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ABSTRACT 

 

The effects of marine pollution on polychaetes can be measured at the community 

level, at the level of individual organism or at a sub-organismal level. To examine 

community-level responses to pollution, the diversity and abundance of polychaetes 

were examined at sites impacted by an alumina refinery discharge and compared to 

reference sites. In the impacted areas, the polychaete assemblage was altered in two 

different benthic habitats and in hard-substrata habitats, and several polychaete 

indicator species were recorded. These indicator species will be useful for future 

impact assessments in this tropical coastal environment and may also be useful in 

other tropical coastal ecosystems.  

 

The effects of marine pollution on polychaetes were also examined at finer 

ecosystem scales, which required the comparison of individuals of the same species. 

To ensure that these comparisons were not compromised by the presence of cryptic 

species, the test polychaete, Ophelina cyprophila, was formally described. This 

species inhabited a copper- and zinc-polluted harbour and was used to examine 

changes in its associated bacterial assemblage and gene and protein expression. I 

examined changes in gene and protein expression in O. cyprophila using 

transcriptome sequencing, 2-dimensional protein gels and western blotting. Genes 

and proteins involved in respiration and detoxification were differentially regulated 

in the copper-impacted harbour. In addition, the copper chaperone, Atox1, was up-

regulated and may be a valuable and specific biomarker of copper contamination. 

 

I also used deep sequencing of 16S rRNA bacterial sequences associated with O. 

cyprophila and found changes at the impacted site, including increases in the 

abundance of bacteria from the order Alteromonadales. These changes in the bacteria 

associated with polychaetes could be a useful and novel indicator of metal pollution. 

In summary, polychaetes were excellent organisms for the detection of marine 

pollution in the Australian wet-dry tropics. 
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1.1 General characteristics of polychaetes 

 

Polychaetes are segmented worms belonging to the phylum Annelida (Struck et al. 

2007). They are thought to have evolved sometime in the ‘Cambrian explosion’, 

approximately 500 million years ago (Valentine et al. 1999), with the oldest 

polychaete fossil dated to the lower Cambrian period (Morris & Peel 2008). This 

long evolutionary history has resulted in polychaetes being one of the most diverse 

and abundant groups of animals. Polychaetes are characterised by a number of 

morphological adaptations, including parapodia, chaetae, branchiae, and a distinct 

head, often bearing eyes and sensory appendages (Figure 1.1; Fauchald & Jumars 

1979; Glasby & Timm 2008). In contrast to other worm-like animals, many 

polychaetes possess both longitudinal and circular muscles, allowing them to swim, 

crawl and burrow very efficiently (Tzetlin & Filippova 2005). Polychaetes are 

commonly divided into two basic forms: the sedentary tube-building polychaetes and 

the active errant polychaetes (Bartolomaeus et al. 2005; Struck et al. 2011). 

Sedentary polychaetes tend to live in sandy, muddy or proteinaceous tubes and have 

limited mobility while errant polychaetes are highly mobile and move throughout 

sediments and the water column (Cole et al. 2007).  
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Figure 1.1  Morphological adaptations of polychaete anterior regions. A. Cossuridae (Hartman 

1955); B. Paraonidae (Hartman 1953); C. Cirratulidae (Hartman 1960); D. Hesionidae (Hartman 

1961); E. Scalibregmatidae (Ashworth 1915); F. Amphinomidae (Hartman 1951b); G, Spionidae 

(Hartman 1961); H. Terebellidae (McIntosh 1885); I. Sabellidae (Hartman 1951a).   
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The vast majority of polychaetes occur in marine environments but approximately 

2% occur in fresh water (Glasby & Timm 2008) and there are also some terrestrial 

species (Rota et al. 2001). Polychaetes have been found in all parts of the ocean, 

from shallow coastal environments to deep-sea hydrothermal vents (Glasby 2005; 

Fiege & Bock 2009). Polychaetes often inhabit soft substrata, such as sand and mud, 

and they are also common on hard substrata, such as rock and coral reef (Fauchald & 

Jumars 1979). Some polychaete species are pelagic or planktonic as adults (many 

have pelagic larval stages) and there are many examples of commensal and parasitic 

forms (Rouse & Fauchald 1997). Specialized species live within hermit crab shells 

(Orensky & Williams 2009), in the mantle cavity of bivalves (Ravara et al. 2007), on 

the surface of sea stars (Guenther et al. 2007), and within corals (Roberts 2005) and 

sponges (Martin & Britayev 1998; Martin et al. 2009).  

 

Feeding strategies vary widely within the polychaetes, with many feeding guilds 

represented (Figure 1.1). Subsurface deposit feeders live entirely within the sediment 

and may selectively or non-selectively ingest organic particles using jaws and 

eversible pharynges (Fauchald & Jumars 1979; Pagliosa 2005). Surface deposit 

feeders may have a similar set of feeding structures or they may possess tentacular 

structures and feed at the sediment-water interface (Fauchald & Jumars 1979). Many 

carnivorous polychaetes possess strong jaws or rasping teeth and feed on bacteria, 

molluscs, crustaceans, echinoderms, sponges, hydroids and other polychaetes 

(Fauchald & Jumars 1979; Buschbaum et al. 2007; Cole et al. 2007). Herbivorous 

polychaetes generally feed on either diatoms or macrophytes. Diatom feeders tend to 

have strong jaws used for cracking diatom frustules, while macrophyte feeders use 

their jaws for cutting plant material and have secondary surfaces used for grinding 

(Fauchald & Jumars 1979). Filter feeding polychaetes often possess elaborate 

tentacular (radiolar) crowns or enlarged palps that are used to capture organic 

particles from the surrounding water and transport them back to the mouth (Pagliosa 

2005). Many polychaete species fit into more than one of these defined feeding 

guilds, such as omnivores, and may change feeding habits to suit environmental 

conditions (Hentschel & Larson 2005; Busby & Plante 2007).  

 

Polychaetes are often the most abundant and species rich taxon in marine habitats 

and perform many essential ecosystem services (Olsgard et al. 2003; Ingole et al. 
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2009). They are an important link in the food web and are preyed upon by fish 

(Grossman 2009), rays (Ellis et al. 1996), crustaceans (Quijon & Snelgrove 2005; 

Hanson 2009), birds (Langston et al. 2010), echinoderms (McClintock 1994), 

cnidarians (Raskoff 2002) and even ants (Palomo et al. 2003). Polychaete burrowing 

creates habitat heterogeneity, which is an important factor in maintaining ecosystem 

diversity (Pischedda et al. 2008). Polychaetes actively irrigate their burrows which 

produces an oxic environment and also removes unwanted metabolites (Papaspyrou 

et al. 2006; Herringshaw et al. 2010). These burrows provide a suitable microhabitat 

for a range of microfauna, macrofauna and protozoans (Olsgard et al. 2003) and can 

offer protection from predators and a refuge from anoxic or polluted environments 

(Marinelli et al. 2002; Rabaut et al. 2007). Polychaete activity can also transport 

minerals and organic matter into the benthic environment (Hutchings 1998) and can 

effect metal partitioning and speciation (Simpson & Batley 2009). 

 

1.2 Phylogeny of the Polychaeta 

 

The phylum Annelida is part of the lophotrochozoan branch of animals, which also 

includes Sipuncula, Mollusca, Phoronida, Brachiopoda and Nemertea (Halanych 

2004). Traditionally, the Annelida were divided into the Polychaeta and Clitellata, 

with the Clitellata containing oligochaetes, such as earthworms, and the Hirudinea 

which includes the leeches (Fauchald & Rouse 1997). The monophyly of Clitellata 

has been corroborated in several phylogenetic studies but whether the Polychaeta are 

monophyletic has been debated for many years (McHugh 2000, 2005; Struck et al. 

2007). Members of the Sipuncula, Echiura, Clitellata and the siboglinids (formerly 

belonging to the class Pogonophora) have all been nested within the Polychaeta, 

possibly rendering the group paraphyletic (Bleidorn et al. 2003; Wanninger et al. 

2005; Wu et al. 2009; Struck et al. 2011). The lack of segmentation in some of these 

groups suggests that they have become secondarily simplified (Zrzavý et al. 2009) 

and that segmentation is more plastic than originally thought (Halanych et al. 2002).   

The polychaetes were divided into two major groups – referred to as classes or orders 

depending on the author – called Sedentaria and the Errantia (Quadrefages 1866; 

Fauchald 1977). These taxa were used in polychaete systematics for over a century, 

however, they became increasingly inadequate in polychaete taxonomy. Presently 

the polychaetes are divided into higher categories that do not correspond to the 
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Sedentaria and Errantia (Fauchald & Rouse 1997), although recent molecular 

evidence suggests that these two taxa may, in fact, be appropriate (Struck et al. 

2011). Currently polychaetes are not sorted into traditional Linnaean categories, but 

into ‘clades’ (Figure 1.2; Rouse & Fauchald 1997). The Polychaeta contain two 

clades: the Scolecida and Palpata; and within the Palpata are the Aciculata and 

Canalipalpata. The Canalipalpata contain three further clades: the Sabellida, 

Terebellida and Spionida. The Aciculata contains two clades: the Phyllodocida and 

the Euncida (Rouse & Fauchald 1997; Rouse & Pleijel 2001). Polychaetes are then 

classified into approximately 80 families (Fauchald & Rouse 1997; Rouse & Pleijel 

2001), although this is the subject of ongoing debate (Bartolomaeus et al. 2005; 

Rousset et al. 2007; Aguado & Bleidorn 2010). Over 16,500 polychaete species have 

been described within these families (Zrzavý et al. 2009), with estimates of the total 

number of species ranging from 13,000 to 30,000 (Snelgrove et al. 1997; Glasby et 

al. 2000).   
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Figure 1.2  Phylogenetic relationships within the Polychaeta (Rouse & Fauchald 1997). 

 

A major problem with polychaete systematics research is the lack of information at 

basal nodes (McHugh 2005). The rapid radiation of the group during the Cambrian 

period may have resulted in short, restricted information at the molecular level 

(Halanych & Janosik 2006), which over evolutionary time has eroded further 

(Abouhelf et al. 1998). Long evolutionary times make studying deep relationships 

difficult because of the frequency of convergent evolution and parallel secondary 

losses (McHugh 2000).  
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Another important aspect of polychaete phylogeny, yet to be resolved, is the rooting 

of the tree. Working with an un-rooted phylogenetic tree makes it difficult to identify 

the relationships between polychaete clades and sister groups, and makes 

determining the monophyletic status of clades difficult (Zrzavý et al. 2009). 

Phylogenetic trees are generally rooted using an outgroup, which is usually sister to 

the group of interest. Unfortunately, the sister group to the Annelida is disputed and 

outgroups based only on presumed sister groups have had to be used. The currently 

accepted polychaete phylogeny is largely based on Rouse and Fauchald (1997) - with 

minor subsequent modifications - which has simple bodied worms, such as 

Paraonidae, Orbiniidae and Questidae as basal polychates, and is rooted using the 

Sipuncula. Using the Sipuncula to root polychaete phylogenetic trees may be 

misleading as new evidence suggests that Sipunculans are actually derived 

polychaetes (Wanninger et al. 2005; Struck et al. 2007; Shen et al. 2009). More 

recent outgroups for Annelid systematic studies have used molluscs, brachiopods, 

nemerteans, platyhelminths and arthropods (Struck et al. 2007; Wu et al. 2009; 

Zrzavý et al. 2009) but the issue remains unresolved.  

 

The correct classification of polychaete species is critically important in determining 

accurate species richness and abundance counts for environmental impact studies. 

Cryptic species, or species which are polymorphic during their lifecycle, may lead to 

an over or under exaggerated species count and an inaccurate assessment of 

environmental impact. In addition, correct species identification is vital for 

polychaetes used in toxicology tests. If cryptic species are used in these tests and the 

results are compared between laboratories, the conclusions could be very misleading. 

One such cryptic polychaete species that was widely used for toxicological tests is 

the capitellid, Capitella capitata (Reish & Gerlinger 1997). Although this polychaete 

was used extensively for comparative purposes, it is now known to be a complex of 

many different species, differing in reproduction and larval development (Méndez et 

al. 2000). These differences confound the results and highlight the need for 

complementary taxonomic analysis when using polychaetes as indicators of 

contamination.  
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1.3 Biological indicators 

 

A major problem for environmental managers is determining when a pollutant has 

reached hazardous concentrations in the environment. Generally this is decided 

based on the comparison of chemical data from sediments and waters with guideline 

values (ANZECC 2000). These decisions, however, may be misinformed if they do 

not relate to biological impacts. For example, if a pollutant exceeds a guideline value 

but has no biological effect then no action needs to be taken. Alternatively, if a 

pollutant is below guideline thresholds but is having biological effects, action may be 

required. This problem is the basis for selecting a biological effect or ‘bioindicator’ 

to determine whether a pollutant is causing important biological changes.  

 

Bioindicators or ‘biomarkers’ can be obtained from several different ecosystem 

levels, including the whole community, individual organism, or at a sub-organismal 

level (Underwood & Peterson 1988). I examined polychaetes for their indicator 

potential at different levels within this framework. Firstly, at the community level, I 

looked for changes in a polychaete assemblage subjected to pollution. A second, 

associated level, was an examination of changes in the bacterial community 

associated with polychaetes. A third, finer level, was an examination of changes in 

polychaete gene and protein expression.  

 

When selecting appropriate biomarkers several important criteria should be met. At 

the fine, sub-cellular level, the biological change should translate to changes in the 

fitness of the organism. If, for example, a gene is up-regulated but this does not have 

any further impacts and the organism can survive as normal, this is not a useful 

indicator. Similarly, if changes in the bacteria associated with an organism are not 

caused in conjunction with broader assemblage changes, they are not a useful 

bioindicator. At higher ecosystem levels, such as polychaete assemblages, changes 

can be considered more important. Examining the entire polychaete assemblage, 

however, is time consuming and this is unlikely to be useful to environmental 

managers. Ideally, a biomarker indicates an important biological change rapidly.  
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1.4 Polychaete assemblages as indicators of disturbance 

 

Polychaetes are an obvious choice as indicators of disturbance in marine benthic 

habitats, as they are an abundant and conspicuous part of the fauna and are easily 

collected for assessment purposes (Dean 2008). In addition, the abundance and 

diversity of polychaetes has been used as a surrogate for macrobenthic community 

integrity and an indicator of environmental disturbance (Brown et al. 2000; Olsgard 

et al. 2003; Chariton et al. 2006; Cardoso et al. 2007; Dauvin 2007). Most polychaete 

communities are species rich, which increases the chance of both pollution-tolerant 

and pollution-sensitive species being present. The presence of both sensitive and 

tolerant species is an important characteristic of good indicator taxa, as the group can 

be used to differentiate different levels of disturbance (Pocklington & Wells 1992; 

Chen et al. 2010). Polychaetes also occupy many different habitat niches, which 

means that, whether pollutants are dissolved or particulate, they are likely to affect at 

least one polychaete group (Dean 2008). In addition, many polychaetes have short 

lifecycles and quickly change abundance in response to external stimuli, providing a 

rapid indicator of contamination (Elías et al. 2005; Ramskov & Forbes 2008; Osman 

et al. 2010).  

 

One of the most common impacts on marine communities is from organic 

enrichment. The response of polychaetes to organic enrichment generally follows the 

model of Pearson and Rosenberg (1978). As organic matter increases, the species 

richness of polychaetes is often reduced but ‘opportunistic’ polychaete species 

flourish (Conlan et al. 2010). Cardoso et al. (2007) found that the species richness of 

polychaetes declined in a eutrophic temperate estuary and that the assemblage was 

dominated by only a few opportunistic species. In a study of the high organic 

environments around aquaculture ponds, Carvalho et al. (2010) also saw a reduction 

in polychaete species diversity and an abundance of opportunists. Opportunistic 

polychaetes are able to out-compete other polychaete species by rapidly increasing in 

abundance and consuming all the available resources. An important factor allowing 

opportunistic polychaetes to dominate environments high in organic matter is their 

tolerance to low oxygen and anoxic conditions (Gray et al. 2002). As microbes break 

down the increased organic matter at these sites, oxygen is consumed and the 

sediments become anoxic (Zimmerman & Canuel 2000). Gray et al. (2002) found 
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that the degree of anoxia had more influence on benthic fauna than the amount of 

organic material. These characteristics can make the abundance and diversity of 

polychaetes a good indicator of increases in organic matter. 

 

Dissolved metals are another pollutant frequently released into the marine 

environment. High concentrations of metals can have many detrimental effects on 

polychaetes (Bryan & Langston 1992; Peeters et al. 2000; Sun et al. 2006; Dauvin 

2008). Metals may also benefit some polychaetes by reducing the abundance of less 

tolerant competitors (Mayer-Pinto et al. 2010). Metals may enter the marine 

environment through vehicle emissions, shipping activity, sewage effluent, urban and 

agricultural runoff, or they may be naturally occurring. At high concentrations in 

organisms, metals can disrupt cellular processes and have toxic effects (Nies 1999). 

Certain contaminating metals can replace essential metals in proteins, disrupting its 

function (Ling et al. 2009). For example, Kopera et al. (2004) found that cobalt and 

cadmium can substitute for zinc in DNA repair proteins and impede their function. 

At high concentrations, some introduced cations can interfere with essential 

physiological cations and inhibit their normal role (Nies 1999). Other metals, such as 

copper, induce the production of reactive oxygen species that cause cellular stress 

and DNA damage (Cabiscol et al. 2000; Kim & Metcalfe 2007). In a comprehensive 

review, Reish and Gerlinger (1997) reported that copper and mercury were the most 

toxic metals to polychaetes, followed by chromium and cadmium, and lastly zinc and 

lead.  

 

Metals are most detrimental to polychaetes during their reproductive and early life 

stages (Reish & Gerlinger 1997). Gopalakrishnan et al. (2008) found that fertilization 

success was reduced when heavy metals were present and Caldwell et al. (2011) 

found that polychaete sperm motility was reduced and DNA damage increased in 

copper exposed larvae. At high metal concentrations, the fecundity of polychaetes 

can also be reduced (Lau et al. 2007), which may be related to the worms ability to 

redistribute its energy reserves (Durou et al. 2005). Polychaetes inhabiting a metal 

contaminated environment allocated more of their energy to tolerance mechanisms, 

which resulted in lower growth rates and reduced fecundity (Pook et al. 2009). At 

high metal concentrations, adult polychaetes can also be affected detrimentally, 

although recent research suggests that it is not the total amount of accumulated metal 
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that is predictive of toxicity, but the rate at which the metal is accumulated (Casado-

Martinez et al. 2010). Metals are likely to be toxic if the accumulation rate is faster 

than the rate of detoxification and excretion (Rainbow 2007). Other detrimental 

effects of metals are less obvious. Bonnard et al. (2009) reported that polychaetes 

exposed to even relatively low copper levels displayed reduced burrowing activity. 

Polychaetes also have chemoreception abilities (Lindsay et al. 2004), which may be 

impeded by metals, making it difficult for them to locate food (Pyle & Mirza 2007).  

 

A consequence of metal contamination in marine habitats is often the replacement of 

sensitive polychaete species with tolerant species. These tolerant polychaetes can 

become very abundant at metal impacted sites by exploiting the available food and 

space abandoned by the more sensitive species (Ward & Hutchings 1996). Stark 

(1998) found that copper, lead and zinc pollution reduced the diversity of 

polychaetes but the abundance of tolerant polychaete species increased significantly. 

In a copper polluted bay, Neira et al. (2011) also found that sensitive polychaete 

species were replaced by more tolerant species. Many tolerant polychaetes have 

adapted to environments high in metals and this tolerance can be inherited through 

polychaete generations (Grant et al. 1989). Interestingly, the same polychaete species 

can be metal tolerant when they are collected from metal contaminated environments 

but much more sensitive to metals if they are collected from clean sediments 

(Mouneyrac et al. 2003). These differences in the ability of polychaetes to tolerate 

pollution may be a useful indicator of pollutants (Grant et al. 1989; Geracitano et al. 

2004).  

 

Polychaete feeding strategies or ‘guilds’ were first proposed as an indicator of 

disturbance by Fauchald and Jumars (1979), and have been used in many subsequent 

studies (Maurer & Leathem 1981; Muniz & Pires 1999; Metcalfe & Glasby 2008; 

Box et al. 2010). Polychaetes are represented by many different feeding guilds which 

are thought to respond in different ways to a pollutant (Pagliosa 2005). Filter feeding 

polychaetes may be affected by bioaccumulating suspended pollutants from 

seawater, especially those pollutants that are particulate or adsorbed onto particulate 

matter (Fattorini et al. 2005; Hill et al. 2009). Surface deposit feeders are likely to 

ingest settling pollutants but may actually benefit from increases in organic matter at 

urbanised sites (Metcalfe & Glasby 2008), while subsurface deposit feeders benefit 
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from living a buffered life within the sediment but are regularly exposed to sediment-

associated pollutants (Levinton & Kelaher 2004). Carnivores and herbivores may 

inadvertently consume contaminated sediment while foraging, or may accumulate 

pollutants from their prey items. Omnivores may be able to respond to contamination 

by changing their food sources (Pagliosa 2005). It is generally found that filter 

feeders and surface deposit feeders are more affected by anthropogenic pollutants 

than subsurface deposit feeders and omnivorous species (Pagliosa 2005; Nunes et al. 

2008). This means that changes in certain feeding guilds may be an indicator of 

certain contamination types, adding value to their use as biomarkers.  

 

Although changes in the entire polychaete community can be a good indicator of 

contamination, polychaete identification is time consuming and requires taxonomic 

expertise. One way to reduce these constraints is to limit the analysis to ‘indicator’ 

species, which are known to respond to pollutants in a particular way (Pocklington & 

Wells 1992). Positive indicator species increase in abundance at polluted sites and 

have been particularly well studied within the polychaetes. These opportunistic 

polychaetes generally belong to the families Capitellidae, Cirratulidae and Spionidae 

(Pocklington & Wells 1992; Giangrande et al. 2005; Carvalho et al. 2010). Stark 

(1998) found that, at metal polluted sites, the abundance of capitellids, spionids and 

nereidids increased by an order of magnitude but the abundance of paranoids and 

nephtyids was reduced. Neira et al. (2011) reported an increase in the abundance of 

spionids and capitellids in a copper polluted bay, while species belonging to the 

families Orbiniidae, Syllidae and Lumbrineridae were less abundant.  

 

While the abundance of species belonging to ‘indicator’ families often changes 

predictably in polluted environments, there are many contrary examples (Dean 

2008). For instance, Rivero et al. (2005) found that both polluted and unpolluted 

environments could be characterised by increases in the abundance of capitellid 

polychaetes. Further enhancing the difficulty of using particular species as indicators 

of pollution is the presence of cryptic species. One of the most widely used 

polychaete species as an indicator of disturbance was the capitellid, Capitella 

capitata (Pearson & Rosenberg 1978). However, as mentioned earlier, this 

polychaete is actually a complex of many different species, with differences in 

reproduction and larval development (Méndez et al. 2000), making comparisons 
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across different regions inaccurate. In addition, many studies on polychaete indicator 

species have been done in temperate environments and are unlikely to apply in the 

tropics, due to differences in reproductive cycles and stress thresholds (Dean 2008). 

Another significant challenge is detecting indicator species that show similar 

responses across different sites and to different types of pollutants. While the use of 

indicator species has value, environmental managers need to be very careful in the 

application of this biomarker. 

 

1.5  Polychaete biochemical responses as biomarkers of contamination 

 

Another way to use polychaetes as indicators is to examine their biochemical 

responses to contamination, such as changes in the abundance of proteins and 

differences in the expression of genes. This may greatly reduce the time required for 

an environmental assessment because fewer worms need to be sampled and 

identification can be limited to only a few species. In addition, changes in polychaete 

biochemical markers are a sub-lethal response to pollutants and may occur before the 

polychaete community is altered, making it a more sensitive indicator (Nesatyy & 

Suter 2007). Furthermore, in cases where the habitat is already disturbed, these 

techniques can still be used on polychaete species that are tolerant of pollution. 

 

Polychaete biochemical responses are generally measured using either genes or 

proteins, both of which are part of the mechanism of gene expression. Genes are 

expressed by the transcription of its DNA region into messenger RNA (mRNA), 

splicing of the mRNA and then by translation into a protein (Manahan 2005). Two of 

these steps are commonly measured as an indicator of gene expression: the 

abundance of mRNA and the abundance of the protein. Proteins can be studied using 

biochemical techniques, such as chromatography or spectrophotometry, or they may 

be analysed by gel electrophoresis (Young & Roesijadi 1983; Ruffin et al. 1994; 

Marcano et al. 1996). In addition, the enzymatic activity of a protein may be 

measured as an indicator of protein abundance (Habig et al. 1974). The abundance of 

mRNA is analysed using molecular techniques such as real-time PCR or cloning and 

expression analysis (Sandrini et al. 2006; Rhee et al. 2011). 
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Many different polychaete genes have been proposed as biomarkers of 

contamination. These are generally genes involved in processes such as removing 

pollutants from cells or mitigating damage (Amiard-Triquet et al. 2006; Won et al. 

2011). In particular, genes belonging to antioxidant pathways often show differential 

regulation when organisms are under metal stress (Monserrat et al. 2007). These 

changes in the expression of antioxidant genes occur because many metals induce the 

formation of free radicals that can cause cellular damage unless they are mitigated by 

antioxidant enzymes (Ferreira-Cravo et al. 2009). Perhaps the most widely used 

antioxidant biomarkers are the glutathione S-transferases (GSTs). These enzymatic 

proteins are primarily involved in detoxification mechanisms and are frequently 

over-expressed in organisms exposed to prooxidants (Hayes et al. 2005). Rhee et al. 

(2007a) found that polychaetes exposed to copper in both the laboratory and in the 

field over-expressed GST genes. García-Alonso et al. (2011) also found that the 

activity of GSTs was positively correlated with heavy metal concentration in a 

contaminated estuary. However, the induction of GSTs may be variable and depend 

on the polychaete species and the metal tested. For example, Sandrini et al. (2006) 

reported no increase in GST activity in polychaetes exposed to cadmium.  

 

Other enzymes involved in antioxidant mechanisms have also been studied in 

polychaetes. Rhee et al. (2011) characterised several superoxide dismutase (SOD) 

genes in polychaetes and found that they were induced by copper exposure. 

Geracitano et al. (2004) found that in polychaetes exposed to copper, the enzymatic 

activity of SOD was enhanced. Catalase (CAT) is another important antioxidant 

enzyme, although its induction appears variable, with studies showing both enhanced 

and suppressed CAT activity in polychaetes exposed to metals. Geracitano et al. 

(2004) found that CAT activity was higher in polychaetes exposed to copper but 

Ferreira-Cravo et al. (2009) and Nusetti et al. (2001) reported either a reduction or no 

change in CAT activity in copper-exposed polychaetes. An antioxidant enzyme that 

is generally suppressed in polychaetes exposed to metals is glutathione reductase 

(GR; Nusetti et al. 2001; Ventura-Lima et al. 2011). Nevertheless, the mechanisms of 

antioxidant expression in polychaetes are becoming clearer and these have been 

successfully used as an indicator of environmentally stressed conditions (Ait Alla et 

al. 2006; Bouraoui et al. 2010; Díaz-Jaramillo et al. 2010).  
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Another group of proteins that may be induced in metal-exposed polychaetes are the 

metallothioneins (MTs). These proteins generally have low molecular mass and are 

high in cysteine residues, which allows them to bind metals (Vašák 2005). MTs bind 

metals in normal cellular processes and for the detoxification of excess metals 

(Amiard-Triquet et al. 2006). MTs generally bind metals in well defined metal-

tiolate clusters, thereby preventing metal ions from interfering with cellular 

processes and causing toxicity (Ngu & Stillman 2009). Rhee et al. (2007b) found that 

MT concentration was higher in polychaetes inhabiting an industrially contaminated 

lake and Marcano et al. (1996) saw an increase in MT-like proteins in polychaetes 

exposed to copper and zinc. In addition, the polychaetes living in the high-metal 

environments around deep-sea hydrothermal vents contain high levels of MTs that 

are thought to help detoxify metals (Desbruyères et al. 1998). Won et al. (2008) also 

reported an increase in MT-like proteins in metal-exposed polychaetes, although the 

response varied for different metals. Ng et al. (2008) found that the concentration of 

MTs did not increase in polychaetes exposed to cadmium but that the rate of 

synthesis and degradation did. Others have found that MTs were not induced in 

polychaete exposed to metals (Amiard-Triquet et al. 2006; Sandrini et al. 2006). The 

induction of metallothioneins appears to be variable and may depend on the 

polychaete species and metal type.  

 

Several other biochemical changes in polychaetes exposed to pollution have been 

proposed as biomarkers. Nusseti et al. (2001) found that the concentrations of 

malondialdehyde (MDA) increased in polychaetes exposed to copper, which is an 

indication of membrane lipid peroxidation. Bouraoui et al. (2010) and Geracitano et 

al (2004) both found an increase in MDA content and lipid peroxidation in 

polychaetes at metal-polluted sites. Another enzyme, acetylcholinesterase (AChE), is 

involved in the transmission of nerve impulses and can be inhibited in organisms 

exposed to heavy metals (Frasco et al. 2005). The inhibition of AChE was found in 

polychaetes living in environments industrially polluted with heavy metals (Ait Alla 

et al. 2006; Durou et al. 2007; Bouraoui et al. 2010). Other possible biomarkers 

include the cytochrome P450 (CYP) family of genes, which have important 

detoxification roles (Jørgensen et al. 2005). Li et al. (2004) characterised two 

polychaete CYP genes and found that they were induced in polychaetes exposed to 

polycyclic aromatic hydrocarbons. Furthermore, the suppression of lysozyme 
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activity, which is an antibacterial enzyme, has also been suggested as a biomarker of 

copper exposure in polychaetes (Marcano et al. 1997).  

 

Polychaete biomarkers show promise as rapid indicators of contamination, although 

several issues are apparent. Many of the biomarkers, such as antioxidant enzymes 

and metallothioneins are not reliably induced in different polychaete species or by 

different pollutants (Nusetti et al. 2001; Amiard-Triquet et al. 2006; Ferreira-Cravo 

et al. 2009). Furthermore, several biomarkers have been both induced and suppressed 

by pollutants (Geracitano et al. 2004; Ferreira-Cravo et al. 2009), which further 

complicates their use. Another problem is that many of the polychaete biomarkers, 

especially those involved in antioxidant pathways, can be induced by natural 

environmental conditions, such as temperature, degree of anoxia and H2S 

concentration (Bocchetti et al. 2004; Durou et al. 2007). Another significant 

limitation of sub-lethal biomarkers is that if these changes have no impact on the 

fitness of the animal, then there may be no cause for concern. This has been found 

for several biomarkers, limiting their usefulness (GESAMP 1980). Although sub-

cellular biomarkers show promise, currently many candidates have severe 

limitations. 

 

1.6 Symbiotic bacteria as indicators of pollution 

 

The composition of free-living bacterial communities, or the presence of specific 

bacterial species, have been successfully used as an indicator of anthropogenic 

pollution (Ryan et al. 2005; Ahmed et al. 2008; Zhang et al. 2009; Rodrigues et al. 

2011; Santhiya et al. 2011). Bacteria are often used as indicator organisms because 

they are one of the first components of an ecosystem to change when environmental 

conditions are altered. Moreover, microbes can rapidly change in abundance when 

the surrounding conditions are modified as they have very short lifecycles. Bacteria 

also tend to be distributed much more evenly than the often patchy distribution of 

invertebrates and are ubiquitous in the environment (Willems et al. 2008; van 

Nugteren et al. 2009).   

 

Bacteria also live in close association with other organisms. These associations have 

been found in almost all studied ecosystems and are thought to play important 
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ecological roles (Muller et al. 2009; Chaston & Goodrich-Blair 2010). Nutritionally 

beneficial relationships are perhaps the best known form of symbiosis and provide 

both the host and symbiont with extra energy or energy that may have been 

otherwise unavailable. Goffredi et al. (2005) found that polychaetes of the genus 

Osedax form symbiotic relationships with members of the bacterial order 

Oceanospirillales that allow the polychaete to decompose and feed on whale bones. 

Another polychaete, Riftia pachyptila (Siboglinidae), does not possess a digestive 

tract and derives its entire energy requirements from chemolithoautotrophic bacteria 

living in a specialised cavity within the worm (Cavanaugh et al. 1981).  

 

Symbiotic bacteria can also help organisms survive in hostile environments. 

Polychaetes that live around deep-sea hydrothermal vents experience extremes in 

temperature, salinity, pressure and chemical toxicity (Fisher & Girguis 2007). 

Bacteria isolated from many species of deep-sea polychaetes are metal-resistant and 

may help reduce metal toxicity on the host polychaete (Prieur et al. 1990). Alain et 

al. (2002) examined bacteria from the mucous of hydrothermal vent polychaetes and 

found that some of the bacteria may detoxify the environment by using the minerals 

in redox reactions. Jeanthon and Prieur (1990) isolated bacteria from several 

alvinellid deep-sea polychaete species and found that the majority of bacterial 

isolates were resistant to arsenate, zinc, cadmium, silver and high copper levels. The 

isolates were identified as belonging to the genera Acinetobacter, Alteromonas, 

Pseudomonas and Vibrio. Haddad et al. (1995) used 16S rRNA cloning and 

sequencing to study the bacteria associated with the deep-sea polychaete Alvinella 

pompejana and found the majority of bacteria belonged to the Epsilonproteobacteria. 

Members of this bacterial group are known to reduce and oxidise sulfur compounds 

(Takai et al. 2005), which provides an energy source and may help reduce the 

toxicity of sulfur to the polychaete.  

 

Although the period of adaptation is much shorter, polychaetes in anthropogenically 

polluted environments may also form relationships with metal-resistant bacteria and 

these changes may be a useful indicator. The changes in the bacteria associated with 

other marine organisms are indicative of pollution. For example, Selvin et al. (2009) 

found that the bacterial community associated with marine sponges changed at sites 

polluted with heavy metals. Al-Bahry et al. (2011) found that bacteria associated 
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with the oviductal fluid of green turtles were antibiotic resistant and were indicative 

of contaminated effluents. Šyvokienė et al. (2008) used the bacteria associated with 

the digestive tract of molluscs to determine the level of hydrocarbon pollution in 

several lakes. Al-Bahry et al. (2009) examined the bacteria associated with fish gills 

and colons and found changes in the bacteria associated with fish inhabiting polluted 

sites. Newton and McKenzie (1995) found that the abundance of bacteria associated 

with echinoderms was a good indicator of oil contamination. These studies suggest 

that the bacteria associated with polychaetes may also change at contaminated sites. 

 

Using the changes in the bacteria associated with polychaetes as an indicator of 

pollution has several benefits. Bacterial changes are likely to occur rapidly due to 

their short lifecycles and provide an immediate assessment of environmental quality. 

Symbiotic bacterial changes can also be directly related to the surrounding sediment 

as most polychaetes are either sedentary or move only around their immediate area 

(Stocks 2002). Many polychaetes also inhabit specific sediment layers (Soto et al. 

2010), which may mean fewer variables when comparisons of bacterial communities 

at different sites are made. For instance, if only the free-living sediment bacteria are 

examined, comparisons may accidently be made between samples taken from surface 

oxic layers and deeper anoxic layers, introducing bias into the results. Using the 

bacteria associated with polychaetes may overcome these problems and be a useful 

and novel indicator of pollution. However, as stated earlier, changes in the bacterial 

community also need to occur alongside broader ecosystem changes for this 

technique to have true biomarker potential. 

 

1.7 Knowledge gaps 

 

Although evidence shows that the composition of polychaete communities changes 

in response to a range of pollutants (Dean 2008), there have been few studies on the 

impact of waste water from alumina refineries on polychaete communities. This is 

important information as alumina is refined around the world and may deleteriously 

effect polychaetes, possibly leading to broader ecosystem alterations. In addition, 

there are few data on how wastes in tropical environments, especially in the wet/dry 

tropics of northern Australia, affect polychaete communities. In the tropics, higher 

temperatures and extreme rainfall events may alter the chemical behaviour of 
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pollutants in the marine environment: higher temperatures have been shown to 

increase the toxicity of trace metals and other pollutants (Cairns et al. 1975). In 

addition, organisms in tropical environments are living closer to their thermal 

threshold and may be more affected by external stresses (Somero 2005). The wet/dry 

tropics also differ from temperate environments in that they have a distinct wet and a 

dry season. During the first rains of the wet season, pollutants that have accumulated 

on land over the year are washed into the marine environment creating a spike in 

pollution levels (Townsend et al. 1992). In the dry season, fewer pollutants are 

released into the environment overall but they may be more concentrated 

(Mangimbulude et al. 2009). These characteristics of the tropics are likely to effect 

polychaetes differently than pollutants in more temperate environments.  

 

Polychaetes exposed to metals are known to alter the regulation of genes and 

proteins involved in antioxidant pathways and in the production of metallothionein-

like proteins (Amiard-Triquet et al. 2006; Rhee et al. 2011; Won et al. 2011). While 

changes in the expression of these genes provide important information, they 

comprise only a very small portion of the polychaete genome. Previously only a few 

genes could be studied due to technical limitations but with the advent of ‘next 

generation’ sequencing technology, large amounts of DNA can be rapidly analysed 

(Wang et al. 2009b). Using this technology, hundreds of thousands of DNA reads 

can be obtained, which can provide a much broader analysis of changes in gene 

expression (Levin et al. 2010). Next generation sequencing technology also has the 

capacity to rapidly generate baseline DNA sequence information for use in 

proteomic studies. Traditionally, proteomic studies on non-model organisms were 

limited by the difficulty of identifying proteins from organisms without a well 

characterised genome. Many of these difficulties can be overcome when proteins are 

identified in conjunction with next generation sequencing data (Wang et al. 2010). 

These advances in technology will uncover many more genes involved in the 

resistance of polychaetes to pollution and have the potential to provide new 

biomarkers of contamination.  

 

New biomarkers of contamination are required because many of those currently used 

are not specific for different types of contamination (Wang et al. 2009a). Many of the 

current biomarkers of contamination, such as glutathione S-transferase, heat shock 
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proteins and superoxide dismutase are elevated in organisms exposed to metals, 

hydrocarbons or temperature changes (Nusetti et al. 2005; Wang et al. 2009a; Su et 

al. 2010; Zhou et al. 2010; Rhee et al. 2011). This means that these markers are part 

of a general cellular stress response and are not indicators of specific contamination 

types. Using new technologies to examine the expression of thousands of genes may 

help identify novel and specific indicators of contamination (Wang et al. 2009b).  

 

Despite the accepted role of symbiotic bacteria in many important eukaryotic 

processes, little is known about how these bacteria help organisms under metal 

stress; this is particularly true for polychaetes. Only the bacteria associated with 

polychaetes living around deep-sea hydrothermal vents have been the focus of 

significant study. These hydrothermal vent worms often have extensive communities 

of metal-resistant bacteria, which are thought to help the worms tolerate high metal 

and sulfur concentrations (Jeanthon & Prieur 1990; Vincent et al. 1994; Desbruyères 

et al. 1998; Alain et al. 2002). This association may also occur in other high metal 

environments, although this has been poorly studied. These changes in the bacterial 

community associated with polychaetes may be a useful and novel indicator of 

pollution.  

 

1.8 Research hypotheses and structure of thesis 

 

My major hypothesis was that polychaetes could be used as an indicator of marine 

pollution in the wet-dry tropics. To test this overarching hypothesis, several more 

specific hypotheses were tested.  

 

1. The diversity, abundance and structure of polychaete communities will differ at 

sites near alumina refinery discharges when compared to polychaetes at reference 

sites. 

 

2. Gene and protein expression will be altered in polychaetes exposed to metals.  

 

3. The bacterial community associated with polychaetes will be altered at metal-

impacted sites when compared with the bacteria associated with polychaetes at non-

polluted reference sites. 
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The chapters of this thesis were interconnected in that different levels of biological 

organisation in polychaetes were examined for their biomarker potential (as 

discussed in section 1.3, page 7). In chapter 2, the first hypothesis was addressed by 

examining polychaete assemblages in different habitats near an alumina refinery and 

at reference sites. This represented a high level of biological organisation. To 

examine lower levels of organisation, a test species was required. In chapter 3, 

therefore, several new polychaete species were described from northern Australia, 

which were then used to test the subsequent hypotheses. In chapter 4, the second 

hypothesis was addressed by examining the changes in gene and protein expression 

in metal-exposed polychaetes. These changes represented a low level of biological 

organisation. In chapter 5, the final hypothesis was addressed by deep sequencing of 

the bacteria associated with polychaetes in polluted and non-polluted sites. The 

changes in the bacteria associated with polychaetes were of a slighter higher level of 

biological organisation than the expression of genes. In chapter 6, these results were 

synthesised and their significance was discussed.  
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2.1 Introduction 

 

This chapter explored whether a high level of biological organisation, namely 

changes in polychaete assemblages, could be used as a bioindicator of metal 

pollutants (as discussed in Section 1.4, page 8). Polychaete assemblages have been 

used as biological indicators of pollution for many years (Pocklington & Wells 1992; 

Dean 2008). They can be useful indicators because they are abundant, diverse, 

functionally significant and changes in polychaete diversity and abundance can be 

indicative of broader ecosystem change (Olsgard et al. 2003; Chariton et al. 2006). 

Polychaetes can also potentially be influenced by many types of contaminants 

because they have a range of feeding guilds and life history characteristics that 

maximise the exposure of the group to different pollutants (Fauchald & Jumars 1979; 

Pagliosa 2005). For example, filter feeding polychaetes are likely to accumulate 

dissolved or particulate contaminants, while non-tubiculous, benthic polychaetes 

come into close contact with sediment contaminants (Hill et al. 2009; Rainbow et al. 

2009; Kalman et al. 2010). Polychaetes that are carnivorous or herbivorous may 

bioaccumulate contaminants from the food chain (Waring & Maher 2005). The 

alteration of polychaete communities in response to contaminants can also occur 

quickly, as many polychaetes have short lifecycles and rapidly increase or decrease 

in abundance (Ramskov & Forbes 2008; Osman et al. 2010). These characteristics 

make polychaetes the ideal organisms for use as biological indicators of 

anthropogenic contaminants. 

 

One source of anthropogenic contaminants in marine systems are mine wastes, 

including those generated from bauxite mining. Bauxite ore is mined in many 

countries around the world because of its high aluminium content (Jones & Haynes 

2011). Once the bauxite has been extracted, it is refined to produce alumina using the 

Bayer process (Liu et al. 2007). During this process, a caustic sodium hydroxide 

liquid is used to extract metals (preferentially sodium aluminate) from the bauxite 

under high temperatures (Hind et al. 1999). At the Gove alumina refinery in the 

Northern Territory, Australia, seawater is used to operate barometric evaporators, 

which remove excess water from the spent liquor via vacuum. The used seawater is 

then released back into the marine environment (Alongi & McKinnon 2011). The 

warm seawater that is released back into the ocean may detrimentally affect marine 
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organisms, especially tropical organisms that have limited thermal tolerance 

thresholds (Somero 2005). In addition, carryover events sporadically occur and the 

caustic liquid mixes with the seawater and is released into the marine environment. 

During these carryover events, the sodium aluminate reacts with magnesium in the 

seawater and forms a hydrotalcite precipitate (Smith et al. 2005). This precipitate is 

discharged along with other metals and organics in the caustic liquor, and settles into 

the nearshore coastal environment. Polychaetes inhabiting the nearshore environment 

may be detrimentally affected by changes in the sediment consistency, 

biogeochemical changes or increases in metal and organic concentration.  

 

During the Bayer process, a solid ‘red mud’ waste is also produced, which must be 

carefully disposed of, as it is extremely alkaline and contains high levels of metals 

(Hind et al. 1999). Alumina refineries collect this waste in large containment ponds, 

however, the walls of these ponds may allow small amounts of seepage to the 

surrounding environment. This seepage is likely to be neutralised but may still 

contain elevated levels of metals and organics. Metals, such as iron, aluminium and 

chromium, are often in high concentrations in red mud and are thought to cause 

toxicity (Trieff et al. 1995; Pagano et al. 2002); others have observed that fish 

embryos are negatively affected by the lack of oxygen exchange induced by the 

components of red mud (Dauvin 2010). Moreover, the red mud contains sodium 

salts, such as aluminate, carbonate and oxalate (Pareek et al. 2003). Of particular 

concern is sodium oxalate, which is toxic and may leach into the surrounding 

environment (Smeulders et al. 2001).  

 

Few studies have examined the impacts of alumina refinery waste on polychaetes or 

the spatial extent of impacts. I wanted to examine the effects of alumina refinery 

discharge on different polychaete habitats and determine whether this caused 

changes in the polychaete assemblage. I predicted changes in the diversity, 

abundance and structure of polychaete communities near the alumina refinery when 

compared to polychaetes at reference sites. To test this, I collected polychaetes near 

the seawater discharge channel and near the waste ponds of an alumina refinery and 

compared the assemblage to those at reference sites. Two different benthic 

polychaete habitats were selected for this study because of their proximity to the 

alumina refinery discharges. A soft-bottom habitat was chosen because this was near 
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the seawater discharge channel and a mangrove habitat was studied because it was 

near the ‘red mud’ waste ponds. In addition to examining the benthic polychaete 

communities, artificial substrata were deployed in Melville Bay to assess changes in 

the development of a assemblage at impacted and control sites. The artificial 

substrata were an important inclusion as they removed the element of history 

associated with the sediment samples. 

 

2.2 Materials and methods 

 

2.2.1 Site and sample description 

 

Melville Bay is located in the Northern Territory, Australia (Figure 2.1). It receives 

heated seawater effluent, which contains elevated levels of trace metals, from an 

adjacent alumina refinery. On rare occasions, small volumes of sodium aluminate are 

accidentally discharged into the ocean which reacts with magnesium to form a 

hydrotalcite precipitate (Smith et al. 2005). In areas close to the discharge channel, 

the precipitate falls to the seafloor and creates a sulfidic benthic zone (Alongi & 

McKinnon 2011).  

 

The chemical composition and polychaete communities were analysed in Melville 

Bay during a wet season (Feb 2009) and during two dry seasons (Aug 2009 and Aug 

2010). Two different habitats were sampled: soft-bottom sites and mangrove sites. 

The soft-bottom sites consisted of two potentially impacted sites located in close 

proximity to the seawater discharge channel, IH6 and CO25, and two reference sites 

located further into the Harbour, D1 and D2 (Figure 2.1). The mangrove sites were 

located in subtidal areas adjacent to mangrove forests (Figure 2.1). Two potentially 

impacted sites IM1 and IM2 were in close proximity to red mud ponds, and two 

reference sites CM1 and CM2, were located near unpolluted mangroves. In addition, 

artificial substrata were deployed at a potentially impacted site, IA1, and at two 

reference locations, CA1 and CA2 (Figure 2.1).  

 

The reference site locations were chosen using chemical data collected from the 

same sites in routine monitoring studies (unpublished data). These data show that 

increases in metal concentrations are confined to inner Gove Harbour (Sites IH6, 
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CO25, IA1). Sites further into Melville Bay (D1, D2) have not historically shown 

any increases in sediment metal concentrations, suggesting that they were 

appropriate reference sites. 
 
 

 
Figure 2.1  Location of the impacted soft-bottom sampling sites (IH6, C025), the reference soft-

bottom sites (D1, D2), the mangrove impacted sites (IM1, IM2), the mangrove reference sites 

(CM1, CM2), the impacted artificial substratum location (IA1) and the reference artificial 

substratum locations (CA1 and CA2), in Melville Bay.  

 

2.2.2 Polychaete sampling and chemical analysis 

 

At the soft-bottom sites, four replicate samples were collected from each of the four 

sites during each of the three sampling times. At the mangrove sites, four replicate 

samples were collected during the first sampling time (Feb 2009) and three replicate 

samples were collected from the final two sampling times (Aug 2009 and Aug 2010). 

The number of replicates was reduced at the mangrove sites because they contained 
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high polychaete densities, and three replicates provided adequate sample numbers for 

statistical analyses. 

 

All of the samples were collected from a boat using a Van Veen sediment grab. The 

sediment was mixed with plastic trowels, taking care to avoid fractionation of 

different grain sizes. A representative portion of the sediment was placed into acid-

washed falcon tubes for porewater chemical analysis, and into zip-lock bags for 

sediment chemical analysis. The remaining sediment was measured to 4 L and 

passed through a 500 µm sieve. The > 500 µm fraction was expected to contain a 

sample of the polychaete assemblage and was preserved in 90% ethanol. The 

samples for chemical and polychaete analysis were placed on ice and transported 

back to the laboratory. The polychaetes collected from each of the > 500 µm samples 

were then removed and identified. 

 

The concentrations of Al, P, V, Cr, Fe, Mn, Co, Ni, Cu, Zn, Ga, As, Mo, Cd, Pb and 

U were analysed from both the porewater and sediment samples. The porewater 

samples were centrifuged in falcon tubes for 15 minutes at 3000 x g. The supernatant 

was removed and passed through a 0.45 µm syringe filter, before being analysed for 

the element concentrations by inductively coupled plasma-mass spectrometry (ICP-

MS, Agilent 7500ce). The sediment samples were separated into two grain size 

fractions using a 63 µm sieve, which were then dried and weighed. The element 

concentrations were analysed from the ≤ 63 µm fraction after a nitric: perchloric acid 

digestion at 100°C for 30 minutes, 130°C for 30 minutes and 200°C for 30 minutes, 

by ICP-MS (Agilent 7500ce). The concentration of total organic carbon (TOC) was 

also analysed from the ≤ 63 µm sediment fractions. The sediments were first reacted 

with concentrated hydrochloric acid to remove inorganic carbonates, then combusted 

in a LECO furnace at 1400°C in the presence of strongly oxidizing iron/tungsten 

chips. The evolved carbon was then measured using infrared detection.  

 

Quality control for each of the analyses included 4 blanks, 2 spikes and 5 duplicates 

in every 50 samples analysed. In addition, certified reference materials were added to 

ensure reliable results. For the sediment digestions, PACS-1 and MESS-3 were 

included, the porewater analysis included CASS-4 and the total organic carbon 

analysis included Quasimeme reference materials.  
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2.2.3 Artificial substrata 

 

The artificial substrata consisted of ‘exfoliating mesh sponges’ (Priceline), which 

contained many complex microstructures suitable for polychaete settlement. 

Previous investigators have generally used ‘pot scourers’ as artificial substrata 

(Smith & Rule 2002; Underwood & Chapman 2006). These two devices are likely to 

have similarities although may also have important differences. Each substratum was 

tied to the middle of a 1 m length of rope. One end of the rope was then tethered to a 

Besser block and the other end to a small buoy. This design resulted in the Besser 

block firmly staying in place on the seafloor with the buoy floating above and the 

substratum approximately 70 cm from the bottom.  

 

The artificial substrata were left in Melville Bay over two sampling periods, from 21 

August 2009 – 20 October 2009 and from 12 August 2010 – 6 October 2010. The 

length of deployment was selected based on preliminary studies, which showed that 

a period of approximately 2 months resulted in a high ratio of polychaetes to other 

invertebrates settling on the devices (data not shown). During each sampling time, 

three substrata were deployed within the zone impacted by the seawater discharge 

channel (IA1), two substrata were left at a reference site to the east (CA1) and two 

substrata were left at a reference site to the south (CA2; Figure 2.1). At each of the 

locations, rocky-reef areas were no more than 5 m from each individual substratum. 

All of the substrata were deployed during spring low tides, with the buoy just below 

the water surface. This ensured that the substrata would remain completely 

submerged during the deployment period and that the substrata would be at 

approximately the same depth across the different sites.  

 

Following the deployment period, the artificial substrata were placed on ice, taken to 

the laboratory and processed within 48 hours. The artificial substrata consisted of a 

1.5 x 0.2 m piece of nylon mesh held into the shape of a sphere using a single string 

clip. They were processed by first severing the clip and drawing out the flat mesh. 

The mesh was then passed under a dissecting microscope and the polychaetes were 

removed and preserved in 90% ethanol for identification.  
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2.2.4 Statistical analysis 

 

Analysis of variance (ANOVA) calculations, residual plots to test for homogeneity 

of variance and post hoc pairwise comparisons using Tukey’s test were processed in 

Minitab® Statistical Software. Interactions between the factors in the ANOVA tests 

were further analysed using interval plots that were drawn using Minitab® Statistical 

Software. PERMANOVA and Monte Carlo values were calculated using 1,000 

permutations in the PRIMER 6 and PERMANOVA+ package (Plymouth Routines in 

Multivariate Ecological Research, version 6). All ANOVA and PERMANOVA tests 

were calculated using the same 3-factored design: Time (3 levels; fixed); CvI 

(control versus impact; fixed); and Site (2 levels; random and nested within CvsI).  

 

To determine the polychaete species that could be considered indicative of pollution, 

an ‘indicator species value’ was calculated based on Dufrêne and Legendre (1997). 

The value was calculated using the indval command within the R package labdsv 

(Roberts 2006). A permutation test for significance using 1,000 randomisations was 

completed based on script from Borcard et al. (2011). The advantage of the indicator 

species value is that it takes into account both the abundance and frequency of 

species and is calculated individually for each species within the community 

(Dufrêne & Legendre 1997; Bakker 2008). 

 

Multivariate analyses were completed in accordance with Anderson et al. (2008) 

using the PRIMER 6 and PERMANOVA+ package. The polychaete assemblage data 

from the soft-bottom and mangrove sites were analysed using canonical analysis of 

principal coordinates (CAP) based on a Bray-Curtis similarity matrix of square-root 

transformed polychaete abundance data. CAP was used because in the 

PERMANOVA analyses significant interactions between the factors were observed 

and CAP allows the use of the significant interaction as a primary axis for 

discriminating the multivariate points (Anderson et al. 2008). The ordination then 

shows the relative importance of the interaction compared to other significant 

differences in the ordination. 

 

The chemical composition of the sites was analysed using principle component 

analysis (PCA), based on a Euclidean distance matrix of normalised, log-transformed 
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chemical data. The chemical and polychaete matrices were compared using 

RELATE and then BioEnv with 1,000 permutations.   

 

2.3 Results 

 

Of 3,238 worms collected over the three sampling times (2009-10), 2,919 were 

identified as polychaetes to species level (species list provided in Appendix A). The 

remaining worms were either not polychaetes, or were unidentifiable polychaetes 

(usually because they were poorly preserved), and were removed from the analysis. 

The soft-bottom, mangrove and artificial substratum habitats all contained different 

polychaete assemblages and were analysed separately.  

 

2.3.1 Soft-bottom sites 

 

2.3.1.1 Chemical analysis of sediments and porewaters 

 

The concentration of aluminium was significantly lower in the impacted sediments 

but tended to be higher in the impacted porewaters when compared to the reference 

sites (Table 2.1). All of the other metals tested did not show significant differences 

between the reference and impacted treatments, although some trends were observed. 

The concentrations of molybdenum, cadmium and gallium in the sediments tended to 

be higher in the sites closer to the discharge channel. The site closest to the 

discharges (IH6) showed a trend of increasing copper and phosphorous in the 

sediments, and higher levels of arsenic and zinc. In contrast, the concentrations of 

iron, manganese and cobalt tended to be lower in the impacted sediments compared 

to the reference sediments.  
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Table 2.1  Polychaete abundance and species richness and element concentrations and grain-size 

at the soft-bottom sites, averaged for the three sampling times. The values are ± stardard error. 

Full ANOVA tables are given in Appendix B. 

    D2 D1 CO25 IH6 

Polychaete richness ^ 10.5 ± 1.46 5.83 ± 0.638 3.58 ± 0.543 0.667 ± 0.188 

  abundance ^ 15.8 ± 2.36 9.67 ± 1.28 4.17 ± 0.626 0.667 ± 0.188 

 Al  73200 ± 2170 72500 ± 1020 65500 ± 1790 68400 ± 4370 

 As ^ 6.49 ± 0.209 6.69 ± 0.116 6.61 ± 0.283 9.48 ± 0.786 

 Cd ^ 0.0647 ± 0.0038 0.0808 ± 0.0034 0.171 ± 0.00951 0.314 ± 0.015 

 Co  8.40 ± 0.238 8.32 ± 0.147 7.5 ± 0.240 6.00 ± 0.378 

 Cr  19.9 ± 1.22 18.2 ± 1.41 22.3 ± 1.81 22.8 ± 2.71 

 Cu  9.8 ± 0.287 10.4 ± 0.297 11.2 ± 0.42 14.5 ± 0.753 

 Fe  33300 ± 1050 32500 ± 599 29400 ± 1260 24500 ± 2130 

Sediment Ga ^ 19.2 ± 0.571 19.1 ± 0.286 20.8 ± 0.558 35.5 ± 2.81 

(mg/kg) Mn  239 ± 5.41 241 ± 3.43 235 ± 7.18 185 ± 12.0 

 Mo ^ 0.811 ± 0.0487 1.32 ± 0.0917 2.72 ± 0.382 4.46 ± 0.674 

 Ni  20.4 ± 0.593 20.6 ± 0.341 19.5 ± 0.67 20.0 ± 1.21 

 P  572 ± 16.6 574 ± 10.5 584 ± 26.1 691 ± 52.9 

 Pb  16.7 ± 0.486 17.1 ± 0.646 15.9 ± 0.592 13.7 ± 0.819 

 U ^ 2.18 ± 0.0594 2.28 ± 0.045 2.41 ± 0.155 2.80 ± 0.215 

 V  52.5 ± 1.24 51.8 ± 0.756 50.2 ± 1.88 57.0 ± 3.84 

 Zn  41.5 ± 1.20 42.6 ± 0.648 45.1 ± 1.29 72.5 ± 5.17 

 TOC (%) 0.93 ± 0.010 0.97 ± 0.017 0.98 ± 0.024 1.37 ± 0.052 

  < 63µm (%) 85.6 ± 2.52 93.2 ± 1.19 96.5 ± 0.612 95.3 ± 0.852 

  Al ^ 2.51 ± 0.256 2.29 ± 0.279 7.87 ± 2 25.1 ± 3.02 

 As ^ 16.7 ± 1.77 20.7 ± 3.77 16.5 ± 3.34 41.2 ± 14.4 

 Cd  0.0654 ± 0.016 0.158 ± 0.0335 0.234 ± 0.0595 0.297 ± 0.0759 

 Co ^ 0.0951 ± 0.0126 0.0854 ± 0.0123 0.0608 ± 0.00994 0.0916 ± 0.0172 

 Cr  0.0552 ± 0.0053 0.0704 ± 0.0056 0.0619 ± 0.0068 0.0361 ± 0.0048 

 Cu  0.542 ± 0.135 0.597 ± 0.231 0.203 ± 0.0567 0.0621 ± 0.0123 

Porewater Fe ^ 93.9 ± 39.3 55 ± 33.8 10.5 ± 3.55 13 ± 3.54 

(µg/kg) Ga ^ 0.019 ± 0.0017 0.0153 ± 0.0023 0.243 ± 0.0927 1.44 ± 0.241 

 Mn 223 ± 37.9 159 ± 43.5 116 ± 14.1 91.5 ± 9.65 

 Mo ^ 60.5 ± 18 151 ± 31.9 252 ± 69 323 ± 89 

 Ni  2.72 ± 0.536 2.48 ± 0.504 1.72 ± 0.275 2.94 ± 0.42 

 P ^ 481 ± 19.2 646 ± 40.5 586 ± 105 170 ± 13.3 

 Pb  0.279 ± 0.0975 0.358 ± 0.132 0.257 ± 0.0924 0.238 ± 0.0929 

  U  8.71 ± 1.63 9.87 ± 2.16 12.1 ± 2.45 4.16 ± 0.733 

 V ^ 4.35 ± 1.02 6.3 ± 1.4 3.1 ± 0.68 2.09 ± 0.316 

 Zn ^ 2.66 ± 0.717 2.87 ± 0.642 3.4 ± 0.857 4.14 ± 1.45 

* bold type indicates a significant difference (P < 0.05)  

^ significant interactions observed between the factors, see Figure 2.2 and Figure 2.3 for further 

analysis.  
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In the ANOVA, significant interactions between the factors were observed for 

arsenic, cadmium, gallium, molybdenum and uranium concentration in the sediments 

(Appendix B). This interaction was due to differences in concentration at some sites 

during the different sampling times (Figure 2.2). Despite this, the concentrations of 

arsenic, cadmium, gallium and molybdenum tended to increase at the impacted sites 

relative to the reference sites. 

 

In the porewater ANOVAs, interactions between the factors were observed for 

aluminium, arsenic, cobalt, iron, gallium, molybdenum, phosphorous, vanadium and 

zinc (Appendix B). These interactions were again due to variability in the 

concentrations at some sites during the three sampling times (Figure 2.3). The 

concentrations of aluminium and gallium, and to a lesser extent molybdenum, tended 

to increase at the impacted sites, however, the concentrations of arsenic, cobalt, iron, 

vanadium and zinc did not obviously change at any of the sites and the differences 

were probably natural variation. The concentration of phosphorous in the porewaters 

was consistently lower at the impacted site, IH6 (Figure 2.3).  
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Figure 2.2  Polychaete abundance and species richness and the sediment metal concentrations at 

the sites during the different sampling times with a significant interaction between the factors 

using ANOVA (Appendix B). The averages have standard error bars included. See Figure 2.1 for 

site locations. ‘Wet’ and ‘Dry’ refer to the season and ‘09’ and ‘10’ refer to the year. 
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Figure 2.3  Element concentrations in the porewaters at the sites during the different sampling 

times that contained a significant interaction between the factors using ANOVA (Appendix B). 

The averages have standard error bars included. See Figure 2.1 for site locations. ‘Wet’ and ‘Dry’ 

refer to the season and ‘09’ and ‘10’ refer to the year. 
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In general, the replicate samples taken from the impacted sites showed differences in 

their metal compositions, especially at site IH6 (Figure 2.4). The replicate samples 

from the control sites had relatively similar metal concentrations in the sediments 

(Figure 2.4A), but there was some variability in their porewaters (Figure 2.4B). A 

gradient of generally increasing metal concentrations at the impacted sites and lower 

concentrations at the reference sites was evident. 
 
 

 
Figure 2.4  Principal component analysis (PCA) of element concentrations in the sediments (A) 

and in the porewaters (B), red triangles indicate impacted sites and green circles indicate 

reference sites. See Figure 2.1 for site locations. 

 
 

2.3.1.2 Soft-bottom chemical temporal variation 

 

The soft-bottom sites showed some variation in their chemical composition across 

the three sampling times (Figure 2.5). Specifically, sediments and porewaters 

collected during the wet season 2009 generally contained the highest metal 

concentrations and concentrations tended to decrease through the study. In the final 

sampling time, during the dry season 2010, the sediments and porewaters generally 

contained the lowest metal concentrations. 
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Figure 2.5  Principal component analysis (PCA) of element concentrations in the sediments (A) 

and in the porewaters (B) at the three sampling times, dark blue squares indicate the wet season 

2009, light blue triangles indicate the dry season 2009 and the green triangles indicate the dry 

season 2010. See Figure 2.1 for site locations. 

 
2.3.1.3 Soft-bottom polychaete communities 

 

Polychaete species richness tended to decline in each site that was closer to the 

seawater discharge channel, although there was no significant difference between the 

treatments (Table 2.1). The abundance of polychaetes was not significantly different 

at the sites, however, a clear trend of decreasing abundance at the sites closer to the 

seawater discharge channel was evident (Figure 2.2).  

 

The samples were analysed using multivariate ordinations and significant differences 

in the ordinations were detected using PERMANOVA. When permutations were 

used to test for significance, there was a significant interaction between the sites and 

the sampling time (P < 0.05; Appendix C, Table C-1). The control and impact sites 

were not significantly different using the permutation test, however, this factor was 

constrained to only 3 permutations, which is insufficient to generate a significant 

difference at the 0.05 level; a better option in these cases is to use Monte Carlo P 

values (Anderson et al. 2008). When Monte Carlo P values were applied to the data, 
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the control and impact sites were significantly different (Monte Carlo P < 0.05; 

Appendix C, Table C-1).  

 

Because there was a significant interaction between the sites and sampling time in 

the PERMANOVA (Appendix C, Table C-1), canonical analysis of principal 

coordinates (CAP) was used to explore this interaction further (Figure 2.6). The 

samples taken at the same time from the same sites group together, explaining the 

interaction detected using PERMANOVA. Nevertheless, a clear gradient can be seen 

as the polychaete communities change toward the seawater discharge channel 

(Figure 2.6).  

 

 
Figure 2.6  The relationship between soft-bottom polychaete samples at the four sites and three 

sampling times, as shown using canonical analysis of principal coordinates (CAP). See Figure 

2.1 for site locations. 

 

All of the soft-bottom polychaete species decreased in abundance closer to the 

discharge channel. The abundance of two species, Prionospio ehlersi Fauvel, 1928 

(Spionidae) and Sigambra hanaokai (Kitamori, 1960; Pilargidae), declined 
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significantly at the impacted sites (P < 0.05, Appendix D, Tables D-1, D-2; Figure 

2.7). In addition, these two species recorded a significant indicator species value 

greater than 50 (Table 2.2).  

 

Table 2.2  Polychaetes that were significantly indicative of pollution based on the indicator 

species value of Dufrêne and Legendre (1997), including the type of indicator and their detection 

frequency. 

 

 

 
Figure 2.7  Mean abundance of Prionospio ehlersi and Sigambra hanaokai in the four sites at the 

three different sampling times. See Figure 2.1 for site locations. 

 
 

2.3.1.4 Correlation between soft-bottom polychaetes and chemistry 

 

The patterns in the composition of the polychaete communities were compared to the 

patterns of the sediment and porewater metal concentrations using RELATE. The 

patterns in the polychaete communities were moderately correlated with patterns in 

the sediment metal concentrations (Spearman’s rho = 0.31; P < 0.05) and in the 

porewater metal concentrations (Spearman’s rho = 0.25; P < 0.05). BEST was then 

used to determine the most correlated individual metals with changes in the 

polychaete assemblage. The sediment metals that were best correlated with patterns 

in the polychaete assemblages were copper and cadmium (Spearman’s rho = 0.42; P 

< 0.01), in the porewater it was gallium (Spearman’s rho = 0.36; P < 0.01).  

Species Indicator of Indicator species value p-value Detection frequency 

Prionospio ehlersi (Spionidae) Unpolluted sites 71 0.001 26 

Sigambra hanaokai  (Pilargidae) Unpolluted sites 66 0.001 22 
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2.3.2 Mangrove sites 

 

2.3.2.1 Chemical analysis of sediments and porewaters 

 

The concentrations of cadmium, cobalt, iron and zinc were significantly higher in the 

impacted sediments but unchanged in the impacted porewaters when compared to the 

reference samples (Table 2.3, Figure 2.10). Aluminium concentration in the 

sediments was significantly higher at the impacted sites relative to the reference 

sites, however, an interaction in the ANOVA was observed (Appendix E, Table E-3) 

and further examination suggested that the changes were due to natural variation 

(Figure 2.8; Figure 2.9).  
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Table 2.3  Polychaete abundance and species richness and element concentrations and grain-size 

at the mangrove sites, averaged for the three sampling times. The values are ± standard error. 

Full ANOVA tables are given in Appendix E. 

    CM1  CM2  IM1  IM2  

Polychaete Richness ^ 19.5 ± 1.41 15 ± 1.02 18.2 ± 1.81 20.3 ± 1.31 

  Abundance 48.2 ± 9.59 29.6 ± 4.04 51.7 ± 4.63 65.5 ± 5.6 

 Al ^ 61100 ± 2090 61500 ± 4170 72900 ± 1950 70100 ± 2810 

 As 9.05 ± 0.409 7.57 ± 0.711 12.8 ± 1.26 11.9 ± 1.09 

 Cd  0.0716 ± 0.00359 0.0807 ± 0.0229 0.12 ± 0.0306 0.101 ± 0.0219 

 Co  6.78 ± 0.236 7.2 ± 0.609 7.5 ± 0.173 7.73 ± 0.281 

 Cr  22.1 ± 2.95 17.1 ± 1.01 19.3 ± 1.38 20.4 ± 2.53 

 Cu  8.57 ± 0.409 9.50 ± 1.43 8.78 ± 0.263 8.73 ± 0.449 

 Fe  30500 ± 1360 30200 ± 1900 33300 ± 1620 33900 ± 2130 

Sediment Ga ^ 18.5 ± 0.637 18.6 ± 1.24 24.1 ± 0.747 21.5 ± 0.942 

(mg/kg) Mn ^ 185 ± 6.09 201 ± 16.1 203 ± 5.12 227 ± 7.84 

 Mo  1.30 ± 0.205 0.865 ± 0.0404 1.82 ± 0.184 1.17 ± 0.126 

 Ni  22.1 ± 2.19 20.1 ± 1.90 23.9 ± 1.28 22.9 ± 1.40 

 P  618 ± 25.5 558 ± 35.6 579 ± 27.4 610 ± 29.6 

 Pb  17.8 ± 1.06 17.8 ± 0.889 25.4 ± 4.48 20.8 ± 1.13 

 U ^ 2.28 ± 0.108 1.92 ± 0.109 2.57 ± 0.133 2.11 ± 0.0732 

 V  54.2 ± 2.10 49.6 ± 2.99 60.4 ± 3.75 58.0 ± 3.82 

 Zn  35.9 ± 1.39 36.0 ± 2.55 40.0 ± 1.50 38.9 ± 1.43 

 TOC (%) ^ 1.59 ± 0.174 1.14 ± 0.056 1.44 ± 0.041 1.26 ± 0.034 

  < 63µm (%) ^ 1.93 ± 0.539 4.72 ± 0.814 5.78 ± 1.36 4.84 ± 0.966 

  Al  3.38 ± 0.958 2.09 ± 0.155 2.99 ± 0.367 2.64 ± 0.401 

 As ^ 44.2 ± 9.48 25.5 ± 4.02 36.4 ± 3.04 38 ± 3.57 

 Cd  0.0386 ± 0.00716 0.0428 ± 0.00724 0.0684 ± 0.0153 0.0521 ± 0.0139 

 Co  0.406 ± 0.12 0.27 ± 0.0552 0.34 ± 0.0877 0.549 ± 0.0612 

 Cr  0.295 ± 0.111 0.109 ± 0.0222 0.132 ± 0.0153 0.128 ± 0.0167 

 Cu  0.586 ± 0.117 0.571 ± 0.148 0.202 ± 0.0321 0.353 ± 0.0369 

 Fe ^ 332 ± 172 34.2 ± 6.66 399 ± 150 526 ± 182 

Porewater Ga  0.0275 ± 0.00455 0.0251 ± 0.00353 0.0598 ± 0.00667 0.0321 ± 0.00598 

(µg/kg) Mn 333 ± 45.9 374 ± 50.2 536 ± 156 1050 ± 313 

 Mo ^ 20.9 ± 2.48 24.7 ± 3.47 58.7 ± 13.5 26.8 ± 4.23 

 Ni  8.23 ± 2.64 4.26 ± 0.81 4.08 ± 0.553 6.34 ± 1.16 

 P ^ 1050 ± 285 561 ± 112 572 ± 90.4 669 ± 143 

 Pb  0.111 ± 0.0346 0.0927 ± 0.0198 0.0619 ± 0.0197 0.186 ± 0.106 

  U ^ 12 ± 1.66 9.14 ± 1.14 14.4 ± 1.81 10.9 ± 0.734 

 V ^ 6.63 ± 1.68 4.26 ± 0.761 5.02 ± 0.944 5.37 ± 1.43 

 Zn  5.46 ± 2.12 3.18 ± 0.772 2.78 ± 0.502 4.54 ± 1.48 

* bold type indicates a significant difference (P < 0.05)  

^ significant interactions observed between the factors, see Figure 2.8 and Figure 2.9 for further 

analysis.  
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Figure 2.8  Averages of polychaete species richness and sediment metal concentrations at the 

sites during the different sampling times with a significant interaction between the factors using 

ANOVA (Appendix E). The averages have standard error bars included. See Figure 2.1 for site 

locations. ‘Wet’ and ‘Dry’ refer to the season and ‘09’ and ‘10’ refer to the year. 
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Figure 2.9  Average concentrations of porewater elements at the sites during the different 

sampling times with a significant interaction between the factors using ANOVA (Appendix E). 

The averages have standard error bars included. See Figure 2.1 for site locations. ‘Wet’ and ‘Dry’ 

refer to the season and ‘09’ and ‘10’ refer to the year. 
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Overall, the sediment samples collected at the impacted sites showed some 

differences in their chemical composition when compared to the control sites (Figure 

2.10A). Specifically, several of the impacted samples separated from the control 

samples and had higher metal concentrations. Metal concentrations in porewaters 

from the reference sites were variable, while samples from the impacted sites 

generally had higher metal concentrations, especially at IM1 (Figure 2.10B). 
 

 
Figure 2.10  Principal component analysis (PCA) of mangrove element concentrations in the 

sediments (A) and in the porewaters (B), red triangles indicate impacted sites and green circles 

indicate reference sites. See Figure 2.1 for site locations. 

 

 

2.3.2.2 Mangrove chemical temporal variation 

 

The chemical composition of the mangrove sites followed a similar pattern to the 

soft-bottom sites. The porewaters and sediments collected during the wet season 

2009 generally contained the highest metal concentrations and the dry season 2010 

tended to have the lowest metal concentrations (Figure 2.11). The porewater metal 

concentrations during the dry season 2010 were markedly different from the other 

sampling times, showing an overall reduction in metal levels. 
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Figure 2.11  Principal component analysis (PCA) of element concentrations in the mangrove 

sediments (A) and in the mangrove porewaters (B) at the three sampling times, dark blue squares 

indicate the wet season 2009, light blue triangles indicate the dry season 2009 and the green 

triangles indicate the dry season 2010. See Figure 2.1 for site locations. 

 
 
2.3.2.3 Mangrove polychaete communities 

 

Polychaete abundance and species richness was not significantly different at any of 

the sampling sites (Table 2.3). Although, when the data were analysed using 

PERMANOVA, the sampling times were significantly different, and there was also a 

significant interaction between the sampling times and the sites (P < 0.05; Appendix 

C, Table C-2). Although the samples from the control and impact sites were not 

significantly different, the test was constrained to only 3 permutations, which is 

insufficient to generate significant values. To overcome this problem, Monte Carlo P 

values were generated. Using this test, the control and impact sites were significantly 

different (Monte Carlo P < 0.05; Appendix C, Table C-2).  

 

In the PERMANOVA, a significant interaction between the sampling time and the 

sites was recorded, therefore, canonical analysis of principal coordinates (CAP) was 

used to explore this interaction further (Figure 2.12). The samples that were collected 

during the same sampling time and from the same sites group together, which 

accounts for the significant PERMANOVA interaction (Appendix C, Table C-2). 

However, the control and impact sites clearly separate into two groups, verifying that 

they are significantly different (Figure 2.12).  
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Figure 2.12  The relationship between mangrove polychaete samples at the four sites and three 

sampling times, as shown using canonical analysis of principal coordinates (CAP). See Figure 

2.1 for site locations. 

 
 

Many mangrove polychaete species recorded a species indicator value that was 

greater than 50 and significant at the 0.05 level (Table 2.4). These species were 

mostly indicative of impacted sites although some were indicative of unpolluted 

sites. The abundance of two of these species, Glycinde bonhourei Gravier, 1904 

(Goniadidae) and Acmira sp.1 (Paraonidae), was also significantly different at the 

control and impact sites using a full-factored ANOVA (P < 0.05, Appendix D, 

Tables D-3, D-4; Figure 2.13).  
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Table 2.4  Polychaetes that were significantly indicative of pollution based on the indicator 

species value of Dufrêne and Legendre (1997), including the type of indicator and their detection 

frequency. 

Species Indicator of 
Indicator species 

value p-value 
Detection 
frequency 

Glycinde bonhourei (Goniadidae) Impacted sites 84 0.001 27 

Lumbrinereis sp.1 (Lumbrineridae) Impacted sites 74 0.001 27 

Sigambra hanaokai (Pilargidae) Impacted sites 69 0.002 22 

Eunice sp.1 (Eunicidae) Impacted sites 68 0.003 29 

Aphelochaeta sp.1 (Cirratulidae) Impacted sites 65 0.002 18 

Monticellina sp.1 (Cirratulidae) Impacted sites 61 0.018 34 

Mediomastus sp.1 (Capitellidae) Unpolluted sites 61 0.005 26 

Paradoneis sp.1 (Paraonidae) Unpolluted sites 59 0.001 13 

Prionospio sp.1 (Spionidae) Impacted sites 59 0.027 29 

Acmira sp.1 (Paraonidae) Unpolluted sites 54 0.002 12 

Pseudeurythoe oculifera (Amphinomidae) Unpolluted sites 53 0.011 18 

Syllid sp.2 (Syllidae) Impacted sites 53 0.012 21 
 

 
Figure 2.13  Mean abundance of Glycinde bonhourei and Acmira sp.1 in the four sites at the 

three different sampling times. See Figure 2.1 for site locations. 

 

2.3.2.4 Correlation between mangrove polychaetes and chemistry 

 

The pattern of polychaete distribution at the mangrove sites was compared to the 

distribution of metals in the mangrove sediments and porewaters using RELATE. 

Patterns in the metal concentrations in the sediments were significantly correlated 

with patterns in the polychaete communities (P < 0.05), although the relationship was 

weak (Spearman’s rho = 0.243). The patterns of metals in the porewaters were not 

correlated with polychaete distributions. In the sediments, changes in the copper and 

the total organic carbon concentrations were the most correlated with polychaete 

assemblage changes when analysed using BEST (Spearman’s rho = 0.448; P < 0.01).  



Chapter 2. Polychaete communities in Melville Bay 

 46 

2.3.3 Artificial substrata 

 

Artificial substrata that were placed at sites impacted by the seawater discharge 

channel had significantly fewer polychaete individuals than substrata at the reference 

locations (Table 2.5). Species richness was also lower, although not significantly 

(Table 2.5). Individual substrata tended to contain relatively unique polychaete 

communities when compared to each other, although substrata placed at control sites 

separated from those at impacted sites (Figure 2.14). The differences in the 

polychaete communities at the impacted and control sites were compared using 

PERMANOVA and were found to be significantly different (P < 0.05, Appendix C, 

Table C-3).  

 

The polychaete, Polyophthalmus sp.1 (Opheliidae), was an indicator of unpolluted 

sites, recording a species indicator value of 88 (P < 0.05; Figure 2.15). Another 

polychaete, Eupolymnia kooranga Hutchings and Glasby, 1988 (Terebellidae), had a 

species indicator value of 82 (P < 0.05) and was more abundant at the polluted sites 

(Figure 2.15). Of all the polychaete species found on the artificial substrata, only 

Syllid sp.2 (Syllidae) was also recorded in the soft-bottom and mangrove habitats.  
 
 
Table 2.5  Polychaete abundance and species richness on the artificial substrata, averaged for the 

two sampling times. Full ANOVA tables are given in Appendix F. See Figure 2.1 for site 

locations. 

  CA1 CA2 IA1 
Richness 7.75 ± 0.854 7.00 ± 0.707 5.6 ± 0.812 
Abundance 69.8 ± 18.8 51.8 ± 11.2 24 ± 7.02 

* bold type indicates a significant difference (P < 0.05)  
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Figure 2.14  Multi-dimensional scaling (MDS) plot of the polychaete samples from artificial 

substrata placed in impact and control sites. The polychaete species which contributed the most 

to differences between the impact and control sites have been overlayed onto the plot. See Figure 

2.1 for site locations. 

 

 

 
Figure 2.15  Mean abundance of Polyophthalmus sp.1 and Eupolymnia kooranga in the three 

sites at the two different sampling times. See Figure 2.1 for site locations. 
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2.4 Discussion 

 

2.4.1 Soft-bottom sites 

 

The polychaete communities at impacted sites near the seawater discharge channel 

were different when compared to polychaete communities at reference sites. The 

species richness of polychaetes showed a decreasing trend at each sampling station 

closer to the discharge channel and polychaete abundance at the closest impacted 

site, IH6, dropped to less than 1 polychaete per 4 litres of sediment, suggesting 

drastically altered environmental conditions. Since the abundance of polychaetes 

dropped monotonically toward the discharge channel, we can conclude that the 

decrease was related to the discharges.  

 

Two polychaete species, Prionospio ehlersi (Spionidae) and Sigambra hanaokai 

(Pilargidae), recorded high indicator species values (Dufrêne & Legendre 1997) and 

were indicative of the unpolluted sites. Pilargids have previously been indicative of 

unpolluted areas (Lee et al. 2006), however, some pilargids can also survive in 

polluted environments (Sukumaran & Devi 2009). Spionids are generally thought to 

increase in abundance at polluted sites and often become opportunistic (Pocklington 

& Wells 1992; Giangrande et al. 2005). I found, however, that the spionid, P. ehlersi, 

was more abundant in the reference sites. These results may indicate high levels of 

contamination in the impacted sites that make survival for any polychaete species 

difficult. Despite this, I found Spiochaetopterus sp.1 (Chaetopteridae) consistently at 

the impacted site IH6, indicating that it is tolerant of pollution. This is further 

evidence to the usefulness of polychaetes as indicators, as the presence of both 

sensitive and tolerant species is an important characteristic of good indicator taxa 

(Pocklington & Wells 1992). 

 

The decline in polychaete abundance closer to the discharge channel is likely to be 

the result of many factors. Previous studies of the same area found that sites near the 

discharge channel were anoxic and sulfidic (Alongi & McKinnon 2011), which 

negatively affects some polychaete species (King et al. 2004; Magni et al. 2008). In 

addition, the chemical composition of the impacted sites was different to that at the 

reference sites, probably because of metals in the discharge channel. Although many 
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of these metals are toxic to polychaetes at high concentrations (Chenier et al. 2008; 

Won et al. 2008; Casado-Martinez et al. 2010), in the present study their 

concentrations were all below ISQG-low trigger values, where they are available 

(ANZECC 2000). This suggests that individually these metals were unlikely to have 

detrimental effects, although in combination they may have had some negative 

influence. Metals are also likely to be more toxic in tropical environments than in the 

temperate environments for which the ANZECC (2000) guidelines were developed. 

In the tropics, organisms are living closer to their temperature threshold and may, 

therefore, be more vulnerable to other stressors (Somero 2005; Tewksbury et al. 

2008; Harford et al. 2011). The metals that best explained the changes in the 

polychaete assemblage were copper and cadmium, however, their concentrations 

were below what would be expected to cause adverse effects (ANZECC 2000). It is 

likely that the increased metal levels at the impacted sites had much less influence on 

the polychaete communities than other changes induced by the refinery waste, such 

as anoxia, higher sulfide content and changes in sediment consistency. The higher 

concentrations of certain metals can be considered a ‘signature’ of the refinery waste 

and allow us to gauge the extent of the waste, however, these metals are unlikely to 

be the main drivers of polychaete assemblage change. 

 

The concentration of aluminium tended to be higher in the impacted porewaters, 

although it was significantly lower in the impacted sediments. This is indicative of 

altered environmental conditions because under natural conditions the solubility of 

aluminium is very low (Tria et al. 2007; Matúš et al. 2009). The higher dissolved 

aluminium concentrations are likely to be a direct result of aluminium loads in the 

discharge channel, either as dissolved aluminium species or as part of the 

hydrotalcite matrix (Palmer et al. 2009). Molybdenum levels tended to be higher at 

the impacted sites, which may be because of the hydrotalcite precipitates in the area: 

hydrotalcite absorbs transition metal oxyanions, such as molybdate and vanadate 

(Smith et al. 2005). Gallium concentrations also showed slight increases in both the 

sediments and porewaters at sites near the discharge channel. Gallium is commonly 

found in bauxite ores at relatively high concentrations, primarily because of its 

chemical similarity with aluminium. This similarity allows gallium to substitute for 

aluminium in the structure of bauxite minerals (Moskalyk 2003). During the alumina 
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extraction process, around 30% of the total gallium is discarded as waste, and can 

accumulate to concentrations of 100-300 mg/kg (Mihaylov & Distin 1992).  

 

2.4.2 Mangrove sites 

 

The abundance and species richness of polychaetes was not significantly different at 

any of the mangrove sites, however, ordinations showed a clear change in the 

assemblage composition between the reference and impacted sites. This may be 

reflective of sensitive polychaete species being replaced by more tolerant species at 

the impacted sites, as has been seen elsewhere (Ward & Hutchings 1996; Chen et al. 

2010). Tolerant polychaetes would be able to survive in the relatively low pollution 

levels and may take advantage of niches abandoned by sensitive polychaetes or other 

sensitive taxa, such as crustaceans and molluscs. 

 

Polychaete species that were more abundant at the impacted mangrove sites included 

species from families which are known to become opportunistic, such as Spionidae, 

Cirratulidae and Capitellidae (Giangrande et al. 2005; Sukumaran & Devi 2009). 

These polychaetes are generally small bodied and probably have a short life span 

(Souza & Borzone 2000; Sukumaran & Devi 2009), which is consistent with many 

opportunistic species (Grassle & Grassle 1974; Sukumaran & Devi 2009). One 

polychaete species, Glycinde bonhourei (Goniadidae), was significantly more 

abundant in the impacted mangrove sediments and recorded a very high indicator 

species value of 84. The Goniadidae are not often thought of as indicator species 

(Giangrande et al. 2005), however, Glycinde bonhourei may be a useful indicator 

species for future Melville Bay impact assessments. The abundance of Acmira sp.1 

(Paraonidae) significantly declined in the impacted sites and recorded a species 

indicator value of 54. Species of Paraonidae in other bays were sensitive to trace 

metals and were also more abundant at reference sites (Stark 1998; Grove & Probert 

1999). The abundance of Acmira sp.1 may be a useful indicator of pollution in 

Melville Bay and, more generally, the family Paraonidae may represent useful 

‘negative’ pollution indicators in the Polychaeta. 

 

The concentration of some metals at the impacted mangrove sites was significantly 

different to that at the reference sites and may be a signature of the alumina refinery 
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waste. The concentrations of zinc and cadmium were significantly higher in the 

sediments at the impacted sites. Gallium concentrations also tended to increase at the 

impacted sites. These metals, especially gallium, are known to occur in higher 

concentrations in alumina refinery waste (Negri et al. 2011). These higher metal 

levels may be the result of seepage from the red mud ponds or could be the result of 

spillover events. Ordinations of the sediment and porewater chemical data showed a 

generally increasing trend of metal levels at the impacted sites, although none of the 

metal levels exceeded the ISQG-low trigger values for sediment quality (ANZECC 

2000). This again suggests that the metals had little effect on the polychaete 

communities, nevertheless, the higher metal concentrations are indicative of the 

refinery waste and provide a measure of the spatial extent of contamination.    

 

The concentrations of iron and cobalt were also higher at the impacted mangrove 

sites compared to the reference mangrove sites. As these metals are sensitive to the 

surrounding redox conditions (Ardelan & Steinnes 2010), changes in their 

concentration suggests differences in the redox potential between the impacted and 

reference sediments. In this case, the reference sediments may be more anoxic and 

cause the available iron, manganese and cobalt to dissolve and redistribute (Öztürk 

1995). The cause of differing redox conditions at these sites is unclear, although it 

may be natural variation.   

 

Over the three sampling times, the polychaete communities were relatively similar at 

the impacted sites but they varied at the reference sites. This may be because only 

opportunistic tolerant polychaete species can survive at the impacted sites, resulting 

in a consistent assemblage composition. At the reference sites, many species may be 

competing for the available resources, which would result in a more dynamic 

community composition.  

 

2.4.3 Artificial substrata 

 

The artificial substrata placed into the inner harbour near the seawater discharge 

channel, recovered significantly fewer polychaetes than those substrata placed in 

reference sites. In addition, ordinations showed that the assemblage of polychaetes 

living on impacted substrata was different to the assemblage on reference substrata. 
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This suggests that wastes from the discharge channel were influencing the 

polychaete communities and altering their composition. It is likely that only tolerant 

polychaete species could survive in the impacted zone, thereby accounting for the 

reduction in polychaetes and the change in assemblage composition. These results 

may also be related to the number of polychaete species in the immediate 

environment. The environment surrounding the impacted artificial substrata is 

contaminated and the species richness of polychaetes is reduced (see soft-bottom 

results). Therefore, we could expect fewer breeding individuals in the immediate 

surroundings and fewer larvae available for settling on the artificial substrata.  

 

The artificial substratum results also suggest that polychaete larvae have a lower 

chance of survival in the impacted waters, possibly because of the higher 

temperatures of the released seawater (Negri et al. 2011). Higher temperatures have a 

well known negative effect on polychaete larvae, especially when coupled with other 

contaminants in the water column (Reish & Gerlinger 1997). The reduced larval 

survival in the impacted zone would result in fewer larvae available for settlement in 

the surrounding sediments and may further exacerbate the problems of reduced 

polychaete species richness and abundance in this area.   

 

The cohort of polychaetes that settled on the artificial substrata was different to the 

cohort of polychaetes recovered by benthic sampling of the soft-bottom and 

mangrove habitats. The species on artificial substrata mostly belonged to the family 

Nereididae, and many of the species are thought to inhabit only hard-substrata (Naim 

1988; Gómez et al. 1997). This implies that the artificial substrata acted as a 

surrogate for the hard-substratum polychaete assemblage, and provided an 

assessment of this additional polychaete habitat. In agreement with the soft-bottom 

and mangrove habitats, the polychaete communities on the artificial substrata were 

different at the impacted sites and provided evidence that the refinery waste was 

altering polychaete communities in many habitats of Melville Bay.  

 

The artificial substrata were composed of ‘exfoliating mesh sponges’ which were 

easy to deploy and retrieve, and assessment of the polychaete assemblage was 

significantly more economical than assessment of the benthic polychaete samples. 

This was specifically because the polychaetes were easily removed from the artificial 
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substrata and they were less diverse, resulting in rapid identification. However, 

despite the lower diversity on the artificial substrata, a clear difference was detected 

between the impacted and reference sites, suggesting that artificial substratum 

deployment is sufficient for detecting differences in the surrounding polychaete 

communities. In addition, very little variation in the polychaete communities on the 

artificial substrata was observed over the two deployment periods, further enhancing 

their utility as a reliable tool for pollution detection.  

 

2.5 Summary 

 

In each of the soft-bottom sites, mangrove sites and artificial substrata, changes in 

the polychaete communities at the impacted sites were detected. This indicates that 

many different marine habitats were affected by the refinery waste and that 

polychaetes were an effective indicator taxa. Several polychaete species were found 

to be especially sensitive or tolerant, which is an important characteristic of a good 

indicator group. Sensitive species are required for the early detection of impacts and 

tolerant species can be used at impacted sites to study sub-lethal biomarkers, such as 

changes in protein or gene expression. The polychaete indicator species identified in 

this study were not always from known indicator families, highlighting the need for 

indicator taxa to be specifically developed for each new area - the indicator species 

identified in this study will be useful for future Melville Bay impact assessments. 

Although changes in the polychaete communities were correlated with changes in the 

concentration of copper, cadmium and total organic carbon, other factors must be 

considered. For example, although the higher metal levels may have contributed to 

the polychaete changes, other properties of the impacted sediment were probably 

more important, such as the degree of anoxia, sulfide concentration and the physical 

consistency of the sediment.  
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3.1 Introduction 

 

In this chapter, several polychaete species found in northern Australia were formally 

described. One of these species was found in sediments containing high copper 

levels and was used in chapters 4 and 5 to study sub-lethal biomarkers. The work 

undertaken in this chapter ensured that the following chapters were not compromised 

by ‘cryptic’ or misidentified species (as discussed in section 1.2, page 7). The 

identified species were from the family Opheliidae, which are common, often locally 

abundant, members of sand and mud substrates from the intertidal to the abyss; some 

species also form part of the encrusting fauna of hard substrates (Hutchings 2000; 

Rouse 2001). In Australia the taxonomy and species composition of Opheliidae is 

poorly known. Only five genera and 13 species have been reported and most species 

are thought to have localised distributions (Hutchings 2000), although this likely 

reflects the lack of comparative studies. The genus Ophelina (Ophelininae) is 

represented in Australia by four species: Ophelina breviata (Ehlers 1913) from 

south-east Australia, Ophelina gigantea (Rullier 1965) from Moreton Bay, and 

Ophelina longicirrata Hartmann-Schröder & Parker, 1995 from the eastern Great 

Australian Bight. Hartmann-Schröder (1979) reported Ophelina acuminata Örsted, 

1843 from the NW Shelf, but this is likely to be a misidentification as the type 

locality is Denmark. Another 11 species of Ophelina have been reported from 

southern Asia and the Indo-Malay archipelago under the old name Ammotrypane 

Rathke (Horst 1919; Caullery 1944; Pillai 1961).  

 

Two morphologically similar forms of Ophelina were detected at several northern 

Australian sites. The specimens came from subtidal sites in Melville Bay, Gove and 

Cullen Bay and nearby shores of Darwin Harbour. The Cullen Bay specimens were 

part of a depauperate polychaete assemblage in sediments containing high levels of 

copper resulting from the 1999 treatment of the Bay with copper sulphate to 

eradicate the Black Striped Mussel, Mytilopsis sallei (Ferguson 2000). Because of 

their tolerance to pollution, these species may be useful in sub-lethal biomarker 

experiments, however, their morphological similarity could cause problems in 

comparative studies. If comparisons are made between polychaetes which are not the 

same species, the resulting biomarker results will be confounded.  
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As the northern Australian forms were morphologically very similar, a molecular 

comparison was done using the cytochrome oxidase subunit I (COI) gene and the 

histone H3 gene to determine whether they differed genetically. Based on the 

molecular results and small morphological differences found a posteriori, the two 

forms are herein described as two new species. Comparison with other specimens of 

Ophelina from Darwin Harbour in the collections of Museum & Art Gallery 

Northern Territory (MAGNT) yielded a third species in the genus, which was 

determined as Ophelina fauveli Caullery, 1944, and is known to date only from 

Gisser, eastern Indonesia. All three species of Ophelina are described and the new 

species are compared to other Australian and Indo-west Pacific species.   

 

3.2 Materials and methods 

 

3.2.1 Collection sites and specimen preparation 

 

This study is based on Ophelina specimens collected from several locations in 

northern Australia over the last 30 years (Figure 3.1). Most specimens have been 

fixed in 10% formaldehyde-seawater and preserved in 70% ethanol solution; some 

recently collected specimens were fixed in 95% ethanol for genetic study. 

 
Figure 3.1  Map of the study sites and collection location for each of the three Ophelina species. 

The circles represent Ophelina fauveli, the crosses are Ophelina cyprophila sp. nov. and the 

triangles are for Ophelina tessellata sp. nov.  
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3.2.2 Morphological 

 

Light microscopy observations were made using a Nikon SMZ 1500 

stereomicroscope and a Nikon Eclipse 80i compound microscope with Nomarsky 

optics. Photographs were taken using a Canon EOS 5D Mk 11 with MPE-65 lens 

mounted on a Cognisys Stackshot automated rail. Image stacks were processed using 

Zerene Stacker and post-processed using Adobe Lightroom. 

 

3.2.3 Molecular 

 

Ophelina specimens were preserved in 95% alcohol before molecular analysis. The 

two new species, Ophelina tessellata sp. nov. and Ophelina cyprophila sp. nov., 

were collected from Darwin Harbour and Melville Bay. Reference numbers and 

GenBank accession numbers for the Ophelina specimens are given in Table 3.1. The 

DNA was extracted from the specimens using the Promega Wizard SV Genomic 

DNA Purification System (Madison, WI, USA), according to the manufacturer’s 

instructions. The cytochrome oxidase subunit I gene (COI) was amplified from the 

polychaete samples using the forward primer, LCO1498: 5’ 

GGTCAACAAATCATAAAGATATTGG (Folmer et al. 1994), and the reverse 

primer, COI-E: 5’ TATACTTCTGGGTGTCCGAAGAATCA (Bely & Wray 2004). 

The histone H3 gene was amplified from the polychaete samples using the forward 

primer, H3F: 5’ – ATGGCTCGTACCAAGCAGACVGC, and the reverse primer, 

H3R: 5’ – ATATCCTTRGGCATRATRGTGAC (Colgan et al. 2000).     

 

PCR reactions were compiled using the Kapa Biosystems Robust PCR Kit (Woburn, 

MA, USA). Each PCR reaction was made up of 1 µl of template DNA, 10 µl of 5x 

KAPA2G Buffer A, 1 µl of 10 mM dNTPs, 5 µl of 4 µM forward and reverse 

primers, 1.5 µl of 25 mM MgCl2, 1 µl of DMSO, 0.15 µl of KAPA2G Robust DNA 

Polymerase and 30.35 µl of dH2O for a total volume of 50 µl. The COI and histone 

genes were amplified for 35 cycles of 94°C for 50 seconds, 49°C for 120 seconds, 

72°C for 90 seconds, then a final extension of 72°C for 7 minutes. The amplified 

PCR products were then purified using the Promega SV Gel and PCR Clean-up 

System (Madison, WI, USA), according to the manufacturer’s instructions. COI and 
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histone H3 fragments of sufficient quality and quantity were selected for sequencing. 

Sequencing reactions were compiled using the Big Dye Terminator Kit, version 3.1 

(Applied Biosystems, Foster City, CA, USA). The reactions contained 4 µl of either 

forward or reverse primer (0.8 pmol/µl), 1 µl of big dye terminator enzyme, 3.5 µl of 

5x sequencing buffer and 5 – 10 ng of template DNA in a 20 µl reaction. The 

sequencing reactions were cycled through 94°C for 300 seconds, followed by 30 

cycles of 96°C for 10 seconds, 50°C for 5 seconds and 64°C for 240 seconds. 

Products were then precipitated and sequenced in both directions using a Genetic 

Analyzer 3130XL (Applied Biosystems, Foster City, CA, USA). The consensus 

sequence for each individual was obtained by editing and reconciling the forward 

and reverse sequences using MacVector, version 10.5 (MacVector, Inc., Cary, NC, 

USA).  

 

The COI and histone H3 consensus sequences were aligned using clustalW in 

MEGA (Molecular Evolutionary Genetics Analysis) software (Tamura et al. 2011). 

Phylogenetic trees were computed in MEGA using the neighbor-joining method 

(Saitou & Nei 1987) and the maximum parsimony method (Eck & Dayhoff 1966). 

For the COI trees, I used GenBank sequences of Ophelia limacina (GU672187; Carr 

2011) as an outgroup and for the histone H3 trees, I used GenBank sequences of 

Armandia brevis (HM746752; Paul et al. 2010), Armandia maculata (HM746753; 

Paul et al. 2010) and Polyophthalmus pictus (AF185259; Brown et al. 1999) as an 

outgroup. Genetic distances were calculated in MEGA by averaging the number of 

nucleotide differences per site with the total number of nucleotide positions. The 

standard error was calculated by the bootstrap test with 1,000 replicates.  
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Table 3.1  Origin and reference data, including GenBank accessions, of sequenced specimens of Ophelina cyprophila sp. nov. and Ophelina tessellata sp. nov. 

 

 

 Origin NTM reference CDU reference COI  Histone H3 

  Ophelina cyprophila Darwin Harbour  Pol 5 JN182653 JN182667 

  Ophelina cyprophila Darwin Harbour 204 Pol 49 JN182654 JN182668 

  Ophelina cyprophila Darwin Harbour  Pol 243 JN182655 JN182669 

  Ophelina cyprophila Darwin Harbour  Pol 244 JN182656 JN182670 

  Ophelina cyprophila Darwin Harbour  Pol 248 JN182657 JN182671 

  Ophelina cyprophila Darwin Harbour  Pol 249 JN182658 JN182672 

  Ophelina cyprophila Darwin Harbour  Pol 333 JN182659 JN182673 

  Ophelina cyprophila Darwin Harbour  Pol 334 JN182660 JN182674 

  Ophelina tessellata Melville Bay W23419 Pol 406 JN182661 JN182675 

  Ophelina tessellata Melville Bay W23420 Pol 407 JN182662 JN182676 

  Ophelina tessellata Melville Bay W23421 Pol 408 JN182663 JN182677 

  Ophelina tessellata Melville Bay W23422 Pol 409 JN182664 JN182678 

  Ophelina tessellata Melville Bay W23423 Pol 410 JN182665 JN182679 

  Ophelina tessellata Melville Bay W23426 Pol 413 JN182666 JN182680 

Outgroup      

  Armandia brevis (Paul et al. 2010)    HM746752 

  Armandia maculata (Paul et al. 2010)    HM746753 

  Ophelia limacina (Carr 2011)   GU672187  

  Polyophthalmus pictus (Brown et al. 1999)    AF185259 
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3.3 Results 

 

3.3.1 Morphological characters 

 

Members of Ophelina display many ‘conservative’ features, i.e., those that show 

little if any interspecific variation (Appendix G). These features are discussed below 

but not included in the taxonomic descriptions. The general body form is slender, 

smooth, cylindrical, pointed anteriorly, with deep mid-ventral and lateral grooves 

along the body resulting from the action of strong transverse muscles. Primary 

segmentation is indistinct but secondary intra-segmental annulations are more-or-less 

well developed. The prostomium is conical and usually bears a terminal palpode 

(rarely absent); a pair of eyespots may be present or absent. The peristomium is 

fused to the prostomium and includes the region around the mouth, which is 

transverse, slit-like; a large, lobate sac-like proboscis may be taxonomically 

informative but was rarely everted in present preserved specimens, and rarely 

described in the literature. Simple digitiform branchiae arise just above and behind 

the parapodia beginning on chaetiger 2 and continue posteriorly (rarely branchiae are 

completely absent). Each branchia has two lateral rows of cilia along its posterior 

edge, however, they are not easily observed under light microscopy, especially if the 

animal is not ideally fixed. Each parapodium bears a single type of capillary chaeta 

which may be smooth or sparsely hairy (hispid), and the form of the chaetae is the 

same along the length of the body. 

 

The most useful taxonomic features are associated with the parapodia and funnel-

shaped pygidium. The parapodia of Ophelina are small rounded to pointed 

projections bearing two bundles of chaetae, an upper one which most authors are 

calling notochaetae and a lower one, the neurochaetae (Figure 3.2). The parapodium 

comprises three main features: a pre-chaetal lobe situated between the noto- and 

neurochaetae (varies in shape from low and rounded to digitiform as in the present 

specimens); adjacent to the notochaetae may be a short ‘dorsal cirrus’ (e.g. Parapar et 

al. 2011, Figure 6e), but this structure may be absent, as in the present material; a 

low, lingulate ventral cirrus immediately ventral to the neurochaetae (Figure 3.2).   

 



Chapter 3. New species of Ophelina 

 60 

The tubular, elongate pygidial funnel bears a single mid-ventral cirrus originating 

inside the funnel, a pair of external lateral cirri, and many marginal cirri located on 

the rim of the funnel. Inside the funnel is a terminal anus. The morphologically 

complex pygidial funnel is the most diagnostic structure of Ophelina; species 

identification may not be possible in specimens where it is damaged or has fallen off.  

 

In recent years, ultrastructural features of Ophelina species have shown potential for 

distinguishing species (e.g. Parapar et al. 2011). These include the form of the 

sensory nuchal organs, at the base of the prostomium, and lateral organs which are 

located on the prechaetal lobe; the form and distribution of the transverse ciliary 

bands on the venter and those of along the branchiae; and the distribution and form 

of the cilia and pores along the body surface. Unfortunately, information on 

variability these features within and between species for most opheliids is currently 

lacking, so their usefulness as taxonomic features is limited at this stage. The 

material that I had available in this study was not suitable for SEM, because the 

specimens were not relaxed appropriately or consistently (may affect form of nuchal 

organs and pores) or fixed for SEM (affects form of cilia).  

 
Figure 3.2  Ophelina fauveli HOLOTYPE, right side parapodia from posterior body, ventral 

view. The branchia is not shown.  
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3.3.2 Molecular results 

 

The partial nucleotide sequence of both the mitochondrial COI gene and the nuclear 

histone H3 gene were analysed in 14 individuals collected from northern Australia 

(Table 3.1). Nucleotide substitutions occurred at 129 positions within the 690 bp 

fragment of the COI gene (18.7%) and at 18 positions within the 378 bp fragment of 

the histone H3 gene (4.8%). Phylogentic relationships among the specimens were 

analysed using two different tree building methods, neighbor-joining and maximum 

parsimony (Figure 3.3). Both of the phylogenetic trees had similar topologies for 

each of the two genes. The specimens were clearly divided into two clades, which 

were designated Ophelina tessellata sp. nov. and Ophelina cyprophila sp. nov. These 

clades were supported in at least 98% of bootstrap replicates for both genes and tree 

building methods. 

 

For the COI gene, the average distance between the two clades was 18.9±1.5%. The 

variation was 0.4±0.2% within Ophelina tessellata sp. nov. and less than 0.1% 

within Ophelina cyprophila sp. nov. The average distance between the two clades 

using the histone H3 gene was 3.8±0.9%, reflecting the higher conservation rates of 

this gene (Colgan et al. 2000). Within specimens of Ophelina tessellata sp. nov., 

histone H3 variation was 0.4±0.2%, and within Ophelina cyprophila sp. nov., histone 

H3 variation was 0.5±0.2%.  
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Figure 3.3  Neighbor-joining (A) and maximum parsimony (B) for the Ophelina COI sequences and neighbor-joining (C) and maximum parsimony (D) for the 

Ophelina histone H3 sequences. The percentage of replicate trees in which the taxa clustered together in the bootstrap test (1,000 replicates) is shown next to each 

branch 
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3.3.3 Ophelina cyprophila sp. nov. (Figure 3.4) 

 

Opheliidae Malmgren, 1867 

 

Ophelininae Hartmann-Schröder, 1971 

 

Ophelina Ørsted, 1843 

 

Ophelina cyprophila sp. nov. 

 

3.3.3.1 Material examined  

 

HOLOTYPE, Australia, Northern Territory, Darwin Harbour, Bayview Haven, 

(NTM unreg.). PARATYPES, Darwin Harbour, Hudson Creek, Stn HC MF1 Anox 

1, 12.48216667S 130.9266667E, coll. M. Neave, 2 May 2007, 1 specimen (NTM 

W22279) (sequenced); Stn DW109a, 12.56466667S 130.8446667E, coll. MEU, 18 

Mar 1994, 1 specimen, NTM W13689; Stn DW132a, 12.53533333S, 130.8728333E, 

coll. MEU, 18 Mar 1994, 1 specimen, NTM W13666; Stn DW71a, 12.572S 

130.755E, coll. MEU, 17 Mar 1994, 1 specimen, NTM W13649. NON-TYPES: 

Northern Territory, Darwin Harbour, Stn D158a, 12.4745S 130.8853333E, coll. 

MEU, 17 Jul 1993, 2 specimens NTM W10483; Darwin Harbour, Stn DW155a, 

12.46833333S 130.8858333E, coll. MEU, 23 Mar 1994, 1 specimen, NTM W13661; 

Darwin Harbour, 1 specimen (NTM unreg); Annesley Point, Stn AP/5, 

11.40833333S 132.85E, coll. R. Hanley, P. Hutchings & C. Watson, 18 Jun 1984, 1 

specimen, NTM W1951;  Melville Bay, Cargo Wharf, Stn GVCW, 12.20416667S 

136.6808333E, coll. K. Neil & party, 12 Jun 2001, 1 specimen NTM W19547, 

Melville Bay, 12.16666667S 136.65E, coll. MEU, Nov 1991 - Mar 1992, 1 specimen 

NTM W8217, Melville Bay, 12.16666667S 136.65E, coll. MEU, Nov 1991 - Mar 

1992, 1 specimen, NTM W8216, West Bay, Port Essington, Stn CPV5, 

11.41666667S 132.175E, coll. R. Hanley, M. Burke & C. Watson, 14 Sep 1985, 1 

specimen, NTM W3582; West Bay, Port Essington, Stn CPV5, 11.41666667S 

132.175E, coll. R. Hanley, M. Burke & C. Watson, 14 Sep 1985, 1 specimen, NTM 

W3580; West Bay, Port Essington, Stn CPV5, 11.41666667S 132.175E, coll. R. 

Hanley, M. Burke & C. Watson, 14 Sep 1985, 1 specimen, NTM W3543; Yankee 
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Creek, Stn AP/4, 11.41666667S 132.8583333E, coll. R. Hanley, P. Hutchings & C. 

Watson, 17 Jun 1984, 3 specimens NTM W1784. 

 

3.3.3.2 Description  

 

Body 13.5-22.0 mm long, for 48-65 chaetigers. Prostomium 1.2-1.4 times longer 

than wide; terminal palpode present. Prostomial eyes absent.  

 

Prechaetal lobe digitiform throughout; at chaetiger 3, 0.2 times length of branchiae; 

posteriorly 0.1 times length of branchiae. Dorsal cirri absent. Ventral cirri present, 

low, lingulate. Chaetae all smooth capillaries, those of anterior parapodia oriented 

lateral or posterio-latteral. Notochaetae anteriorly 0.9-1.2 times branchiae length; in 

midbody 0.6-1.0 times branchiae length; posteriorly 0.6-0.9 times branchiae length.  

 

Branchiae start on chaetiger 2 and end on the final chaetiger. Branchiae length 

anteriorly 0.6-1.0 times body width; in mid body 0.8 (0.7-0.9) times body width, in 

posterior body 0.6-1.0 times body width. Ciliated branchiae along entire posterior 

edge, most dense at the base.  

 

Pygidial funnel is laterally compressed; opening ventrally (hood shaped); 1.7-2.0 

times longer than deep; annulations present on funnel; 25-42 annulations. Unpaired 

ventral anal papilla present, tapered and 0.7-1.0 times funnel length. Paired ventral 

anal papillae present, tapered and 0.2-0.3 times funnel length. Anal margin cirri 

present, 42-58 cirri, weakly tapered and anterior cirri 1.8-2.0 times longer than 

posterior cirri, anterior cirri 0.6-1.0 times length of paired ventral papillae. 

 

3.3.3.3 Distribution and habitat  

 

‘Top End’ of northern Australia in mudflats from the intertidal to 10 m deep; maybe 

associated with mangroves. Sympatric with Ophelina tessellata (found together in a 

sample collected at Melville Bay (NTM W8216)). 
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3.3.3.4 Etymology 

 

The species name is formed from the Greek, Kypros, meaning copper, and philia, 

meaning fondness, referring to this species ability to live in sediments with high 

levels of copper. 

 

3.3.3.5 Remarks 

 

The three Ophelina species described in the present study were morphologically only 

slightly different, with most differences associated with the pygidial funnel. 

Ophelina cyprophila sp. nov. had an oval shaped pygidial funnel that was neither 

especially long or club shaped, which distinguished it from the other species. In 

addition, Ophelina cyprophila sp. nov. had notochaetae that were only slightly longer 

than the branchiae (different to Ophelina tessellata sp. nov.) and an unpaired anal 

cirrus that was approximately as long at the pygidial funnel (different to Ophelina 

fauveli).  
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Figure 3.4  Ophelina cyprophila sp. nov. whole body (A), anterior (B) and posterior (C). pac is 

paired anal cirri, uac is unpaired anal cirri and mac is margin anal cirri.  
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3.3.4 Ophelina fauveli Caullery, 1944 (Figure 3.5) 

 

Ammotrypane fauveli Caullery, 1944: 42, fig. 33. Type locality: Gisser, Indonesia 

 

3.3.4.1 Material examined  

 

NON-TYPES: Australia, Darwin Harbour, Stn D114a, 12.58133333S 

130.8628333E, coll. MEU, 13 Jul 1993, 1 specimen, NTM W10492, Stn DW143a, 

12.48533333S 130.8636667E, coll. MEU, 23 Mar 1994, 2 specimens, NTM 

W13673; Melville Bay, Off Catalina Boat Ramp (=Catalina Bay), Stn GVCBS, 

12.22583333S 136.6983333E, coll. K. Neil & party, Jun 2001, 1 specimen, NTM 

W19550; Port Essington, Cape Don, Stn CP/15, 11.33333333S 131.8166667E, coll. 

R. Hanley et al., 13 Oct 1981, 1 specimen NTM W1271. 

 

3.3.4.2 Description 

 

Body 19.0-35.0 mm long, for 54-65 chaetigers. Prostomium 1.2-1.9 times longer 

than wide; terminal palpode present. Prostomial eyes absent.  

 

Prechaetal lobe digitiform throughout, at chaetiger 3, 0.15 times length of branchiae; 

posteriorly 0.1 times length of branchiae. Dorsal cirri absent. Ventral cirri present, 

low, lingulate. Chaetae all smooth capillaries, those of anterior parapodia oriented 

dorso-laterally. Notochaetae anteriorly 0.9-1.1 times branchiae length; in midbody 

0.6-1.0 times branchiae length; posteriorly 0.7-1.0 times branchiae length.  

 

Branchiae start on chaetiger 2 and end on the final chaetiger. Branchiae length 

anteriorly 0.6-0.7 times body width; in mid body 0.7-0.8 times body width, in 

posterior body 0.7-1.0 times body width. Ciliated branchiae along entire posterior 

edge, evenly distributed. 

 

Pygidial funnel is slightly laterally compressed; opening ventrally (hood shaped); 

1.8-2.2 times longer than deep; annulations present on funnel; 20-30 annulations. 

Unpaired ventral anal papilla present, tapered and 1.5-2.2 times funnel length. Paired 
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ventral anal papillae present, cirriform and slightly tapered, 0.1-0.2 times funnel 

length. Anal margin cirri present, 20-36 cirri, present only on posterior edge and of 

equal length, anterior cirri 0.1-0.5 times length of paired ventral papillae. 

 

3.3.4.3 Distribution and habitat 

 

Eastern Indonesia and ‘Top End’ of northern Australia. Sand substrate, 10-21 m. 

 

3.3.4.4 Remarks  

 

Ophelina fauveli was readily distinguished from the other described species by the 

presence of an unusually long unpaired anal cirrus, which was approximately 2 x 

longer than the pygidial funnel (the unpaired anal cirri on the other species were 

approximately the same length as the pygidial funnel). In addition, the pygidial rim 

cirri were very short compared with the other species.  

 

The present specimens agree in all features with the type description, except in the 

relative length of the anal margin cirri. In the present material they are much shorter 

(2-3 times) than described for the holotype of Ophelina fauveli. Some of the cirri in 

the present material approach the clavate shape described by Caullery (1944). 

Although the length of the anal margin cirri is likely to increase in length 

allometrically (shown by Saito et al. 2000 for Armandia amakusaensis), I cannot 

explain the variation is this way because Caullery’s holotype is within the size range 

of my specimens. I therefore attribute the difference to regional variation, but caution 

that molecular data is required to confirm species identity. 
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Figure 3.5  Ophelina fauveli whole body (A), anterior (B) and posterior (C). no is nuchal organ, 

pp is palpode, pac is paired anal cirri, uac is unpaired anal cirri and mac is margin anal cirri.  
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3.3.5 Ophelina tessellata sp. nov. (Figure 3.6) 

 

3.3.5.1 Material examined  

 

HOLOTYPE, Australia, Northern Territory, Melville Bay, Site 2, Export Wharf, Stn 

GVEX2, 12.205S 136.67E, coll. K. Neil & party, 12 Jun 2001, 1 specimen, NTM 

W19553. PARATYPES: Melville Bay, Stn A35, 4 specimens (NTM Wunreg.), Stn 

B7, 3 specimens (NTM Wunreg.), Stn A34, 4 specimens (NTM Wunreg.), Stn B1, 1 

specimen (NTM Wunreg.), Stn B10, 4 specimens (NTM Wunreg.); Melville Bay, 

Cargo Wharf, Stn GVCW, 12.20416667S 136.6808333E, coll. K. Neil & party, 12 

Jun 2001, 1 specimen, NTM W19554; E of Drimmie Peninsula, Stn CM2/1, 

12.22433333S 136.7096667E, coll. M. Neave & C. Glasby, 26 Feb 2009, 1 

specimen, NTM W22865 (sequenced). NON-TYPES: Darwin Harbour, Stn, 

DW139a, 12.45583333S 130.8558333E, coll. MEU, 23 Mar 1994, 2 specimens 

NTM W13667; Stn DW170a, 12.488S 130.918E, coll. MEU, 22 Mar 1994, 1 

specimen, NTM W13669; Melville Bay, Stn B7, 1 specimen (NTM Wunreg.), Stn 

B5E, 1 specimen (NTM Wunreg.); Melville Bay, E of Drimmie Peninsula, Stn D2, 

12.221025S 136.681705E, coll. M. Neave, 12 Aug 2010, 2 specimens NTM W23419 

(sequenced); E of Drimmie Peninsula, Stn CM1, 12.28833333S 136.898055E, coll. 

M. Neave, 11-12 Aug 2010, 1 specimen, NTM W23420; E of Drimmie Peninsula, 

Stn CM1, 12.28833333S 136.898055E, coll. M. Neave, 11-12 Aug 2010, 1 

specimen, NTM W23421; E of Drimmie Peninsula, Stn CM2, 12.22450333S 

136.7097267E, coll. M. Neave, 11-12 Aug 2010, 1 specimen NTM W23422 

(sequenced); E of Drimmie Peninsula, Stn, CM2, 12.22450333S 136.7097267E, coll. 

M. Neave, 11-12 Aug 2010, 6 specimens NTM W23423 (sequenced); E of Drimmie 

Peninsula, Stn CM1, 12.28833333S 136.898055E, coll. M. Neave, 11-12 Aug 2010, 

1 specimen, NTM W23426 (sequenced); Between Cargo Wharf and Perkins Wharf, 

Stn GVCW, 12.2S 136.6833333E, coll. K. Neil & party,  12 Jun 2001, 1 specimen, 

NTM W19551, Melville Bay, 12.16666667S 136.65E,coll. MEU, Nov 1991 - Mar 

1992, 2 specimens NTM W8216 
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3.3.5.2 Description  

 

Body 15.0-26.0 mm long, for 42-58 chaetigers. Prostomium 1.1-1.6 times longer 

than wide; terminal palpode present. Prostomial eyes absent.  

 

Prechaetal lobe digitiform throughout; at chaetiger 3, 0.2 times length of branchiae; 

posteriorly 0.15 times length of branchiae. Dorsal cirri absent. Ventral cirri present, 

low, lingulate. Chaetae all smooth capillaries, those of anterior parapodia oriented 

dorso-laterally. Notochaetae anteriorly 0.6-2.0 times branchiae length; in midbody 

0.6-1.0 times branchiae length; posteriorly 0.5-0.8 times branchiae length.  

 

Branchiae start on chaetiger 2 and end on the final chaetiger. Branchiae length 

anteriorly 0.4-0.9 time body width; in mid body 0.8 (0.6-1.0) times body width, in 

posterior body 0.5-0.8 times body width. Ciliated branchiae present. 

 

Pygidial funnel is laterally compressed; opening ventrally (hood shaped); 1.2-1.8 

times longer than deep; annulations present on funnel; 35-70 annulations dorsally, 

tessellated pattern ventrally. Unpaired ventral anal papilla present, tapered and 0.2-

1.0 times funnel length. Paired ventral anal papillae present, thick and not tapered, 

0.1-0.8 times funnel length. Anal margin cirri present, 40-88 cirri, weakly tapered 

and of equal length, anterior cirri 0.3-1.0 times length of paired ventral papillae. 

 

3.3.5.3 Distribution and habitat  

 

‘Top End’ of northern Australia in mudflats from the intertidal to 10 m deep; maybe 

associated with mangroves. Sympatric with Ophelina cyprophila (found together in a 

sample collected at Melville Bay (NTM W8216)). 

 

3.3.5.4 Etymology 

 

The species name is formed from the Greek, tessella, meaning ‘small square’, 

referring to the distinctive pattern on the pygidial funnel of this species.  
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3.3.5.5 Remarks 

 

Ophelina tessellata sp. nov. was distinguished from the other described species by 

the presence of a club shaped pygidial funnel that was only 1.5 x longer than deep 

(the other species had pygidial funnels that were approximately 2 x longer than 

deep). Ophelina tessellata sp. nov. also had a distinctive pattern of tessellated 

annulations on the ventral part of the pygidial funnel, where in the other species the 

annulations were typical. In addition, the notochaetae of this species was up to 2 x 

longer than the branchiae length. In Ophelina cyprophila sp. nov. and Ophelina 

fauveli, the notochaetae were only slightly longer than the branchiae.  
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Figure 3.6  Ophelina tessellata whole body (A), anterior (B) and posterior (C). no is nuchal 

organ, pp is palpode, pac is paired anal cirri, uac is unpaired anal cirri and mac is margin anal 

cirri. 
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3.4 Discussion 

 

Unfortunately most of the Ophelina species descriptions from southern Asia and the 

Indo-Malay archipelago are uncertain. This is because specimens are damaged or 

because the description is only based on single specimens (e.g. Ophelina longicirrata 

Hartman-Schröder and Parker 1995; Ophelina kampeni (Horst, 1919); Ophelina 

ehlersi (Horst, 1919); Ophelina buitendijki (Horst, 1919); Ophelina fauveli 

(Caullery, 1944); Ophelina longicaudata (Caullery, 1944); Ophelina dubia 

(Caullery, 1944); Ophelina profunda (Caullery, 1944); Ophelina remigera (Ehlers, 

1916); Appendix G). In addition, Saito et al. (2000) noted that most of the 

traditionally used morphological and morphometric characters of Armandia (closely 

related to Ophelina) are highly variable (many correlated positively with body size) 

so require data from a large number of different sized specimens. To start to address 

these issues, I described three Ophelina species from northern Australia by 

morphologically characterising a larger number of specimens and supplementing 

these data with molecular indices.  

 

Species of Ophelina have traditionally been identified based on the presence or 

absence and morphology of the pygidial funnel (Parapar et al. 2011); I also found 

that most of the diagnostic characteristics for Ophelina were on this structure. Basing 

species identification primarily on external structures, such as the pygidial funnel, is 

not ideal as these appendages can be easily lost during collection and preservation. I 

used molecular data in conjunction with morphological characteristics to ensure 

correct species identification. The use of molecular data when describing species of 

the Ophelina may be more important than for other polychaete species due of the 

lack of reliable morphological characters for the group. This is particularly true if the 

pygidial funnel is damaged or has fallen off.  

  

The specimens examined in this study were collected from three sites in northern 

Australia: Darwin Harbour, Port Essington and Melville Bay. These sites are part of 

the Arafura Sea, which extends from northern Australia to Indonesia and is a shallow 

water body with depths ranging from 70-230 m (Rollet et al. 2009). Approximately 

20,000 years BP, during the last glacial period, there was a land bridge between 

northern Australia and Indonesia, and the Arafura region was exposed (Woodroffe 
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1993). The sea level started to rise rapidly from approximately 12,000 BP and had 

reached its present level by about 6,000 BP (Woodroffe 1993). All three Ophelina 

species were collected at all three sites, indicating that each species maintains stable 

gene pools across the region despite being geographically isolated. This may have 

occurred through each Ophelina species sharing genetic information across northern 

Australia and, therefore, reducing divergence through gene flow. Although the 

reproductive cycle of Ophelina species has been poorly studied, they are likely to 

have a planktonic larval stage based on studies of closely related polychaetes, such as 

Ophelia and Armandia (Tamaki 1985; Rouse & Pleijel 2001). Planktonic larvae in 

the Arafura Sea are likely to be transported in an easterly direction during the 

monsoonal months but in a westerly direction during the dry season, according to 

recent oceanographic models (Condie 2011). This may result in the efficient 

dispersal of Ophelina larvae across the northern edge of the Northern Territory, 

reducing genetic drift and specialization. 

 

The two new species herein described, Ophelina tessellata sp. nov. and Ophelina 

cyprophila sp. nov., occurred sympatrically: they not only occurred at the same 

sampling site but also in the same samples. The other described species, Ophelina 

fauveli, occurred at the same sites but was only collected in deeper waters ranging 

from 10-21 m. Both Ophelina tessellata sp. nov. and Ophelina cyprophila sp. nov. 

were collected from intertidal environments and at depths less than 10 m. Despite 

these two species occurring sympatrically and having similar morphologies, they 

were clearly separated into two clades based on sequences of the cytochrome oxidase 

I (COI) and histone H3 genes. This maintenance of independent gene pools, despite 

living in sympatry, may be achieved through differences in reproductive timing or by 

specific gamete recognition systems and hybrid inviability (Vacquier 1998; 

Maltagliati et al. 2004). Species of the genus Ophelia, which are closely related to 

the Ophelina, have also been found to live in sympatry while still maintaining 

genetic differentiation (Maltagliati et al. 2004).       

 

Paraphyly of Ophelina was found by both Silva (2007) and Paul et al. (2010). The 

latter study found that inclusion of both Armandia and Polyophthalmus is required to 

make Ophelina monophyletic. Therefore, morphological studies on these other two 

genera (e.g. Saito et al. 2000 on Armandia) become relevant to interpreting the 
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morphology of Ophelina species. Although my study was not designed to test genera 

monophyly I found that Armandia is also paraphyletic based on COI sequences.  

 

One of the species described in this paper, Ophelina cyprophila sp. nov., was found 

as part of a depauperate polychaete assemblage in sediments containing high copper 

levels. This species was consistently found in the polluted sediments and appears to 

be tolerant to elevated copper concentrations. This tolerance may make Ophelina 

cyprophila sp. nov. a useful organism for toxicological studies in tropical Australian 

environments, particularly those examining sub-lethal biomarkers. The use of 

opheliids for toxicology testing has some benefits. Opheliids are sub-surface deposit 

feeders (Fauchald & Jumars 1979), ensuring contact with sediment-bound 

contaminants. Moreover, Opheliids have a distinctive locomotive pattern, facilitating 

rapid family-level identification in the field.  

 

The following chapters of this thesis will use Ophelina cyprophila sp. nov. to test for 

changes in gene and protein expression under metal pollution. In addition, this newly 

described species will be used to examine changes in the bacteria associated with 

polychaetes under metal stress. The work undertaken in this chapter ensured that 

comparisons made in the subsequent chapters were not compromised by ‘cryptic’ or 

misidentified species.  
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4.1 Introduction 

 

Polychaetes are widespread in the marine environment; they are known to inhabit all 

the oceanic habitats of the world, from shallow estuaries to deep-sea hydrothermal 

vents (Glasby 2005). Consequently, polychaetes often come into contact with wastes 

generated by human activity. Among the most toxic of these wastes are metals, 

which can be detrimental to polychaetes even at low concentrations (Reish & 

Gerlinger 1997; Bonnard et al. 2009). Certain polychaetes, however, have 

mechanisms to resist the toxic effects of the metals. This may be achieved through 

changes in gene expression, using symbiotic bacteria or increasing mucous secretion 

(Desbruyères et al. 1998; Alain et al. 2002; Amiard-Triquet et al. 2006). Moreover, 

individuals of some species living in metal-polluted environments adapt to the 

conditions and develop greater metal tolerances than individuals living in clean 

sediments (Mouneyrac et al. 2003). The resistance mechanisms used by polychaetes 

in contaminated environments may lead to the development of useful sub-lethal 

biomarkers of metal pollution. These resistance mechanisms have biomarker 

potential at a low level of biological organisation as discussed in Section 1.5, page 

13) 

 

One poorly understood aspect of metal resistance in polychaetes is the genetic 

component (Rhee et al. 2007). Despite polychaetes often being used in toxicological 

studies, the molecular mechanisms of polychaete resistance remain largely unknown. 

Genetic resistance mechanisms have traditionally been difficult to study in 

polychaetes because of a lack of baseline genetic information, forcing researchers to 

focus only on characterised pathways. These studies have found the alteration of 

genes involved in oxidative stress responses, including the glutamate cysteine ligase 

gene, glutathione S-transferase genes and superoxide dismutase genes (Sandrini et al. 

2006; Rhee et al. 2007; Rhee et al. 2011; Won et al. 2011). While the techniques 

used in these studies provide valuable information about those specific processes, 

they do not necessarily provide enough information for obtaining a general picture of 

transcriptome changes. Techniques such as ‘next generation’ sequencing, or 

massively parallel sequencing, have great potential to expand sequence databases for 

non-model organisms (Collins et al. 2008). These techniques can sequence hundreds 

of thousands of messenger RNA transcripts and provide an accurate count of 
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messenger RNA abundance (Wang et al. 2009b). This means that animals, 

previously studied because of their ecological relevance, can now also be analysed in 

functional genomic studies, even if rich genetic resources are unavailable (Vera et al. 

2008).  

 

Since the expression of genes in the transcriptome does not always reflect changes in 

protein concentration (Hegde et al. 2003; Ghazalpour et al. 2011), complementary 

protein studies may provide a more comprehensive understanding of expression. 

Protein expression in polychaetes under metal stress is largely studied using 

biochemical measurements (Reish & Gerlinger 1997). These studies target and 

measure a single characterised protein, often finding that polychaetes exposed to 

metals contain greater concentrations of metallothionein-like proteins and oxidative 

stress proteins, such as glutathione S-transferase, superoxide dismutase and catalase 

(Geracitano et al. 2004; Won et al. 2008; García-Alonso et al. 2011). Few 

researchers have examined the changes in large regions of the polychaete proteome 

when under metal stress. One technique, which can be used to examine a large 

number of proteins, is differential in gel electrophoresis (DIGE; Marouga et al. 

2005). This technique can be used to accurately and quantitatively examine 

differences in protein expression associated with stresses and discover novel protein 

biomarkers (Dowling & Sheehan 2006). The DIGE technique has previously been 

limited by the difficulty of identifying proteins from organisms without a well-

characterised genome, however, many more proteins can be identified when this 

technique is used in conjunction with ‘next generation’ sequencing data.  

 

In this experiment, I coupled ‘next generation’ pyrosequencing of polychaete 

transcriptomes with DIGE analysis of polychaete proteins to obtain a comprehensive 

insight into the changes associated with metal stress. Stress was defined in 

accordance with most ecologists as ‘an internal state brought about by a stressor’ 

(van Straalen 2003). The terms ‘tolerance’ and ‘resistance’ are used as synonyms to 

refer to the ability of organisms to cope with stress. I predicted that the transcriptome 

and proteome would be altered in polychaetes exposed to elevated levels of metals. I 

also wanted to determine whether transcript abundance was correlated with protein 

abundance and whether any genes could be used as biomarkers of metal pollution.  
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4.2 Materials and methods 

 

4.2.1 Study sites  

 

Cullen Bay Marina, hereafter referred to as Cullen Bay, is a constructed lock in 

Darwin Harbour, Australia (Figure 4.1). During the wet season of 1998-1999, an 

introduced species of mussel, Mytilopsis sallei (Récluz, 1849), infiltrated Cullen Bay 

(Ferguson 2000). To eradicate the mussel, copper sulfate and sodium hypochlorite 

were used to sterilize the bay (Ferguson 2000). Cullen Bay still contains high levels 

of copper resulting from this treatment (Munksgaard & Parry 2006), and is a useful 

site to test for the effects of metals on gene and protein expression in polychaetes. A 

reference site for this experiment was located to the east of Darwin, at Dinah Beach. 

Despite this site being close to the city, previous chemical studies have shown the 

region to be relatively unpolluted (Munksgaard & Parry 2002). Although only two 

sites is not enough replication for an ecological study, this experiment specifically 

focused on the animals and was not about the sites themselves. 

 

Cullen Bay has been recolonised by many marine invertebrates since the copper 

treatment, including opheliid polychaetes (Russell & Hewitt 2000). Opheliids are 

sub-surface burrowers in sandy or muddy sediments (Seike 1998) and are generally 

considered to be non-selective deposit-feeders (Fauchald & Jumars 1979). These 

polychaetes are likely to be exposed to metals, as they indiscriminately ingest 

sediment, and they are constantly in contact with the sediment, which is primarily 

where metals accumulate (Silva & Rezende 2002). An opheliid polychaete that was 

described in Chapter 3, Ophelina cyprophila, was chosen as an appropriate species to 

test for changes in gene and protein expression in the presence of elevated metal 

levels.  
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Figure 4.1  Map of the study sites, Darwin, Australia.  

 

4.2.2 Sample collection 

 

Samples were collected over approximately 3 weeks, from April 30 to May 21, 2010. 

Both sites were sampled using a Van Veen sediment grab, which recovered 

approximately 5 L of sediment from the sea floor. The sediment was hand sorted and 

the Ophelina cyprophila specimens removed and placed in RNAlater (Qiagen, 

Hilden, Germany) for transcriptome analysis, or taken to the laboratory for protein 

analysis. An additional eight specimens were collected from Cullen Bay and two 

were collected from Dinah Beach to determine the metal levels in their tissues.  

 

If a grab contained an O. cyprophila specimen, the surrounding sediment and 

porewater were then sampled for chemical analysis. This chemical sampling was 

conducted on the first two grabs that contained an O. cyprophila specimen for each 

sampling week; therefore, six chemical samples were taken over the three-week 

sampling period at each site. For porewater analysis, the sediment was placed into 50 

ml acid-washed falcon tubes. For sediment analysis, 0.5 L portions of sediment were 

placed into zip-lock bags with no head space. The samples were then transported to 

the laboratory on ice. 
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4.2.3 Chemical analysis 

 

The concentrations of Al, P, V, Cr, Fe, Mn, Co, Ni, Cu, Zn, Ga, As, Mo, Cd, Pb and 

U were analysed in both the porewater and sediment samples. The porewater 

samples were first centrifuged in falcon tubes for 15 minutes at 3000 x g. The 

supernatant was then removed and passed through a 0.45 µm syringe filter, before 

being analysed for the element concentrations by inductively coupled plasma mass 

spectrometry (ICP-MS, Agilent 7500ce). The sediment samples were separated into 

two grain-size fractions, using a 63 µm sieve, which were then dried and weighed. 

The element concentrations were analysed from the ≤ 63 µm fraction after a nitric: 

perchloric acid digestion at 100°C for 30 minutes, 130°C for 30 minutes and 200°C 

for 30 minutes, by ICP-MS (Agilent 7500ce). The concentration of total organic 

carbon (TOC) was also analysed from the ≤ 63 µm sediment fractions. The 

sediments were first reacted with concentrated hydrochloric acid to remove inorganic 

carbonates, then combusted in a LECO furnace at 1400°C in the presence of strongly 

oxidizing iron/tungsten chips. The evolved carbon was then measured using infrared 

detection.   

 

Quality control for each of the analyses included 4 blanks, 2 spikes and 5 duplicates 

in every 50 samples analysed. In addition, certified reference materials were added to 

ensure reliable results. For the sediment digestions, PACS-1 and MESS-3 were 

included, the porewater analysis included CASS-4 and the total organic carbon 

analysis included Quasimeme reference materials.  

 

To determine the metal concentration in the tissues of Ophelina cyprophila, entire 

polychaetes were digested in 2 mL of nitric acid and 2 mL of high pure water using a 

microwave digestion technique. The microwave was run at 400 W and 200°C for 15 

minutes, before a 30 minute cool down. The resulting digests were analysed for the 

concentrations of Fe, Mn, Co, Ni, Cu, Zn, As, Cd, Pb and U by ICP-MS (Agilent 

7500ce). Quality control included duplicates of the following certified reference 

materials: DORM-2, AGAL-3 and 1566b oyster. 
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4.2.4 RNA extraction and 454 sample preparation 

 

At both Cullen Bay and Dinah Beach, 10 Ophelina cyprophila specimens were 

collected and immediately submersed in RNAlater (Qiagen, Hilden, Germany). The 

samples were placed on ice and taken back to the laboratory for messenger RNA 

(mRNA) extraction. The mRNA was extracted from each worm according to the 

methods of McGrath et al. (2008) with some modifications. Briefly, the total RNA 

was extracted using the Qiagen RNeasy Mini Kit (Hilden, Germany) according to the 

manufacturers instructions. To reduce contaminating DNA, the samples were then 

precipitated using lithium chloride (Ambion, Austin, TX, USA). The pellets were 

resuspended in 15 µl of RNase-free water and separated on a 1.5% agarose gel ran at 

100 V for 45 minutes in 1x TBE buffer (45 mM Tris, 45 mM Boric acid, 1 mM 

EDTA). The areas between the 28S and 18S and between the 18S and 5S ribosomal 

RNA bands were expected to contain mRNA and were excised from the gel under 

UV illumination. The mRNA was then extracted from the gel using the Promega SV 

Gel and PCR Clean-up System (Madison, WI, USA). The mRNA extracted from the 

10 worms at each site was combined to create a single mRNA library for both Cullen 

Bay and Dinah Beach. The two samples were sequenced using a Roche GS FLX 

(454) sequencer at the Australian Genome Research Facility in Brisbane, 

Queensland, using the standard 454 sequencing chemistry. All mRNA sequence data 

are available in the National Centre for Biotechnology Information (NCBI), 

Sequence Read Archive under the accession number SRA043945. 

 

4.2.5 454 data analyses 

 

Raw 454 reads were assembled into contigs and filtered for quality using the default 

parameters in the program GS De Novo Assembler, version 2.3 (Roche). Open 

reading frames (ORFs) were extracted from the contigs using ‘GetORF’ in the 

European Molecular Biology Software Suite (EMBOSS; Rice et al. 2000). ORFs 

were defined as the sequence between a start and stop codon consisting of at least 50 

nucleotides. The ORFs were annotated using BlastX within the standalone BLAST 

package (www.ncbi.nlm.nih.gov/blast). The BlastX searches were conducted against 

the NCBI non-redundant (nr) protein database (www.ncbi.nlm.nih.gov, date 
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accessed: 08.02.2011) with an e-value cut-off of 10-3. To determine the functional 

group of each ORF, they were queried against the eukaryotic orthologous groups 

database (KOG; Tatusov et al. 2003) with an e-value cut-off of 10-3. In addition, the 

Ophelina cyprophila ORFs were compared to the protein coding gene models of 

Capitella teleta Blake, Grassle and Eckelbarger, 2009, which is the only polychaete 

with a sequenced genome (http://genome.jgi-psf.org/Capca1/Capca1.home.html). 

The Capitella teleta gene models were converted to a blast database using 

‘makeblastdb’ within the standalone blast package.  

 

To estimate differences in gene expression between the O. cyprophila specimens in 

Cullen Bay and Dinah Beach, the bioconductor package ‘DESeq’ was used (Anders 

& Huber 2010). DESeq uses a negative binomial distribution, which may be more 

appropriate than other methods for modelling biological variation (Robinson & 

Oshlack 2010). Uniquely expressed genes were defined as having at least 200 reads 

and only being detected at one of the sites. In addition, genes with greater than 10 

fold expression differences, and a p-value < 0.05 were considered differentially 

expressed. Only these large differences in expression were considered ‘significant’ 

because the samples were combined into one mRNA library at each site, reducing 

my ability to examine intra-site variability.  

 

4.2.6 Sequence alignments 

 

Transcripts with interesting expression changes across the two sites were further 

analysed to check for the presence of key amino acid residues and metal-binding 

sites. The Ophelina cyprophila transcripts coding for Atox1 and globin proteins were 

compared to homologues in various other polychaete and non-polychaete species 

(Table 4.1). These sequences were aligned with characterised NCBI nr database 

sequences using clustalW in MEGA (Molecular Evolutionary Genetics Analysis) 

software (Tamura et al. 2011). Protein structure was added and important amino acid 

residues were highlighted using GIMP (GNU Image Manipulation Program; 

www.gimp.org).  
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Table 4.1  Atox1 and globin homologues shown in the multiple alignments (Figure 4.4 and 

Figure 4.7) 

Species Protein GenBank Acc. 

Homo sapiens Atox1 NP_004036.1 

Oncorhynchus mykiss Atox1 NP_001154173 

Drosophila melanogaster Atox1 NP_730672 

Caenorhabditis elegans cuc-1 NP_498707 

Ophelina bicornis Myoglobin AAX73248.1 

Alvinella pompejana Hemoglobin I CAI56311 

Arenicola marina Hemoglobin A2 CAJ32741.1 

 Hemoglobin B2 CAI56309.1 

 Hemoglobin B1 AM109951.1 

Lumbricus terrestris Hemoglobin A2 P02218.2 

 Hemoglobin A1 P08924.1 

 Hemoglobin B2 P13579.1 

 Hemoglobin B1 P11069.3 

Riftia pachyptila Hemoglobin A2 P80592.1 

 Hemoglobin A1 CAD29154.1 

 Hemoglobin B2 CAD29159.1 

 Hemoglobin B1 CAD29156.1 

Sabella spallanzanii Hemoglobin B2a CAC37410.1 

 Hemoglobin B2b CAC37411.1 

 

4.2.7 Protein extraction 

 

At both Cullen Bay and Dinah Beach, 12 Ophelina cyprophila specimens were 

collected and taken to the laboratory alive for immediate protein extraction. 

Individual specimens were homogenized in 200 µl of cold sample buffer (7 M urea, 

2 M thiourea, 4% (w/v) CHAPS, 30 mM Tris, 40 mM DTT, pH 8.3) using plastic 

micropestles. The lysate was centrifuged at 12,000 x g for 10 minutes, and the 

supernatant was removed. The solubilised proteins were then probe sonicated to 

shear any DNA, and purified using the GE Healthcare protein purification kit 

(Amersham Biosciences, Piscataway, NJ, USA). The samples were then resuspended 

in DIGE labelling buffer (7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 30 mM tris, pH 

8.3). The protein concentration of each sample was obtained using the 2-D Quant Kit 

(Amersham Biosciences, Piscataway, NJ, USA). The concentration of each sample 

was obtained in duplicate and in 2 different dilutions to ensure accurate protein 

quantification.  
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4.2.8 CyDye labelling and differential in gel electrophoresis 

 

A 24 µg sample of each extract was labelled with 100 pmol of CyDye DIGE Fluor 

minimal dye Cy3 or Cy5 (GE Healthcare, Piscataway, NJ, USA) resuspended in 

fresh dimethylformamide (DMF). Half of the samples from each site were labelled 

with Cy3 and the other half with Cy5 to ensure site comparisons were not 

compromised by different dye binding rates. An internal control of pooled protein 

extracts was labelled with CyDye DIGE Fluor minimal dye Cy2 (GE Healthcare, 

Piscataway, NJ, USA). The labelling reactions were carried out at 4°C for 30 minutes 

and then quenched with 10 mmol lysine.  

 

Since the three dyes (Cy2, Cy3 and Cy5) fluoresce at different wavelengths, proteins, 

which are labelled with different dyes, can be run on the same gel. Differential in gel 

electrophoresis was performed 12 times, with each sample containing a labelled 

protein extract from Cullen Bay, Dinah Beach and the internal control. The volume 

of each of the combined samples was increased to 450 µl with rehydration buffer (7 

M urea, 2 M thiourea, 4% (w/v) CHAPS, 30 mM Tris, 40 mM DTT, 1% (v/v) pH 3-

11NL pharmalytes (GE Healthcare, Piscataway, NJ, USA), pH 8.3) and actively 

rehydrated at 30 V for 12 hours on 24 cm pH 3-11 non-linear IPG strips (GE 

Healthcare, Piscataway, NJ, USA). Proteins were focused for 1 hour at 100 V, 1 hour 

at 500 V, 1 hour for 1000 V, and finally 7 hours at 5000 V for a total of 30 kVh. The 

IPG strips were then equilibrated in two steps using equilibration base buffer (6 M 

urea, 0.075 M Tris.HCl, 2% (w/v) SDS, 20% (v/v) glycerol). The strips were first 

placed in equilibration base buffer with added 1% (w/v) DTT for 15 minutes, then 

placed in equilibration base buffer with added 2.5% (w/v) iodoacetamide for a 

further 15 minutes. The strips were embedded on top of 14% SDS-PAGE gels using 

1% agarose in standard Laemmli running buffer (192 mM glycine, 25 mM Tris, pH 

8.3, 0.1% (w/v) SDS) containing a small amount of bromophenol blue. SDS-PAGE 

was performed in the standard Laemmli running buffer at 2 W/gel for 45 minutes, 5 

W/gel for 30 minutes, then 15 W/gel until the dye front reached the bottom of the 

gels (approximately 4 hours). The gels were imaged using a Typhoon 9400 Variable 

Mode Imager (Amersham Biosciences, Piscataway, NJ) for each of the fluorescent 

dyes.  
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The different gels and dyes were compared to each other using Progenesis 

SameSpots, version 4.1 (Nonlinear Dynamics). The internal control, which was 

identical across the 12 gels, was used to precisely match the gels. Differentially 

expressed proteins were recorded if the p-value was < 0.05 and the protein 

concentration was more than 1.5 times altered.  

 

4.2.9 Protein identification 

 

Several replicate gels were run as previously, except that the gels contained 500 µg 

of unlabelled pooled protein extract. After electrophoresis the gels were stained with 

0.1% (w/v) Coomassie Brilliant Blue G-250 in 17% (w/v) ammonium sulphate, 34% 

(v/v) methanol and 3.6% (v/v) ortho-phosphoric acid for 3 days. Gels were destained 

in 1% (v/v) acetic acid for 1 hour and imaged with a LI-COR Odyssey Imaging 

System.  

 

Proteins were targeted for identification if their expression was significantly altered 

at Cullen Bay, and they were sufficiently abundant, therefore, 21 protein spots with 

altered expression were selected for identification. I also targeted highly abundant 

proteins for identification to generate a protein ‘reference’ map for this potentially 

important polychaete species. Consequently, a further 25 highly expressed proteins 

were selected for identification, increasing the total number to 46.  

 

The target proteins were excised and destained in 50 mM ammonium bicarbonate 

and 50% (v/v) acetonitrile. The gel pieces were then dehydrated in acetonitrile and 

rehydrated in 10 ng/µl trypsin in 50 mM ammonium bicarbonate and incubated at 

37°C for 16 hours. Peptides were extracted from the gel pieces using 50% (v/v) 

acetonitrile and 0.1% TFA by sonicating the samples for 10 minutes followed by 

concentration to 2 µl in a speed-vac. A 0.5 µl aliquot was taken from each sample 

and combined with 0.5 µl of matrix (10 mg/ml α-cyano-4-hydroxycinnamic acid / 25 

mM diammonium citrate / 50% acetonitrile / 0.1% TFA) and allowed to dry. Tryptic 

peptide mass fingerprints (PMFs) and MS/MS spectra were obtained using an 

Autoflex II MALDI-TOF/TOF (Bruker Daltonics, GmbH, Bremen, Germany). PMFs 

were queried against the National Centre for Biotechnology Information NCBI nr 

protein database and the Swissprot database using MASCOT accessed via the 
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Australian Proteomics Computational Facility. Searches were performed using all 

species, trypsin as enzyme, 2 mis-cleavages, and mass tolerance of 0.5 Da, and 

modification of Cys with carbamidomethylation (fixed) and Met with oxidation 

(variable) also included. Similarly MS/MS data were also searched. For MS/MS 

spectra that were not matched in MASCOT, spectra were de novo sequenced. Using 

this technique, the amino acid sequences of several peptides from each protein were 

obtained. The amino acid sequences were then queried against the translated 

Ophelina cyprophila mRNA transcripts obtained from the transcriptome analysis, 

using BlastP in the standalone BLAST package. Only translated transcripts with 

significant homology to a database protein (e < 10-3) were used as a database for the 

amino acid sequences. This ensured that the transcripts were protein-coding mRNA 

and that they were translated into the correct reading frame. Identification was 

assigned to a protein when the amino acid sequences were both identical and unique 

to a translated transcript.  

 

4.2.10 Atox1 western blots 

 

Western blots were used to validate the up-regulation in Cullen Bay polychaetes of a 

mRNA transcript with homology to the copper chaperone, Atox1. The same protein 

extracts from the DIGE experiments were used for western blot analysis. After the 

DIGE experiments, 5 Cullen Bay samples and 7 Dinah Beach samples contained 

enough protein for use in the western blot experiments. A 100 µg protein extract 

from each sample was separated using Mini-Protean TGX - Any kD precast gels 

(BioRad, USA). The proteins were then transferred to 0.2 µM nitrocellulose 

membranes (BioRad, USA) using the Trans-Blot Turbo Transfer System (BioRad, 

USA). The Atox1 protein was detected using a mouse monoclonal antibody to Atox1 

(Abcam, Cambridge, UK) and the WesternDotTM 625 Western Blot Kit (Invitrogen, 

Paisley, UK), according to the manufacturers instructions with some minor 

modifications. The primary antibody was used at a concentration of 0.1 µg/ml and 

the incubation times for the primary and secondary antibodies were reduced to 30 

minutes. A positive control (Atox1 human, Abcam, Cambridge, UK) was run with 

the polychaete samples. The western blots were imaged under UV illumination and 

the relative intensities were obtained using ImageJ (Abramoff et al. 2004).  
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4.3 Results 

 

4.3.1 Chemical composition of the sites and polychaetes 

 

In the sediments at Cullen Bay, the concentration of two metals, copper and zinc, 

exceeded ISQG-Low sediment quality guidelines (Table 4.2; ANZECC 2000). The 

concentration of copper was approximately 7 times higher, and the concentration of 

zinc was over 2 times higher, in Cullen Bay sediments compared to Dinah Beach. All 

other metal concentrations in the sediments were below the ISQG-Low sediment 

quality guidelines. In the Dinah Beach sediments, the metal concentrations were all 

below the ISQG-Low sediment quality guidelines (ANZECC 2000), indicating that 

this site was an appropriate reference site. At both sites, arsenic concentrations were 

higher than would normally be expected from marine sediments, which is a natural 

consequence of Darwin Harbour’s geology (Munksgaard & Parry 2002). 

 

In the porewaters at Cullen Bay, copper and zinc concentrations were above marine 

water guideline values for the protection of 95% of species but below the values for 

the protection of 90% of species (ANZECC 2000). In the porewaters at Dinah Beach, 

all metal concentrations were lower than the guidelines for the protection of 99% of 

species (ANZECC 2000).    

 

The Ophelina cyprophila specimens at Cullen Bay contained over 4 times more 

copper, and approximately 1.4 times more zinc, than O. cyprophila specimens 

inhabiting Dinah Beach (Table 4.2). These results may be confounded, however, 

because the tissue digests also included sediment-bound metals from the gut of the 

worms. Ideally the animals would be kept alive in the laboratory until the digestive 

tract is empty. Unfortunately I could not keep them alive for long enough, so the 

samples were a mixture of metals in the tissue and metals from the sediment in the 

gut of the worms. To overcome this problem, the sediment metal concentrations were 

plotted against the tissue metal concentrations (Figure 4.2). Any metals which fall 

markedly above the line of best fit are at a higher concentration in the tissues than 

would be expected if the tissue digest results were only a reflection of the sediment 

in their gut. In Figure 4.2, As, Cu and Zn appear to be accumulating in the 

polychaete tissues, while U, Co, Pb and Ni may be actively excreted.  
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Table 4.2  Metal concentrations in the sediments (dry weight), porewaters and Ophelina 

cyprophila tissue (wet weight) at the two study sites, Cullen Bay and Dinah Beach. The standard 

error is included. 

 
 

 
Figure 4.2  Regression analysis of metal concentrations in Ophelina cyprophila tissues plotted 

against metal concentrations in sediments (dry weight). Both axis were log-transformed and a 

line of best fit for both sites was plotted. Standard error bars are included. 

 

  Cullen Bay sediment 
Dinah Beach 

sediment Cullen Bay porewater Dinah Beach porewater 
Cullen Bay Ophelina 

cyprophila 
Dinah Beach Ophelina 

cyprophila 

 ppm ppm ppb ppb ppm ppm 

Al 55800 ± 467 56600 ± 458 5.61 ± 3.9 2.24 ± 0.238       

P 471 ± 9.6 418 ± 35.8 429 ± 45.5 34.5 ± 6.48       

V 58.7 ± 0.703 60.1 ± 0.828 1.63 ± 0.15 0.816 ± 0.0347       

Cr 26.1 ± 0.87 27.1 ± 1.71 0.1 ± 0.00491 0.0689 ± 0.00713       

Fe 30000 ± 455 33600 ± 930 474 ± 37.3 2400 ± 426 2050 ± 161 3390 ± 169 

Mn 227 ± 0.917 138 ± 6.79 755 ± 82.6 1130 ± 100 18.7 ± 1.59 19.1 ± 1.98 

Co 9.58 ± 0.0485 6.88 ± 0.587 0.252 ± 0.0191 0.404 ± 0.0754 0.802 ± 0.0647 1.05 ± 0.117 

Ni 20.5 ± 0.116 17.8 ± 0.892 0.599 ± 0.0558 1.32 ± 0.172 2.05 ± 0.172 2.68 ± 0.676 

Cu 140 ± 2.73 19.9 ± 2.47 1.82 ± 0.569 0.656 ± 0.293 46 ± 7.65 9.05 ± 4.71 

Zn 235 ± 10.6 89.1 ± 16.1 12.5 ± 0.836 5.3 ± 0.771 43.1 ± 5.99 31.4 ± 5.29 

Ga 16.6 ± 0.116 16.1 ± 0.124 0.018 ± 0.00803 0.0473 ± 0.00778       

As 18.5 ± 0.359 12.3 ± 0.379 3.71 ± 1.18 8.09 ± 0.552 30.5 ± 8.19 31.4 ± 2.21 

Mo 1.84 ± 0.0471 1.75 ± 0.0664 6.83 ± 1.13 5.69 ± 1.54       

Cd 0.0858 ± 0.00124 0.148 ± 0.0265 0.0137 ± 0.00373 0.0396 ± 0.0296 0.0478 ± 0.0273 0.0569 ± 0.0223 

Pb 20.7 ± 0.186 22.7 ± 2.14 0.0731 ± 0.0216 0.0734 ± 0.023 1.3 ± 0.0921 2.34 ± 0.585 

U 2.49 ± 0.0446 1.78 ± 0.045 2.42 ± 0.167 4.68 ± 0.988 0.143 ± 0.00857 0.188 ± 0.07 
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4.3.2 Transcriptome sequences 

 

Of 647,439 total RNA fragments sequenced, 421,105 reads fully assembled into 

6,477 contigs at Cullen Bay and 5,960 contigs at Dinah Beach (Table 4.3). In these 

contigs, over 10,000 open reading frames (ORFs) were detected (Table 4.3). The 

ORFs were then translated into amino acid sequences and queried against protein 

databases using BlastX. At both Cullen Bay and Dinah Beach, approximately 20% of 

the ORFs (corresponding to 40% of the contigs) were significantly matched to a 

protein on the NCBI non-redundant database. A similar number of ORFs were 

matched to a protein group in the eukaryotic orthologous groups database (KOG). 

When the ORFs were queried against the sequenced polychaete genome of Capitella 

teleta, the significant matches increased to approximately 33% (corresponding to 

over 60% of the contigs).  

 

The 25 functional groups in the KOG database provided general functions for the 

Ophelina cyprophila ORFs (Figure 4.3). The percentage of genes in each functional 

group was similar for both the Cullen Bay and Dinah Beach O. cyprophila specimens 

(Figure 4.3). The functional group that contained the most genes was ‘cytoskeleton’. 

This group was dominated by genes coding for myosin, tubulin and actin. Some 

functional groups showed slight differences: Cullen Bay worms expressed more 

genes coding for extracellular structures and cell motility, and more genes involved 

in replication, recombination and repair. The O. cyprophila specimens from Cullen 

Bay expressed 6 genes for DNA repair and nucleotide excision repair, while in Dinah 

Beach worms only 2 DNA repair genes were detected.   
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Table 4.3  Sequencing, assembly and annotation results for Ophelina cyprophila transcriptomes 

from Cullen Bay and Dinah Beach 

  Cullen Bay Dinah Beach 

Sequencing results   

Total reads 350,369 297,070 

   
Assembly results   
Reads assembled to contigs 223,856 197,249 
Singleton reads 62,333 56,803 
Contigs 6,477 5,960 
Average contig size (bp) 370 467 
   
Gene annotation   
Predicted open reading frames (ORFs) 11,936 14,533 
ORFs with NCBI nr match (e < 10-3) 2,462 2,731 
ORFs with KOG match (e < 10-3) 2,380 2,814 
Capitella teleta gene match (e < 10-3) 3,911 4,851 

 

 
Figure 4.3  The percentage of genes from Cullen Bay and Dinah Beach Ophelina cyprophila 

specimens in each of the 25 functional groups of the KOG database (Tatusov et al. 2003).  
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4.3.3 Gene expression 

 

Uniquely expressed genes were defined as having at least 200 reads and only being 

detected at one of the sites: 14 characterised genes meet these criteria (Table 4.4). 

Two genes matching to oxygen transport proteins, haemoglobin B1 and cytochrome 

c oxidase VIb, were only detected at Cullen Bay. In addition, the copper transport 

and antioxidant protein Antioxidant 1 (Atox1) was only detected in Cullen Bay 

polychaetes. At Dinah Beach, the uniquely expressed genes were involved in 

reproduction, digestion and antimicrobial activity. Transcripts coding for the peptide 

regulating enzyme, alanine aminopeptidase, were also much more abundant at Dinah 

Beach.   

 

Table 4.4  Gene homologues that were only detected at one of the sites with a minimum of 200 

transcript copies 

Gene homologue Organism GenBank Acc. Cullen reads Dinah reads 

Slow myosin heavy chain Dicentrarchus labrax CBN81811.1 1703 0 

Myosin II heavy chain Ilyanassa obsoleta AAD13782.1 1527 0 

hemoglobin B1 Riftia pachyptila CAD29156.1 538 0 

intermediate filament protein Phascolion strombus CAB38180.1 398 0 

Cytochrome c oxidase subunit VIb Drosophila mojavensis XP_002008311.1 384 0 

acidic ribosomal protein Culex quinquefasciatus XP_001857537.1 302 0 

Atox1 Aedes aegypti XP_001656348.1 210 0 

ovulatory protein-2 precursor-like 
Strongylocentrotus 
purpuratus XP_001202083.1 0 2482 

alanine aminopeptidase-like 
Saccoglossus 
kowalevskii XP_002738530.1 0 1096 

lysozyme Eisenia andrei ABC68610.1 0 697 

ribosomal protein rpl21ap Eurythoe complanata ABW23224.1 0 609 

microspherule protein 1 
Strongylocentrotus 
purpuratus XP_797067.2 0 565 

ATP synthase subunit beta Acyrthosiphon pisum NP_001119645 0 412 

peritrophic matrix protein 14 Tribolium castaneum NP_001161929.1 0 239 

 

 

Differential expression of genes at the two sites was recorded when there were at 

least 10 times more copies of a gene at one of the sites and the p-value was < 0.05. 

Most of the genes meeting these requirements were up-regulated at Cullen Bay and 

again coded for many cytoskeletal proteins (Table 4.5). Porin, sulfotransferase and β-

thymosin were also up-regulated at Cullen Bay.  
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Table 4.5  Gene homologues that were differentially expressed at one of the sites by at least 10 

fold. Fold changes are relative to Cullen Bay. Positive numbers indicate up-regulation and 

negative numbers indicate down-regulation 

Gene homologue Organism GenBank Acc. 
Fold change relative 

to Cullen Bay 

Extracellular serine proteinase  Thermus sp. Rt41A P80146 97.81 

myosin regulatory light chain Riftia pachyptila AAG16892.1 51.70 

probable protein brick1 Sus scrofa XP_003132409.1 -33.00 

sodium-dependent phosphate transport protein  Sus scrofa XP_003128941.1 -29.50 

antistasin-like Haliotis discus discus ACJ12609.1 27.39 

phosphatidylinositol glycan anchor-like 
Ornithorhynchus 
anatinus XP_001508401.1 -24.00 

β-thymosin  Triatoma infestans ABR27867.1 23.87 

sulfotransferase 1C2 Canis familiaris XP_531771.1 22.88 

protein phosphatase regulatory subunit 3B-B Xenopus laevis NP_001085518.1 22.47 

TEPP protein Lottia gigantea DAA06552.1 22.42 

Placenta-specific gene 8 protein Oncorhynchus mykiss ACO08545.1 12.88 

paramyosin Haliotis discus discus BAJ61596.1 12.39 

alcohol dehydrogenase Camponotus floridanus EFN64102.1 11.28 

ribonuclease h1 Caligus rogercresseyi ACO11369.1 10.68 

 

 

4.3.4 Atox1 alignment 

 

Transcripts coding for the copper chaperone, antioxidant 1 (Atox1), were only found 

in Cullen Bay polychaetes (Table 4.4). This protein might be a useful biomarker, as 

its up-regulation suggests that it may play a role in copper homeostasis, so it was 

analysed further. The translated amino acid sequence of the Ophelina cyprophila 

Atox1 homologue was aligned with Atox1 homologues in human (Homo sapiens), 

rainbow trout (Oncorhynchus mykiss), fruit fly (Drosophila melanogaster) and 

nematode (Caenorhabditis elegans) (Figure 4.4). The Atox1 homologue in O. 

cyprophila contained 15 conserved amino acids across the region, including the two 

cysteine residues that bind copper (Rosenzweig et al. 1999). 
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Figure 4.4  Amino acid alignments of Atox1 homologues in diverse species (GenBank accessions are given in Table 4.1). Atox1 structure is based on Rosenzweig et 

al. (1999), β refers to beta sheets, α refers to alpha helices and L refers to loops.  
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4.3.5 Protein expression 

 

Across all of the samples and sites, a total of 576 proteins were seen on the 2 DE gels 

(Figure 4.5). Of these proteins, the expression of 77 was significantly (P < 0.05) and 

more than 1.5 times altered at Cullen Bay: 50 were up-regulated and 27 were down-

regulated. Of 46 protein spots excised from the gels, only 24 could be confidently 

identified (Figure 4.5; Table 4.6). Many of these were cytoskeletal proteins, 

including actin, myosin, paramyosin and intermediate filament proteins. Other 

proteins were peptidases, globin molecules and proteins containing LIM domains. 

Many of these proteins were not differentially expressed across the sites but were 

abundant and important inclusions for building a protein ‘reference’ map.  

 

Only 9 of the proteins that were identified (Table 4.6) were differentially expressed 

at the sites. The expression of the differentially expressed proteins were compared to 

the mRNA transcript expression levels and many similarities were observed (Table 

4.7). All of the protein spots that were significantly up-regulated at Cullen Bay had 

corresponding mRNA transcripts that were also up-regulated. There was less 

agreement between the protein spots that were down-regulated: two of the down-

regulated proteins were significantly up-regulated in the transcriptome. The 

hemoglobin chain B1 was less abundant in the proteome of worms at Cullen Bay, 

however, mRNA transcripts coding for this hemoglobin chain were more abundant at 

Cullen Bay. A protein spot identified as paramyosin (spot #20) was down-regulated 

at Cullen Bay, although a spot similarly identified as paramyosin (spot #14) was up-

regulated at Cullen Bay. The transcript coding for paramyosin was also up-regulated 

at Cullen Bay. This suggests truncation or degradation of the large paramyosin 

protein.  
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Figure 4.5  Representative DIGE gel image showing the 24 identified protein spots and their 

approximate isoelectric points (pI) and molecular weights (kD). 
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Table 4.6  Ophelina cyprophila proteins identified by MALDI-TOF-TOF and peptide mass fingerprints (PMF) 
Spot # Peptide sequence  Transcript match Gene homologue Organism GenBank Acc. MW (kD)   pI   

            Theor. Observ. Theor. Observ. 

1 QPKQLSDYEAEINLLR Isogroup 00090 Cytoplasmic intermediate filament protein Phascolion strombus CAB38180.1 68.9 48 5.65 5.1 

2 VNTNELR Isogroup 00184 Troponin-C Perinereis vancaurica tetradentata BAB18897.1 17.4 26 4.33 4.0 

  EFIDGEGTGFVQR                 

3 Identified by PMF (MOWSE score 90)   Beta actin Gerarcinus lateralis AAL40077.1 42.0 24 5.41 4.9 

4 TYQVYR Isogroup 00681 Paramyosin Haliotis discus discus BAJ61596.1 99.5 20 5.36 4.5 

 ELEDALEMER         

  DYQEISFQF                 

5 Identified by PMF (MOWSE score 96)   Actin  Luciola cruciata BAH79108.1 8.3 7 5.74 5.4 

6 Identified by PMF (MOWSE score 104)   Beta actin Acipenser schrenckii AAV65947.1 14.6 8 5.45 5.5 

7 Identified by PMF (MOWSE score 82)   Beta actin Acipenser schrenckii AAV65947.1 14.6 10 5.45 5.5 

8 Identified by PMF (MOWSE score 83)   Skeletal muscle actin  Homarus americanus ACI23565.1 41.8 15 5.23 6.0 

9 Identified by PMF (MOWSE score 76)   Actin  Apis mellifera BAA74592.1 14.6 18 5.37 6.0 

10 VEIETR Isogroup 00681 Paramyosin  Haliotis discus discus BAJ61596.1 99.5 65 5.36 5.4 

11 QFASFIDKVR Isogroup 00090 Cytoplasmic intermediate filament protein Phascolion strombus CAB38180.1 68.9 80 5.65 5.2 

12 MSLGGGGS Isogroup 00115 Peptidase s8 and s53 Stigmatella aurantiaca YP_003954556.1 39.6 55 5.45 5.5 

  GAAGSGSFAAITIQDAAR                 

13 ATVGAIQGLR Isogroup 02258 Subtilisin-type proteinase Paracoccidioides brasiliensis EEH21742.1 53.3 50 5.79 5.8 

14 HTYQVYR Isogroup 00681 Paramyosin Haliotis discus discus BAJ61596.1 99.5 35 5.36 5.4 

 ELEDALEMER         

  DYQEISFQ                 

15 INNLGDIR Isogroup 01892 Hemoglobin B1a Riftia pachyptila CAD29156.1 12.8 12 5.41 4.8 

  IWNSP                 

16 QWQSAER Isogroup 00016 Myosin heavy chain  Doryteuthis pealeii AAC24207.1 221.5 13 5.47 5.0 

  ELEVALDGANR                 

17 LGLELEIAAYR Isogroup 00090 Cytoplasmic intermediate filament protein Phascolion strombus CAB38180.1 67.8 20 5.59 5.1 

18 DILCPDCG Isogroup 00485 LIM-9-like  Saccoglossus kowalevskii XP_002731816.1 54.8 16 4.95 5.3 

19 SYELPDGQVITIGNER Isogroup 00336 Actin  Haliotis iris AAX19286.1 41.7 15 5.29 5.8 

  VWHHTFYNELR                 

20 HTYQVYR Isogroup 00681 Paramyosin  Haliotis discus discus BAJ61596.1 99.5 7 5.36 7.0 

21 DLYANTVLSGGTTMYPGIADR Isogroup 00037 Actin  Hypsibius klebelsbergi ADK66838.1 41.7 5 5.30 9.5 

22 CHDNNFAAR Isogroup 00485 LIM-9-like Saccoglossus kowalevskii XP_002731816.1 54.8 50 4.95 7.4 

23 KDILCPDCG Isogroup 00485 LIM-9-like Saccoglossus kowalevskii XP_002731816.1 54.8 55 4.95 7.6 

24 DILCPDCG Isogroup 00485 LIM-9-like Saccoglossus kowalevskii XP_002731816.1 54.8 55 4.95 7.5 

 HDNNFAAR         

  FISFEER                 
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Table 4.7  Differentially expressed proteins at Cullen Bay compared to their corresponding 

transcript regulation 

Spot # Protein identification Protein regulation at Cullen Bay Transcript expression at Cullen Bay 

11 Intermediate filament protein 2.3x up > 300x up 

14 Paramyosin 2.2x up 12x up 

18 LIM-9-like 1.9x up > 100x up 

1 Intermediate filament protein 1.6x up > 300x up 

22 LIM-9-like 1.5x up > 100x up 

2 Troponin-C  2.6x down 1.3x down (not sig) 

15 Hemoglobin B1 1.5x down > 500x up 

19 Actin 1.5x down 1.1x down (not sig) 

20 Paramyosin 1.5x down 12x up 
 
 

4.3.6 Atox1 western blots 

 

mRNA transcripts that coded for a protein homologous with Atox1 were up-

regulated in Cullen Bay polychaetes, but this protein was not detected in the DIGE 

protein experiments (Table 4.6). One reason might be that DIGE is unlikely to 

resolve small proteins such as Atox1 (Wang et al. 2009a). Western blots were used to 

validate the up-regulation of this protein in Cullen Bay worms. Atox1 was detected 

in 3 Cullen Bay worms from 5 tested and 2 Dinah Beach worms from 7 tested. The 

Atox1 protein in Cullen Bay worms was generally at higher concentrations than in 

Dinah Beach worms (Figure 4.6).   

 

 

 
 

Figure 4.6  Western blot detection of Atox1 protein of approximately 8 kD from Cullen Bay 

(CB) and Dinah Beach (DB) polychaetes. A positive control (+ve; human Atox1) is included and 

the relative intensities of each band are given.  
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4.3.7 Polychaete globin alignment 

 

Four different sequences coding for globin proteins were detected in the Ophelina 

cyprophila transcriptomes: one coded for intracellular myoglobin and three for 

extracellular hemoglobins (Figure 4.7). The amino acid sequences were identical in 

Cullen Bay and Dinah Beach O. cyprophila specimens. One of the globin chains was 

differentially expressed at the sites in both the transcriptome and proteome of the 

worms, warranting further analysis. The globin amino acid sequences were aligned 

with the globin sequences of several different annelid species (Figure 4.7). Each of 

the O. cyprophila extracellular hemoglobin chains were then categorised based on 

the presence or absence of several key amino acid residues and the overall sequence 

similarity. One O. cyprophila globin chain was categorised into the A family of 

globin chains. This was confirmed by the presence of a lysine residue (K) at position 

A9, a tryptophan residue (W) at position B10 and residue deletions between the A an 

B helices (Figure 4.7; Chabasse et al. 2006). Another two globin chains were 

categorised as part of the B family of globins based on the presence of an aspartic 

acid residue (D) at position A4, a tryptophan residue (W) at position A16, a 

phenylalanine residue (F) at position B10 and insertions between the A and B helices 

and between the F and G helices (Figure 4.7; Chabasse et al. 2006). The further 

division of the globin chains into A and B subtypes was completed with the help of a 

phylogenetic tree (not shown). The O. cyprophila hemoglobins were best categorised 

as chains A2, B1a and B1b. No hemoglobin chains matching to A1 or B2 were 

detected. The globin chain that was up-regulated in the transcriptome was identified 

as extracellular hemoglobin chain B1a. This transcript was confirmed as coding for 

the same protein that was down-regulated in the proteome by identical amino acid 

matches from two peptide fragments (Figure 4.7).    
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Figure 4.7  Amino acid sequence alignment of the translated transcripts of Ophelina cyprophila globins with other annelid intracellular globins (I) and annelid 

extracellular hemoglobin chains A and B (GenBank accessions are given in Table 4.1). Letters above the sequence denote the key residues based on the globin 

structure of Lumbricus erythrocruorin (Strand et al. 2004). * and bold font denote the new Ophelina cyprophila sequences generated in this study and the red boxes 

indicate the amino acid sequence derived from MALDI-TOF/TOF sequencing of peptides from protein #15 (Table 4.6). 
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4.4 Discussion 

 

Several genes and proteins in specimens of Ophelina cyprophila collected from 

Cullen Bay were differentially expressed compared to the reference site. These 

different expression levels may be caused by contaminants in the surrounding 

sediment, as O. cyprophila is a subsurface deposit-feeding polychaete and is 

constantly in contact with the sediment (Fauchald & Jumars 1979; Seike 1998). In 

the sediment at Cullen Bay, the concentrations of copper and zinc were significantly 

higher than at the reference site and copper appeared to be accumulating in the 

tissues of O. cyprophila. Zinc did not appear to significantly accumulate in the 

polychaete tissues and was probably not as influential as copper. Arsenic also 

accumulated in polychaete tissues but, as the levels were similar at the two sites, it 

was not likely to cause differential expression between the sites.  

 

Based on the chemical analysis, the metal most likely to cause different expression at 

Cullen Bay was copper. An excess of copper in cells can result in the production of 

reactive oxygen species (ROS), which cause oxidative stress and DNA damage (Kim 

et al. 2008; Nishino et al. 2010). Copper can also damage the iron-sulphur 

dehydratase protein family when in high concentrations (Macomber & Imlay 2008). 

Copper levels in Cullen Bay were above the ISQG-low guidelines for sediment 

quality (ANZECC 2000), and it is likely that changes in the expression of certain 

genes and proteins in O. cyprophila were related to dealing with the excess copper. It 

should be noted, however, that this is a complex natural system containing a mixture 

of metals. These may have effects either singly or synergistically, which is a 

limitation of this study. In addition, as with many sub-cellular biomarker studies, an 

independent measure of stress was not possible. An independent measure should be 

included where possible to ensure that changes in gene expression are actually a 

response to stress.  

 

In the O. cyprophila specimens in Cullen Bay, a gene coding for a protein similar to 

the copper chaperone, antioxidant 1 (Atox1), was up-regulated. This protein was also 

detected using western blots and was more abundant in Cullen Bay worms. Atox1 is 

a protein that has been linked to maintaining copper homeostasis within cells and 

may also have antioxidant properties (Kelner et al. 2000; Kim et al. 2008). The 
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Atox1 homologue in the O. cyprophila inhabiting Cullen Bay may be up-regulated in 

order to deal with the excess copper levels in their cells. This could be achieved by 

binding excess intracellular copper and transporting it to the secretory pathway (Kim 

et al. 2008). Jeney et al. (2005) showed that Atox1 binds copper and transports it to 

ATPases. The copper is then transported into the bile for incorporation into secreted 

copper-dependent proteins. Copper binding in Atox1 occurs via the thiol groups on 

free cysteine residues between its first loop and first alpha helix (Rosenzweig et al. 

1999). The homologue in O. cyprophila also contained these free cysteine residues, 

suggesting that it is also capable of binding copper. In addition, the Atox1 

homologue may be involved in mitigating oxidative stress, which is a likely 

consequence of excess intracellular copper (Kim et al. 2008). Kelner et al. (2000) 

reported that the highest concentration of Atox1 was in cells that contained high 

levels of copper and that Atox1 protected these cells against oxidative stress. 

Moreover, when Atox1 is over-expressed it may be able to substitute for superoxide 

dismutase and prevent oxidative damage (Portnoy et al. 1999).  

 

Atox1 homologues have been detected in many organisms, from worms to 

vertebrates, providing the potential for this protein to be used as a biomarker in many 

different species and environments (Wakabayashi et al. 1998; Portnoy et al. 1999; 

Kim et al. 2008). Moreover, the Atox1 protein in O. cyprophila was detected using 

western blots with commercially available antibodies designed for use in human 

experiments, removing the need to develop specific antibodies. In addition, Atox1 

may be specifically induced by copper contamination. This is important, as many of 

the proteins regularly identified as differentially expressed in toxicological studies 

are part of a general cellular stress response (Wang et al. 2009a) and are, therefore, 

not indicative of specific contamination types. Biomarkers that are specific for 

contamination types are important in understanding cause-effect relationships and 

are required for the targeted mitigation of contaminants. There is, however, some 

evidence to suggest that Atox1 is induced by oxidative stress, which could be caused 

by a range of factors. As a consequence, more work is required to test if Atox1 is 

specifically induced by copper.  

  

Several genes coding for intracellular and extracellular globins were detected in the 

O. cyprophila transcriptome, including myoglobin, and the extracellular hemoglobin 
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chain A2 and two B1 chains. The O. cyprophila hemoglobins contained all five of 

the conserved amino acid residues present across the region and the cysteine residues 

involved in the formation of the hemoglobin disulfide bridge (Chabasse et al. 2006). 

O. cyprophila hemoglobins did not, however, contain the free cysteine residues 

thought to bind sulfide in polychaetes inhabiting sulfide-rich environments (Bailly et 

al. 2003). This may not be surprising given the relatively low-sulfide, coastal habitat 

of O. cyprophila.  

 

One of the extracellular hemoglobin chains, B1a, was significantly over-expressed in 

the transcriptome of O. cyprophila inhabiting Cullen Bay compared to Dinah Beach. 

This same hemoglobin chain was, however, down-regulated in the proteome of O. 

cyprophila in Cullen Bay. It is possible that the hemoglobin protein had been 

damaged by copper-induced ROS, which resulted in reduced expression in the 

proteome. In fact, ROS has long been known to degrade heme proteins (Gutteridge 

1986). To compensate for this reduction in the proteome, transcripts coding for the 

hemoglobin chain may then be up-regulated. Kim et al. (2009) reported an increase 

in the expression of a hemoglobin gene in daphnids under oxidative stress. Although 

several hemoglobin chains were detected in the O. cyprophila transcriptome, only 

one showed altered expression at both the gene and protein level. This suggests that 

this particular hemoglobin chain, B1a, is more susceptible to ROS damage than the 

other hemoglobin chains. Fedeli et al. (2009) also reported differences in the 

susceptibility of different hemoglobin chains to ROS damage, attributing the 

differences to their structural and functional properties.  

 

High levels of cellular copper can catalyse the production of ROS through Fenton 

reactions (Folk & Franz 2010), which in turn can cause DNA damage (Nishino et al. 

2010; Caldwell et al. 2011). I found more genes coding for DNA repair proteins 

expressed in the Cullen Bay worms, despite the Dinah Beach library containing more 

genes overall. This suggests that the Cullen Bay worms were under stress from ROS 

and were experiencing greater levels of DNA damage. Another transcript that was 

up-regulated at Cullen Bay, and may be related to reducing oxidative stress, was β-

thymosin. These small proteins are actin regulating and may also be antioxidants and 

play a role in inflammation control and wound healing (Huff et al. 2001; Zhou et al. 

2010). In addition, several up-regulated protein spots from Cullen Bay samples were 
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identified as homologous to Lim-9-like proteins - transcripts coding for this protein 

were also significantly up-regulated at Cullen Bay. The Lim-9-like homologue was 

closely related to DRAL/FHL2 proteins, which have many functions and may be up-

regulated in response to DNA damage (Mori et al. 2004; Johannessen et al. 2006). 

Although the function of the Lim-9-like homologue in O. cyprophila is difficult to 

ascertain, the fact that two Lim-9-like proteins and the Lim-9-like transcript were all 

up-regulated at Cullen Bay suggests it may have a role in mitigating the effects of 

excess copper.   

 

Another up-regulated gene in Cullen Bay polychaetes was homologous with 

sulfotransferase 1C2 (SULT1C2). Sulfotransferases detoxify various drugs and 

xenobiotics and this particular subfamily, SULT1, exhibits activity towards phenolic 

compounds (Hehonah et al. 1999; Hattori et al. 2006). Although these enzymes are 

not known to respond to metal contamination, Ling et al. (2009) reported that a 

member of the sulfotransferase family was up-regulated in fish exposed to cadmium. 

In addition, Hattori et al. (2006) reported that a sulfotransferase was up-regulated in 

nematodes during their sensitive ‘dauer’ larval-stage, possibly functioning as a 

defence against xenobiotics. It is likely that the sulfotransferase in O. cyprophila was 

up-regulated as part of a general cellular stress response, rather than a specific 

response to copper contamination.  

 

Transcripts coding for a homologue of alcohol dehydrogenase were also up-regulated 

at Cullen Bay. This short-chain dehydrogenase may play a detoxification role against 

reactive compounds. Oliveira et al. (2009) found that alcohol dehydrogenase was up-

regulated in nematodes exposed to arsenic. Another transcript up-regulated at Cullen 

Bay was similar to cytochrome-c oxidase subunit VIb (COI VIb), which may be 

directly related to copper as COI is a copper-dependant enzyme and may help store 

excess intracellular copper in the mitochondria (Kim et al. 2008).  

 

I also detected genes and proteins that were down-regulated in Cullen Bay O. 

cyprophila specimens, including the digestive proteins ATP synthase and a 

peritrophic matrix protein, homologous of alanine aminopeptidase (AP), and the 

calcium-binding protein troponin-C. The down-regulation of digestive proteins may 

be a reflection of reduced food availability and, consequently, lower metabolic rates 
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in the Cullen Bay population. Alternatively the higher copper levels may 

compromise certain energy pathways, as seen in abalone exposed to endocrine 

disrupting chemicals (Zhou et al. 2010). My results for AP support the view that this 

enzyme may have potential as a general toxin indicator (Chen et al. 2011). Another 

study found that it was inhibited by a Shiff base compound that contained copper 

(Hueso-Ureña et al. 2003). The AP present in O. cyprophila may be inhibited by 

xenobiotic compounds at Cullen Bay, however, AP is also involved in metabolic 

pathways and its down-regulation may be again related to lower metabolic rates at 

Cullen Bay. Troponin-C, may have been down-regulated at Cullen Bay due to 

competition for its calcium binding sites by exogenous ions, a phenomenon that has 

been reported in fish exposed to cadmium (Ling et al. 2009).   

 

Many of the transcripts and proteins that were differentially expressed belonged to 

cytoskeletal families, including: actin, myosin, paramyosin, intermediate filament 

proteins and troponin-C. These cytoskeletal proteins are often reported to have 

altered expression levels in organisms under metal stress, and it is likely that they are 

involved in protecting cells using an unknown mechanism. Miura (2005) suggested 

that cytoskeletal proteins may be the target of oxidative stress, so the reorganization 

of the cytoskeleton may, therefore, be involved in protecting the cells against damage 

induced by oxidative stress (Apraiz et al. 2006; Zhou et al. 2010). Wang et al. 

(2009a) suggested that while cytoskeletal proteins may be legitimately involved in 

stress responses, the nature of these proteins makes them more likely to be identified 

by DIGE and mass spectrometry techniques, introducing bias. When DIGE and mass 

spectrometry techniques are employed, the identified proteins are likely to be 

hydrophilic, medium sized (10-100 kDa) and abundant (Wang et al. 2009a), 

precisely what we can expect from most cytoskeletal proteins. The many cytoskeletal 

proteins identified in the O. cyprophila proteome may be an artifact of the techniques 

used. On the other hand, many differentially expressed transcripts were also 

identified as coding for cytoskeletal proteins, even though RNA sequencing is not 

biased toward any gene family. The proportion of genes in each of the functional 

KOG groups, the largest of which was cytoskeletal, further emphasized this. The fact 

that cytoskeletal proteins were over represented in this study is perhaps not 

surprising given the muscular physiology of polychaetes. 

 



Chapter 4. Polychaete gene and protein expression 

 106 

The up- or down- regulation of a gene does not always translate into an up- or down- 

regulated protein (Hegde et al. 2003), nevertheless, I found strong correlations 

between the gene and protein regulations, especially for the up-regulated proteins. 

However, many of the genes with significantly altered expressions were not 

identified in the proteome, probably because far fewer proteins could be studied and 

identified using current proteomic methods when compared to RNA sequencing. 

 

The number of protein spots on the DIGE gels reported in this study (576) was 

similar to the number of polychaete proteins in other DIGE studies (Mok et al. 2009). 

From these proteins, 46 were excised for mass spectrometric analysis and 24 were 

confidently assigned an identity. The identification procedure used in this study was 

unusual in that it relied on generation of baseline transcriptome data. The amino acid 

sequences from the O. cyprophila proteins were first matched to the O. cyprophila 

transcripts and, if the amino acid sequences matched a single mRNA transcript 

sequence with 100% similarity, the entire translated mRNA transcript was then 

queried against protein databases. This approach resulted in far more protein 

identifications than would have been possible if the amino acid sequences were 

directly queried against the databases. Using new sequencing technologies to 

generate genetic baseline data for non-model organisms in proteomic studies is likely 

to be the future for proteomics, especially with the decreasing cost of next generation 

sequencing platforms.  

 

In general, the predicted molecular weights (MW) and isoelectric points (pI) for the 

identified proteins were in approximate agreement with the observed MW and pI, 

although there were some notable exceptions. The observed MW for many of the 

cytoskeletal proteins, such as myosin, paramyosin, intermediate filament proteins 

and actins, were lower than the predicted value. This discrepancy is likely the result 

of degradation or truncation of these large muscular proteins. The observed pI for 

most proteins was within 1 pH unit of the predicted pI, however, this was not the 

case for the Lim-9-like proteins. This may be because these proteins were identified 

based on matches to conserved regions that may be present in many different 

proteins and, therefore, the predicted values may not apply to these specific 

polychaete proteins. Alternatively, post translational modifications may have altered 

their pI.  
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The 454-sequencing method recovered approximately 6,000 O. cyprophila contigs 

from each site, of which around 40% were significantly matched to an NCBI nr 

protein and over 60% were matched to a Capitella teleta gene model. These 

significant matches are high considering the simple and rapid mRNA extraction 

method used (McGrath et al. 2008). I expected that this gel-extraction method would 

co-purify more contaminating ribosomal RNA than other mRNA enrichment 

methods and result in fewer contigs with significant database matches. However, the 

number of significant matches in this study is comparable to other RNA sequencing 

studies on non-model organisms (Frias-Lopez et al. 2008; Vera et al. 2008; Meyer et 

al. 2009).  

 

This study has generated valuable genetic and proteomic data for future toxicological 

polychaete experiments, in particular for toxicological studies in the Australian 

tropics. The opheliid polychaete, O. cyprophila, was a useful organism to test for the 

effects of copper and, coupled with the data generated in this study, may be valuable 

in future toxicological studies in the tropics. Candidates for biomarker development 

include: Atox1, hemoglobin chain B1a, β-thymosin, sulfotransferase 1C2, alcohol 

dehydrogenase, cytochrome-c oxidase subunit VIb and alanine aminopeptidase. 
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5.1 Introduction 

 

The experiments in Chapter 4 suggested that Ophelina cyprophila specimens altered 

the expression of some genes when exposed to copper in Cullen Bay. A slightly 

higher level of biological organization was studied in the present chapter, allowing 

an examination of whether the changes in gene expression translated to higher 

ecosystem changes. It is important that sub-cellular biomarkers are translated to 

higher levels of organization as discussed in Section 1.3 (page 8). The higher level of 

organization studied in this chapter was the bacteria symbiotically associated with 

polychaetes. These bacteria may change in response to pollutants and may even help 

the polychaete to survive. This is an aspect of resistance not often studied in 

polychaetes, however, certain species of symbiotic bacteria coexisting with other 

marine invertebrates in polluted environments are metal-resistant and may contribute 

to the metal resistance of the host (Webster et al. 2001; Selvin et al. 2009).  

 

Hydrothermal vents are naturally high in toxic compounds, including heavy metals 

(Charlou et al. 2002; Sarradin et al. 2009) yet marine communities thrive, often 

because of their association with bacteria (Lutz & Kennish 1993; Duperron et al. 

2005). Polychaetes associated with hydrothermal vents have evolved relationships 

with bacteria that provide the worms with both energy and protection against metal 

toxicity (Alain et al. 2002; Nakagawa & Takai 2008). The energy requirements of 

the giant tube worm, Riftia pachyptila, are derived entirely from 

chemolithoautotrophic bacteria living in specialized organs within the worm 

(Cavanaugh et al. 1981; Felbeck 1981; Robidart et al. 2008). The bacteria present on 

the polychaete epidermis are thought to confer resistance to the worms (Vincent et al. 

1994; Desbruyères et al. 1998; Alain et al. 2002; Csotonyi et al. 2006). Bacteria 

isolated from the epidermis of hydrothermal vent polychaetes are resistant to 

cadmium, zinc, arsenate and silver and are tolerant to high copper levels (Jeanthon & 

Prieur 1990). Although the time for adaptation is much shorter, polychaetes in 

anthropogenically polluted environments may also be able to form relationships with 

metal-resistant bacteria.  

 

Studies of bacteria associated with polychaetes typically rely on culturing (Jeanthon 

& Prieur 1990). These studies provide valuable information, but are potentially 
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compromised by missing the large number of uncultivable bacteria. Cloning and 

‘Sanger sequencing’ of the 16S rRNA gene provides a greater understanding of 

uncultivable bacterial diversity (Haddad et al. 1995; Goffredi et al. 2007), but this 

technique is also limited to identification of only the most predominant bacteria in a 

sample. Next generation sequencing techniques, such as pyrosequencing, allow for 

extensive sequencing of bacterial communities and may resolve some of the 

problems previously associated with determining bacterial diversity (Sogin et al. 

2006). This technique has been successfully applied to the investigation of free-

living bacterial populations in the open ocean (Pommier et al. 2010) and deep-sea 

hydrothermal vents (Brazelton et al. 2010), as well as to bacteria associated with 

marine organisms (Stewart & Cavanaugh 2009; Lee et al. 2011). I am, however, not 

aware of pyrosequencing studies on the bacteria associated with polychaetes.  

 

I predicted that the composition of the bacterial community associated with 

polychaetes from metal-impacted sites would differ to that of polychaetes at non-

polluted reference sites. I aimed to determine whether changes in the composition of 

the community involved metal-resistant bacteria and whether the bacterial 

assemblage associated with polychaetes could be used as an indicator of metal 

pollution. Two bacterial niches associated with polychaetes were analysed, including 

those closely associated and those loosely or mucous associated. Both of these 

bacterial niches were of interest because previous studies have found that metal 

detoxifying bacteria can be closely associated with the epidermis of organisms 

(Desbruyères et al. 1998) or can live ‘loosely’ in the mucous layer (Alain et al. 

2002). 

 

5.2 Materials and methods 

 

5.2.1 Study sites  

 

The study sites described in Chapter 4 were used to test for the effects of metals on 

the bacterial assemblage associated with Ophelina cyprophila. The impacted site, 

Cullen Bay Marina, hereafter referred to as Cullen Bay, has been subjected to metal 

contamination from intensive recreational use and also as the result of a pest 
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eradication program (Figure 4.1; Ferguson 2000). A relatively unpolluted reference 

site was chosen at Dinah Beach, on the eastern side of Darwin (Figure 4.1). 

 

5.2.2 Chemical analysis 

 

Cullen Bay was sampled on April 14, 2010, and Dinah Beach on April 22, 2010. 

Three replicate 2 L sediment samples were collected from both sites using a Van 

Veen grab, placed in plastic zip-lock bags and transported back to the laboratory on 

ice. The sediment samples were separated into two grain size fractions (> 63 µm and 

≤ 63 µm) using a 63 µm sieve. The concentrations of Fe, Mn, Co, Ni, Cu, Zn, As, 

Cd, Pb and U were analyzed from the fraction ≤ 63 µm. The elements were analyzed 

after a concentrated nitric and perchloric acid digestion at 100°C for 30 minutes, 

130°C for 30 minutes and 200°C for 30 minutes, by inductively coupled plasma - 

mass spectrometry (ICP-MS, Agilent 7500ce).  

 

The concentration of total organic carbon (TOC) was also analyzed from the ≤ 63 

µm sediment fractions. The sediments were first reacted with concentrated 

hydrochloric acid to remove inorganic carbonates, then combusted in a LECO 

furnace at 1400°C in the presence of strongly oxidizing iron/tungsten chips. The 

evolved carbon was then measured using infrared detection.   

 

5.2.3 Sample collection and treatment types 

 

The polychaete Ophelina cyprophila was collected from Cullen Bay and Dinah 

Beach at the same time as the chemistry samples, also using a Van Veen grab. The 

sediment was sorted by hand and individuals of O. cyprophila were removed and 

divided into two groups. In the first group, the specimens were washed in sterile 

seawater to remove all traces of sediment. This ‘washed polychaete’ treatment was 

expected to remove bacteria that were not closely associated with the polychaete 

epidermis, leaving only tightly associated epidermal bacteria or bacteria in the gut. In 

the second group, the specimens were left covered in sediment in the expectation that 

this would include loosely associated bacteria or bacteria associated with the mucous 

layer. At the same time, an additional sediment sample was collected to examine the 

sediment bacterial community at both the sites. In summary, the three treatment 
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types analyzed at each site were washed polychaetes, unwashed polychaetes and 

sediment samples. The polychaetes and sediments were transported to the laboratory 

at ambient temperature and the DNA was extracted immediately.  

 

5.2.4 DNA extraction and pyrosequencing 

 

The bacterial DNA from both the washed and unwashed polychaetes was extracted 

using the MoBio UltraClean Microbial DNA Isolation Kit (Geneworks, SA, 

Australia), according to the manufacturers instructions, except whole polychaetes 

(approximately 20 mm in length) were added directly to the MicroBead tube with the 

MicroBead solution. The Bacterial DNA from 10 g of each of the sediments was 

extracted using the MoBio PowerMax Soil DNA Isolation kit, Mega Preps 

(Geneworks, SA, Australia), according to the manufacturers instructions.  

 

The bacterial 16S rRNA hypervariable V6-region was amplified from the polychaete 

and sediment samples using the A-967F forward primer: 

CAACGCGAAGAACCTTACC and the B-1046R reverse primer: 

CGACAGCCATGCANCACCT (Sogin et al. 2006). Each site and treatment type 

were amplified with a unique barcode attached to the primer to ensure the samples 

could be distinguished. PCR reactions were compiled using the Roche FastStart High 

Fidelity PCR System, dNTPack (Roche Diagnostics, NSW, Australia). Each PCR 

reaction (four replicates per treatment) comprised 1 µl template DNA, 5 µl of 10X 

buffer with 18 mM MgCl2, 1 µl of 10 mM dNTPs, 10 µl of 4 µM forward and 

reverse primers, 0.5 µl of FastStart High Fidelity Enzyme Blend, and 32.5 µl of 

dH2O for a total volume of 50 µl. After denaturation (92°C for 2 minutes), PCR 

products were amplified for 30 cycles of 94°C for 30 seconds, 57°C for 45 seconds, 

72°C for 1 minute, then a final extension of 72°C for 10 minutes. The four replicate 

PCR reactions were combined to create a single bacterial library for each treatment 

type. The pooled PCR products were then purified using the QIAquick PCR 

Purification Kit (Qiagen, Hilden, Germany), according to the manufacturers 

instructions. PCR products were quantified after separation on a 2% agarose gel and 

comparison to a Low Mass Ladder (Invitrogen , CA, USA). The purified, quantified 

amplicons were sequenced using a Roche GS FLX (454) sequencer at the Australian 

Genome Research Facility in Brisbane, Qld, Australia.  
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5.2.5 Data analysis 

  

Each read from the sequencer was analyzed for quality using the Ribosomal 

Database Project’s initial pipeline process (www.pyro.cme.msu.edu). Sequences 

were removed when they were < 70 nucleotides in length, contained one or more Ns 

or if they returned a quality score < 20. The trimmed sequences were then analyzed 

using Mothur (Schloss et al. 2009). The sequences were aligned using align.seqs 

with the SILVA database (Pruesse et al. 2007). Sequences that didn’t align to the V6 

region were removed using screen.seqs and common gaps were removed using 

filter.seqs. Chimeras were removed from the alignment using chimera.slayer and the 

SILVA database as a template (Pruesse et al. 2007). Sequences were clustered into 

operational taxonomic units (OTUs) using dist.seqs and the average method in 

cluster with a 3% distance cut-off criterion. OTUs were classified using classify.seqs 

at the 0.03 level using the SILVA database (Pruesse et al. 2007). The sequences of 

interesting OTUs with ambiguous classification were further analyzed using the 

Ribosomal Database Project’s classifier (www.rdp.cme.msu.edu/classifier) and the 

SINA alignment service in SILVA (www.arb-silva.de/aligner/). Sequences with a 

consensus classification using all three methods were assigned to that classification. 

Rarefaction curves and the Venn diagrams were calculated at the 0.03 level using 

rarefaction.single and venn in Mothur (Schloss et al. 2009). To calculate the Chao1 

richness estimate and Shannon Index, the samples were first normalized down to the 

sample with the fewest sequences using normalize.shared, then calculated using 

summary.single in Mothur (Schloss et al. 2009). The reported abundances for each 

sample are all relative abundances obtained by dividing the number of sequences for 

the OTU by the total number of sequences. The multidimensional scaling plot 

(MDS) and the similarity percentages (SIMPER) table were calculated according to 

Clarke and Warwick (2001) using PRIMER (Plymouth Routines in Multivariate 

Ecological Research, version 6). The MDS and PRIMER plots were calculated on 

standardized, square-root transformed sequence data so that samples with different 

sequence counts could be compared and the influence of highly abundant OTUs was 

reduced (Clarke & Warwick 2001). 
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5.2.6 Data availability 

 

All V6 sequence data are available in the NCBI Sequence Read Archive under the 

accession number SRP007196.  

 

5.3 Results 

 

5.3.1 Chemical analysis of the sediments 

 

Cullen Bay sediments contained approximately 8 times more copper and 3 times 

more zinc than Dinah Beach sediments (Table 5.1). The copper and zinc 

concentrations at Cullen Bay were above Interim Sediment Quality Guideline - Low 

(ISQG-Low) values and have the potential to cause adverse biological effects 

(ANZECC 2000). The copper and zinc concentrations at Dinah Beach were below 

the ISQG-Low values, indicating that this site was an appropriate reference site. The 

concentration of nickel was also higher than the ISQG-Low value at both the sites, 

although this concentration is similar to natural background levels for northern 

Australia (Munksgaard & Parry 2002).  

 

5.3.2 Bacterial community structure 

 

Of 104,653 total bacterial V6 amplicons sequenced, 84,925 reads passed the quality 

tests and clustered into 10,595 unique operational taxonomic units (OTUs) at a 3% 

distance threshold (Table 5.2). The sediment samples contained the highest number 

of OTUs, followed by the unwashed polychaetes, then the washed polychaetes 

(Table 5.2). In addition, the sediment samples were the most diverse and were 

estimated to have the highest number of species (Table 5.2). My study captured 

approximately 50% of the bacterial diversity in the polychaete treatments and 

sediment samples, as shown by richness estimates and rarefaction curves (Table 5.2; 

Figure 5.1). The treatment types contained a similar number of OTUs at both Cullen 

Bay and Dinah Beach.  
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Table 5.1  Metal concentrations and total organic carbon (TOC) content at the two study sites, Cullen Bay and Dinah Beach, and ISQG-Low trigger values for 

sediment quality (ANZECC 2000). Concentrations are given in mg/kg (dry weight) for the metals and % (dry weight) for TOC. The standard error is included.  

 Fe Mn Co Ni Cu Zn As Cd Pb U TOC (%) 

Cullen Bay 33200±1110 278±2 10.7±0.1 22.6±0.1 174±8.6 293±9.6 19.5±0.9 0.11±0.01 21.7±1.1 2.52±0.19 0.94±0.02 

Dinah Beach 45000±3320 204±7.8 8.9±0.2 22.4±1 21.5±0.7 93.8±7.3 18.6±1.3 0.12±0.02 23.4±1.2 2.06±0.04 1.10±0.07 

ISQG-Low 

trigger values N/A N/A N/A 21 65 200 20 1.5 50 N/A N/A 

 

 
Table 5.2  Sequencing results, diversity and richness estimate for the bacteria associated with washed and unwashed polychaetes and for bacteria in the sediment. 

OTUs, Shannon Index and Chao1 were calculated at 3% difference.  

Site Cullen Bay Dinah Beach Cullen Bay Dinah Beach Cullen Bay Dinah Beach 

Treatment Washed Washed Unwashed Unwashed Sediment Sediment 

Total number of 

sequences 16,280 11,617 18,515 20,689 15,761 21,791 

Number of sequences 

passed quality tests 13,464 9,532 15,377 16,311 12,505 17,736 

Total OTUs 776 416 2,716 2,667 3,605 4,714 

Shannon Index  0.61 0.51 0.81 0.82 0.89 0.83 

Chao1 richness 

estimator 1,227 803 4,572 4,460 7,239 7,671 
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Figure 5.1  Rarefaction curves for bacterial V6 sequences for both sites and each of the three 

treatment types. OTUs were calculated by clustering sequences with a 3% distance threshold.  

 

 

Many of the OTUs were unique to a specific site and treatment type (Figure 5.2). 

The washed polychaete treatment and the surrounding sediment had few OTUs in 

common, indicating that the sediment was effectively removed from the polychaetes 

by the washing method. In addition, many OTUs associated with the unwashed 

polychaete treatment were not found in either the sediments or on washed 

polychaetes, suggesting that the washing step removed a cohort of potentially 

symbiotic bacteria. OTUs that were unique to washed polychaetes were likely to be 

closely associated with the polychaetes, including symbiotic bacteria and gut fauna. 

Many of these ‘close associates’ were members of the phylum Verrucomicrobia, 

which accounted for 3 of the top 10 most abundant polychaete OTUs (Appendix H). 

At the phylum level, the vast majority of OTUs were assigned to the Proteobacteria. 

This included over 70% of sediment bacteria sequences, over 80% of unwashed 

polychaete sequences and over 90% of the washed polychaete sequences. At the 

class level, at least 30% of the sequences in each sample were classified as 

Gammaproteobacteria. This number increased in the polychaete treatments, while 

the sediments contained higher abundances of Deltaproteobacteria and more of the 

sequences were unclassified.  
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Figure 5.2  Venn diagrams of shared and unique OTUs from the washed polychaetes, unwashed 

polychaetes and the sediment samples at each site. The Venn diagrams were calculated by 

clustering sequences with a 3% distance threshold. 

 

 

Over 30% of the total number of sequences were assigned to the top 10 most 

abundant OTUs and this number increased to 58% for the top 100 most abundant 

OTUs and 79% for the top 1000 most abundant OTUs (Figure 5.3). This indicates 

that most of the diversity can be attributed to rare species. The top 20 most abundant 

OTUs across all samples comprised a diverse range of bacteria which showed 

marked differences in abundances across the treatment types (Table 5.3). The 

bacteria associated with the unwashed polychaete in Cullen Bay were dominated by 

a bacterium of the order Alteromonadales, which was much more abundant on 

Cullen Bay polychaetes than Dinah Beach polychaetes and was completely absent 

from the sediments. Another member of the Alteromonadale - Idiomarinaceae - was 

also more abundant at Cullen Bay. A bacterium in the order Oceanospirillales and 

sulfur-oxidising bacteria were more prevalent on the polychaetes at Dinah Beach 

compared to those at Cullen Bay. In general, the composition of the bacteria in the 

sediments at both sites was similar. 
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Table 5.3  Relative abundance of the top 20 most abundant OTUs, classified to the lowest possible level. 

  Cullen Bay Dinah Beach Cullen Bay Dinah Beach Cullen Bay Dinah Beach 

OTU rank Identification Washed Washed Unwashed Unwashed Sediment Sediment 

1 Gammaproteobacteria 27.18 17.51 7.73 7.99 0.00 0.00 

2 Oceanospirillales 0.22 32.85 1.08 0.52 0.00 0.01 

3 Gammaproteobacteria 0.04 11.06 0.10 7.07 0.00 0.00 

4 Alteromonadales 0.04 0.04 13.80 0.68 0.00 0.00 

5 Idiomarinaceae 11.70 3.07 5.84 2.77 0.06 0.11 

6 Gammaproteobacteria 0.06 0.16 2.12 1.44 6.72 4.57 

7 Oceanisphaera 3.04 0.27 2.87 2.08 0.00 0.01 

8 Alphaproteobacteria 1.97 1.93 0.31 1.13 0.00 0.00 

9 Alphaproteobacteria 6.56 3.49 1.08 4.14 0.00 0.00 

10 Ectothiorhodospiraceae 0.09 0.12 1.19 2.10 5.06 3.69 

11 Gammaproteobacteria 0.02 1.79 0.05 1.29 0.00 0.00 

12 Enterobacteriaceae 2.03 1.77 1.22 1.04 0.01 0.01 

13 Bacteria 3.35 0.85 0.00 0.01 0.00 0.00 

14 Sulphur-oxidising 

bacterium 

0.02 0.00 0.66 2.40 2.58 2.96 

15 Alphaproteobacteria 1.25 1.34 0.24 0.59 0.00 0.00 

16 Cyanobacteria 0.25 0.26 0.58 0.49 0.48 1.70 

17 Sulphur-oxidising 

bacterium 

0.00 0.00 0.24 0.61 1.54 1.21 

18 Deltaproteobacteria 1.07 0.64 0.46 0.94 0.00 0.00 

19 Endosymbiont 0.04 0.05 0.05 0.67 0.26 1.46 

20 Desulfobulbus 0.02 0.00 0.18 0.60 1.07 1.25 
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Figure 5.3  Rank abundance curves for the bacterial OTUs associated with the polychaete 

treatments and sediment samples from Cullen Bay and Dinah Beach. The abundance was log-

transformed and the OTUs were clustered with a 3% distance threshold.     

 

 

The abundance and diversity of OTUs from the three treatments and the two sites 

were compared using multivariate ordinations (Figure 5.4). The washed polychaete 

treatment from both sites and the sediment samples from both sites contained similar 

bacterial communities. There were, however, differences between the sites in the 

bacteria associated with unwashed polychaetes. The main contributors to these 

differences were again bacteria of the order Alteromonadales, including 

Idiomarinaceae, which were more abundant at Cullen Bay (Table 5.4). The other 

important contributors were more abundant at Dinah Beach, and included sulphur-

oxidizers and bacteria in the order Rhodospirillales. The metals that were best 

correlated with the bacterial changes associated with Cullen Bay unwashed 

polychaetes were zinc and copper (Figure 5.4).  
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Figure 5.4  Multi-dimensional scaling (MDS) plot showing similarities among the bacterial 

communities associated with polychaetes and sediments. The correlation of zinc and copper 

concentrations with the bacterial community patterns were overlaid onto the plot (Anderson et al. 

2008). The MDS plot was calculated on standardized, square-root transformed OTU data using 

Bray Curtis similarity measures.  

 

 

Table 5.4  The 10 OTUs that contributed most to the differences between the Cullen Bay and 

Dinah Beach unwashed polychaetes. The relative abundance of each OTU is listed along with the 

contribution of the OTU to the differences between the two samples. Similarity percentages 

(SIMPER) were calculated on standardized, square-root transformed OTU data.  

    Cullen Bay Dinah Beach  

OTU rank Classification Unwashed Unwashed Contribution (%) 

4 Alteromonadales 13.80 0.68 0.61 

3 Gammaproteobacteria 0.10 7.07 0.50 

9 Alphaproteobacteria 1.08 4.14 0.21 

61 Rhodospirillales 0.00 0.86 0.20 

11 Gammaproteobacteria 0.05 1.29 0.19 

5 Idiomarinaceae 5.84 2.77 0.16 

28 Chromatiales 0.85 0.06 0.16 

22 Alphaproteobacteria 0.32 1.70 0.16 

14 Sulphur-oxidising bacterium 0.66 2.40 0.16 

38 Sulphur-oxidising symbiont 0.14 1.19 0.15 
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5.4 Discussion 

 

The structure of the bacterial community associated with the polychaete Ophelina 

cyprophila in Cullen Bay differed from that at the reference site at Dinah Beach. 

Although the bacterial communities at both sites had similar diversity indices, there 

was a change in community membership in the bacteria associated with O. 

cyprophila at Cullen Bay. This change coincided with higher concentrations of 

copper and zinc in Cullen Bay sediments compared to Dinah Beach sediments. O. 

cyprophila is a subsurface deposit-feeding polychaete (Fauchald & Jumars 1979; 

Seike 1998) and is, therefore, likely to make contact with these metals. Copper 

concentrations were high in Cullen Bay due to a pest eradication program using 

copper sulphate in 1999 (Ferguson 2000) and zinc concentrations were also high, 

probably due to commercial and recreational boating activity (Bird et al. 1996; Singh 

& Turner 2009). Since the copper and zinc concentrations in Cullen Bay exceeded 

ISQG-Low sediment quality guidelines (ANZECC 2000), any measureable effects 

on the polychaete O. cyprophila and its associated bacteria compared to the reference 

site, can be considered within this context.  

 

A large difference in the bacteria loosely-associated with O. cyprophila at Cullen 

Bay and at the reference site was that bacteria of the order Alteromonadales were 

more abundant on Cullen Bay polychaetes. Members of this order have also been 

found to increase in abundance at sites affected by urbanization and eutrophication 

(Marcial Gomes et al. 2008; Zeng et al. 2010) and some species are metal-resistant 

(Ivanova et al. 2002; Chiu et al. 2007; Selvin et al. 2009). Furthermore, 

Alteromonadales are associated with deep-sea polychaetes and show tolerance to 

high copper levels (Jeanthon & Prieur 1990). Certain species of Alteromonadales 

isolated from deep-sea polychaetes produce an exopolysaccharide (EPS) which has 

metal-binding properties (Vincent et al. 1994). The EPS produced by some 

Alteromonadales bacteria is polyanionic, meaning it binds cations including Cu2+ 

and Zn2+ (Nichols et al. 2004; Qin et al. 2007; Gutierrez et al. 2008). The 

Alteromonadales bacteria associated with O. cyprophila in Cullen Bay may bind 

metals and reduce their toxicity, which could explain their abundance in this 

environment.   
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Another bacteria of the order Alteromonadales, which was classified to 

Idiomarinaceae, was also more abundant on Cullen Bay O. cyprophila. This 

bacterium was particularly abundant on washed Cullen Bay worms, suggesting it has 

a close association with the polychaete epidermis or forms part of the polychaete’s 

gut fauna. Some species within the Idiomarinaceae are metal-resistant (Chen & Shao 

2009), and are often in greater abundance at polluted sites (Hernandez-Raquet et al. 

2006; Radwan et al. 2010), and some also produce an anionic EPS that has a 

significant affinity for metals (Mata et al. 2008). In addition, the Idiomarina 

loihiensis (Idiomarinaceae) genome sequence has been found to have flexible 

adaptation mechanisms, including systems for the detoxification of metals (Hou et al. 

2004). The Idiomarinaceae associated with O. cyprophila in Cullen Bay may also 

have metal-resistant mechanisms, which could detoxify metals on the polychaete 

epidermis or in the gut of the polychaete.   

 

Dinah Beach contained many bacteria that were more abundant than at Cullen Bay, 

including bacteria of the order Oceanospirillales. The abundance of Oceanospirillales 

on the washed polychaete at Dinah Beach suggests that these bacteria are either 

tightly associated with the epidermis or are part of the polychaete gut fauna. 

Oceanospirillales are associated with the gut of bone eating polychaetes in the genus 

Osedax and are thought to metabolize carbon (Goffredi et al. 2005; Verna et al. 

2010). The Oceanospirillales associated with O. cyprophila may benefit from the 

slightly higher organic carbon levels at Dinah Beach, which may have resulted from 

inputs from the nearby mangroves (Sanders et al. 2010). Several sulphur-oxidizing 

bacterial species were also more abundant at Dinah Beach, which may benefit from 

increased sulphur concentrations also resulting from the mangroves (Ferreira et al. 

2007; Lee et al. 2008), although this was not measured. In summary, the bacteria that 

were more abundant at Dinah Beach may benefit from the more natural and nutrient-

rich mangrove environment.   

 

It is also possible that O. cyprophila bacteria that were more abundant at Dinah 

Beach and less abundant at Cullen Bay may be sensitive to increases in copper and 

zinc concentrations. Copper and zinc are essential trace elements for living 

organisms but they are toxic at high concentrations (Nies 1999; Peña et al. 1999). 

Copper catalyzes the production of hydroxyl radicals, which cause DNA damage 
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(Cabiscol et al. 2000; Kim & Metcalfe 2007), and high copper levels also damage the 

iron-sulphur dehydratase protein family (Macomber & Imlay 2008). Elevated zinc 

concentrations inhibit the production of glutathione reductase, resulting in higher 

levels of reactive oxygen species and oxidative stress (Ralph et al. 2010). Copper is 

generally considered to be more toxic than zinc (Nies 1999; Klimek & Niklińska 

2007) and two in combination may have synergistic effects (Chander & Brookes 

1993; Duarte et al. 2008; Fukunaga et al. 2011). Furthermore, copper and zinc reduce 

the biomass of bacteria that are symbiotic with aquatic organisms (Webster et al. 

2001; Šyvokiené et al. 2006). The copper concentration in Cullen Bay was over 170 

ppm and the zinc concentration was more than 290 ppm, which is well above the 

ISQG-Low values of 65 ppm for copper and 200 ppm for zinc (ANZECC 2000). 

Therefore, it is possible that the high concentration of these metals was responsible 

for the decreased abundance of some bacteria at Cullen Bay. 

 

Three treatment types were analyzed in this study – bacteria associated with washed 

polychaetes, unwashed polychaetes and in the sediment. Results for the unwashed 

polychaete treatment were expected to ascertain which bacteria were associated with 

the polychaete epidermis or mucus layer, and this is where the biggest difference 

between Cullen Bay and Dinah Beach was observed. The bacteria that were detected 

in the washed polychaete treatments were relatively similar at the two sites; this was 

surprising given that tightly associated bacteria were expected to be the niche 

involved in metal detoxification processes. However, others have reported that 

mucus secretion (Mouneyrac et al. 2003) and bacteria within the mucus (Alain et al. 

2002) appear to have detoxifying properties. It is likely that my washing treatment 

removed most of the mucus from the worms; therefore, the large bacterial changes 

may have been related to bacteria within the mucus layer, and these bacteria may be 

involved in metal detoxification. The sediment bacterial community was relatively 

similar at both Cullen Bay and Dinah Beach, despite the large differences in copper 

and zinc concentrations in the sediments. The copper and zinc concentrations were 

much more influential on the bacterial community associated with O. cyprophila, 

suggesting that the associated bacteria are a more sensitive indicator of pollution.  

 

The bacteria associated with polychaetes may be a useful indicator group because 

polychaetes are easy to find and collect in most marine systems (Dean 2008). In 
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addition, changes in the bacteria associated with polychaetes can be directly related 

to the surrounding conditions because many polychaetes are either sedentary or have 

specific habitat requirements, resulting in movement only at a local scale (Stocks 

2002; Marinelli & Woodin 2004). Several molecular techniques could be developed 

for the rapid identification of certain bacteria associated with polychaetes. 

Techniques such as quantitative real-time PCR (qPCR) or DNA fingerprinting 

methods, such as denaturing gradient gel electrophoresis (DGGE) or terminal-

restriction fragment length polymorphism (T-RFLP), could be used to specifically 

target changes in the composition of indicative bacteria, such as the Alteromonadales 

or Idiomarinaceae in this study. These techniques may provide informative and rapid 

environmental impact assessments. It should be noted, however, that only one 

polychaete species was analysed in this study and more research with a range of 

species is required before this technique becomes useful in environmental 

assessments. Moreover, it is not clear whether changes in the bacteria associated with 

polychaetes has any implications for higher levels of biological organization. If these 

higher levels are unaffected then there may be no cause for alarm and the associated 

bacteria would not be a useful biomarker. Again, more research is required. 

 

The symbiotic and gut bacteria associated with polychaetes in coastal environments 

have not been well studied. In the present study, OTUs that occurred only on 

polychaetes and were not detected in the sediment, were likely to be polychaete 

symbionts and/or gut fauna. Although, it should be noted that the sediment bacterial 

community was not exhaustively studied and, therefore, bacteria that were only 

detected on polychaetes may in fact be detected in the sediment with deeper 

sequencing. At Dinah Beach, 189 OTUs were unique to polychaetes and at Cullen 

Bay, 464 OTUs were unique to polychaetes. The Chao1 richness estimator for the 

washed polychaetes was 803 for Dinah Beach and 1,227 for Cullen Bay. As 

expected, the richness estimates are much higher in the current study using 

pyrosequencing compared to previous estimates of polychaete bacterial diversity, 

which used cloning and Sanger sequencing. In those studies, the mucous of 

hydrothermal vent worms was found to contain less than 50 phylotypes (Alain et al. 

2002), and analysis of polychaete gut microbes found less than 25 species (Li et al. 

2009). The richness estimates reported here are less than for some invertebrates such 

as sponges, which have chao1 estimates ranging from 1,500 to more than 4,500 
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estimated species (Webster et al. 2010; Lee et al. 2011). Other pyrosequencing 

studies of invertebrates have reported Chao1 estimates of less than 500 (Andreotti et 

al. 2011). In this study, many of the bacteria species unique to polychaetes belonged 

to the Verrucomicrobia, which have previously been detected in the mucous of 

hydrothermal vent polychaetes (Alain et al. 2002), in the gut of sea cucumbers (Sakai 

et al. 2003) and as nematode endosymbionts (Vandekerckhove et al. 2000). Members 

of the Verrucomicrobia are also ectosymbionts on ciliates and provide the host 

organism with a novel defensive mechanism (Petroni et al. 2000). Many of the 

potentially symbiotic bacteria identified in this study had recognized symbiotic 

lineages (Goffredi et al. 2005; Campos-Herrera et al. 2009; Verna et al. 2010) and 

this study has increased our understanding of their abundance and diversity. 

 

The resistance of polychaetes to the high metal levels around deep-sea hydrothermal 

vents has been attributed to bacterial symbionts (Desbruyères et al. 1998; Pradillon et 

al. 2009). The resistance of O. cyprophila to high copper and zinc in Cullen Bay may 

also be related to changes in their associated bacteria. This suggests that symbiotic 

relationships between polychaetes and bacteria can develop not only in naturally 

high metal environments but also in environments anthropogenically polluted with 

metals, in which the period of adaptation is much shorter. Resistance studies 

examining polychaetes in environments that are anthropogenically polluted with 

metals often overlook the potentially important associated bacteria, instead focusing 

on protein and gene-expression of the host. I recommend that studies examining 

resistance in polychaetes also examine the bacterial community for a complete 

picture of resistance.  
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General Discussion 

 

The effects of marine pollution on organisms can be measured at several different 

ecosystem levels, including at the community level, at the level of individual 

organism or at a sub-organismal level (Underwood & Peterson 1988). At higher 

ecosystem levels, such as macrofaunal assemblages, the measured effects of marine 

pollution may be more important but are often slower to occur. At finer scales, such 

as the expression of genes, responses may be rapid, but if the organism is otherwise 

unaffected then the changes may not be concerning. I examined the effects of marine 

pollution on polychaete worms at several different ecosystem levels within this 

framework, with the aim of using these changes as an assessment of ecosystem 

integrity. 

 

To look for biomarkers at a high ecosystem level, polychaete assemblages were 

examined at polluted and reference sites (Chapter 2). Changes in the polychaete 

assemblages across the sites were clearly detected and were likely to reflect 

important ecosystem changes. While these changes are, therefore, a good indicator of 

damage, this approach was time consuming and required a high level of technical 

expertise. Moreover, the problems of the indicator species approach were again 

encountered and are discussed below. At finer ecosystem scales, several genes and 

proteins were detected as potential sub-cellular biomarkers (Chapter 4). These 

biomarkers are likely to sensitive and rapid, however, if they do not reflect broader 

ecosystem changes, their use is limited. To test this, a higher ecosystem scale was 

examined, namely the bacteria associated with the worms (Chapter 5). These 

associated bacteria were also found to change, suggesting that the changes in gene 

expression did reflect higher order changes. The changes in associated bacteria were 

in themselves a potential biomarker and are discussed below. 

 

The composition of polychaete communities is known to change when various types 

of anthropogenic wastes are introduced into the marine environment (Dean 2008). 

For example, at sites affected by organic matter enrichment, polychaete communities 

generally follow the Pearson and Rosenberg (1978) model of reduced species 

diversity but a drastic increase in the abundance of opportunistic species (Carvalho et 

al. 2010; Conlan et al. 2010). At metal polluted sites, polychaete species diversity is 
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also generally reduced and opportunistic polychaetes may or may not dominate 

(Ward & Hutchings 1996; Dauvin 2008; Neira et al. 2011). These changes in 

polychaete communities have been used as an indicator of disturbed conditions for 

several decades (Pocklington & Wells 1992). Despite this, little is known about how 

the wastes from alumina refineries influence polychaete communities, particularly in 

the tropical environment of northern Australia.  

 

I examined the polychaete communities near an alumina refinery in Melville Bay, 

northern Australia, and compared them to polychaete communities at reference sites 

(Chapter 2). Two different polychaete habitats were studied: soft-bottom and the 

subtidal habitat adjacent to mangrove forests. In addition, an artificial substratum 

device was deployed, which acted as a surrogate for the hard-substratum polychaete 

assemblage.  

 

The soft-bottom sites that were in close proximity to the waste discharge point of the 

alumina refinery contained different polychaete communities than at the reference 

sites. The sites closer to the discharge point were characterised by containing higher 

levels of copper, zinc, cadmium, gallium, arsenic and molybdenum. These 

concentrations, however, were all lower than ISQG-low trigger values - where they 

are available (ANZECC 2000). Despite this, the abundance and diversity of 

polychaetes significantly declined in study sites closer to the discharge channel. In 

fact, in the closest site to the discharge channel, polychaete abundance was fewer 

than 1 individual per 5 litres of sediment, suggesting radically altered environmental 

conditions. The decline in polychaete abundance was best correlated with increasing 

concentrations of copper and cadmium, although these metals were unlikely to 

greatly influence polychaete communities because they were not in high 

concentrations. The higher metal levels, particularly of molybdenum and gallium, 

were considered a signature of the refinery waste (Negri et al. 2011) and provided a 

marker of the extent of the waste, however, the actual drivers of polychaete 

assemblage change were probably other characteristics of the sediment resulting 

from the discharges, such as the degree of anoxia, sulfide content and sediment 

consistency.   
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To determine the polychaete species that were good indicators of the refinery waste 

or its secondary effects, a ‘species indicator value’ was used (Dufrêne & Legendre 

1997). This value is calculated based on the specificity and fidelity of a species: it 

takes into consideration both the abundance of the species and how reliably they 

occur at different types of sites. At the soft-bottom sites, two polychaete species, 

Prionospio ehlersi (Spionidae) and Sigambra hanaokai (Pilargidae), were indicative 

of the reference sites and recorded high indicator species values. This is unusual for 

Spionids, which generally increase in abundance at polluted sites and may become 

opportunistic (Giangrande et al. 2005). The abundance of Pilargids may increase or 

decrease in polluted areas (Lee et al. 2006; Sukumaran & Devi 2009). These two 

indicator species may be useful for future impact assessments in Melville Bay and 

possibly other parts of tropical Australia, however, the results also highlight the 

difficulties with the indicator species approach. The species identified here are not 

likely to have wide distributions, limiting their applicability. In addition, these 

species may not behave in the same manner to different pollutants or in different 

locations. While the two species here may be of some use to assessments in Melville 

Bay, environmental managers should be very cautious in their use further afield. 

 

The sites adjacent to impacted mangrove sediments also contained different 

polychaete communities when compared to reference sites, possibly indicating a shift 

from sensitive to more tolerant species. The impacted mangrove sites tended to 

contain higher levels of cadmium, zinc, molybdenum and gallium. Two of these, 

molybdenum and gallium, are considered a signature of alumina refinery waste 

(Negri et al. 2011). Although the concentration of several metals was elevated at the 

impacted sites, their concentrations were low when compared to guidelines for 

sediment quality, where available (ANZECC 2000). This indicates that the metals 

themselves were unlikely to influence polychaete communities and again other 

factors were probably more important. Future polychaete experiments in this area 

should consider measuring sulfide concentration, degree of anoxia, sediment 

consistency and more detailed grain-size measurements. 

 

The species indicator value of Dufrêne and Legendre (1997) was also calculated for 

mangrove polychaetes. The goniadid, Glycinde bonhourei, recorded a very high 

indicator species value, signifying that this species was highly specific and abundant 
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at the impacted sites. Although the Goniadidae are not often thought of as an 

indicator family (Giangrande et al. 2005), this particular species may be valuable in 

future Melville Bay impact assessments. Another polychaete, Acmira sp.1 

(Paraonidae), recorded a significant indicator species value and was less abundant at 

the impacted sites. Reductions in polychaete abundance at polluted sites are not often 

considered for their indicator potential, however, other species of the family 

Paraonidae have also been shown to decline in abundance in polluted bays (Stark 

1998; Grove & Probert 1999). The abundance of Acmira sp.1 may be a useful 

indicator of pollution in northern Australia and, more generally, the family 

Paraonidae are a good candidate as general ‘negative’ pollution indicators in the 

Polychaeta. It should be noted, however, that the same comments for the soft-bottom 

indicator species also apply here. The fact that some species indentified as an 

indicator come from families that often behave differently highlights the significant 

challenges of the indicator species approach. 

 

In addition to the benthic sampling, a novel artificial substratum device made of 

‘exfoliating mesh sponges’ was developed as a rapid method for the assessment of 

polychaete assemblage integrity. The artificial substrata contained many complex 

microstructures that were the ideal habitat for polychaete larvae, similar to the ‘pot 

scourers’ used in previous studies (Smith & Rule 2002; Underwood & Chapman 

2006). In contrast to pot scourers, however, the mesh sponges could be easily 

dismantled for polychaete removal, possibly making them a more practical tool. The 

polychaete communities that were recovered from the artificial substrata showed 

some variability, although underlying patterns were present, as is often seen for 

artificial substrata (Mirto & Danovaro 2004; Underwood & Chapman 2006). The 

artificial substrata that were placed in areas impacted by the refinery waste recovered 

significantly fewer polychaete individuals than the artificial substrata at reference 

sites and ordinations showed a significant change in assemblage composition. Only 

one polychaete species (Syllid sp.2) was detected in both the artificial substrata and 

the benthic samples, implying that a different polychaete assemblage was sampled 

with the artificial substrata. Moreover, many of the polychaete species detected on 

the artificial substrata are generally thought to inhabit hard substrata, such as the 

various Nereididae species (Naim 1988; Gómez et al. 1997). This indicates that the 

artificial substrata acted as a surrogate for the hard-substratum polychaete 
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assemblage and that the refinery waste was also impacting this additional polychaete 

assemblage. Two polychaete species, Polyophthalmus sp.1 (Opheliidae) and 

Eupolymnia kooranga (Terebellidae), were identified as indicator species from the 

artificial substrata. These two polychaetes may be useful in the future, however, 

much more research is required. 

 

The polychaete assemblage changed in response to the refinery waste and several 

species were identified as indicator species and can now be used in future impact 

assessments of Melville Bay and possibly throughout northern Australia. The 

artificial substrata required less field and laboratory time than the benthic sampling, 

and significant differences were detected in the polychaete assemblage at the 

impacted sites. I recommend implementing the artificial substrata into routine 

environmental sampling of Melville Bay as they are economical and effective, 

however, the results should be validated as often as practical with robust benthic 

sampling of the polychaete assemblage.  

 

One polychaete species I recorded as a potentially useful indicator of pollution was 

from the family Opheliidae - these polychaetes may also be useful test organisms in 

toxicological studies. Opheliids are often abundant members of polychaete 

assemblages in northern Australia and are likely to experience toxicity from 

contaminants in the sediment because they are sub-surface deposit-feeders (Fauchald 

& Jumars 1979) and they may experience toxicity through non-selectively ingesting 

contaminated sediment or by external contact with contaminants. Opheliids are 

highly mobile and their unique pattern of movement makes them easily identifiable 

to family-level, facilitating rapid collection in the field (species-level identification 

requires a microscope). Another benefit is the generally large size of opheliids that 

ensures high yields of protein and messenger RNA, which is often required for 

toxicological studies. For these reasons, the Opheliidae polychaetes are good 

candidates for use in toxicological tests of contaminants in tropical coastal 

environments. 

 

Despite the fact that opheliids are good candidates, few studies have used them in 

toxicological testing and their taxonomy and species composition are poorly known, 

especially in northern Australia. The use of polychaete species in toxicological 
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studies requires a thorough understanding of their taxonomy to ensure that 

comparisons between species can be made with confidence - the prevalence of 

cryptic species within the Polychaeta can confound toxicological testing (Méndez et 

al. 2000). Of all the opheliids recorded in this study, the largest and most suitable for 

toxicological testing were from the genus Ophelina. Three species from this genus 

were detected across northern Australia; Ophelina fauveli Caullery, 1944 was 

detected for the first time in Australian waters and its description was updated, the 

two other species were new to science and were formally described (Chapter 3). The 

main diagnostic characters for the genus Ophelina are traditionally associated with 

the pygidial funnel (Parapar et al. 2011), which is in agreement with my findings. 

Ophelina tessellata was distinguished by having a club-shaped funnel with a 

distinctive tessellated pattern on the ventral edge. Ophelina cyprophila had a more 

elongated pygidial funnel and fewer rim cirri. The division of these two 

morphologically similar species was confirmed by sequencing and phylogenetic 

analysis of the cytochrome oxidase I and histone H3 genes. The formal identification 

of these species facilitated their use in tropical toxicological studies aimed at 

discovering novel biomarkers of pollution.  

 

Biomarker studies in polychaetes have generally focused on changes in the 

abundance of antioxidant proteins and metallothioneins (Amiard-Triquet et al. 2006; 

Dean 2008). Antioxidant proteins such as glutathione S-transferase, superoxide 

dismutase and catalase often change in polychaetes exposed to metals, although their 

induction appears to be variable (Sandrini et al. 2006; García-Alonso et al. 2011; 

Won et al. 2011). This is also true for the metallothioneins and metallothionein-like 

proteins which are up-regulated in some metal-exposed polychaetes but not in others 

(Amiard-Triquet et al. 2006; Won et al. 2008). The induction of antioxidant proteins 

and metallothionein-like proteins may be dependent on the polychaete species and 

metal type. In addition, the regulation of many of these proteins can be altered by 

different external stimuli, such as metals, organics, hydrocarbons or temperature 

changes, rendering them non-specific cellular responses (Dean 2008; Wang et al. 

2009a). Biomarkers that are specific for different contamination types are desired so 

that cause-effect relationships can be understood and so that the pollution source can 

be tracked and addressed. Therefore, novel biomarkers of metal exposure are 

required.  
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Previous studies examining the changes in polychaete gene expression under metal 

stress have been forced to examine only characterised genes due to the lack of 

baseline genetic information for polychaetes. However, new techniques, such as 

‘next generation’ sequencing, can provide analysis of a much broader genetic 

response to metals. These techniques can be used to sequence hundreds of thousands 

of DNA fragments and rapidly provide genetic information for non-model organisms 

(Vera et al. 2008; Wang et al. 2009b). I used next generation 454-sequencing to 

sequence the transcriptome of the recently described polychaete Ophelina cyprophila 

(Chapter 4).This species was chosen because it inhabits both a copper-polluted 

harbour and an appropriate reference site. The previous study to formally identify 

this species ensured that cryptic species were not erroneously compared. I found that 

the regulation of several genes changed in polychaetes inhabiting the impacted site 

and many of these changes were confirmed using a complementary protein 

expression experiment.  

 

In the copper-impacted harbour, an O. cyprophila gene that coded for a protein 

homologous to the copper chaperone, Atox1 was up-regulated. This up-regulation of 

Atox1 was also detected in the proteome using western blot experiments. Atox1 is 

important in maintaining copper homeostasis within cells (Kim et al. 2008) and may 

have been directly up-regulated in response to higher intracellular copper - Atox1 

binds copper within cells and transports it to secretory pathways for removal from 

the cell (Jeney et al. 2005; Kim et al. 2008). Moreover, the Atox1 homologue in O. 

cyprophila may bind copper as it contained both of the free cysteine residues 

involved in this process (Rosenzweig et al. 1999). Atox1 may also have the ability to 

mitigate oxidative stress, which can be caused by excess copper through the 

generation of reactive oxygen species (Kim et al. 2008; Folk & Franz 2010). Atox1 

homologous are present in many species (Wakabayashi et al. 1998; Portnoy et al. 

1999; Kim et al. 2008) and may be a useful and specific biomarker of copper 

contamination.  

 

Several genes coding for globin molecules were detected in the O. cyprophila 

transcriptome, one of which, the extracellular hemoglobin chain B1a (HbB1a), 

showed expression differences in the transcriptome and proteome at the impacted 



Chapter 6. General Discussion 

 132 

site. However, the expression differences were not consistent in the transcriptome 

and proteome: the gene coding for HbB1a was up-regulated while the HbB1a protein 

was down-regulated. This may be because the protein was damaged by copper-

induced reactive oxygen species (Gutteridge 1986) and, therefore, displayed reduced 

expression in the proteome. To compensate for the reduction in protein, the gene 

may then be up-regulated. Kim et al. (2009) also reported increases in hemoglobin 

gene-expression in daphnids under oxidative stress. The use of hemoglobin damage 

in the proteome or hemoglobin up-regulation in the transcriptome may be useful 

biomarkers of oxidative stress, however, they are unlikely to be specific for copper 

contamination.  

 

Other genes and proteins which were up-regulated in O. cyprophila in the copper 

polluted harbour may be related to detoxification and reducing oxidative stress. More 

DNA repair genes were expressed at the impacted site, which may be because 

oxidative stress can cause DNA damage (Nishino et al. 2010; Caldwell et al. 2011). I 

also found that homologues of β-thymosin and Lim-9 were up-regulated at the 

polluted site, although these proteins are multifunctional, they may have been up-

regulated in response to DNA damage or oxidative stress (Huff et al. 2001; Mori et 

al. 2004; Johannessen et al. 2006; Zhou et al. 2010). Another up-regulated gene was 

homologous with sulfotransferase 1C2 (SULT1C2). These proteins detoxify various 

drugs and xenobiotics (Hehonah et al. 1999; Hattori et al. 2006). Ling et al., (2009) 

reported that sulfotransferase was up-regulated in cadmium-exposed fish and a 

sulfotransferase was also up-regulated during sensitive larval stages in nematodes, 

possibly as a defence against xenobiotics (Hattori et al. 2006). Many of these 

proteins are good targets for future biomarker development. The potential of these 

genes could be tested in laboratory studies using quantitative real-time PCR or at the 

protein level using western blotting techniques. 

 

The expression of some genes and proteins in O. cyprophila were down-regulated at 

the impacted site, including the digestive proteins ATP synthase and a peritrophic 

matrix protein. These digestive proteins may have been down-regulated due to 

reduced food availability in the relatively depauperate impacted harbour or, 

alternatively, certain energy pathways may have been compromised by the excess 

copper. Using the proteins involved in energy pathways as biomarkers of stress may 
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be possible: Zhou et al. (2010) found that energy pathways were compromised in 

abalone exposed to endocrine disrupting chemicals. Another down-regulated gene at 

the impacted site was alanine aminopeptidase (AP), this is another digestive enzyme 

that has previously been inhibited by copper compounds (Hueso-Ureña et al. 2003). 

The regulation of AP may be a useful indicator of the functioning of broader 

metabolic pathways and, therefore, a biomarker of pollution. Chen et al. (2011) also 

suggested that the down-regulation of AP could be used as an indicator of toxins. 

However, caution should be exercised when using the down-regulation of digestive 

enzymes as biomarkers because polluted environments can show reductions in 

biodiversity and food availability, possibly introducing a confounding variable. 

 

The transcriptome of O. cyprophila presented in this thesis is one of the first 

polychaete transcriptomes to be sequenced - from approximately 300,000 total 

sequences at each site, around 6,000 contigs were assembled and many were 

successfully annotated. This transcriptome, which is available on public databases, 

will provide much needed genetic information for future polychaete gene expression 

experiments. In addition, a protein ‘reference map’ for 2-dimensional protein 

experiments was developed for O. cyprophila. These protein results included 

identification and amino acid sequences of many of the abundant proteins. The 

genetic and proteomic resources developed in this study will greatly assist future 

polychaete toxicological experiments and provides further incentive to use O. 

cyprophila as a test organism in toxicological tests for tropical marine systems. 

 

The biomarker candidates identified here are likely to be a rapid and relatively easily 

detected indicator of pollutants. They should also, however, be indicators of broader 

ecosystem change. I tested this by looking at the bacteria associated with the 

polychaetes, which is a higher ecosystem level. These associated bacteria could also 

be a useful biomarker in their own right. Associated bacteria may be sensitive to 

changes in the surrounding conditions and their composition may change toward 

more pollution-tolerant bacterial species. Moreover, these tolerant bacteria could 

reduce the toxicity of metals (Nies 1999) and help the polychaete to survive in 

polluted environments.  
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Deep-sea hydrothermal vents are naturally high in toxic compounds, including heavy 

metals and sulphur (Charlou et al. 2002). Despite the unhospitable conditions, 

diverse communities of multicellular organisms thrive, often because of symbiotic 

relationships with bacteria. These bacterial associations can provide an energy source 

for the organisms and may provide protection from chemical toxicity. The deep-sea 

polychaete, Riftia pachyptila, has a specialized internal cavity that contains 

chemolithoautotrophic bacteria, which can metabolise hydrogen sulfide, thereby 

providing an energy source for the worm (Cavanaugh et al. 1981; Felbeck 1981; 

Robidart et al. 2008). Others have reported that bacteria on the epidermis of 

hydrothermal vent polychaetes and within the mucus layer are metal resistant and 

may reduce the toxicity of metals to the host (Jeanthon & Prieur 1990; Desbruyères 

et al. 1998; Alain et al. 2002; Pradillon et al. 2009). Although these symbiotic 

relationships have developed over evolutionary time, polychaetes in 

anthropogenically polluted environments may also form relationships with metal-

resistant bacteria. These changes could be easily detected and may occur rapidly, 

providing a useful and novel biomarker of metal pollution.  

 

I used ‘next generation’ 454-sequencing of the 16S rRNA genes of the bacteria 

associated with O. cyprophila and in the sediments of a copper-contaminated harbour 

and at a reference site (Chapter 5). To study the different bacterial niches associated 

with the polychaetes, two different polychaete treatments were analysed. In the first 

treatment, the polychaetes were left covered in sediment and in the second treatment 

the polychaetes were washed clean of all sediment. These different treatments were 

designed so that the bacteria loosely associated with the polychaete epidermis could 

be differentiated from those bacteria that were tightly associated with the epidermis 

or were part of the gut fauna. The bacteria living in the sediment were also analysed 

so that species that were unique to the polychaetes could be identified.  

 

Over 10,000 unique bacterial sequences were associated with the polychaetes and in 

the sediments. The largest difference in the bacterial communities at the two sites 

was in the unwashed polychaetes, while in contrast, the washed polychaetes and the 

sediment bacteria were relatively similar at the two sites. Moreover, most of the 

bacterial sequences detected on unwashed polychaetes were not detected in the 

sediments or on washed polychaetes, suggesting that this treatment detected a 
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potentially symbiotic cohort of ‘loosely’ associated bacteria. These ‘loosely’ 

associated bacteria may live within the mucus layer of the polychaete - others have 

reported that mucus secretion (Mouneyrac et al. 2003) and bacteria within the mucus 

(Alain et al. 2002) may have detoxifying properties.  

 

A major difference in the bacterial communities associated with polychaetes at the 

two sites was an increase in the abundance of bacteria of the order Alteromonadales 

at the copper-polluted site. Members of this order have previously increased in 

abundance at sites influenced by eutrophication and urbanization and some members 

are tolerant of metals (Chiu et al. 2007; Marcial Gomes et al. 2008; Zeng et al. 2010). 

In addition, Jeanthon and Prieur (1990) reported that a bacterium of the order 

Alteromonadales was associated with a hydrothermal vent polychaete and was 

resistant to copper. The mechanism of metal tolerance in certain members of the 

Alteromonadales involves the production of an exopolysaccharide that binds metals 

and reduces their toxicity (Vincent et al. 1994; Gutierrez et al. 2008). Another 

bacterium of the order Alteromonadales, which could be further classified to 

Idiomarinaceae, was also more abundantly associated with polychaetes in the 

copper-polluted harbour. The genome sequence of a bacterium belonging to 

Idiomarinaceae, Idiomarina loihiensis, revealed flexible adaptation mechanisms, 

including systems for the detoxification of metals (Hou et al. 2004). The 

Alteromonadales bacteria associated with the polychaetes in the polluted harbour 

may be able to resist and reduce the toxicity of metals, explaining their abundance in 

this environment.  

 

The fact that the bacteria associated with polychaetes were altered at the polluted site 

and the free-living bacteria in the sediments were not, suggests that the associated 

bacteria are a more sensitive indicator. These changes in the bacteria associated with 

polychaetes may be an effective indicator for several reasons. First, polychaetes are 

abundant and easily collected in most marine systems (Dean 2008) and their 

associated bacterial community is likely to change rapidly in response to 

contamination due to very short bacterial lifecycles. The changes in polychaete 

symbiotic bacteria can also be directly linked to the surrounding sediment, as 

polychaetes move only on local scales and tend to inhabit specific sediment layers 

(Stocks 2002; Soto et al. 2010). Once indicative bacteria have been identified, such 
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as the Alteromonadales in this study, several molecular techniques targeting changes 

in the bacteria could be developed as a rapid environmental impact assessment. 

These include quantitative real-time PCR (qPCR), or community fingerprinting 

methods, such as denaturing gradient gel electrophoresis (DGGE) and terminal-

restriction fragment length polymorphism (T-RFLP). These advantages make the use 

of bacteria associated with polychaetes a viable and relatively novel indicator of 

marine pollution.  

 

Ophelina cyprophila appears to have a variety of resistant mechanisms to cope with 

excess copper levels, including changes in gene and protein expression and changes 

in its associated bacterial assemblage. The fact that the sub-cellular changes occurred 

in conjunction with higher order biological changes, suggested that the sub-cellular 

changes were indicative of broader ecosystem change. This should be taken further 

and tested with increasing levels of biological organisation. The diverse range of 

resistance mechanisms in O. cyprophila is likely to be the case for many polychaetes, 

and possibly organisms more generally, that inhabit polluted environments. Most of 

these changes can be developed for use as biomarkers in metal polluted 

environments, although significant research is still required. O. cyprophila is now the 

ideal candidate for use in the development of biomarkers that are specific for the 

assessment of northern Australian coastal environments.   

 

In summary, I found that polychaete worms were good indicators of marine pollution 

in wet-dry tropical coastal environments. The waste from an alumina refinery 

induced clear changes in the polychaete assemblages, although these were time 

consuming to detect. An artificial substratum device was also developed that was 

useful for rapid impact assessments. Moreover, several polychaete species were 

described from northern Australia that may be useful toxicological test organisms for 

the tropics. One of these newly described species, Ophelina cyprophila, was used to 

test for changes in gene and protein expression under copper stress. Many changes in 

gene expression were detected, including the up-regulation of the copper chaperone, 

Atox1. To test if the sub-cellular biomarkers indicated higher order biological 

changes, the bacteria associated with O. cyprophila were also examined. Deep 

sequencing revealed changes in the bacteria that were loosely associated with the 

polychaetes - possibly in the mucus layer - including increases in the abundance of 
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bacteria of the order Alteromonadales. With more research these changes may be 

useful biomarkers. This also suggests that the sub-cellular biomarkers were 

indicative of broader change. The results show that many different levels of 

biological organisation in polychaetes can be used as effective indicators of marine 

pollution in the wet-dry tropics. 
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Appendix A - Species detected in Melville Bay 

 

Family Species Detected in sites 
Ampharetidae Amphicteis sp Darwin CM1, CM2, IM1, IM2, D1, D2 
Ampharetidae Auchenoplax sp.1 CM1, CM2, IM1, IM2 
Ampharetidae Isolda pulchella  D2 
Amphinomidae Pseudeurythoe oculifera CM1, CM2, IM1, IM2, D1, D2, CO25 
Capitellidae Dasybranchus sp.1 Gove CM1, CM2, D2 
Capitellidae Mastobranchus sp.1 Gove CM1, CM2, IM1, IM2, D1, D2 
Capitellidae Mediomastus sp.1 Gove CM1, CM2, IM1, IM2, D1, D2 
Capitellidae Notomastus sp.2 Gove CM2 
Chaetopteridae Chaetopterid sp.2 CM1 
Chaetopteridae Spiochaetopterus sp Gove CM1, CM2, IM2, D1, D2, CO25, IH6 
Chrysopetalidae Chrysopetalid sp.1 Gove D1, D2 
Cirratulidae Aphelochaeta sp.1 Gove CM1, CM2, IM1, IM2, CO25 
Cirratulidae Aphelochaeta sp.2 Gove IM1, IM2, D1, D2, CO25 
Cirratulidae Aphelochaeta sp.3 Gove IM1 
Cirratulidae Caulleriella sp.1 Gove CM1, CM2, IM1, IM2 
Cirratulidae Caulleriella sp.2 Gove CM1, CM2, IM1, IM2, D2 
Cirratulidae Caulleriella sp.3 Gove CM1, IM1, IM2 
Cirratulidae Chaetozone sp.1 CM2 
Cirratulidae Cirriformia sp.1 CM1, IM1, IM2 
Cirratulidae Monticellina sp.1 CM1, CM2, IM1, IM2, D1, D2, CO25 
Cirratulidae Monticellina sp.2 IM2 
Cirratulidae Protocirrineris sp.1 Gove IM2 
Cossuridae Cossura sp.1 D1, D2 
Dorvilleidae Dorvilleid sp.2 D2 
Dorvilleidae Schistomeringos sp.1 Gove CM1, CM2, IM1, IM2, D2, CO25 
Eunicidae Eunice sp.1 Gove CM1, CM2, IM1, IM2 
Eunicidae Eunice sp.2 Gove D2 
Eunicidae Nematonereis sp.1 Gove IM1, IM2 
Flabelligeridae Piromis sp D2 
Glyceridae Glycera cinnamomea CM1 
Glyceridae Glycera sp Gove CM2, D2, CO25 
Goniadidae Glycinde bonhourei CM1, CM2, IM1, IM2, D1 
Goniadidae Goniada emerita CM2 
Hesionidae Hesionid sp.2 IM2, D2 
Hesionidae Parasyllidea sp.1 CM1, CM2, IM1, IM2, D2 
Lumbrineridae Lumbrineris sp.1 Gove CM1, CM2, IM1, IM2 
Magelonidae Octomagelona sp.1 CM1, CM2, IM1, IM2, D1, D2 
Magelonidae Octomagelona sp.2 CM1, CM2, IM1, IM2, D1 
Maldanidae Maldane sp.1 D2 
Maldanidae Maldanid sp.1 CM2, IM2, D2 
Maldanidae Maldanid sp.3 CM1 
Maldanidae Maldanid sp.4 IM1 
Maldanidae Maldanid sp.5 CM1 
Nephtys Micronephtys maryae CM1, CM2, D2 
Nephtys Micronephtys sphaerocirrata CM1 
Nephtys Nephtys mesobranchia CM1, CM2, D1, D2, CO25 
Nereididae Gymnonereis yurieli IM1 
Nereididae Leonnates persicus CM2 
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Nereididae Neanthes cricognatha CM2, IM1, IM2, IH6 
Nereididae Nereis sp. Gove D2 
Nereididae Solomononereis phuketensis CM1, IM1, IM2, CO25 
Oenonidae Arabella sp. CM1, CM2, IM2, D2 
Oenonidae Drilonereis sp CM1 
Onuphidae Diopatra sp.1 Gove D1, D2 
Opheliidae Armandia sp.1 Gove CM1, CM2, IM1, IM2 
Opheliidae Ophelina cyprophila D2 
Opheliidae Ophelina tesellata CM1, CM2, IM1, IM2, D2 
Orbiinidae Leitoscoloplos sp.1 Gove CM1, IM1, IM2 
Orbiinidae Leitoscoloplos sp.2 Gove IM1, IM2 
Orbiinidae Leodamas sp.1 Gove CM1, CM2, IM1, IM2 
Orbiinidae Scoloplos sp.1 CM1, CM1, IM1 
Oweniidae Oweniid spp CM1, CM2, IM1, IM2, D1, D2 
Owenonidae Drilonereis sp D2 
Paralacydonidae Paralacydonia sp CM1, CM2, D1, D2 
Paraonidae Acmira sp.1 CM1, CM2, IM1, D2 
Paraonidae Paradoneis sp 1 CM1, CM2, IM1, D2 
Paraonidae Paraonid sp.3 CM1, CM2, IM1, IM2 
Paraonidae Paraonid sp.4 CM1, CM2, IM1, IM2, D1 
Paraonidae Paraonid sp.5 D2 
Paraonidae Paraonid sp.6 D2 
Paraonidae Paraonid sp.7 D2 
Phyllodocidae Phyllodocid sp.1 IM1, IM2 
Phyllodocidae Phyllodocid sp.2 CM2, IM2 
Phyllodocidae Phyllodocid sp.3 CM1 
Pilargidae Ancistrosyllis cf. hartmanae IM1, D1, D2, CO25 
Pilargidae Sigambra hanaokai CM1, CM2, IM1, IM2, D1, D2, CO25 
Poecilochaetae Poecilochaetus sp.1 D1, D2 
Polynoidae Polynoid sp.1 CM2, D1 
Polynoidae Polynoid sp.2 D1 
Polynoidae Polynoid sp.3 CO25 
Polynoidae Polynoid sp.4 D1 
Sabellidae Sabellid sp.1 CM1, CM2, IM1, IM2 
Sabellidae Sabellid sp.2 CM1 
Sabellidae Sabellid sp.3 IM1, IM2 
Sabellidae Sabellid sp.4 IM1 
Scalybregmatitadae Scalybragma sp.1 CM1, IM1, IM2 
Scalybregmatitadae Scalybregmatid sp.1 CM1, IM1, IM2 
Sigalionidae Sthenelais sp.1 Gove IM1, D1, D2, CO25 
Spionidae Aonides sp.1 Gove IM1, IM2 
Spionidae Paraprionospio sp. CM1, CM2, IM1, IM2, D1, D2 
Spionidae Polydora sp.1 CM1 
Spionidae Prionospio cirrifera CM1, CM2, IM1, IM2, D1, D2 
Spionidae Prionospio ehlersi IM2, D1, D2, CO25, IH6 
Spionidae Prionospio sp.1 Gove CM1, CM2, IM1, IM2, D1, D2, CO25, IH6 
Spionidae Prionospio sp.3 Gove IM1, IM2, D1, D2, CO25 
Spionidae Prionospio sp.4 Gove CM1, IM1 
Spionidae Spionid sp.1 IM1, D2 
Sternaspidae Sternaspis sp.1 CM1, IM1, IM2, D1, D2 
Sternaspidae Sthenelais sp.1 Gove D2, CO25, IH6 
Syllidae Exoginae sp.1 CM1, CM2, IM1, IM2 
Syllidae Exoginae sp.2 CM1, IM1, IM2 
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Syllidae Syllid sp.1 CM1, CM2, IM1, IM2 
Syllidae Syllid sp.2 CM1, CM2, IM1, IM2 
Syllidae Syllid sp.3 CM1, CM2, IM1, IM2 
Syllidae Syllid sp.4 CM1, CM2, IM1, IM2 
Syllidae Syllid sp.5 IM1, IM2 
Syllidae Syllid sp.6 IM1 
Syllidae Syllid sp.7 CM1 
Syllidae Syllid sp.8 CM2, IM1, IM2 
Syllidae Syllid sp.9 CM1, IM1, IM2 
Terebellidae Eupolymnia kooranga  IM2 
Terebellidae Pista sp.1 D2 
Terebellidae Terebellid sp.2  D2 
Tricobranchidae Artacamella torulosa CM2, IM2, D2 
Tricobranchidae Terebellides sp Gove CM1, CM2, IM2, D1, D2 
!
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Appendix B - ANOVA tables for results presented in Table 2.1 

 

 
Table B-1  Three factor nested ANOVA comparing polychaete abundance at the soft-bottom sites 

between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and nested 

in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 3.0094 3.0094 1.5047 0.82 0.505 
CvsI 1 54.4999 54.4999 54.4999 7.09 0.117 
Site(CvsI) 2 15.3643 15.3643 7.6821 4.16 0.105 
Time*CvsI 2 0.6575 0.6575 0.3287 0.18 0.843 
Time*Site(CvsI) 4 7.3802 7.3802 1.845 5.24 0.002* 
Error 36 12.6667 12.6667 0.3519   
Total 47 93.578     
!
 
Table B-2  Three factor nested ANOVA comparing polychaete species richness at the soft-bottom 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 2.1388 2.1388 1.0694 1.09 0.419 
CvsI 1 28.5599 28.5599 28.5599 4.54 0.167 
Site(CvsI) 2 12.5839 12.5839 6.292 6.41 0.047* 
Time*CvsI 2 0.504 0.504 0.252 0.26 0.786 
Time*Site(CvsI) 4 3.9292 3.9292 0.9823 4.66 0.004* 
Error 36 7.5925 7.5925 0.2109   
Total 47 55.3084     
!
 
Table B-3  Three factor nested ANOVA comparing sediment aluminium concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.059206 0.059206 0.029603 26.84 0.005* 
CvsI 1 0.016535 0.016535 0.016535 19.37 0.048* 
Site(CvsI) 2 0.001707 0.001707 0.000854 0.77 0.52 
Time*CvsI 2 0.001511 0.001511 0.000755 0.68 0.555 
Time*Site(CvsI) 4 0.004412 0.004412 0.001103 0.99 0.426 
Error 36 0.04018 0.04018 0.001116   
Total 47 0.123553     
!
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Table B-4  Three factor nested ANOVA comparing sediment arsenic concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.030579 0.030579 0.01529 2.1 0.237 
CvsI 1 0.065783 0.065783 0.065783 0.89 0.445 
Site(CvsI) 2 0.147746 0.147746 0.073873 10.17 0.027* 
Time*CvsI 2 0.009676 0.009676 0.004838 0.67 0.563 
Time*Site(CvsI) 4 0.029063 0.029063 0.007266 3.05 0.029* 
Error 36 0.085726 0.085726 0.002381   
Total 47 0.368574     
!
!
Table B-5  Three factor nested ANOVA comparing sediment cadmium concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.14012 0.14012 0.07006 6.53 0.055 
CvsI 1 3.12002 3.12002 3.12002 12.65 0.071 
Site(CvsI) 2 0.49337 0.49337 0.24669 23.01 0.006* 
Time*CvsI 2 0.12978 0.12978 0.06489 6.05 0.062 
Time*Site(CvsI) 4 0.04289 0.04289 0.01072 3.81 0.011* 
Error 36 0.10135 0.10135 0.00282   
Total 47 4.02752     

 
 
Table B-6  Three factor nested ANOVA comparing sediment cobalt concentrations at the soft-bottom 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.047929 0.047929 0.023964 20.47 0.008* 
CvsI 1 0.108263 0.108263 0.108263 3.7 0.194 
Site(CvsI) 2 0.058502 0.058502 0.029251 24.98 0.005* 
Time*CvsI 2 0.000244 0.000244 0.000122 0.1 0.903 
Time*Site(CvsI) 4 0.004683 0.004683 0.001171 0.97 0.435 
Error 36 0.043412 0.043412 0.001206   
Total 47 0.263034     
!
!
!
!
!
!
!
!



Appendix B. 

! 173!

!
Table B-7  Three factor nested ANOVA comparing sediment chromium concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.39347 0.39347 0.196735 30.78 0.004* 
CvsI 1 0.067281 0.067281 0.067281 12.66 0.071 
Site(CvsI) 2 0.010628 0.010628 0.005314 0.83 0.499 
Time*CvsI 2 0.038378 0.038378 0.019189 3 0.16 
Time*Site(CvsI) 4 0.025564 0.025564 0.006391 1.06 0.391 
Error 36 0.217368 0.217368 0.006038   
Total 47 0.752689     

 

 
Table B-8  Three factor nested ANOVA comparing sediment copper concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.066851 0.066851 0.033426 24.9 0.006* 
CvsI 1 0.124736 0.124736 0.124736 3.04 0.223 
Site(CvsI) 2 0.081985 0.081985 0.040993 30.54 0.004* 
Time*CvsI 2 0.008619 0.008619 0.004309 3.21 0.147 
Time*Site(CvsI) 4 0.00537 0.00537 0.001342 1.08 0.381 
Error 36 0.044736 0.044736 0.001243   
Total 47 0.332296     

 

 
Table B-9  Three factor nested ANOVA comparing sediment iron concentrations at the soft-bottom 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.066085 0.066085 0.033042 15.63 0.013* 
CvsI 1 0.098155 0.098155 0.098155 4.71 0.162 
Site(CvsI) 2 0.041666 0.041666 0.020833 9.85 0.028* 
Time*CvsI 2 0.000436 0.000436 0.000218 0.1 0.904 
Time*Site(CvsI) 4 0.008456 0.008456 0.002114 1.07 0.387 
Error 36 0.071327 0.071327 0.001981   
Total 47 0.286125     

 

!
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Table B-10  Three factor nested ANOVA comparing sediment gallium concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.02038 0.02038 0.01019 9.41 0.031* 
CvsI 1 0.270191 0.270191 0.270191 1.65 0.327 
Site(CvsI) 2 0.327018 0.327018 0.163509 151.03 0.001* 
Time*CvsI 2 0.028841 0.028841 0.014421 13.32 0.017* 
Time*Site(CvsI) 4 0.00433 0.00433 0.001083 0.69 0.602 
Error 36 0.056244 0.056244 0.001562   
Total 47 0.707005     

 

 
Table B-11  Three factor nested ANOVA comparing sediment manganese concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.059342 0.059342 0.029671 32.03 0.003* 
CvsI 1 0.044734 0.044734 0.044734 1.34 0.366 
Site(CvsI) 2 0.066692 0.066692 0.033346 35.99 0.003* 
Time*CvsI 2 0.000201 0.000201 0.0001 0.11 0.9 
Time*Site(CvsI) 4 0.003706 0.003706 0.000926 0.72 0.584 
Error 36 0.046307 0.046307 0.001286   
Total 47 0.220981     

 

 
Table B-12  Three factor nested ANOVA comparing sediment molybdenum concentrations at the 

soft-bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.0381 0.0381 0.01905 0.49 0.645 
CvsI 1 3.12857 3.12857 3.12857 10.7 0.082 
Site(CvsI) 2 0.58461 0.58461 0.29231 7.53 0.044* 
Time*CvsI 2 0.10474 0.10474 0.05237 1.35 0.357 
Time*Site(CvsI) 4 0.15524 0.15524 0.03881 4.06 0.008* 
Error 36 0.34419 0.34419 0.00956   
Total 47 4.35545     
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Table B-13  Three factor nested ANOVA comparing sediment nickel concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.040807 0.040807 0.020404 22.23 0.007* 
CvsI 1 0.003365 0.003365 0.003365 8.73 0.098 
Site(CvsI) 2 0.000771 0.000771 0.000386 0.42 0.683 
Time*CvsI 2 0.001417 0.001417 0.000708 0.77 0.521 
Time*Site(CvsI) 4 0.003672 0.003672 0.000918 0.82 0.521 
Error 36 0.040321 0.040321 0.00112   
Total 47 0.090353     

 

 
Table B-14  Three factor nested ANOVA comparing sediment phosphorous concentrations at the 

soft-bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.006109 0.006109 0.003055 3.94 0.113 
CvsI 1 0.024976 0.024976 0.024976 1.51 0.344 
Site(CvsI) 2 0.032981 0.032981 0.016491 21.27 0.007* 
Time*CvsI 2 0.005366 0.005366 0.002683 3.46 0.134 
Time*Site(CvsI) 4 0.003102 0.003102 0.000775 0.46 0.763 
Error 36 0.060498 0.060498 0.00168   
Total 47 0.133032     

 

 
Table B-15  Three factor nested ANOVA comparing sediment lead concentrations at the soft-bottom 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.012177 0.012177 0.006088 3.37 0.139 
CvsI 1 0.040094 0.040094 0.040094 3.34 0.209 
Site(CvsI) 2 0.024029 0.024029 0.012014 6.64 0.054 
Time*CvsI 2 0.001681 0.001681 0.00084 0.46 0.659 
Time*Site(CvsI) 4 0.007235 0.007235 0.001809 1.25 0.306 
Error 36 0.051884 0.051884 0.001441   
Total 47 0.137099     
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Table B-16  Three factor nested ANOVA comparing sediment uranium concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.048751 0.048751 0.024376 2.21 0.226 
CvsI 1 0.036733 0.036733 0.036733 2.67 0.244 
Site(CvsI) 2 0.027536 0.027536 0.013768 1.25 0.38 
Time*CvsI 2 0.009531 0.009531 0.004765 0.43 0.677 
Time*Site(CvsI) 4 0.044201 0.044201 0.01105 4.46 0.005* 
Error 36 0.089264 0.089264 0.00248   
Total 47 0.256016     

 

 
Table B-17  Three factor nested ANOVA comparing sediment vanadium concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.07791 0.07791 0.038955 13.31 0.017* 
CvsI 1 0.001212 0.001212 0.001212 0.13 0.753 
Site(CvsI) 2 0.018685 0.018685 0.009342 3.19 0.148 
Time*CvsI 2 0.006805 0.006805 0.003402 1.16 0.4 
Time*Site(CvsI) 4 0.011703 0.011703 0.002926 2.22 0.086 
Error 36 0.047426 0.047426 0.001317   
Total 47 0.163741     

 

 
Table B-18  Three factor nested ANOVA comparing sediment zinc concentrations at the soft-bottom 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.037748 0.037748 0.018874 12.43 0.019* 
CvsI 1 0.203706 0.203706 0.203706 1.63 0.329 
Site(CvsI) 2 0.249275 0.249275 0.124638 82.08 0.001* 
Time*CvsI 2 0.010833 0.010833 0.005417 3.57 0.129 
Time*Site(CvsI) 4 0.006074 0.006074 0.001518 1.04 0.398 
Error 36 0.052314 0.052314 0.001453   
Total 47 0.55995     
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Table B-19  Three factor nested ANOVA comparing total organic carbon concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.02212 0.02212 0.01106 6.05 0.062 
CvsI 1 0.134104 0.134104 0.134104 1.35 0.365 
Site(CvsI) 2 0.198382 0.198382 0.099191 54.23 0.001* 
Time*CvsI 2 0.003935 0.003935 0.001967 1.08 0.423 
Time*Site(CvsI) 4 0.007316 0.007316 0.001829 1.06 0.391 
Error 36 0.062145 0.062145 0.001726   
Total 47 0.428002     

 

 
Table B-20  Three factor nested ANOVA comparing the grain-size (percentage < 63 µm) at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.0007376 0.0007376 0.0003688 0.65 0.572 
CvsI 1 0.0108404 0.0108404 0.0108404 2.52 0.253 
Site(CvsI) 2 0.0086087 0.0086087 0.0043043 7.53 0.044* 
Time*CvsI 2 0.0026847 0.0026847 0.0013423 2.35 0.211 
Time*Site(CvsI) 4 0.0022859 0.0022859 0.0005715 1.86 0.14 
Error 36 0.0110872 0.0110872 0.000308   
Total 47 0.0362444     

 

 
Table B-21  Three factor nested ANOVA comparing porewater aluminium concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.36169 0.36169 0.18084 1 0.445 
CvsI 1 6.04095 6.04095 6.04095 5.24 0.149 
Site(CvsI) 2 2.30649 2.30649 1.15325 6.36 0.047* 
Time*CvsI 2 0.32848 0.32848 0.16424 0.91 0.474 
Time*Site(CvsI) 4 0.72505 0.72505 0.18126 6.26 0.001* 
Error 36 1.04259 1.04259 0.02896   
Total 47 10.80525     
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Table B-22  Three factor nested ANOVA comparing porewater arsenic concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.19585 0.19585 0.09793 0.27 0.775 
CvsI 1 0.01437 0.01437 0.01437 0.08 0.802 
Site(CvsI) 2 0.35292 0.35292 0.17646 0.49 0.646 
Time*CvsI 2 2.49578 2.49578 1.24789 3.46 0.134 
Time*Site(CvsI) 4 1.44398 1.44398 0.361 9.9 0.001* 
Error 36 1.31268 1.31268 0.03646   
Total 47 5.81558     

 

 
Table B-23  Three factor nested ANOVA comparing porewater cadmium concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 17.2578 17.2578 8.6289 114.89 0.001* 
CvsI 1 0.9892 0.9892 0.9892 3.08 0.221 
Site(CvsI) 2 0.6418 0.6418 0.3209 4.27 0.102 
Time*CvsI 2 0.5413 0.5413 0.2706 3.6 0.127 
Time*Site(CvsI) 4 0.3004 0.3004 0.0751 2.09 0.103 
Error 36 1.2963 1.2963 0.036   
Total 47 21.0267     

 

 
Table B-24  Three factor nested ANOVA comparing porewater cobalt concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.07581 0.07581 0.03791 0.3 0.754 
CvsI 1 0.10987 0.10987 0.10987 1.5 0.345 
Site(CvsI) 2 0.14659 0.14659 0.07329 0.59 0.598 
Time*CvsI 2 0.96686 0.96686 0.48343 3.87 0.116 
Time*Site(CvsI) 4 0.49968 0.49968 0.12492 4.42 0.005* 
Error 36 1.01673 1.01673 0.02824   
Total 47 2.81554     
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Table B-25  Three factor nested ANOVA comparing porewater chromium concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.05989 0.05989 0.02994 1.13 0.408 
CvsI 1 0.24182 0.24182 0.24182 1.11 0.403 
Site(CvsI) 2 0.43692 0.43692 0.21846 8.26 0.038* 
Time*CvsI 2 0.11161 0.11161 0.0558 2.11 0.237 
Time*Site(CvsI) 4 0.10582 0.10582 0.02646 1.04 0.399 
Error 36 0.91448 0.91448 0.0254   
Total 47 1.87053     

 

 
Table B-26  Three factor nested ANOVA comparing porewater copper concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 4.7381 4.7381 2.369 31.55 0.004* 
CvsI 1 3.0442 3.0442 3.0442 4.24 0.176 
Site(CvsI) 2 1.4369 1.4369 0.7185 9.57 0.03* 
Time*CvsI 2 0.3427 0.3427 0.1713 2.28 0.218 
Time*Site(CvsI) 4 0.3004 0.3004 0.0751 0.49 0.74 
Error 36 5.4745 5.4745 0.1521   
Total 47 15.3368     

 

 
Table B-27  Three factor nested ANOVA comparing porewater iron concentrations at the soft-bottom 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 3.1022 3.1022 1.5511 1.77 0.281 
CvsI 1 1.3075 1.3075 1.3075 2.51 0.254 
Site(CvsI) 2 1.0403 1.0403 0.5202 0.59 0.594 
Time*CvsI 2 9.3557 9.3557 4.6779 5.35 0.074 
Time*Site(CvsI) 4 3.4983 3.4983 0.8746 5.16 0.002* 
Error 36 6.1006 6.1006 0.1695   
Total 47 24.4047     
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Table B-28  Three factor nested ANOVA comparing porewater gallium concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 1.656 1.656 0.828 3.44 0.135 
CvsI 1 21.9333 21.9333 21.9333 5.86 0.137 
Site(CvsI) 2 7.4866 7.4866 3.7433 15.53 0.013* 
Time*CvsI 2 1.5553 1.5553 0.7777 3.23 0.146 
Time*Site(CvsI) 4 0.9639 0.9639 0.241 5.15 0.002* 
Error 36 1.6838 1.6838 0.0468   
Total 47 35.2788     

 

 
Table B-29  Three factor nested ANOVA comparing porewater manganese concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.77593 0.77593 0.38797 2.8 0.173 
CvsI 1 0.34544 0.34544 0.34544 1.87 0.305 
Site(CvsI) 2 0.36916 0.36916 0.18458 1.33 0.36 
Time*CvsI 2 0.58367 0.58367 0.29183 2.11 0.237 
Time*Site(CvsI) 4 0.55366 0.55366 0.13841 2.38 0.07 
Error 36 2.09369 2.09369 0.05816   
Total 47 4.72155     

 

 
Table B-30  Three factor nested ANOVA comparing porewater molybdenum concentrations at the 

soft-bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 23.5035 23.5035 11.7517 21.08 0.008* 
CvsI 1 0.4438 0.4438 0.4438 1.1 0.404 
Site(CvsI) 2 0.8064 0.8064 0.4032 0.72 0.539 
Time*CvsI 2 2.3286 2.3286 1.1643 2.09 0.239 
Time*Site(CvsI) 4 2.2295 2.2295 0.5574 9.89 0.001* 
Error 36 2.0291 2.0291 0.0564   
Total 47 31.3409     
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Table B-31  Three factor nested ANOVA comparing porewater nickel concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 4.84675 4.84675 2.42337 56.94 0.001* 
CvsI 1 0.00235 0.00235 0.00235 0.01 0.93 
Site(CvsI) 2 0.48332 0.48332 0.24166 5.68 0.068 
Time*CvsI 2 0.32271 0.32271 0.16136 3.79 0.119 
Time*Site(CvsI) 4 0.17023 0.17023 0.04256 2.31 0.077 
Error 36 0.66439 0.66439 0.01846   
Total 47 6.48975     

 

 
Table B-32  Three factor nested ANOVA comparing porewater phosphorous concentrations at the 

soft-bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.08896 0.08896 0.04448 0.76 0.524 
CvsI 1 0.93207 0.93207 0.93207 1.25 0.38 
Site(CvsI) 2 1.49428 1.49428 0.74714 12.81 0.018* 
Time*CvsI 2 0.16278 0.16278 0.08139 1.4 0.347 
Time*Site(CvsI) 4 0.23322 0.23322 0.05831 4.76 0.003* 
Error 36 0.4412 0.4412 0.01226   
Total 47 3.35251     

 

 
Table B-33  Three factor nested ANOVA comparing porewater lead concentrations at the soft-bottom 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 22.4699 22.4699 11.235 505.97 0.001* 
CvsI 1 0.6525 0.6525 0.6525 6.18 0.131 
Site(CvsI) 2 0.2111 0.2111 0.1055 4.75 0.088 
Time*CvsI 2 0.178 0.178 0.089 4.01 0.111 
Time*Site(CvsI) 4 0.0888 0.0888 0.0222 1.23 0.313 
Error 36 0.6473 0.6473 0.018   
Total 47 24.2476     
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Table B-34  Three factor nested ANOVA comparing porewater uranium concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 7.64111 7.64111 3.82056 78.9 0.001* 
CvsI 1 0.14092 0.14092 0.14092 0.24 0.674 
Site(CvsI) 2 1.18766 1.18766 0.59383 12.26 0.02* 
Time*CvsI 2 0.02167 0.02167 0.01083 0.22 0.809 
Time*Site(CvsI) 4 0.1937 0.1937 0.04842 1.86 0.139 
Error 36 0.93673 0.93673 0.02602   
Total 47 10.12179     

 

 
Table B-35  Three factor nested ANOVA comparing porewater vanadium concentrations at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 9.24368 9.24368 4.62184 46.92 0.002* 
CvsI 1 0.42604 0.42604 0.42604 10.42 0.084 
Site(CvsI) 2 0.08174 0.08174 0.04087 0.41 0.686 
Time*CvsI 2 0.40302 0.40302 0.20151 2.05 0.244 
Time*Site(CvsI) 4 0.39401 0.39401 0.0985 2.85 0.038* 
Error 36 1.24606 1.24606 0.03461   
Total 47 11.79456     

 

 
Table B-36  Three factor nested ANOVA comparing porewater zinc concentrations at the soft-bottom 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 8.55754 8.55754 4.27877 132.74 0.001* 
CvsI 1 0.06326 0.06326 0.06326 1.96 0.17 
Site(CvsI) 2 0.0991 0.0991 0.04955 1.54 0.229 
Time*CvsI 2 0.02771 0.02771 0.01386 0.43 0.654 
Time*Site(CvsI) 4 0.42768 0.42768 0.10692 3.32 0.021* 
Error 36 1.16047 1.16047 0.03224   
Total 47 10.33577     

 

 

!
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Appendix C - PERMANOVA tables 

 
 
Table C-1  Three factor nested PERMANOVA comparing polychaete samples at the soft-bottom sites 

between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and nested 

in CvsI). P(MC) refers to Monte Carlo P-values. 

Source DF       SS     MS Pseudo-F P(perm) Unique perms P(MC) 
CvsI 1 17796 17796 2.4932 0.329 3 0.042* 
Time 2 11625 5812.4 1.4427 0.211 998 0.146 
Site(CvsI) 2 14275 7137.6 1.7716 0.099 996 0.052 
CvsI*Time 2 8621 4310.5 1.0699 0.429 999 0.409 
Site(CvsI)*Time 4 16116 4028.9 1.3715 0.034* 998 0.06 
Res 36 1.06E+05 2937.6     
Total 47 1.74E+05      

 
 

Table C-2  Three factor nested PERMANOVA comparing polychaete samples at the mangrove sites 

between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and nested 

in CvsI). P(MC) refers to Monte Carlo P-values. 

Source DF    SS     MS Pseudo-F P(perm) Unique perms P(MC) 
CvsI 1 12574 12574 3.7811 0.346 3 0.01* 
Time 2 14839 7419.3 2.5854 0.011* 999 0.005* 
Site(CvsI) 2 6651 3325.5 1.1645 0.359 999 0.346 
CvsI*Time 2 11428 5713.8 1.9911 0.081 998 0.028* 
Site(CvsI)*Time 4 11479 2869.7 2.4392 0.001* 998 0.001* 
Res 28 32941 1176.5     
Total 39 90101      

 
 
Table C-3  Three factor nested PERMANOVA comparing polychaete samples from the artificial 

substrates between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random 

and nested in CvsI).  

Source DF     SS     MS Pseudo-F P(perm) Unique perms P(MC) 
Time 1 2389.5 2389.5 2.9549 0.2331 157 0.1763 
CvsI 1 5354.4 5354.4 2.8972 0.001* 3 0.1922 
Site(CvsI) 1 1671.6 1671.6 2.2376 0.3155 16 0.2435 
Time*CvsI 1 2418.4 2418.4 2.9892 0.2602 156 0.1663 
Site(CvsI)*Time 1 747.04 747.04 0.99544 0.44 997 0.42 
Res 7 5253.2 750.46     
Total 12 16722      
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Table D-1  Three factor nested ANOVA comparing the abundance of Prionospio ehlersi at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 2.5262 2.5262 1.2631 1.98 0.253 
CvsI 1 13.3887 13.3887 13.3887 16.17 0.047* 
Site(CvsI) 2 1.6556 1.6556 0.8278 1.3 0.368 
Time*CvsI 2 1.4297 1.4297 0.7148 1.12 0.411 
Time*Site(CvsI) 4 2.5566 2.5566 0.6392 1.75 0.161 
Error 36 13.1832 13.1832 0.3662   
Total 47 34.74     
!
!
!
Table D-2  Three factor nested ANOVA comparing the abundance of Sigambra hanaokai at the soft-

bottom sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.1983 0.1983 0.0992 0.11 0.894 
CvsI 1 10.3625 10.3625 10.3625 22.07 0.042* 
Site(CvsI) 2 0.939 0.939 0.4695 0.54 0.618 
Time*CvsI 2 1.0148 1.0148 0.5074 0.59 0.597 
Time*Site(CvsI) 4 3.4511 3.4511 0.8628 2.39 0.069 
Error 36 13.011 13.011 0.3614   
Total 47 28.9767     
!
!
!
Table D-3  Three factor nested ANOVA comparing the abundance of Glycine bonhourei at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.042 0.042 0.021 0.08 0.924 
CvsI 1 19.5038 20.0772 20.0772 30.55 0.031* 
Site(CvsI) 2 1.2188 1.3143 0.6572 2.5 0.195 
Time*CvsI 2 0.9889 0.9889 0.4945 1.89 0.264 
Time*Site(CvsI) 4 1.0465 1.0465 0.2616 0.72 0.589 
Error 28 10.2432 10.2432 0.3658   
Total 39 33.0433     
!
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Table D-4  Three factor nested ANOVA comparing the abundance of Acmira sp.1 at the mangrove 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 6.4187 6.4187 3.2093 2.53 0.195 
CvsI 1 10.031 8.2063 8.2063 20.88 0.045* 
Site(CvsI) 2 1.4409 0.7862 0.3931 0.31 0.749 
Time*CvsI 2 4.6971 4.6971 2.3485 1.85 0.27 
Time*Site(CvsI) 4 5.0762 5.0762 1.2691 2.07 0.112 
Error 28 17.202 17.202 0.6144   
Total 39 44.8659     
!
!
!
Table D-5  Three factor nested ANOVA comparing the abundance of Polyopthalmus sp.1 on the 

artificial substrates between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
CvsI 1 66.372 71.515 71.515 29.62 0.001* 
Time 1 26.084 22.853 22.853 9.47 0.018* 
Site(CvsI) 1 5.284 5.284 5.284 2.19 0.183 
CvsI*Time 1 0.433 0.433 0.433 0.18 0.685 
Time*Site(CvsI) 1 1.106 1.106 1.106 0.46 0.52 
Error 7 16.901 16.901 2.414   
Total 12 116.18     
!
!
!
Table D-6  Three factor nested ANOVA comparing the abundance of Eupolymnia kooranga on the 

artificial substrates between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
CvsI 1 4.7295 4.1489 4.1489 5.14 0.048* 
Time 1 0.5005 0.5913 0.5913 0.73 0.42 
Site(CvsI) 1 0.125 0.125 0.125 0.15 0.706 
CvsI*Time 1 0.1128 0.1128 0.1128 0.14 0.72 
Time*Site(CvsI) 1 0.125 0.125 0.125 0.15 0.706 
Error 7 5.65 5.65 0.8071   
Total 12 11.2428     
!
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Table E-1  Three factor nested ANOVA comparing polychaete abundance at the mangrove sites 

between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and nested 

in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 22.0388 22.0388 11.0194 5.15 0.078 
CvsI 1 25.1571 29.892 29.892 5.63 0.141 
Site(CvsI) 2 12.6239 10.6145 5.3073 2.49 0.197 
Time*CvsI 2 16.0638 16.0638 8.0319 3.76 0.121 
Time*Site(CvsI) 4 8.5524 8.5524 2.1381 2.5 0.065 
Error 28 23.9726 23.9726 0.8562   
Total 39 108.4087     
!
!
!
Table E-2  Three factor nested ANOVA comparing polychaete species richness at the mangrove sites 

between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and nested 

in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.0376 0.0376 0.0188 0.04 0.962 
CvsI 1 0.5244 0.9905 0.9905 1.32 0.37 
Site(CvsI) 2 1.7985 1.505 0.7525 1.56 0.315 
Time*CvsI 2 4.5086 4.5086 2.2543 4.64 0.091 
Time*Site(CvsI) 4 1.9426 1.9426 0.4857 3.67 0.016* 
Error 28 3.7068 3.7068 0.1324   
Total 39 12.5185     
!
!
!
Table E-3  Three factor nested ANOVA comparing sediment aluminium concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.00412 0.00412 0.00206 0.12 0.886 
CvsI 1 0.052732 0.053493 0.053493 61.27 0.016* 
Site(CvsI) 2 0.002051 0.001746 0.000873 0.05 0.949 
Time*CvsI 2 0.007331 0.007331 0.003666 0.22 0.81 
Time*Site(CvsI) 4 0.065948 0.065948 0.016487 3.7 0.015* 
Error 28 0.124605 0.124605 0.00445   
Total 39 0.256788     
!
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Table E-4  Three factor nested ANOVA comparing sediment arsenic concentrations at the mangrove 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.03279 0.03279 0.0164 0.94 0.463 
CvsI 1 0.28602 0.29169 0.29169 13.68 0.066 
Site(CvsI) 2 0.05045 0.04265 0.02133 1.23 0.384 
Time*CvsI 2 0.00612 0.00612 0.00306 0.18 0.845 
Time*Site(CvsI) 4 0.06983 0.06983 0.01746 1.68 0.182 
Error 28 0.29021 0.29021 0.01036   
Total 39 0.73543     
!
!
!
Table E-5  Three factor nested ANOVA comparing sediment cadmium concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.19691 0.19691 0.09845 10.6 0.025* 
CvsI 1 0.28968 0.2887 0.2887 26.23 0.036* 
Site(CvsI) 2 0.02136 0.02201 0.01101 1.16 0.396 
Time*CvsI 2 0.08605 0.08605 0.04303 4.63 0.091 
Time*Site(CvsI) 4 0.03715 0.03715 0.00929 0.28 0.888 
Error 28 0.92729 0.92729 0.03312   
Total 39 1.55844     
!
!
!
Table E-6  Three factor nested ANOVA comparing sediment cobalt concentrations at the mangrove 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.001231 0.001231 0.000616 0.05 0.949 
CvsI 1 0.019216 0.020158 0.020158 28.88 0.033* 
Site(CvsI) 2 0.002245 0.001396 0.000698 0.06 0.942 
Time*CvsI 2 0.005161 0.005161 0.002581 0.22 0.81 
Time*Site(CvsI) 4 0.046482 0.046482 0.01162 2.12 0.105 
Error 28 0.153721 0.153721 0.00549   
Total 39 0.228057     
!
!
!
!
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Table E-7  Three factor nested ANOVA comparing sediment chromium concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.444805 0.444805 0.222403 41.78 0.002* 
CvsI 1 0.001949 0.00209 0.00209 0.09 0.788 
Site(CvsI) 2 0.053242 0.04448 0.02224 4.16 0.103 
Time*CvsI 2 0.045949 0.045949 0.022975 4.32 0.1 
Time*Site(CvsI) 4 0.021291 0.021291 0.005323 0.66 0.622 
Error 28 0.224544 0.224544 0.008019   
Total 39 0.791781     
!
!
!
Table E-8  Three factor nested ANOVA comparing sediment copper concentrations at the mangrove 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.081619 0.081619 0.04081 15.82 0.013* 
CvsI 1 0.000273 0.000073 0.000073 0.05 0.85 
Site(CvsI) 2 0.004324 0.003155 0.001577 0.6 0.589 
Time*CvsI 2 0.007606 0.007606 0.003803 1.47 0.331 
Time*Site(CvsI) 4 0.010318 0.010318 0.00258 0.34 0.849 
Error 28 0.212693 0.212693 0.007596   
Total 39 0.316835     
!
!
!
Table E-9  Three factor nested ANOVA comparing sediment iron concentrations at the mangrove 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.001258 0.001258 0.000629 0.04 0.96 
CvsI 1 0.019317 0.022671 0.022671 30.63 0.031* 
Site(CvsI) 2 0.00046 0.00148 0.00074 0.05 0.953 
Time*CvsI 2 0.013946 0.013946 0.006973 0.45 0.664 
Time*Site(CvsI) 4 0.061472 0.061472 0.015368 2.68 0.052 
Error 28 0.160389 0.160389 0.005728   
Total 39 0.256842     
!
!
!
!
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Table E-10  Three factor nested ANOVA comparing sediment gallium concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.027108 0.027108 0.013554 0.89 0.478 
CvsI 1 0.091697 0.091445 0.091445 12.65 0.071 
Site(CvsI) 2 0.015847 0.014454 0.007227 0.48 0.65 
Time*CvsI 2 0.007413 0.007413 0.003706 0.24 0.794 
Time*Site(CvsI) 4 0.060635 0.060635 0.015159 3.14 0.03* 
Error 28 0.135019 0.135019 0.004822   
Total 39 0.33772     
!
!
!
Table E-11  Three factor nested ANOVA comparing sediment manganese concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.007238 0.007238 0.003619 0.25 0.793 
CvsI 1 0.0236 0.026971 0.026971 4.32 0.173 
Site(CvsI) 2 0.010933 0.01248 0.00624 0.43 0.679 
Time*CvsI 2 0.014014 0.014014 0.007007 0.48 0.652 
Time*Site(CvsI) 4 0.058829 0.058829 0.014707 2.89 0.04* 
Error 28 0.142375 0.142375 0.005085   
Total 39 0.25699     
!
!
!
Table E-12  Three factor nested ANOVA comparing sediment molybdenum concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.23755 0.23755 0.11877 10.79 0.024* 
CvsI 1 0.19736 0.18693 0.18693 1.28 0.375 
Site(CvsI) 2 0.31379 0.29198 0.14599 13.26 0.017* 
Time*CvsI 2 0.02949 0.02949 0.01475 1.34 0.359 
Time*Site(CvsI) 4 0.04404 0.04404 0.01101 0.97 0.442 
Error 28 0.31916 0.31916 0.0114   
Total 39 1.14139     
!
!
!
!
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Table E-13  Three factor nested ANOVA comparing sediment nickel concentrations at the mangrove 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.029214 0.029214 0.014607 12.22 0.02* 
CvsI 1 0.024542 0.027583 0.027583 4.85 0.159 
Site(CvsI) 2 0.012815 0.011371 0.005685 4.54 0.084 
Time*CvsI 2 0.00762 0.00762 0.00381 3.19 0.149 
Time*Site(CvsI) 4 0.004782 0.004782 0.001196 0.15 0.962 
Error 28 0.225258 0.225258 0.008045   
Total 39 0.304232     
!
!
!
Table E-14  Three factor nested ANOVA comparing sediment phosphorous concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.082593 0.082593 0.041296 7.92 0.041* 
CvsI 1 0.000051 0.000363 0.000363 0.04 0.855 
Site(CvsI) 2 0.015324 0.016883 0.008442 1.62 0.304 
Time*CvsI 2 0.041976 0.041976 0.020988 4.02 0.11 
Time*Site(CvsI) 4 0.020869 0.020869 0.005217 0.92 0.466 
Error 28 0.158827 0.158827 0.005672   
Total 39 0.319639     
!
!
!
Table E-15  Three factor nested ANOVA comparing sediment lead concentrations at the mangrove 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.028913 0.028913 0.014456 1.26 0.375 
CvsI 1 0.084727 0.088574 0.088574 10.97 0.08 
Site(CvsI) 2 0.0157 0.016147 0.008074 0.71 0.545 
Time*CvsI 2 0.017273 0.017273 0.008637 0.76 0.527 
Time*Site(CvsI) 4 0.04573 0.04573 0.011432 1.47 0.238 
Error 28 0.217979 0.217979 0.007785   
Total 39 0.410321     
!
!
!
!
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Table E-16  Three factor nested ANOVA comparing sediment uranium concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.011742 0.011742 0.005871 0.32 0.745 
CvsI 1 0.02867 0.025604 0.025604 0.82 0.46 
Site(CvsI) 2 0.059081 0.062088 0.031044 1.69 0.294 
Time*CvsI 2 0.005025 0.005025 0.002512 0.14 0.877 
Time*Site(CvsI) 4 0.07399 0.07399 0.018498 5.44 0.002* 
Error 28 0.095203 0.095203 0.0034   
Total 39 0.273712     
!
!
!
Table E-17  Three factor nested ANOVA comparing sediment vanadium concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.02469 0.02469 0.012345 0.82 0.503 
CvsI 1 0.03472 0.036193 0.036193 5.82 0.137 
Site(CvsI) 2 0.010892 0.012443 0.006222 0.42 0.686 
Time*CvsI 2 0.001816 0.001816 0.000908 0.06 0.942 
Time*Site(CvsI) 4 0.060225 0.060225 0.015056 2.57 0.06 
Error 28 0.164123 0.164123 0.005862   
Total 39 0.296467     
!
!
!
Table E-18  Three factor nested ANOVA comparing sediment zinc concentrations at the mangrove 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.004322 0.004322 0.002161 0.31 0.75 
CvsI 1 0.019249 0.019184 0.019184 45.61 0.021* 
Site(CvsI) 2 0.001022 0.000841 0.000421 0.06 0.942 
Time*CvsI 2 0.012696 0.012696 0.006348 0.91 0.473 
Time*Site(CvsI) 4 0.027977 0.027977 0.006994 2.07 0.112 
Error 28 0.094752 0.094752 0.003384   
Total 39 0.160018     
!
!
!
!
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Table E-19  Three factor nested ANOVA comparing total organic carbon concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.208527 0.215377 0.107689 4.22 0.103 
CvsI 1 0.000388 0.000039 0.000039 0 0.985 
Site(CvsI) 2 0.171507 0.178269 0.089134 3.51 0.132 
Time*CvsI 2 0.140824 0.136849 0.068425 2.68 0.182 
Time*Site(CvsI) 4 0.102087 0.102087 0.025522 21.44 0.001* 
Error 27 0.032141 0.032141 0.00119   
Total 38 0.655472     
!
!
!
Table E-20  Three factor nested ANOVA comparing the grain-size (percentage < 63 µm) at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 2.16306 2.16306 1.08153 2.76 0.177 
CvsI 1 0.28419 0.23899 0.23899 0.54 0.539 
Site(CvsI) 2 0.87969 0.88598 0.44299 1.14 0.406 
Time*CvsI 2 0.42801 0.42801 0.214 0.55 0.617 
Time*Site(CvsI) 4 1.56816 1.56816 0.39204 5.11 0.003* 
Error 28 2.14737 2.14737 0.07669   
Total 39 7.47048     
!
!
!
Table E-21  Three factor nested ANOVA comparing porewater aluminium concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.12117 0.1294 0.0647 4.33 0.099 
CvsI 1 0.01654 0.00235 0.00235 0.04 0.868 
Site(CvsI) 2 0.11055 0.13245 0.06622 4.38 0.093 
Time*CvsI 2 0.13964 0.14644 0.07322 4.9 0.083 
Time*Site(CvsI) 4 0.05962 0.05962 0.01491 0.48 0.75 
Error 27 0.83744 0.83744 0.03102   
Total 38 1.28496     
!
!
!
!
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Table E-22  Three factor nested ANOVA comparing porewater arsenic concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 1.0505 1.05069 0.52534 534.72 0.001* 
CvsI 1 0.10944 0.12545 0.12545 1.21 0.386 
Site(CvsI) 2 0.21939 0.20792 0.10396 87.09 0.001* 
Time*CvsI 2 0.17409 0.17494 0.08747 89.03 0.001* 
Time*Site(CvsI) 4 0.00371 0.00371 0.00093 0.05 0.996 
Error 27 0.5284 0.5284 0.01957   
Total 38 2.08552     
!
!
!
Table E-23  Three factor nested ANOVA comparing porewater cadmium concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 3.53322 3.55706 1.77853 68.11 0.001* 
CvsI 1 0.18117 0.15958 0.15958 5.6 0.141 
Site(CvsI) 2 0.07639 0.05696 0.02848 1.09 0.417 
Time*CvsI 2 0.03947 0.03083 0.01542 0.59 0.596 
Time*Site(CvsI) 4 0.10434 0.10434 0.02608 0.73 0.578 
Error 27 0.96151 0.96151 0.03561   
Total 38 4.8961     
!
!
!
Table E-24  Three factor nested ANOVA comparing porewater cobalt concentrations at the mangrove 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 1.2134 1.21863 0.60931 9.88 0.028* 
CvsI 1 0.27205 0.27002 0.27002 1.35 0.366 
Site(CvsI) 2 0.51275 0.40216 0.20108 3.28 0.142 
Time*CvsI 2 0.15759 0.1726 0.0863 1.4 0.346 
Time*Site(CvsI) 4 0.24711 0.24711 0.06178 2.21 0.095 
Error 27 0.7556 0.7556 0.02799   
Total 38 3.15851     
!
!
!
!
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Table E-25  Three factor nested ANOVA comparing porewater chromium concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 1.73499 1.64155 0.82078 60.35 0.001* 
CvsI 1 0.00895 0.01595 0.01595 0.05 0.836 
Site(CvsI) 2 0.57266 0.58162 0.29081 21.17 0.006* 
Time*CvsI 2 0.16627 0.17267 0.08633 6.35 0.057 
Time*Site(CvsI) 4 0.05426 0.05426 0.01356 0.53 0.715 
Error 27 0.6914 0.6914 0.02561   
Total 38 3.22853     
!
!
!
Table E-26  Three factor nested ANOVA comparing porewater copper concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 1.40126 1.30128 0.65064 14.92 0.014* 
CvsI 1 0.70208 0.60535 0.60535 2.92 0.229 
Site(CvsI) 2 0.54801 0.41495 0.20748 4.78 0.086 
Time*CvsI 2 0.57417 0.58219 0.29109 6.67 0.053 
Time*Site(CvsI) 4 0.17468 0.17468 0.04367 1.66 0.188 
Error 27 0.70978 0.70978 0.02629   
Total 38 4.10999     
!
!
!
Table E-27  Three factor nested ANOVA comparing porewater iron concentrations at the mangrove 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 5.7977 6.0315 3.0157 47.58 0.002* 
CvsI 1 2.2281 2.6473 2.6473 1.66 0.326 
Site(CvsI) 2 3.0318 3.1934 1.5967 25.13 0.005* 
Time*CvsI 2 1.3395 1.3385 0.6693 10.56 0.025* 
Time*Site(CvsI) 4 0.2534 0.2534 0.0633 0.82 0.525 
Error 27 2.0916 2.0916 0.0775   
Total 38 14.7421     
!
!
!
!
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Table E-28  Three factor nested ANOVA comparing porewater gallium concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.17511 0.15665 0.07833 1.16 0.401 
CvsI 1 0.47218 0.30452 0.30452 1.32 0.37 
Site(CvsI) 2 0.39626 0.46243 0.23122 3.43 0.133 
Time*CvsI 2 0.22048 0.2343 0.11715 1.73 0.287 
Time*Site(CvsI) 4 0.2705 0.2705 0.06763 1.17 0.344 
Error 27 1.55472 1.55472 0.05758   
Total 38 3.08925     
!
!
!
Table E-29  Three factor nested ANOVA comparing porewater manganese concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 2.22866 2.26256 1.13128 27.29 0.005* 
CvsI 1 0.43643 0.5353 0.5353 4.1 0.18 
Site(CvsI) 2 0.23192 0.26142 0.13071 3.17 0.148 
Time*CvsI 2 0.279 0.2791 0.13955 3.37 0.139 
Time*Site(CvsI) 4 0.16606 0.16606 0.04152 2.13 0.105 
Error 27 0.52691 0.52691 0.01952   
Total 38 3.86898     
!
!
!
Table E-30  Three factor nested ANOVA comparing porewater molybdenum concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 1.81419 1.80764 0.90382 15.75 0.013* 
CvsI 1 0.34055 0.25655 0.25655 2.28 0.27 
Site(CvsI) 2 0.28331 0.22537 0.11269 1.98 0.252 
Time*CvsI 2 0.19155 0.19138 0.09569 1.67 0.297 
Time*Site(CvsI) 4 0.23008 0.23008 0.05752 4.53 0.006* 
Error 27 0.3431 0.3431 0.01271   
Total 38 3.20278     
!
!
!
!
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Table E-31  Three factor nested ANOVA comparing porewater nickel concentrations at the mangrove 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 3.71592 3.71831 1.85915 57.43 0.001* 
CvsI 1 0.01954 0.03469 0.03469 0.24 0.672 
Site(CvsI) 2 0.35772 0.28769 0.14384 4.44 0.094 
Time*CvsI 2 0.28776 0.28983 0.14492 4.48 0.095 
Time*Site(CvsI) 4 0.12948 0.12948 0.03237 1 0.424 
Error 27 0.87305 0.87305 0.03234   
Total 38 5.38347     
!
!
!
Table E-32  Three factor nested ANOVA comparing porewater phosphorous concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 3.92123 3.94728 1.97364 14.44 0.015* 
CvsI 1 0.00972 0.00058 0.00058 0.02 0.911 
Site(CvsI) 2 0.12048 0.0722 0.0361 0.27 0.779 
Time*CvsI 2 0.22163 0.21843 0.10921 0.8 0.511 
Time*Site(CvsI) 4 0.54795 0.54795 0.13699 3.02 0.035* 
Error 27 1.22564 1.22564 0.04539   
Total 38 6.04664     
!
!
!
Table E-33  Three factor nested ANOVA comparing porewater lead concentrations at the mangrove 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 2.50149 2.49018 1.24509 8.48 0.036* 
CvsI 1 0.06665 0.0589 0.0589 0.37 0.604 
Site(CvsI) 2 0.45322 0.31728 0.15864 1.09 0.419 
Time*CvsI 2 0.00601 0.00214 0.00107 0.01 0.993 
Time*Site(CvsI) 4 0.58817 0.58817 0.14704 2.21 0.095 
Error 27 1.79973 1.79973 0.06666   
Total 38 5.41526     
!
!
!
!
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Table E-34  Three factor nested ANOVA comparing porewater uranium concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 0.421474 0.358952 0.179476 3.82 0.118 
CvsI 1 0.095519 0.05566 0.05566 1.15 0.397 
Site(CvsI) 2 0.090712 0.097366 0.048683 1.05 0.43 
Time*CvsI 2 0.086953 0.104315 0.052158 1.11 0.413 
Time*Site(CvsI) 4 0.188206 0.188206 0.047052 6.61 0.001* 
Error 27 0.192137 0.192137 0.007116   
Total 38 1.075002     
!
!
!
Table E-35  Three factor nested ANOVA comparing porewater vanadium concentrations at the 

mangrove sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site 

(random and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares 

and Adj MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 5.5801 5.55073 2.77537 25.91 0.005* 
CvsI 1 0.00257 0.00059 0.00059 0.12 0.758 
Site(CvsI) 2 0.02283 0.00943 0.00471 0.04 0.957 
Time*CvsI 2 0.0418 0.04612 0.02306 0.22 0.815 
Time*Site(CvsI) 4 0.42954 0.42954 0.10739 5.65 0.002* 
Error 27 0.51362 0.51362 0.01902   
Total 38 6.59045     
!
!
!
Table E-36  Three factor nested ANOVA comparing porewater zinc concentrations at the mangrove 

sites between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and 

nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 2 3.28309 3.26109 1.63054 26.77 0.005* 
CvsI 1 0.0003 0.00011 0.00011 0 0.978 
Site(CvsI) 2 0.30067 0.22907 0.11454 1.88 0.263 
Time*CvsI 2 0.19672 0.20226 0.10113 1.66 0.298 
Time*Site(CvsI) 4 0.24359 0.24359 0.0609 0.91 0.474 
Error 27 1.81171 1.81171 0.0671   
Total 38 5.83607     
!
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Appendix F - ANOVA tables for artificial substrate polychaetes 

 

!
Table F-1  Three factor nested ANOVA comparing polychaete abundance on the artificial substrates 

between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random and nested 

in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj MS = 

adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 1 15.346 17.285 17.285 14.58 0.007* 
CvsI 1 30.121 28.914 28.914 24.39 0.002* 
Site(CvsI) 1 2.438 2.438 2.438 2.06 0.195 
Time*CvsI 1 0.296 0.296 0.296 0.25 0.633 
Time*Site(CvsI) 1 1.102 1.102 1.102 0.93 0.367 
Error 7 8.297 8.297 1.185   
Total 12 57.599     
!
!
Table F-2  Three factor nested ANOVA comparing polychaete species richness on the artificial 

substrates between sampling times (fixed), control versus impact sites (CvsI; fixed) and site (random 

and nested in CvsI). Seq SS = sequential sum of squares, Adj SS = adjusted sum of squares and Adj 

MS = adjusted mean of squares. 

Source DF Seq SS Adj SS Adj MS F P 
Time 1 0.0591 0.18905 0.18905 6.18 0.392 
CvsI 1 0.43581 0.52426 0.52426 17.15 0.303 
Site(CvsI) 1 0.03744 0.03744 0.03744 1 0.500 
Time*CvsI 1 0.30538 0.30538 0.30538 9.99 0.347 
Time*Site(CvsI) 1 0.03744 0.03744 0.03744 0.41 0.545 
Error 7 0.64688 0.64688 0.09241   
Total 12 1.52206     

 

!
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Appendix G - Selected key characters of Ophelina species  

 

 
 
Table G-1  Character key for the tables in this appendix 

!
!
!
!
!
!

# Character # Character 
1 Taxonomic data source 19 Branchae length (anterior): relative to body width 
2 Specimens examined 20 Branchae length (mid): relative to body width 
3 Worm length: millimeters (up to) 21 Branchae length (posterior): relative to body width 
4 Number of chaetigers (up to) 22 Cilliated branchae: presence 
5 Intrasegmental body anulations: presence 23 Cilliated branchae: description 
6 Prostomial length 24 Anal funnel shape: cylindrical or laterally compressed 
7 Prostomial width 25 Anal funnel opening: ventrally (hood shaped) or terminally 
8 Terminal palpode: presence 26 Anal funnel length: relative to depth 
9 Prostomial eyes: number 27 Anulations on anal funnel: presence 
10 Prechaetal lobe (chaetiger 3): relative length to the branchae 28 Number of anulations on anal funnel 
11 Prechaetal lobe (posterior): relative length to the branchae 29 Anal papillae, unpaired ventral: presence 
12 Postchaetal lobe: description (absent, fillet or cirrus) 30 Anal papillae, unpaired ventral: description 
13 Chaetae length (anterior): relative to branchae length 31 Anal papillae, paired ventral: presence 
14 Chaetae length (mid): relative to branchae length 32 Anal papillae, paired ventral: description 
15 Chaetae length (posterior): relative to branchae length 33 Anal papillae, rim cirri: number 
16 Chaetae of anterior parapodia: orientation (forward or lateral) 34 Anal papillae, rim cirri: description 
17 Brachiate chaetigers: start 35 Anal papillae, rim cirri: anterior length relative to paired ventral 
18 Brachiate chaetigers: finish   
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Table G-2  Specimens examined 
!

Character 
Ophelina acuminata 
Örsted, 1843 

Ophelina longicirrata 
Hartman-Schröder and 
Parker, 1995 

^ Ophelina gigantea 
(Rullier, 1965) 

Ophelina kampeni 
(Horst, 1919) 

Ophelina ehlersi (Horst, 
1919) 

1 Hartmann-Schröder 
1979 

Hartmann-Schröder and 
Parker 1995 

Rullier 1965 Horst 1919 Horst 1919 

2 2 1 3 1 1 
3 10 52 64 35 35 
4 54 41 68 58 38 
5  Strongly annulated Present Faintly annulated Faintly annulated in 

posterior region 
6 Approximately as long as 

high 
Longer than wide at base    

7      
8  Present Present Present Present 
9 3: 1 forward and dorsal 

and 2 behind and ventral 
0 0   

10  ^ 0.3 0.15   
11  ^ 0.1  ^ 0.15  
12 Cirriform Long cirrus Cirriform Absent Small cirrus, distally 

dilated 
13 Cirri not obviously long  ^ 0.3: Nowhere 

obviously long 
0.5   

14  ^ 0.2 0.6  0.5 
15    ^ 1.2  
16  ^ Posterio-laterally Dorso-laterally   
17 2 2  2 First parapodia are 

without branchia 
18 None on last 7 Last  Last  
19  ^ 1: long, cirriform to 

filiform 
1.2 0.5  

20  ^ 2 1 Longer  
21  ^ 1.5 1.2 ^ 0.8  
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22      
23      
24  Cylindrical  Elongated Elongated and oval 
25 Ventrally ventro-terminal Ventrally Ventrally  
26 Equal to the last 4 or 5 

segments together 
As long as the 5-6 last 
segments together 

2 ^ 1.8 Short or broken 

27 Rings present Present Present Present  
28 21  45 30  
29 Present Absent ?lost Present Present Absent 
30 Apparently contracted  Tapered, 0.4x the funnel 

length  
^ 0.5 times funnel length  

31 Present  Present Present Couple of elongated 
papillae ventrally 

32 long  Tapered, 0.15x funnel 
length 

^ Much shorter than 
funnel (0.05 times) 

 

33 10 11 52 ^ 44  
34 Flat or spoon forming of 

unequal length 
 Weakly tapered, anterior 

papillae slightly longer 
than posterior 

^ Tapered, anterior 
papillae length same as 
posterior 

 

35   0.3 ^ 0.4  
!
!
^ indicates that the taxonomic data was obtained from figures 
!
!
!
!
!
!
!
!
!
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Table G-3  Specimens examined continued 
!

Character 
^ Ophelina grandis 
(Pillai, 1961) 

Ophelina grandis (Pillai, 
1961) 

^ Ophelina Sibogae 
(Caullery, 1944) 

Ophelina cf. sibogae 
(Caullery, 1944) 

Ophelina kükenthali 
(Horst, 1919) 

1 Pillai 1961 Eibye-Jacobsen 2002 Caullery 1944 Eibye-Jacobsen 2002 Horst 1919 
2 9 2 14 11 2 
3 34.5 47 30 14.5 18 
4 66 65 65 42 29 
5   Present   
6 Triangular Slightly longer than wide  Slightly longer than wide  
7      
8 Present Present Present Present Present 
9 0 0 0 1 observed in 1 

specimen 
 

10 0.1  0.1   
11 0.1     
12 Absent  Small cirrus  Small cirrus 
13 0.6  0.4   
14 0.6  0.7   
15 0.4  Absent   
16 Anteriorally Bent forwards and 

elongate 
Posterio-laterally   

17 2 2 2 2 2 
18 Last Last Last Present to at least 7 

setigers from posterior 
Absent from last three 
parapodia 

19 1.1 Relatively long 0.75 Relatively long Rather long but not 
reaching median dorsal 
line 

20 0.8  1   
21 1.2 Well developed 1.2   
22      
23      
24 Spoon-shaped    Gutter-shaped 
25 Ventrally Ventrally Ventrally ventrally Ventrally 
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26  2 times as long as width 
at base 

3 3.5-4 times as long as 
width at base 

Not so high distally as 
proximally 

27   Present  Faintly annulated 
28   36   
29 Present Present Present Present Absent 
30 Tapered, 0.8 times the 

funnel length 
^ Blunt, 0.3 times funnel 
length 

Tapered, 0.8 times 
funnel length 

0.75 times funnel length  

31 Present Present Present Absent Present 
32 Tapered, 0.15 times 

funnel length 
 ^ 0.05 times funnel 
length 

Weakly tapered, 0.1 
times funnel length 

  

33 31 5 pairs posteriorly plus a 
few ventrally 

20 5 pairs concentrated 
posteriorly and up to 6 
pairs along rest of margin 

8 or 9 cirri posteriorly 

34 Weakly tapered, anterior 
papillae 2 times longer 
than posterior papillae 

Posterior margin with 5 
pairs of cirriform papillae, 
3 times longer than 
broad 

Not tapered, anterior 
same length as posterior 

Papillae cirriform, 4-6 
times longer than broad 

 

35 1.2  0.9   
!
 
^ indicates that the taxonomic data was obtained from figures 
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Table G-4  Specimens examined continued 
!

Character 
Ophelina buitendijki 
(Horst, 1919) 

^ Ophelina bimensis 
(Caullery, 1944) 

^ Ophelina fauveli 
(Caullery, 1944) 

^ Ophelina cordiformis 
(Caullery, 1944) 

Ophelina cf. cordiformis 
(Caullery, 1944) 

1 Horst 1919 Caullery 1944 Caullery 1944 Caullery 1944 Eibye-Jacobsen 2002 
2 1 3 1 1 10 
3 40 15 20 22 23 
4 64 35 31 50 51 
5 Absent Present Present   
6     Slightly longer than wide 
7      
8 Present Present Present  Present 
9  0 0  1 observed in 1 

specimen 
10 0.1 0.15 < 0.1 0.3  
11 0.3  0.1   
12 Short cylindrical cirrus Small cirrus    
13  0.6 0.3   
14 0.6 0.6  1  
15  0.7 0.3   
16  Posterio-laterally Posterio-laterally   
17 2 2 2  2 
18 Last Last Last  Second last 
19 Long cirriform reaching 

the median dorsal line 
0.8 0.8  ^ Relatively long, 0.8 

20  1.1    
21 Shorter 1 1.2   
22      
23      
24 Slender and gutter-

shaped 
 Laterally compressed   

25  Ventrally Ventro-terminally Ventrally Ventrally 
26  2 Slightly longer than deep 2 1.5-2 times as long as 

width at base 
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27   Present Present  
28   14 20  
29 Absent Present Present Present Present 
30  Tapered, 1.5 times 

funnel length 
Tapered, 2 times longer 
than funnel 

Not tapered, 0.5 times 
funnel length 

 ^ Blunt, 0.4 times funnel 
length 

31 Present Absent Present absent / not shown Absent 
32   Tapered, similar length to 

funnel 
  

33 Long cirri on the border 19 18 absent / not shown 6 pairs 
34  Tapered, similar lengths Blunt, some spoon-

shaped, unequal lengths 
 Posterior margin with 6 

pairs of irregular papillae, 
none ventrally 

35  Much longer than usual 0.1-0.5   
!
!
^ indicates that the taxonomic data was obtained from figures!
!
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Table G-5  Specimens examined continued 
!

Character 
^ Ophelina longicaudata 
(Caullery, 1944) 

^ Ophelina dubia 
(Caullery, 1944) 

^ Ophelina 
brevibranchiata 
(Caullery, 1944) 

^ Ophelina profunda 
(Caullery, 1944) 

Ophelina pygocirrata 
(Ehlers, 1920) 

1 Caullery 1944 Caullery 1944 Caullery 1944 Caullery 1944 Ehlers 1920 
2 1 1 2 1 3 
3 12 11 20 35 18.5 
4 30 51 31 45 29 
5     Absent, segment borders 

not well defined 
6 Equal length and width Equal length and width Similar length and width Wider than long  
7      
8 Present Present Present Absent or reduced Present 
9 0 0 0 0  
10 0.25 0.2 0.2 0.15  
11 <0.1     
12    Absent Present  
13 0.3 0.7 2 0.8  
14      
15 0.5 2    
16 Posterio-laterally Posterio-laterally Laterally Laterally  
17 2 1 3 2  
18 Last Last    
19 0.9 1.2 0.2 0.5  
20    0.4 0.5 
21 0.5 0.5    
22      
23      
24 Much more elongated Missing from specimen  Laterally compressed  
25 Ventro-terminally  Terminally Termanally along entire 

length 
 

26 6  1 2  
27 Present  Present Present  
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28 45  7 16  
29 Present   Present Absent or broken off 
30 Extends from the funnel 

end a further 0.75 times 
length 

  0.7  

31 Absent   Absent / not shown Absent or broken off 
32      
33 Present   5 10 
34 8 on the posterior rim, 

absent elsewhere 
  Only at posterior end  

35 Very short   Uniform in length  
!
!
^ indicates that the taxonomic data was obtained from figures!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Table G-6  Specimens examined continued 
!
Character Ophelina remigera (Ehlers, 1916) Ophelina langii (Kükenthal, 1887) 
1 Ehlers 1916 Kükenthal 1887 
2 1  
3 40 23 
4 37 50 
5 Absent Present, eight rings on each segement 
6 Hardly as long as base width  
7   
8 Present but not obviously distinct Present 
9   
10   
11 ^ 0.1 ^ <0.1 
12 ^ Cirrus distally dilated  
13   
14 Dorsal chaetae longer than ventral  
15  Longer than usual 
16   
17 2  
18 Last  
19  ^ 0.6 
20  ^ 0.9 
21  ^ 1.1 
22   
23   
24 Nearly round Very thin 
25 Ventrally Ventrally 
26 Equal to last 4 segments  
27  Present 
28  20 
29 Present  
30 Longer than rim papillae  
31   
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32   
33 Line of papillae round rim edge ^ Absent 
34 Second protrusion also contains papillae  
35 7 papillae along edge and 3 longer papillae posteriorly  
!
!
^ indicates that the taxonomic data was obtained from figures!
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Appendix H - Potentially symbiotic bacteria 

 

 
Table H-1  The 100 most abundant OTUs that were only detected in the washed polychaete 

treatments, classified to the lowest possible level. The relative abundance is the amount of 

sequences for each bacteria as a percentage of the total amount of sequences that were only 

detected in the washed polychaete treatments. The overall rank refers to the position of the OTU 

in the complete dataset.  

 
Identification Relative abundance Overall Rank 
Firmicutes 2.15 429 
Opitutus 1.72 699 
Actinobacteria 1.50 208 
Bacteria 1.50 423 
Bacteria 1.39 701 
Bacteria 1.29 706 
Verrucomicrobia 1.18 2407 
Brachymonas 0.97 671 
Spartobacteria 0.97 796 
Firmicutes 0.86 452 
Bacteria 0.86 524 
Bacteria 0.86 372 
Bacteria 0.75 431 
Bacteria 0.75 857 
Verrucomicrobia 0.75 946 
Microcella 0.75 1393 
Bacteria 0.75 469 
Alphaproteobacteria 0.75 617 
Firmicutes 0.75 473 
Rhodobacter 0.64 1352 
Bacteria 0.54 1177 
Lactococcus 0.54 1505 
Cyanobacteria 0.54 1993 
Bacteria 0.54 2450 
Bacteria 0.54 2780 
Bacteria 0.43 828 
Bacteria 0.43 842 
Bacteria 0.43 849 
Roseomonas 0.43 919 
Bacteria 0.43 934 
Gammaproteobacteria 0.43 1113 
Proteobacteria 0.43 1300 
Bacteria 0.43 1480 
Gammaproteobacteria 0.43 1515 
Proteobacteria 0.43 1890 
Enterobacteriales 0.43 10106 
Bacteria 0.43 1074 
Acetobacteraceae 0.43 1057 
Bacteria 0.43 1419 
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Deferribacteres 0.43 2052 
Bacteria 0.43 4922 
Acinetobacter 0.43 7860 
Bacteria 0.32 1003 
Bacteria 0.32 1106 
Gammaproteobacteria 0.32 1108 
Bacteria 0.32 1215 
Bacteria 0.32 1424 
Oceanospirillales 0.32 1794 
Finegoldia 0.32 1803 
Bacteria 0.32 1844 
Alishewanella 0.32 1908 
Cyanobacteria 0.32 1981 
Burkholderiales 0.32 2026 
Sinobacteraceae 0.32 2162 
Alphaproteobacteria 0.32 2181 
Verrucomicrobia 0.32 2508 
Bacteria 0.32 2793 
Bacteria 0.32 2884 
Bacteria 0.32 4804 
Bacteria 0.32 6741 
Bacteria 0.32 7111 
Actinobacteria 0.32 8650 
Bacteria 0.32 1002 
Bacteria 0.32 1288 
Gammaproteobacteria 0.32 1345 
Gammaproteobacteria 0.32 2648 
Bacteria 0.32 2732 
Alphaproteobacteria 0.32 7732 
Deltaproteobacteria 0.32 6050 
Rhodobacteraceae 0.32 7750 
Bacteria 0.21 1518 
Acidobacteriaceae 0.21 1599 
Bacteria 0.21 1602 
Verrucomicrobia 0.21 1666 
Desulfovibrio 0.21 1690 
Verrucomicrobia 0.21 1876 
Gammaproteobacteria 0.21 1883 
Bacteria 0.21 1954 
Alphaproteobacteria 0.21 1957 
Proteobacteria 0.21 1963 
Bacteria 0.21 1996 
Bacteria 0.21 2010 
Bacteria 0.21 2114 
Bacteria 0.21 2259 
Erwinia 0.21 2381 
Bacteria 0.21 2442 
Desulfobacteraceae 0.21 2445 
Gammaproteobacteria 0.21 2486 
Proteobacteria 0.21 2520 
Acidimicrobiaceae 0.21 2579 
Bacteria 0.21 2604 
Bacteria 0.21 2622 
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Betaproteobacteria 0.21 2670 
Bacteria 0.21 2680 
Rhizobiales 0.21 2774 
Bacteria 0.21 2778 
Bacteria 0.21 2818 
Bacteria 0.21 2821 
Verrucomicrobia 0.21 2912 
Deltaproteobacteria 0.21 2924 

 
 


