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Abstract 

Sediments in many sections of Sydney Harbour are heavily contaminated. These 
contaminants have flowed into the harbour from surrounding industrial and urban areas for 
more than a century. Often the contaminants enter the waterway and bind to suspended 
sediments – eventually sinking to the harbour floor.  It is well documented that contaminated 
sediments affect the ecology of organisms living in the sediments.  Very little, however, is 
known about the potential for the resuspension of contaminated sediments to pose a threat to 
the ecology of organisms in the water-column or on surrounding rocky reefs.  This is 
surprising because there are a range of natural (storms, tidal currents) and human (shipping 
movements, dredging) disturbances that can resuspend (i.e. lift) sediments into the water-
column, potentially releasing a range of contaminants and dispersing them well away from the 
harbour floor. Only two studies world-wide to date have attempted to assess the effects of the 
resuspension of contaminated sediments in the field. 

The aim of the current study was to assess whether repeated short-term resuspension of 
contaminated sediments would affect the diverse assemblages of rocky reef sessile 
invertebrates (e.g. sea-squirts, barnacles and sponges) in Sydney Harbour.  We specifically 
used the sessile invertebrates as our “mine canaries” as they are sensitive filter-feeders and 
cannot move away from water-borne sediment plumes.  The experimental method, which we 
designed and developed, was specifically an attempt to mimic the resuspension of 
contaminated sediment created by short-term disturbances, such as frequent shipping 
movements.   

Despite being exposed to resuspensions of some of the most contaminated sediments in the 
world, a diverse range of Sydney Harbour sessile invertebrates clearly showed no short-term 
ecological effects.  The soft bodied invertebrates (e.g. colonial sea-squirts and sponges) were 
predicted to shrink or decompose rapidly if the resuspensions lethally stressed these 
organisms.  Similarly, the densities of the live invertebrates with hard bodies (e.g. barnacles 
and polychaete tube worms which can be clearly identified as live or dead) were predicted to 
decrease, with dead individuals increasing.  The abundances and area that the invertebrates 
covered did not differ among the assemblages exposed to the resuspension and control 
treatments indicating that there were no immediate impacts of the resuspension of 
contaminated sediments.  Also, not even the high levels of relatively clean sediments affected 
the invertebrates, which is surprising as suspended sediments at the level used in this 
experiment are generally thought to have substantial negative effects.  

Hence, this study provides no support for the model that intense and repeated dosing of 
relatively clean or contaminated sediments over hourly, daily and weekly time scales have 
strong short-term effects on sessile invertebrates.  This indicates that small infrequent 
disturbance of contaminated or relatively uncontaminated sediments may not be an ecological 
problem, possibly as the invertebrates have evolved to deal with frequent natural changes in 
the water condition of estuaries (e.g. salinity and turbidity).  Nevertheless, as the current study 
focused on the immediate impacts of resuspension over a relatively short time period, further 
research is required to assess the potential impacts long-term exposure of resuspension of 
contaminated sediments.  This research is currently being undertaken by the authors.  

 



 3 

Introduction 

The accidental or regulated release of pollution from industry and urbanisation has severely 
affected the diversity and abundance of plants and animals in harbours and estuaries (Luoma 
and Philips 1988, Morrisey et al. 2003, Johnston and Roberts 2009).  Heavy metals, many of 
which are highly toxic to marine organisms (McLusky et al. 1986, ANZECC and ARMCANZ 
2000), are amongst the most common contaminants in estuarine environments (Birch and 
Taylor 1999).  A large proportion of these metals bind within sediments and through time 
accumulate to extremely high concentrations (Long 2000, Birch and Taylor 1999, Cundy et al. 
2003). The management of harbour and estuarine sediments has, therefore, been recognised 
as a substantial problem for many governments and regulatory bodies (Australian State of the 
Environment Report 2001, Long 2000).  Contaminated sediments clearly affect the diversity 
and abundance of organisms living within them (e.g. Clements 2004, Millward et al. 2004), but 
their threat goes well beyond the seafloor – potentially affecting mammals, fish, invertebrates 
and algae living in the water-column or on nearby hard surfaces (e.g. rocky reefs).   

Anthropogenic activities such as shipping and dredging can cause the resuspension of 
contaminated sediments and may release significant quantities of heavy metals into the 
water-column (Simpson et al. 1998, Saulnier and Mucci 2000).  Resuspension of sediments 
releases sulfides and exposes anoxic sediments to the water-column which may cause the 
dissociation of heavy metal ions from bonds with organic material (Apte and Batley 1995).  
The free ionic forms of heavy metals are considered most toxic or biologically available 
(Campbell 1995).  Resuspension of contaminants may also make sediment-bound metals 
available to suspension-feeding organisms.  Furthermore, the suspension of sediments, on its 
own, can cause serious effects through mechanical damage or clogging of the breathing or 
respiring organs of invertebrates and fish (Airoldi 2003) or smothering of photosynthetic 
surfaces of algae.  These effects may also leave marine organisms more susceptible to 
contaminants, such as heavy metals.  

Very few studies have, however, examined the impacts of resuspended contaminated 
sediment.  Of these, most have been ecotoxicological laboratory studies and have usually 
used sediments spiked with contaminants and mechanical agitation, vigorous airlift, 
recirculating pumps or serial diluters to maintain suspension of sediments (Sved and Roberts 
1995, Cope et al. 1996, Herbranson et al. 2003).  Each of these studies has found severe 
effects of resuspended contaminated sediments upon marine organisms.  Laboratory 
experiments have, however, been criticised for being too simplistic and inadequate in 
predicting the effects of toxicants in the real world (Kimball and Levin 1985, Underwood 1995, 
Johnston and Keough 2003, ANZECC and ARMCANZ 2000).  Field experiments are thought 
to be a more realistic way to assess ecological threats as they incorporate the physical, 
chemical and biological complexity of the real world (Underwood 1995).  

Surprisingly, however, there appear to be few field studies on the ecological effects of the 
resuspension of contaminated sediments on organisms living above the sediment.  Only two 
related field studies have been published.  Most recently Knott et al. (2009) demonstrated that 
the large-scale resuspension of contaminated sediments dramatically reduced the recruitment 
of sessile invertebrate such as barnacles and polychaete tube worms, which were the major 
space-occupiers in these assemblages.  Furthermore, Nayar et al. (2004) experimentally 
determined that phytoplankton and bacteria can be affected by the small-scale resuspension 
of contaminated sediments. Hence, these studies indicate that the resuspension of 
contaminated sediments may pose a real ecological threat to organisms exposed to the 
water-column.  

Many sections of Sydney Harbour have sediments that are heavily contaminated with heavy 
metals (Birch and Taylor 1999).  This contamination causes concern for the general public, 
environmental managers and scientists, and governments.  Shipping and dredging activity 
occur frequently in the harbour and can disturb contaminated sediments causing them to be 
resuspended.  Such a disturbance could cause the release of heavy metals into the water-
column which may disperse through the harbour into less polluted areas - affecting fish, 
invertebrates and algae (Honkoop et al. 2003). Given the current shipping activity and 
consistent scheduled dredging projects of sections of Sydney Harbour, the extent and 
ecological impact of sediment resuspension events this is a pressing concern. 
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An amazingly diverse group of animals live attached to rocks and other hard surfaces in 
Sydney Harbour.  These include well known animals such as barnacles, mussels and oysters; 
as well as virtually unknown animals such as ascidians (sea-squirts), sponges and bryozoans.  
These animals form fascinating communities which the public generally know little about, yet 
are a very important part of the Harbours’ ecosystem and biological diversity.  They are filter 
feeders and so are relatively sensitive to waterborne pollution and are sessile (i.e. stuck in 
one place) so they can not move away from pollution (cf. fish).  Also, numerous individuals 
from many different species can be found occupying small areas on a variety of hard 
surfaces.  These properties make sessile animals excellent organisms to study the effects of 
pollution.   

To evaluate whether the resuspension of contaminated sediments poses an ecological threat 
to the animals of Sydney Harbour, we tested whether the rocky reef invertebrates from 
Chowder Bay (Sydney Harbour) would be affected by exposure to pulses of resuspended 
contaminated sediments from polluted parts of the Harbour.  In this test we experimentally 
resuspended contaminated sediment so that the invertebrates were realistically exposed to 
suspended sediment levels similar to that created by shipping movements and dredging 
activities.  If exposure to resuspended contaminated sediments poses a risk to the animals of 
Sydney Harbour, we predicted that we would find fewer live animals (or less coverage of 
them) on plates which were exposed to heavily contaminated sediments than on those 
exposed to less contaminated sediments or in the procedural control treatment (H1: 
XContaminated < XUncontaminated = X Procedural Control).  Alternatively, if the sediments themselves were 
having an effect, then we predicted similar numbers of live animals on the plates exposed to 
the heavily and less contaminated sediments, and more on the procedural control treatment 
(H2: XC = XU < X PC).  Furthermore, communities may respond to resuspended sediments, but 
with the strongest responses to sediments contaminated with metals. In this situation we 
predicted that we would find fewer live animals on plates which were exposed to the heavily 
contaminated sediments, more on those exposed to less polluted sediments and the greatest 
abundance on the procedural control treatments (H3: XC < XU < X PC).  
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Methods 

At the Sydney Institute of Marine Science (Chowder Bay) we deployed 40 recruitment panels 
into the water in January 2008. The panels were made of 6 mm grey PVC (40 x 40 cm) with 
four roughened perspex plates attached to each of panel.   

In May 2008, the plates were covered by a diverse array of sessile invertebrates after being 
submerged in the Harbour for 4 months and were ready to be used to test the stated 
hypotheses (Plate 1).  In order to experimentally expose sessile invertebrates to resuspended 
sediments, we designed and constructed an apparatus that could isolate a body of water and 
contain these resuspensions.  The large in situ cylinder (i.e. plastic cylinders ribbed with tough 
plastic tubing; diameter: 60cm; depth: 3.5m; Plate 2) held over 600 litres of water.  Within 
each of these in situ cylinders we were able to deploy the sessile invertebrate assemblages 
attached to the recruitment panels during the experimental resuspension events.  Nine 
experimental in situ cylinders were constructed and used in this experiment so we were able 
to run simultaneous treatments.  A benefit of the use of the in situ cylinders, we have 
designed and built, is that we can create a relatively small resuspension event and make it 
last for a long period of time in a small area, thereby mimicking exposure to a much larger 
event.  Also, the in situ cylinders restrict the area that is affected by the resuspension event.  
Nevertheless, it was decided to deploy the cylinders from the Chowder Bay harbour pool 
which was approximately 500 m from the Chowder Bay wharf to ensure no other experimental 
research on-going at the Chowder Bay wharf would be affected.   

 

 

 

 
 

 

 

Plate 1. A recruitment plate covered by an abundant and diverse array of sessile animals.  
This plate is mainly covered by solitary and colonial ascidians, polychaete tube worms, 
bryozoans and barnacles. 
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Plate 2. An  in situ cylinder isolating a column of water to contain experimental resuspension 
events.  These cylinders allowed resuspension events to be manipulated over small spatial 
scales (i.e. metres) enabling the potential effects of resuspended sediments on sessile 
animals within Sydney Harbour to be tested. 

 

 

 

Plate 3. The in situ cylinders deployed on the outside of Chowder Bay harbour pool. 

 

Into the body of water isolated by the cylinder, we introduce a rigorously stirred mixture of 1 
litre of sediment with 5 litres of water.  This mixture was poured into one of the water columns 
(cylinders) causing the water to become very turbid (reaching approximately 200 ntu).  This is 
much greater than occurs with shipping movements (c.a. 50 ntu) or during dredging 
(approximately 100 ntu).  This experimental resuspension can maintain levels of suspended 
sediments well above background (i.e. 2-5 ntu) for periods in excess of two hours.  To mimic 
exposure to resuspensions caused by frequent shipping activity or dredging, we exposed the 
animals to the experimentally produced resuspension events approximately three times a day 
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(every 2 hours) every second day over a ten day period (i.e. fifteen doses per sediment 
treatment).   

 

 

 

Plate 4. An experimental resuspension gradually falling to the bottom of the cylinder and on 
its way exposing the sessile invertebrates attached to the panel to the contaminated 
sediments and any metals released from the resuspended sediments.  Resuspensions like 
this were repeated 3 times every 2 hours and maintained suspended sediments well above 
background throughout this dosing period.  

 

Four resuspension treatments were used run to test the stated hypotheses.  Two treatments 
used sediments from heavily polluted areas of Sydney Harbour (i.e. Rozelle Bay, Birch and 
Taylor 1999) and Port Kembla Harbour (Fig. 1, Knott et al. 2009); and sediments from one 
area that was far less polluted (e.g. Tambourine Bay, Lane Cove River; Fig. 1, Birch and 
Taylor 1999).  We also ran a procedural control treatment which involved putting the animals 
into the in situ cylinders but not exposing them to resuspended sediments.  Sediments were 
collected using a Van Veen grab from each location and sediments usually collecting the top 
10 cm of sediment.  These sediments are most likely to be resuspended by shipping type 
activity.  The collected sediments were kept cool and moist until used in the experiments and 
fresh sediments were collected every three days.   

We recovered two assemblages (i.e. on plates) from each panel five days after the final 
dosing.  Each plate was taken to the laboratory, photographed and sampled under a 
microscope.  This involved identifying and counting each of the animals on each plate or 
estimating their covers using a point-intercept method with 100 points uniformly distributed 
across the plate.  For hard bodied organisms, such as, barnacles and bryozoans whether 
they were alive or dead could be identified and was also recorded.   

We also analysed the heavy metals in the sediments from each location to confirm and 
quantify that the pollution loads of the sediments (i.e. relatively high and low heavy metal 
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contamination).  Sediments from Rozelle Bay and Port Kembla were far more contaminated 
than those from Tambourine Bay (see Table 1 for details). 

 

 

 

Table 1. Concentrations of metals in sediments from each collection site.  Average metal 
concentrations are shown (µg/g; n = 4-5) with values greater than the ANZECC lower and 
upper levels are shown in grey or bold respectively. 
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Experimental design and statistical analyses 

There were three experimental treatments (as outlined above): heavily contaminated 
sediment; less contaminated sediment; and a procedural control.  These treatments were the 
fixed orthogonal factor of “Treatment”.  Six panels were used in each treatment this formed 
the random nested factor of “Panel”.  Two plates from each panel were sampled and formed 
the lowest level of the analysis.  Analysis of variance and permanova were used to test the 
stated hypotheses.  All analyses were done on raw data. 
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Figure 1. A map of the experiment site and sediment collection areas.  The assemblages of 
sessile invertebrates were developed at the Chowder Bay Wharf and the experiments were 
conducted alongside the Chowder Bay harbour swimming pool.  Contaminated sediments 
originated from Rozelle Bay in Sydney Harbour and Port Kembla Harbour (approx. 70 km 
south of Sydney).  Relatively uncontaminated sediments originated from Tambourine Bay, 
Lane Cove River.     
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Results 

A diverse and abundant assemblage of sessile invertebrates recruited to the plates between 
January and May 2009 (Plate 1).  Colonial ascidians, sponges and encrusting bryozoans 
covered much of the surface of the recruitment plates and the introduced serpulid polychaete 
worm, Hydroides elegans, also recruited in enormous numbers.  Solitary ascidians and 
arborescent bryozoans were also relatively abundant, however, barnacles were comparatively 
rare.  This was unfortunate as barnacles were one of the main groups to show strong effects 
in related resuspension study (i.e. Knott et al. 2009). 

The exposure of Sydney Harbour sessile invertebrates to repeated pulses of resuspended 
contaminated or relatively uncontaminated sediments had no detectable ecological effects 
(Permanova: P = 0.76; Fig. 2 & 3; Table 2).  The assemblages represented by symbols in the 
Figure 2 (an nMDS plot) show how they are all over lapping with no separation among the 
treatments.  This in conjunction with the multivariate analysis of these assemblages indicates 
that the assemblages of sessile invertebrates (i.e. there abundances and covers) were all 
very similar on plates in each of the experimental treatments.   

 

Port Kembla

Rozelle Bay

Tambourine Bay

Procedural Control

Stress: 0.13

 

 

Figure 2. Non-metric multi-dimensional scaling plot representing the assemblages in each of 
the experimental treatments and the procedural control.  This plot demonstrates the general 
similarity (or overlap) of the assemblages indicating that they were not affected by exposure 
to the resuspension of contaminated sediments (n = 12). 
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Diplosoma listerianum was the colonial ascidian that covered the largest areas in the 
recruitment assemblages.  This species and Botrylloides leachi were responsible for most of 
the colonial ascidian coverage in these assemblages and neither was affected by the 
resuspension of contaminated or relatively uncontaminated sediments (Fig. 3a-c).  Sponges 
also showed no effects (Fig. 3d).  Sponges and colonial ascidians could have easily 
regressed in coverage if the resuspensions were causing significant stress. 

None of the encrusting or arborescent bryozoans showed any difference in their coverage or 
densities among the resuspension treatments and procedural control (Fig. 2e-h, 3f).  In fact, 
were actually very few dead (or partially dead) colonies observed in any of the recruitment 
assemblages.  This clearly indicates that they were unaffected by the resuspension of 
contaminated or relatively uncontaminated sediments. 

The solitary ascidians, which would be expected to decompose rapidly if the resuspensions 
were toxic to the ascidians, generally showed much more variation in the abundance among 
panels than among treatments and procedural controls (Fig 3c-e).  Solitary ascidian sp. 1 
(Fig. 3d) was the only ascidian to show a pattern of abundance consistent with an effect of the 
resuspension of contaminated sediments, although this was clearly not significant (Table 1). 

The super abundant Hydroides elegans showed no difference in its numbers of live or dead 
individuals among the treatments and the procedural control (Fig. 3a-b).  This pattern clearly 
indicated that they were unaffected by the resuspension of contaminated and relatively 
uncontaminated sediments. 

Barnacles were relatively scarce in the assemblages at Chowder Bay (Fig. 3g-h).  The few 
live barnacles on the plates showed no effect of resuspension, and there was obviously no 
increase in dead barnacles in the assemblages exposed to resuspensions of the 
contaminated or relatively uncontaminated sediments. 

 

Table 2. Summary of the analysis of variance to test for the effect of resuspending 
contaminated sediments.  The mean square values are shown for each level in the analysis.  
The stated hypotheses were tested by the factor “Treatment”.  Bold values indicate that the 
statistical term was significant (P < 0.05).     
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Figure 3. Percentage cover of the major encrusting sessile invertebrates exposed to 
resuspensions of contaminated and relatively uncontaminated sediments.  Black = Heavily 
contaminated sediments; Grey = Relatively uncontaminated sediments; White = Procedural 
control. Mean + s.e., n = 6.     
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Figure 4. Density of the major encrusting sessile invertebrates exposed to resuspensions of 
contaminated and relatively uncontaminated sediments.  Black = Heavily contaminated 
sediments; Grey = Relatively uncontaminated sediments; White = Procedural control. Mean + 
s.e., n = 6.     
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Discussion 

The current study used a novel experimental technique to expose sessile invertebrates to 
repeated long-term doses of resuspended contaminated sediments.  This experiment was an 
attempt to mimic the resuspension of contaminated sediment created by short-term 
disturbances, such as frequent shipping movements.  No effects on a range of Sydney 
Harbour sessile invertebrates were, however, detected despite them being exposed to some 
of the most contaminated sediments in the world (both from within heavily contaminated 
sections of Sydney Harbour and elsewhere; Birch and Taylor 1999).  Hence, this study 
provides no support for the model that intense, prolonged and repeated dosing of relatively 
clean or contaminated sediments over hourly, daily and weekly time scales have strong short-
term effects on these sessile invertebrates.     

The lack of an effect from relatively short-term resuspension of contaminated sediments is 
surprising considering the dramatic effects caused by the large-scale resuspension of 
contaminated sediments associated with dredging (Knott et al. 2009).  Knott et al. (2009) 
observed that the recruitment of the most abundant taxa such as the barnacle Amphibalanus 
variegatus and the polychaete worm Hydroides elegans was greatly reduced.  Arborescent 
bryozoans showed a similar pattern, although this pattern was not statistically significant.  H. 
elegans and arborescent bryozoans recruited in great numbers in the current study, but were 
clearly unaffected by repeated dosing over the ten day period of the experiment.  Barnacles 
(including A. variegatus) recruited in very low numbers and, thus, this experiment does not 
represent a good test for this taxon.  Nonetheless, the abundance of barnacles was relatively 
low on all of the plates and the numbers of live or dead barnacles did not differ significantly 
among treatments. Hence, the duration of the exposure to resuspensions would appear to be 
an important factor in determining the likelihood of ecological impacts.     

Many sessile invertebrates may be able to regulate their exposure to short-term resuspension 
events by closing the apertures and not filter-feeding.  Such responses have been observed 
for barnacles (Lopez and Lopez 2005) and polychaete worms (Hill et al. 2009).  Hence, 
despite their inability to move away from such resuspension events, estuarine invertebrates 
may still regulate their exposure to water conditions through behavioural responses.  Such 
behaviour may have developed in response to the dramatic changes in salinity or turbidity 
that occur in these areas.  Nevertheless, observed effects caused by longer-term exposure to 
resuspended contaminated sediments caused by dredging (Knott et al. 2009) suggest that 
they may be unable to deal with such events over longer periods of time.  Logically, their 
isolations to the surrounding water-column would reduce the ability of these organisms to 
feed and in the long run they would either starve or need to expose themselves to the 
resuspended contaminants to feed.  Either response would be likely to lead to the death or 
severe stress for the organism.     

Surprisingly, there was no indication that exposure to high levels of suspended sediments 
themselves had any short-term effects.  High levels of suspended sediments are often argued 
to impact upon sessile invertebrates (Airoldi 2003) and on this basis the relatively 
uncontaminated sediments were also predicted to affect the assemblages.  Nevertheless, our 
results support the findings of a review by Wilber and Clarke (2001) that indicated that 
suspended sediments only tend to affect estuarine invertebrates and fishes at extremely high 
levels are used in laboratory experiments.  These extremely high values are much greater 
than that experienced in observed in most estuaries (Wilber and Clarke 2001).  Our study 
indicates that even exposure to very high levels of suspended sediments for 6 hours periods 
may not affect estuarine sessile invertebrates on vertical surfaces. 

The results of this study indicate that small infrequent disturbance of contaminated sediments 
may not be an ecological problem, possibly because invertebrates have evolved to deal with 
frequent natural changes in the water condition of estuaries.  If this lack of effect is general 
across other organisms within Sydney Harbour, then a reasonable management strategy for 
such contaminated sediments that are only infrequently disturbed may be to continue to leave 
them as they are (see Birch 2000 for discussion).  Especially considering the great expense 
associated with moving and cleaning sediments (Kelaher et al. 2003).  Active management 
methods may need to be developed if, however, contaminated sediments were frequently 
disturbed either by natural (e.g. storms, tidal currents) or human-induced (e.g. boating, 
shipping) as they may be causing impacts to the ecology of these estuaries (see Knott et al. 
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2009). Further research is currently being carried out by the authors to assess the long-term 
exposure of resuspension of contaminated. 
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