that the reasons why crustaceans, especially peracarids, are so 

successful in many macrobenthic communities is that those which are deposit feeders regulate 

other members of the community through top-down predation. As a result they proliferate and 

dominate the macrobenthic community (> 50% of community biomass). Thomas called them 

equilibrium species.  Accordingly, the loss of peracarids from a community should allow the 

representations of non-peracarid taxa to increase.  

However, this concept was not supported by data from Bramble Bay. The loss of the 

apparent community equilibrium species in polluted estuaries did not allow other taxa to 

prosper; not even annelids and bivalves that are able to tolerate quite high levels of pollution. 

Rather than being community regulators, the dominant crustaceans in healthy 

riverine(Longiflagrum estuarius) and embayment estuaries (Phoxocephalidae [Stejskal 1985] 

and Mictyris longicarpus) seem to be opportunists that are well suited to estuarine sediments 

which contain large amounts of organic matter, biofilms and small invertebrates upon which 

these species seem to feed indiscriminately (Quinnell, tank observ.). The community 

equilibrium species concept is not especially useful for understanding macrobenthos in the 

estuaries of south-eastern Queensland.  

 

5.15 LIMITATIONS OF CHEMICAL TESTS 

5.15.1 Port Curtis, south-eastern Queensland 

There has been much concern about Port Curtis, an estuarine embayment 430 km to the north of 

Moreton Bay. The harbour is associated with increasing industrialisation and recently this 

estuary has shown signs of severe stress with dead and diseased crustaceans and fish being very 

commonly reported. There are some data for the macrobenthic community from 1995 – 2001 

(Currie & Small 2005). They contain clear pollution signals. There appears to be a chemical 

pollution impact in the sediments (reduced abundance of deposit feeders), but one that is less 

severe than that in Bramble Bay. Polychaeta was the most abundant taxon, accounting for 

23.3% of total abundance (compared with 32% in Bramble Bay and 8% in the healthy location 

of eastern Moreton Bay). Also, suspension feeders dominated the community, accounting for an 

average of 54% of total abundance (compared 47% in Bramble Bay).  

A search for the source of the problem in Port Curtis has led to extensive ‘water 

pollution’ tests, which have failed to provide insightful information (e.g. Jones et al. 2005). 

Sediment tests also have been undertaken. However, ecotoxicologists lack a standard by which 

to judge the risk from sediment contamination levels.  
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Also, the statistical tests of the macrobenthic communities are of limited usefulness. 

This is because Currie & Small (2005) transformed the data and applied ANOVA and MDS to 

the transformed data. According to the findings of this thesis, the techniques of measuring 

pollution (largely based upon the diffusion model) and transformation of the data as well as the 

use of ANOVA predisposed investigations against identifying the causes of apparently severe 

contamination in Port Curtis. 

 

5.15.2 Deepwater Horizon (DWH) oil spill 

The next example is a case study of the effects of the massive Deepwater Horizon oil spill from 

a deep sea drilling rig that exploded 50 km offshore in the Gulf of Mexico in late April 2010. 

The pollution impacts have been extensively monitored. However, chemical tests cannot explain 

the biologists’ findings. 

 

Chemical test findings 

In May and June of 2010, six to eight weeks after the spill when oil was still evident on the 

beaches, Nowell et al. (2011) collected samples of sediments and water at 70 coastal sites in the 

US to determine the level of impact from the DWH spill. Below is a summary of their findings. 

Only one chemical – toluene was detected in the water column.  No water samples 

contained levels of pollutants that exceeded any human-health benchmarks, and only one 

sample exceeded an aquatic-life benchmark. In sediment samples, several PAHs were identified, 

but from only ~ 20 % of the sites. For total PAH contamination there was no significant 

difference in the proportion of samples exceeding one or more benchmarks between paired 

‘before impact’ and ‘after impact’ samples: i.e. the spill had no measurable effects on 

background contamination levels. 

    Tests of trace elements in whole (unsieved) sediment samples found that there was no 

significant difference in the proportion of samples exceeding one or more benchmarks between 

paired ‘before impact’ and ‘after impact’ samples. In fine sediments (< 63-micrometer sediment 

fraction), one or more trace or major elements that were anthropogenically enriched relative to 

national baseline values for the US were identified in all sediment samples. However, the 

identifiably ‘polluted’ samples were evenly divided between the ‘before impact’ and ‘after 

impact’ sample times (Nowell et al. 2011). 

Thus, just a few weeks after this major oil spill when there was evidence of 

contamination in the environment, chemists could not identify an ‘oil spill impact’ (Nowell et 

al. 2011). This is now contrasted with what the biologists found.  

 

Biological tests 

Whitehead et al. (2011) looked for evidence of genomic and physiological impacts of the DWH 

oil spill on fish in the four months after the spill. The Gulf killifish (Fundulus grandis) was 
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chosen as the model species because it was known to be sensitive to the toxic effects of organic 

pollutants. Details of Whitehead and colleagues’ findings are presented, because they 

demonstrate how expression of the proteome changes in organisms exposed to pollution, has 

been predicted by the protein model.  

Samples were taken at six field sites from populations resident in exposed wetlands 

bordering the Gulf of Mexico before oil landfall (May 1–9, 2010), during the peak of oil 

landfall (June 28–30, 2010) and after much of the surface oil was no longer apparent (August 

30–September 1, 2010). Biological samples showed that ‘oiling’ (sic) at the end of June 2010 at 

one site was associated with a clear functional genomic ‘footprint’ (Whitehead et al. 2011). The 

fish had responded to pollution impacts through variations in their proteome. Of the 646 genes 

that varied in expression among sites, the variation depended on the distance from the oil spill. 

The measured increased expression of polychlorinated biphenyl (PCB)-responsive genes 

preceded and was predictive of the onset of developmental abnormalities, decreased hatching 

success, and decreased embryonic and larval survival. Many genes that are known to be induced 

(activated) or repressed by specific dioxins, PCBs, and PAHs, showed induction or repression 

that coincided with site contamination by crude oil. Another independent measure of genome 

expression involving changes in RNA sequencing indicated changes to the expressed proteomes 

in fish at a major DWH oil spill site (Whitehead et al. 2011).  

Other proteome changes offer insights into the potential biological consequences of oil 

pollution. Notably, the ubiquitin-proteasome system was activated (Whitehead et al. 2011). This 

system’s diverse functions are important for cellular responses to stress, cell cycle regulation, 

control of DNA repair, programmed cell death and immune responses. Some of the observed 

changes involved PAHs that are known to target sex steroid (oestrogen and androgen) receptor 

proteins, thereby impairing normal cellular responses to sex hormones in reproductive tissues. 

Significantly reduced production of the outer envelope of fish eggs was found to coincide with 

oil exposure and may have been linked to impacts on the oestrogen-dependent processes in 

parental fish that were exposed to PAHs. This is consistent with anti-oestrogenic effects from 

exposure to PAHs (Whitehead et al. 2011).  

Wetland contamination by oil coincided with the spawning season for killifish. 

Controlled exposures of developing killifish to water collected on June 28 and August 30, 2010, 

induced changed protein expression in larval gills relative to fish exposed to pre-oil spill water; 

a response that is consistent with the location and timing of oil contamination (Whitehead et al. 

2011). This indicated that, although the remaining dissolved oil constituents were at very low 

concentrations, they were bioavailable and bioactive in developing killifish. The adult fish 

sampled in situ from an oil-contaminated site showed changed regulation of several genes 

involved in blood vessel morphogenesis and haeme-metabolism coincident with oil 

contamination. Such changes often precede later heart attacks in the fish (Whitehead et al. 

2011). 
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In summary, there was a major oil spill in the Gulf of Mexico that began washing 

ashore along Louisianan and Florida coastlines a few weeks later. The chemists could not find 

certain chemical evidence of any major impact at the height of the spill’s impact on this coast. 

However, killifish in affected wetlands had symptoms of severe poisoning. These disparate 

findings make sense when how the chemists measured the pollution is revealed.  

 

The diffusion model was applied 

Nowell and colleagues (2011) applied the diffusion model to empirically assess the DWH oil 

spill’s impacts. They used Koc (octanol – carbon partitioning) and a biological-effects 

correlation test to measure oil pollution risks. Both assumed that the pollution was moderated by 

sorption of contaminants to organic matter in the sediments (i.e. that the solute phase was the 

biologically active phase); 

“Potential effects of sediment contaminants on benthic organisms were assessed by 

comparing contaminant concentrations to benchmarks derived using two different 

approaches: equilibrium partitioning and empirical biological-effects correlation. In 

the equilibrium-partitioning approach, an equilibrium partition coefficient (Koc) is 

used to calculate the contaminant concentration in sediment that corresponds to the 

concentration in interstitial water (pore water) above which toxic effects on aquatic 

organisms could occur (Di Toro and others, 1991). This approach assumes that 

contaminants are in equilibrium between water and sediment organic carbon, and 

postulates a theoretical causal relation between chemical bioavailability and chemical 

toxicity in different sediments … As in water, toxicity to PAHs and BTEX compounds in 

sediment is expected to be additive. The bioavailability of non-ionic (lipophilic) organic 

compounds in sediment, however, is assumed to be controlled (moderated) by sorption 

to sediment organic carbon” (Nowell et al. 2011, p. 14):  

i.e. the chemists recognised the importance of sediment sorption of the oil, but believed that 

sorption reduced the biological risk from the oil. In short, chemical tests conducted under highly 

developed ecotoxicological protocols found that the DWH oil spill posed little if any risk. The 

biologists found evidence of multiple severe impacts. The scenario is remarkably similar to that 

portrayed in Bramble Bay and Port Curtis. 

Not surprisingly, given the severe limitations of the diffusion model, other reports exist 

where ‘whole water’ tests fail to predict pollutant uptake (e.g. Neal et al. 1998; Beiras et al. 

2003; Binelli & Provini 2003), and others in which sediment toxicity to benthic communities is 

underestimated (e.g. Ankley et al. 1991; Neal et al. 1998).  Also, bioaccumulation anomalies are 

common (e.g. Binelli & Provini 2003); and movements of contaminants through food webs may 

not be as predicted (e.g. Borgå et al. 2002; Binelli & Provini 2003). However, these findings can 

be satisfactorily explained by application of the protein model.  
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5.16 CURRENT STATE OF ECOTOXICOLOGY 

The protein model is a simple representation of protein-mediated pollution uptake and of the 

cascades of complex cellular events that follow. Yet it is many orders of magnitude more 

complex that the diffusion model. However, the fundamental problem with the diffusion model 

is not just that it is too simple, which it is, but also  that  it actually excludes all attributes of 

‘life’ from the equation. Thus, the diffusion model is profoundly inconsistent with contemporary 

biological understanding of how living organisms function and how they are constructed. The 

diffusion model cannot accurately assess risks posed by pollutants to living organisms. 

Therefore, the diffusion model must misrepresent the impacts of pollution (e.g. DWH oil spill 

and Bramble Bay). Under the protein model there is no pollutant for which the diffusion model 

is an appropriate approximation of reality, because the diffusion model’s presumption that 

poisons simply diffuse across the biological membrane is wrong. The erroneous consequences 

of widespread application of the diffusion model, and corresponding inattention to the body of 

knowledge within biology about cellular and physiological processes are presented below. 

 

5.16.1 Serious errors arising from application of the diffusion model 

The diffusion model cannot allow that: 

1. Synergistic and antagonistic interactions between a pollutant and other chemicals may 

generate more or less toxic conditions than the pollutant alone (Newman & Unger 2003, p. 

187); 

2. Pollutants may decay into metabolites that are more or less poisonous to living organisms 

than the parent chemical (Newman & Unger 2003, p. 4);  

3. Pollutants cause ecological damage by acting as endocrine disrupters (Connell et al. 1999, 

p. 73f; Hill et al. 2002; Dorabawila & Gupta 2005; Zoller 2005; Clark & Cochrum 

2007), sometimes in concentrations that are too small to measure in the environment 

(Drenner 1993); 

4. Pollutants cause different physiological responses in different tissues of one  individual; 

different responses in different individuals and in different populations, species, families, 

orders, classes and phyla.  

Use of the diffusion model has also led to: 

5. The assumption that pollutants are directly biologically available. This is most unlikely 

given the extreme substrate-specificity of importing proteins on the external surfaces of 

living organisms; 

6. Inappropriate extrapolations in which information gained from pollution impact studies on 

one or a few test organisms are extended to different types of life forms. Given the 

variability of the proteome, such studies are exceedingly ‘coarse-grained’.  Of 10-100 

million living species on Earth (Alberts et al. 2002, p. 3) very few have been tested for 

pollution sensitivity; these often for only a few types of pollutants and rarely for their 
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degraded forms, metabolites, or synergistic and antagonistic interactions. Thus, the global 

proteome’s variability has scarcely been accounted for in pollution tests, and the 

implications for most of the global genome of worldwide contamination by thousands of 

industrial chemicals are largely unknown.  

 Ecotoxicology acknowledges that in aquatic organisms multiple pollutant uptake 

pathways exist (e.g. Chapman et al. 2002; Wepener et al. 2008). However, it is still widely 

assumed that lipophilic pollutants and heavy metals diffuse into organisms (e.g. Colombo et 

al. 2007; Nfon and Cousins 2007; Wepener et al. 2008; Tan et al. 2009; Chariton et al. 

2011). Thus, application of the diffusion model has greatly confounded the validity of 

environmental contamination studies based on chemical tests. Other errors have resulted. 

They include: 

7.  A major invalid assumption about pollutant uptake in living organisms: It has been 

proposed that, if pollutants passively diffuse into living organisms, contaminants sorbed to 

sediments or soils are biologically unavailable: “Some pollutants attach strongly onto soil 

and sediment particles and become effectively ‘unavailable’ to living organisms” (Connell 

et al. 1999 p. 11) (See also Nowell et al. 2011 on pp. 200 - 201). Therefore, chemical 

contamination of sediments and soils is considered less of a worry than ‘water pollution’ 

(i.e. measurements of solute concentrations). Consequently, chemical tests usually focus on 

measurements of the water soluble pollutant phase (e.g. Coates et al. 1985, Connell et al.
 

1999, p.11; Mitra & Dickhut 1999;
 
Chu & Chan 2000; Skrabal & Terry 2002; Williamson 

et al. 2002; Doyle et al. 2003; Ter Laak et al. 2006; Chariton et al. 2010; Nowell et al. 

2011), although for many types of pollutants this phase will not, in fact, directly enter 

living organisms. ‘Water pollution’ measures of probably all pollutants are not reliable or 

useful measures of the risk of pollutants to organisms. This comes from the sorbed phase 

associated with organic molecules, polymers and nanoparticles that may be endocytosed by 

living organisms. 

8. Measuring the wrong component within substrates. Sediment and soil contamination often 

are assessed by measuring ‘pore water’ concentrations of pollutants in the belief that the 

solute phase poses a great risk to living organisms: e.g.  

“… pore water is a key exposure route.” (Chapman et al. 2002,
  
p. 359) and;  

“Freely dissolved aqueous concentrations in the soil pore water represent an important 

aspect of bioavailability and risk assessment of contaminated soil.” 
 
(Ter Laak et al. 2006,

 

p. 2184).   

The outcomes have been: 

9. The diffusion model, which was developed to explain the exchange of lipophilic substances 

between the environment and life forms, has been extended to explain heavy metals uptake 

(e.g. Hawker & Connell 1986; Halling-Sørensen et al. 2000; Preuss et al. 2008): e.g.  
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“Most metals are acquired from the environment by passive processes, along 

concentration gradients.” (Connell et al. 1999, p. 126).  

10. Ecotoxicology has developed an erroneous concept – that of ‘bioconcentration’, which has 

become entrenched in the contaminants literature. Bioconcentration is claimed to be the 

measure of pollutant uptake by passive diffusion;  

“The net accumulation in or on an organism of a contaminant from water (by diffusion) 

only.” (Newman & Unger, 2003, p. 358).  

Under the protein model bioconcentration is biologically impossible because the biological 

membrane is impermeable. 

11. A simplistic concept, that surface area: volume (SA: V) ratio of an organism may be used to 

predict the risk to organisms from bioconcentration by aquatic organisms has been 

developed (e.g. Wang et al 1997; Newman and Unger, 2003 p. 53). In fact, it is the number 

and types of proteins on the uptake surfaces of living organisms that regulate substance 

trafficking and which, therefore, dictate the rates of substance uptake.  

12. Dominance of ecotoxicology by invalid laboratory experiments. Many researchers have 

used an artificial semipermeable membrane device (SPMD) as a substitute for the living 

biological membrane (e.g. Grime et al 2008) to understand pollution uptake by living 

organisms (Williamson et al. 2002; Verweij et al. 2004; Grime et al. 2008; Wang et al. 

2009): e.g.  

“Bioavailable water concentrations of polycyclic aromatic hydrocarbons (PAH), 

polychlorinated biphenyls (PCB) and organochlorine pesticides (OCP) were measured 

in the water column … using semipermeable membrane devices.” (Wang et al. 2009, p. 

1119).  

13. Extreme Inappropriate Epistemic Reductionism: The ultimate error derived from the 

diffusion model has been the emergence and extensive use of a technical procedure that 

dispenses with living organisms entirely and determines pollution risks from lipophilic 

contaminants by measuring the partitioning of pollutants between octanol (representing the 

lipid content of living organisms) and water: e.g. Chiou & Schmedding 1982, Coates et al. 

1985; Hawker and Connell 1988a,b; Hendriks et al. 2001). Others have investigated 

sediment contamination by studying elutriate contaminant concentrations (e.g. Ankley at al. 

1991, Liß & Ahlf 1997, Geffard et al. 2007). Such procedures produce unreliable findings 

because they are not measuring the bioavailable phase of pollutants nor allowing for the 

functioning of the biological membrane.  

14. The use of inappropriate test organisms: Lack of discrimination in choosing test organisms 

for pollutant bioassays has resulted in pelagic organisms being used to test sediments for 

sediment contamination in the belief that exposure to pore water or elutriate concentrations 

are the only route for pollutant uptake from contaminated soils and sediments (e.g. His et al. 

1999; Geffard et al. 2007).  



Estuarine canaries 

 

210 | P a g e  C h a p t e r  5    D i s c u s s i o n  
 

15. Inappropriate extrapolations: Generic applications of test findings to taxonomically diverse 

and therefore to genetically diverse groups of organisms by generalizing at the level of 

classes, entire phyla or even similar body forms: e.g. 

 “fish partitioning is represented as log KB = log Kow – 1.32   

 molluscs partitioning as log KB = 0.844 log Kow – 1.23   

 microorganisms partitioning as KB= 0.977 log Kow – 0.361”  (Connell et al. 

1999, p. 47). 

Such mathematical generalisations ignore the variability of genomes between individuals, 

populations, species, families, orders, classes, phyla and major evolutionary lineages: e.g. 

‘microorganisms’ (above) includes three distinct domains of evolution (Achaea, Bacteria 

and Eukarya) (Madigan et al. 2003, p. 27) that possibly arose independently. Such 

generalisations also ignore varying epigenetic effects, including changes in the expression 

of transport proteins within cells, in different tissues and at different times in animals’ life 

cycles (e.g. embryo, larval stage, juvenile and reproducing adult) as well as changes in 

protein expression in response to variations in environmental conditions, any or all of 

which may affect an organism’s vulnerability to pollution. 

Not surprisingly, the contaminants literature shows inconsistencies between predictions 

and realities (i.e. the fates of living organisms), therefore ecotoxicologists acknowledge the 

pollution uptake/ elimination process may not be quite as it is predicted under the diffusion 

model. Accordingly, qualifications or ‘rescue hypotheses’ have been issued: e.g. 

“Toxicants may be carried across the cell membrane by active transport” (Connell et 

al. 1999, p. 54).  

This shows a limited understanding of the functioning of transport proteins, which, 

because of their substrate-specificity, will not directly transport toxicants into organisms 

from the environment.  

“… as trace elements can be toxic, living organisms have also evolved strategies to 

counter their effects” (Connell et al. 1999, p. 126f). This is a masterly understatement given 

the importance of exporting proteins dedicated to the elimination of poisons from cells and 

the adverse consequences for organisms that lack the ability to express the necessary 

exporters in polluted habitats. 

However, some explanations for mismatches between predictions of the diffusion model 

and actual pollutant behaviour in the environment offer excuses and qualifications for the 

diffusion model rather than challenging it: e.g. by blaming experimental procedure and 

equipment;  

“… pore water is not the only exposure route; pore water tests lack chemical or 

biological realism; their “sensitivity” relative to other tests may be meaningless due to 

manipulation and laboratory artefacts (Chapman et al. 2002, p. 359). 



Estuarine canaries 

 

211 | P a g e  C h a p t e r  5    D i s c u s s i o n  
 

16.  Others have tried to allow for life’s complexity without understanding it. This is shown in 

Figure 5.18, which purports to represent the functioning biological membrane, including the 

process of endocytosis. This interpretation (within the ecotoxicology literature) is 

profoundly incorrect (Compare with Figure 5.11, which presents a simple depiction of 

endocytosis derived from molecular biology.) Major factual errors, such as that in Figure 

5.18 can only further misconstrue the environmental pollution levels. Thus, standard 

chemical tests are of limited value as pollution assessment tools.  

 

 
 

 

A literature search in 2008 showed that the diffusion model remains widely accepted 

with emphasis on ‘pore water’ and ‘elutriate’ concentrations of contaminants in aquatic 

sediments and soils (e.g. Chu & Chan 2000; Williamson et al. 2002; Doyle et al. 2003; 

Edenborn 2004;
 
Novak & Pacherova 2008). Two examples have been chosen.  

In the first example, Magnusson et al. (2005) applied the diffusion model to decide 

whether the bioaccumulation of a number of congeners of PCB in marine benthos was in 

thermodynamic equilibrium with the sediment concentrations (Epistemic Reductionism). The 

biota-sediment accumulation factors (BSAFs) were compared to theoretically calculated 

BSAFtheor to obtain a BSAFdet./ BSAFtheor ratio. Under the protein model this is meaningless.  

In the second example, the uptake pathway of persistent lipophilic contaminants (which 

will have been largely substrate-bound) in a fish that probably is a benthic feeder and therefore 

vulnerable to dietary poisoning has been interpreted under the diffusion model. The authors 

concluded that pollutant uptake was via the gills rather than trophically through feeding 

(Randall et al. 1998); 

 “Flux rates of most lipid soluble toxicants across the gills” (Randall et al. 1998, p. 

1263); 

Figure 5.18: Incorrect depiction of cross-membrane 

substance trafficking after a diagram in an 

ecotoxicological textbook. The figure shows 

incorrect representation of the biological 

membrane’s regulation of substance trafficking and 

an erroneous depiction of the process of 

endocytosis. There is a great deal of confusion in 

this figure about the functions of channel proteins 

and carrier (transport) proteins and what an ‘ion 

pump’ is. The depiction of facilitated diffusion 

through carrier molecules is incorrect. The role of 

carrier proteins in endocytosis is ignored and the 

great complexity of the endocytotic process is not 

conveyed. Diagram after Newman & Unger (2003) 

p. 57.  
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Randall and colleagues rejected the possibility of intestinal uptake because they believe that 

only diffusion was involved and that diffusion across the gut wall would have been to slow to 

explain the measured pollutant uptake; 

 “… the animal must eat at very high rates for feeding to have a significant effect on 

toxicant concentration in the body.” (Randall et al. 1998, p. 1263).  

Because PCBs are likely to have been present in much higher concentrations in sediments (e.g. 

Berglund et al. 2001), intestinal uptake is most likely to have been the primary pollutant-uptake 

pathway.  

The diffusion model fails Occam’s razor test, because passive diffusion of pollutants 

across the biological membrane is not logical. This is an example of oversimplifying the 

phenomenon. The problem seems to be a failure in one science (ecotoxicology) to keep up with 

advances in another relevant science (cell biology). Flux rates cannot have been very high on 

the gill surfaces, because the pollutant being investigated was lipophilic. However, PCBs are 

likely to have been present in much higher concentrations in sediments (e.g. Berglund et al. 

2001; Di Toro et al. 2005). What is more likely to have happened is that the fish acquired 

contaminants through its diet as predicted by the protein model.  

 

5.16.2 Water pollution is not the issue 

Importantly, the protein model’s application shows that the global focus on ‘water pollution’ 

water and sediment/ soil pore waters contamination (e.g. Ankley et al. 1991; Kraaij et al. 2003; 

Ter Laak et al. 2006; Cho et al. 2010) ignores the real threat to ecosystems from most 

pollutants, many of which have sparing water solubility, but which are bound to 

macromolecules of substrates. The fact that the diffusion model is a poor representation of 

substance uptake and elimination by living organisms has major implications for understanding 

the ecological impact of pollutants. Contemporary ecotoxicology literature acknowledges that in 

aquatic organisms multiple pollutant uptake pathways exist (e.g. Chapman et al. 2002; Wepener 

et al. 2008). However, it is still widely assumed that lipophilic pollutants and heavy metals 

diffuse into organisms (e.g. Colombo et al. 2007; Nfon & Cousins 2007; Wepener et al. 2008; 

Tan et al. 2009; Chariton et al. 2010). Therefore, application of the diffusion model has probably 

greatly confounded the validity of the majority of environmental contamination studies based on 

chemical tests with potentially disastrous results. An appropriate question is, How did this come 

to be?  

 

5.17 REDUCTIONISM AND INAPPROPRIATE REDUCTIONISM 

Just why Overton’s diffusion model has been retained for almost 120 years needs to be 

understood. When interviewed, Unwin, leader of the Grime at al. (2008) team, which 

conclusively identified the phospholipid bilayer as impermeable to lipidic substances, blamed 

laboratory techniques; 
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"The important point is really how other researchers have confirmed Overton's rule 

many times in the past two to three decades … Techniques in recent years have 

employed rather inefficient and fairly ill-defined mass transport to move molecules up 

to the membrane, which makes it difficult to accurately measure fast membrane 

transport with confidence." (In Campos-Seijo 2009).  

However, the problem is far more profound than an experimental error.  

The diffusion model is the result of Inappropriate Reductionism; specifically the 

inappropriate application of Epistemic Reductionism; that is reducing a complex phenomenon 

(in this case cross-membrane substance trafficking in living cells) to something simpler in 

another discipline (in this case passive diffusion of substances in liquids) of Newtonian physics. 

Because the diffusion model is still the dominant model used by many researchers (e.g. Chariton 

et al. 2010; Nowell et al. 2011), the threat to ecosystems from most pollutants, many of which 

have sparing water solubility but which are bound to macromolecules of substrates, often in 

large amounts, is being ignored (e.g. Ankley et al. 1991; Kraaij et al. 2003; Ter Laak et al. 2006; 

Chariton et al 2010; Cho et al 2010). It is imperative that the diffusion model be discarded. 

Unfortunately, Inappropriate Epistemic Reductionism is not limited to ecotoxicology. 

 

Grime and colleague’s error 

Despite the importance of their finding that lipids do not diffuse across the bilayer of the 

biological membrane, Grime et al. (2008) committed an Epistemic Reductionist error as 

profound as many under the diffusion model. They used an artificial plasma membrane (a 

mechanical equivalent of the biological membrane’s inner bilayer without associated 

transporters and glycolipids) for their study instead of the living biological membrane. Although 

Grime et al. (2008) showed that the diffusion model is incorrect; their conclusion about the 

biological membrane being semi-permeable to weakly charged units of low pH also is itself 

inconsistent with other biochemical knowledge. Living units are unlikely to allow weak acids to 

diffuse passively across their membranes because of the biochemical damage this may inflict. 

There is supporting evidence.  

Firstly, the cell is known to use proteins (H
+
 pumps) to transport protons (Alberts et al. 

2008, p. 827f). These may help maintain different pH in the cell’s organelles and cytoplasm. 

Secondly, lysosomes – organelles that are dedicated to degradation of complex organic 

substances – are able to maintain an internal pH of ~ 5 (Voet et al. 1999, p.612; Alberts et al. 

2008, p. 780f) whereas the surrounding cellular cytosol has a pH of ~ 7.4 (Roos & Boron 1981). 

Maintenance of such a low lysosomal pH is possible only because of the separation of the 

lysosome from the surrounding cell by the impermeable biological membrane. Weakly charged 

units of low pH will not diffuse across the healthy living biological membrane. 

Ecotoxicology’s diffusion model and Grime et al.’s model of the biological membrane 

both lack internal validity because an artificial membrane is a poor approximation of a 
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biological membrane. The living biological membrane is much more complex and provides a 

more formidable barrier than an artificial lipid bilayer (SPMD).  

Could the conceptual errors of Overton and Grimes have been averted? The answer is 

‘Yes, if the question of substance trafficking by living units had been addressed from 

Complexity. Then the appropriate question posed by researchers would have been: ‘What does a 

living cell need to maintain its internal integrity when exposed to a very different external 

environment, yet retain its ability for orderly exchanges of chemicals with that environment?’ 

The obvious answer is, ‘A containing outer wall that, under control of the cell, is selectively 

permeable in a regulated manner’.  

 

5.18 BEYOND REDUCTIONISM APPROACH 

This thesis is a blend of Reductionism and a Complexity (systems) approach. The biological 

data for analysis were collected at the community level of the biological hierarchy. The findings 

have been interpreted using a wealth of Reductionist studies in molecular biology, cell biology, 

genetics, immunology, digestive physiology and reproductive physiology. As such, a 

Complexity approach allows different specialist fields within science to be integrated and 

synthesized under an overarching understanding of a phenomenon being investigated.  Thus this 

is a synthesized thesis. Such an approach is less likely to commit major conceptual errors than 

the Epistemic Reductionists’ approach.  

It is now possible to address the Research Question 6 (Why did chemical tests fail to 

identify the cause of Bramble Bay’s impoverishment?) posed in this thesis. The answer is that 

the standards for thresholds of toxicity have been set by the diffusion model, a paradigm that 

does not represent the reality of pollutant uptake by living organisms.  

We may conclude that the diffusion model has been falsified. The protein model is a 

superior replacement, and one for which confirmatory evidence is now accumulating.  The 

protein model now requires rigorous testing. Acceptance of the protein model would lead to 

revolutionary changes in the measurement of estuarine pollution, not just in Bramble Bay, but 

globally. Given that the techniques for assessing the protein model exist within molecular 

biology, verification/ falsification of this model should be possible quite quickly.  

What is certain is that the diffusion model must be rejected. This should be simple, 

because there never was any verifying empirical evidence to support the diffusion model. Tests 

that used SPMDs and octanol: water partitioning coefficients have never measured the risks of 

pollutant uptake by living organisms. Global acceptance of the diffusion model is an example of 

a Kuhnian paradigm becoming dominant on ‘herd instinct’ grounds (Kuhn 1970).  

Estuarine pollution is a global problem with many important implications. It has long 

been assessed via the diffusion model and against the background of the foregoing we may now 

conclude that the diffusion model is a highly inadequate and dangerously misleading way of 

attempting such assays or risk assessments.  It is simply unequal to the task, and quite wrong.  
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The protein model offered herein does much to rectify these shortcomings, and promises to 

facilitate much more accurate assays and risk assessments.  In itself it is only part of the 

necessary story, however, albeit an important part. Supplementary theory and testing remain 

necessary.  Future empirical research designed to test specific details of the theory underpinning 

the protein model should be possible using techniques developed in molecular and cell biology.  

 Given the discoveries in molecular biology about how cells function, revolutionary 

improvements in the accuracy of estuarine pollution measures are now available.  This is not 

before time, since the risk of pollution to nearly all detritus-based ecosystems (not just estuaries) 

is escalating. Thus, as Thomas Kuhn states; 

“Discovery begins with the awareness of anomaly: i.e. with the recognition that nature 

somehow violated the paradigm-induced expectations that govern normal science. It 

then continued with more or less exploration of the area of anomaly. And it closes only 

when the paradigm theory has been adjusted so that the anomalous has become the 

expected.” (Kuhn 1970 p. 52) 
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Chapter 6 

CONCLUSIONS 

 

Macrobenthic communities in healthy estuaries are remarkably resilient. Communities in 

quite different estuaries are very similar in all ecological measures, except species 

composition. Furthermore, this stability persists through time. As a result, healthy 

macrobenthic communities are resilient to changes of season and extreme events, including 

floods.  Only estuary ‘size’ has a measurable impact. Accordingly, provided estuary size is 

allowed for, any significant changes in macrobenthic community ecology may well be 

pollution signals.  

 Several community changes that were identified have been widely reported from 

other studies: e.g. deposit-feeding annelids thrive in polluted locations. So do many bivalves, 

although they do not seem to be quite as robust as the deposit-feeding annelids. In contrast, 

deposit-feeding crustaceans, particularly peracarids, are severely affected by chemical 

pollution. However, suspension feeders are remarkably resilient to all but extreme levels of 

ecosystem contamination. This suggests that sediment contamination poisons deposit feeders, 

but not suspension feeders. This contradicts the diffusion model, the dominant paradigm used 

by ecotoxicologists to evaluate pollution risks to living organisms in aquatic ecosystems and 

many soil studies. 

 Nutrient enrichment of the water column in embayment estuaries can be recognised 

as an increase in the representation of suspension feeders. This may not be evident in riverine 

estuaries because nearly all suspension feeders are r-strategists, whose young must overcome 

the dispersal barriers formed by catchment runoff and tidal scouring to enter riverine estuaries 

and few are successful. In rare cases where an estuary is nutrient enriched but not also 

chemically contaminated, the median abundance of deposit feeders increases, but the variance 

of their abundance decreases. Thus, reproductive strategy has implications for organisms’ 

pollution resilience. 

 Such differences in pollution tolerance between higher taxa and trophic groups 

have not been insightfully explained to date. Here, two new models of pollution impact on 

macrobenthos are proposed – the protein model and the immunological model. The 

ecophysiological reasons they offer for varying pollution resilience and sensitivities in groups 

of macrobenthic organisms allowed for robust explanations of observed community changes. 

Two other models that are in published works also were applied – the equilibrium species 

model (Thomas 1993) and the reproductive strategy model. The reproductive strategy model 

was able to explain proportional changes to the representation of r- and K-strategists as the 

presence in estuaries of endocrine disrupters that selectively disadvantage the K-strategists. 

The equilibrium species model was not supported. The apparent community equilibrium 
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species were, in fact, very successful opportunists. However, because they were crustaceans, 

all apparent equilibrium species in this study were especially sensitive to pollution. What is 

concerning is that once lost from polluted riverine estuaries crustaceans were not replaced. 

Consequently, macrobenthic communities in polluted riverine estuaries experienced a major 

reduction in the biomass of the deposit feeders, which in healthy estuaries accounts for ~ 95% 

of total community biomass.  

 The characteristics of the data determine which ordinations and statistical analyses 

are appropriate for the data. In this study measures of macrobenthic community abundance 

were much more sensitive to pollution than measures of species richness. Therefore, the focus 

has been on pollution impacts on macrobenthic abundance.  

 One attribute of healthy macrobenthic community data is that they are always 

positively skewed with a number of very high counts. Consequently, healthy macrobenthic 

abundance data always have high variances. These variances are extremely responsive to 

pollution; usually much more so than mean and median scores. This appears to equally be 

true of all estuarine macrobenthic communities and many in marine ecosystems. Therefore, 

the focus of pollution assessments should be on community variances. Data transformations 

are inappropriate because they greatly reduce the differences between healthy and polluted 

estuaries. As a result, ANOVA is a poor choice for macrobenthic community probability 

analyses compared with tests of the variances that can accommodate the non-parametric 

nature of the data. Also ANOVA compares mean scores of abundance, which are less 

sensitive to pollution than median scores and very much less sensitive than the variances. 

Because it is based on comparisons of the mean (a weak measure of pollution impacts) and 

because it requires data to be transformed, ANOVA is a much less powerful test for pollution 

than Levene’s test of the variance, provided that Levene’s one requisite (that sample sizes be 

of about similar sizes) is met. Levene’s test has the advantage that it can be equally applied to 

normally distributed data and to data that lack a proximally normal distribution. 

 Estuaries are especially vulnerable to pollution because they have detritus-based 

food webs. It is estimated that in healthy estuaries about 95% of the food web depends 

directly upon microbes and the extensive external sheaths of biofilms that they synthesise. 

Biofilms are composed of complex polymers, which offer a rich source of organic nutrients 

for estuarine deposit feeders. One of the purposes of the biofilm is to bind complex organic 

molecules, which microbes then use as food. The problem for estuarine ecology in the 

anthropogenic age is that the innumerable chemical bond sites for food molecules also snare 

pollutants, be they lipophilic or hydrophilic. Thus, through feeding upon biofilms, deposit 

feeders ingest pollutants. The result is that pollution strikes at the very heart of estuarine 

ecology: the dominant detrital food chain that sustains so much of the total estuarine 

ecosystem. 
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 Changes in the variances of abundances of macrobenthic communities in polluted 

estuaries convey quite specific information about the general types of pollution that are acting 

upon these communities. Thus, pollution may be measured through the responses of living 

organisms without relying primarily on chemical testing. Given their inability to identify 

pollutants in low concentrations that nevertheless can be ecologically devastating, chemical 

testing should have a secondary role in pollution testing. The role of chemical tests should be 

to identify the cause of severe ecological impacts that have been identified by biologists. 

   The diffusion model, which is the dominant paradigm used by ecotoxicologists to 

predict and measure pollution of aquatic ecosystems, does not allow sensible biological 

conclusions to be generated from the findings of tests. This reflects a lack of internal validity 

within this paradigm. It measures the phase of pollutants (solutes) that, for the majority if not 

all contaminants, is unlikely to be biologically available. It is not logical to focus on ‘water 

pollution’ when the risks to all eukaryotic life forms are pollutants sorbed to organic matter 

that may be endocytosed by eukaryotes. What should be measured are the potentially 

bioavailable pollutants bound to organic matter.    

 Thus, two fundamental, globally applied errors in estuary assessments have been 

identified. The lesser of these entails overlooking the importance of the variance as a measure 

of pollution. The second global error, a very serious one, entails the near-universal application 

of the diffusion model to measure pollution levels. Thus, there is much global angst about 

‘water pollution’, but much less attention paid to substrate-sorbed pollutants, which pose the 

real threat. 

 Through use of ANOVA and the diffusion model, it is almost certain that we are 

failing to recognise estuaries and detritus-rich marine and freshwater ecosystems as polluted, 

or failing to appreciate the level of risk. We are not using the most sensitive community 

measure of pollution and we are not measuring the biologically available phase of the 

contaminants. Use of the diffusion model is likely to have had disastrous outcomes. One 

example is Bramble Bay. Another is the near-complete failure of chemical tests to identify 

biologically dangerous levels of petrochemical contamination from the Deepwater Horizon 

oil spill in the Gulf of Mexico at the height of the impact. These are not isolated examples. 

The argument provided in this thesis is that contemporary procedures in ecotoxicology have 

serious adverse implications for the validity of assays of pollution in many aquatic 

ecosystems and soils. Pollution testing protocols are in urgent need of reformulation. The 

protein model, immunological model and the reproductive strategy models explain what the 

diffusion model cannot. 

 This thesis has shown how patterns of changes at a community level (top-down 

approach) have been understood largely through the application of bottom-up information 

(e.g. molecular and cell biology, digestive physiology and immunology). This Complexity 
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approach, which embraces the complexity of life, will not permit the use of a model as 

inappropriate as the diffusion model to understand pollution impacts on living organisms. It 

also does not allow one of the key attributes of healthy biological communities – large 

variances in abundance – to be reduced to meet the demands of statistical models. The 

application of ANOVA to macrobenthic community analyses is an example of the choice of 

technique (using a popular test) over substance (the actual nature of pollution impacts on the 

data).  

These profound errors in estuary pollution assessments should be addressed as a 

matter of priority, because the health of estuaries determines the fate of many marine species, 

such as some cetaceans, dugongs (manatee), marine reptiles, many seabirds and wading birds 

for which estuaries provide food. Many of the commercially important fish species also need 

estuaries as nurseries as do the people who rely on these fish for food. Protecting estuaries 

should be a moral imperative. The findings presented here (that the diffusion model is 

inappropriate and that changes of population variances may be primary pollution signals) 

extend far beyond estuaries to anywhere that the diffusion model is applied and to any 

biological communities where the major indication of a change is a marked shift in the 

variance.  

The underlying problems identified in pollution assessments (the diffusion model) 

pertain to the conceptual frameworks adopted by researchers. Whilst Reductionism has 

proved to be an invaluable way of dissecting phenomena so that we may better understand 

them, when applied without precautions Reductionism can lead to oversimplification of the 

complexity that is being investigated. The resultant simplification of cognitive frameworks is 

likely to lead to inappropriate interpretations of data as has happened with the diffusion 

model.  

There is an evident process by which pollution assessments may be reinvigorated so 

that pollution impacts are more likely to be recognised. It should start with a correction of 

how community changes in polluted ecosystems are measured. Notably, the appropriateness 

of ANOVA should be rigorously assessed. Then, as biologists continue to identify pollution 

impacts that may not be explicable by chemical tests, the chemists will have to reappraise the 

paradigm of pollution uptake and elimination. This should result in the demise of the diffusion 

model and its replacement by an appropriate protein model. There is an urgent need to rectify 

how pollution impacts are assessed in all aquatic ecosystems. 
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SPECIES COLLECTED IN SMALL POLLUTED ESTUARIES 1998 - 2000 

 

Phylum/ Class Family Species 

NEMATODA  1 unidentified species 

NEMERTEA  2 spp 

SIPUNCULA  7 unidentified species 

ECHIURIA Capitellidae 2 spp  

POLYCHAETA Maldanidae Unid  

Opheliidae Unid sp 

Orbiniidae Haploscoloplos 

Eunicidae Marphysa 

Lumbreneridae Lumbreneris 

Aphroditidae Unid 

Glyceridae Glycera & unid sp 

Nephtyidae Nephtys  

Nereididae Australoneris ehlersi 
Neris uncinula 
Unid 

Phyllodocidae Unid 

Syllidae Unid 

Sabellidae Unid 

Oweniidae Owenia syn. fusiformis 

Spionidae Unid 

Hesionidae Unid 

Magelonidae Magelona dakini 

Ampharetidae Unid 

Terebellidae Unid 

Cirratulidae Unid 

Pectinaridae Unid 

Unid Unid 

OLIGOCHAETA Family Species 

Phylum/ Class Tellinidae Tellina australis 
T. deltoidalis 
T. diluta 

MOLLUSCA 
BIVALVIA 
 

Mactridae Spisula trigonella 

Naticidae Salinator fragilis 

GASTROPODA Mysidaceae Unid 

CRUSTACEA 
Peracarida 

Tanaidae 

Apseudidae 
Longiflagrum estuarius 

Isopoda 

 
Cruranthura peroni 

Amphipoda 

Corophiidae 
 
Corophium  
Ericthonius 

Gammaridae Eriopisa 

Oedioceratoidae Sp 1 

 Sp 2 

Paracalliopidae Sp 1 

Phoxocephalidae Limnoporeia yarrague 

Urohaustoridae Urohaustorius metungi 

DECAPODA Grapsidae Australoplax tridentata 

Dorippidae Paradorippe australiensis 
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Appendix 2 

QUESTIONS AND HYPOTHESES 

 

A 2.1 RESEARCH QUESTIONS (RQs) 

This appendix consists of two parts. One addresses research questions. It relates the Secondary 

Research Questions (SRQs) to the Research Questions (RQs), which were presented on p. 13.  All are 

intended to answer the Primary Research Question.  The second part presents the hypotheses that 

were generated in Part A of Chapter 4. These hypotheses were the basis for investigations presented in 

Part B of Chapter 4. 

 

Research Questions 

Primary Research Question  

PRQ: What factors caused the mass mortality events and persistent ecological impoverishment of 

Bramble Bay?  

 

Independent Secondary Research Questions 

The first two Secondary Research Questions (SRQ 1-2) do not relate to any (RQ). 

SRQ 1: Can counts of animals of varying shapes and sizes and therefore varying biomass 

be compared validly?  

SRQ 2: What is the taxon’s trophic position? (This investigation incorporates an 

examination of the gut contents of annelids). 

 

Research Questions and related Secondary Research Questions 

RQ 1: What has been the nature of the changes in the Bramble Bay estuary and when and where did 

they originate?  

The associated SRQs are: 

SRQ 3: What was observed during fieldwork?  

(Were plants affected; were vertebrates affected etc?) 

SRQ 4: Was species richness affected? 

SRQ 5: Was abundance affected? 

SRQ 6: Were representations of higher taxa affected? 

SRQ 7: Were trophic groups affected? 

RQ 2: What ecological community measures changed?  

RQ3: What statistical analyses are most likely to detect significant pollution impacts on macrobenthic 

communities?  

The associated SRQs are: 
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SRQ 8: Which macrobenthic community attributes were adequately represented by the 

sampling program?  

SRQ 9: What are the distributions of the macrobenthic data in each treatment in healthy 

and polluted estuaries?  

SRQ 10: Which community statistic(s) is most sensitive to pollution? 

SRQ 11: How will findings about the nature of the data influence the choice of statistical 

models used for data analyses?  

RQ 4: Can changes to macrobenthic communities be accepted as ecologically reliable indicators of 

pollution?  

The associated SRQs are: 

SRQ 12: How does estuary size affect macrobenthic community ecology? 

SRQ 13 and SRQ 14 are alternative findings: 

SRQ 13: In healthy estuaries do estuary-specific conditions (e.g. internal productivity, 

catchment size, length of water course, connectivity with offshore waters, propensity to 

flooding and variations in predation on macrobenthos, especially by fish) cause 

differences in macrobenthic community ecology?  

SRQ 14: In healthy estuaries do biotic (internal) community processes override other 

influences (e.g. internal productivity, catchment size, length of water course, connectivity 

with offshore waters and propensity to flooding and variations in predation on 

macrobenthos, especially by fish) forcing macrobenthic communities to assemble into 

similar and, therefore, predictable ecological entities. 

RQ 5: Do the changes in the macrobenthic community ecology of Bramble Bay indicate what was 

affecting it?  

The associated SRQs are: 

SRQ 15: Did the macrobenthos of Bramble Bay suffer mass mortality events apparently 

associated with rainfall?   

 SRQ 16: Did Spisula trigonella responded to rainfall with mass recruitment? 

 SRQ 17: Was community biomass stable? 

 SRQ 18: Was total species richness stable? 

 SRQ 19: Was the food web stable?  

SRQ 20: What is the intertidal macrobenthic community like (species richness, biodiversity 

and abundance) before a mass mortality event? 

SRQ 21: What other components of the estuarine ecosystem changed: e.g. microbes, plants,  

fish or birds? 

SRQ 22: What happens to the macrobenthic community in the recovery stage after a mass 

mortality event?  

 SRQ 23: What happens to Spisula trigonella in a mass mortality event? 
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 SRQ 24: Do different taxa resettle the beach at different times?  

 SRQ 25: Does reproductive strategy influence survival in polluted conditions? 

 SRQ 26: Did chemical tests identify a cause of the change of Bramble Bay’s degradation? 

RQ 6: Why did chemical tests fail to identify the cause of Bramble Bay’s impoverishment?  

The associated SRQs are: 

 SRQ 27: Have trophic groups been affected differently?  

 SRQ 28: How have higher taxa been differently affected? 

 

***** 

 

A 2.2 HYPOTHESES AND MODELS 

This section presents hypotheses that have been derived from analyses in Part A of Chapter 4. One 

group of hypotheses are the outcomes of analyses of measures of community abundance. The 

remainder are related to the major models of this thesis.  

 

Community abundances  

The first hypothesis is derived from investigations of community abundances. 

H1: That the primary signal for a pollution impact lies within changes to the variances of measures of 

community abundance.  

This may be disaggregated into three subsidiary hypotheses: 

H1(i) Pollution causes the variance of total abundance to differ significantly; 

H1(ii) Pollution causes the variance of abundances of higher taxa to differ significantly; 

H1(iii) Pollution causes the variance of abundances of trophic groups to differ significantly;  

 

Equilibrium species  

The second hypothesis relates to the potential for internal community regulation by equilibrium 

species. The attributes of an equilibrium species are those stated by Thomas (1993): i.e. it accounts for 

> 50% of total community biomass, belongs to the detrital food chain and regulates the macrobenthic 

community through top-down predation. Therefore, an equilibrium species will be one or more 

deposit feeders that account for > 50% of community biomass.  

H2: Macrobenthic communities in polluted estuaries change significantly if equilibrium species are 

lost from or severely reduced within these communities.  

 

Two forms of pollution are recognised: nutrient enrichment and chemical pollution. The chemical 

pollution regime may include endocrine disrupters. They may have such marked impacts on 

reproductive success that they are considered independently. 
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Nutrient enrichment  

The third hypothesis relates to the impacts of nutrient enrichment (potentially more food, but also 

potential benthic hypoxia [see p. 36]): 

H3: Nutrient enrichment significantly affects the macrobenthic community. 

This may be disaggregated into three subsidiary hypotheses: 

H3 (i): Nutrient enrichment affects the total abundance of the macrobenthic community. 

H3 (ii): Nutrient enrichment causes a change in the abundances of higher taxa. 

H3 (iii): Nutrient enrichment causes a change in the abundances of both major trophic 

groups. 

 

Chemical pollution  

H4: Chemical contamination significantly affects the macrobenthic community. 

This may be disaggregated into three subsidiary hypotheses: 

H4 (i): Chemical contamination significantly affects the total abundance of the macrobenthic 

 community. 

H4 (ii): Chemical contamination causes a significant change in the abundances of major 

higher taxa. 

H4 (iii): Chemical contamination causes a significant change in the abundances of major 

trophic groups (deposit feeders and suspension feeders). 

 

Reproductive strategy  

H5: Reproductive strategies influence populations’ vulnerabilities to pollution that includes hormone 

disrupters.  

This may be disaggregated into three subsidiary hypotheses: 

H5(i) Polluted estuaries where endocrine disrupters are active will be dominated by species 

that are able to recruit individuals from outlying parental populations readily (i.e. r-

strategists), 

H5 (ii) Organisms that are r-strategists are not well suited to riverine estuaries. 

H5 (iii) Polluted riverine estuaries suffer an extreme reduction in macrobenthic community 

biomass because they cannot readily recruit r-strategists to replace taxa lost through 

pollution. 
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