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ABSTRACT
Whole-sediment toxicity identification and evaluation (WS-TIE) is a relatively new
approach for assessing the cause of toxic effects to benthic organisms in sediments.
Akin to aqueous TIE methods, the premise of the WS-TIE method is that the chemical
toxicant(s) responsible for observed effects can be identified through a series of
treatments that are designed to reduce the bioavailability and, thus, toxicity of key
contaminant classes. While standardised WS-TIE methods have been developed for a
range of contaminants (US EPA, 2007), many contaminated sediments exist for which
the methods can not adequately identify the cause(s) of toxicity. Standard WS-TIE
methods primarily manipulate the toxicity of dissolved contaminants, but do not address
effects that may occur via dietary exposure to chemical contaminants.
The research presented herein, recognises that standard WS-TIE methods do not address
all of the major contaminant exposure pathways for some benthic organisms. New WSTIE methods to address toxic effects of those contaminants acting via dietary exposure
routes were developed as a part of this research. The new methods were specifically
designed for whole-sediment toxicity tests using the epibenthic amphipod M.
plumulosa; a deposit feeding species that can display acute toxicity from dietary
exposure to contaminated sediments (Simpson and King, 2005; Mann and Hyne, 2008;
Spadaro et al., 2008). WS-TIE methods using the microalgae Entomoneis cf punctulata
were also developed to compliment results achieved using Melita plumulosa in
sediment quality assessments.
New WS-TIE treatments were developed to modify the organism’s exposure to
sediment contaminants by modifying the bioaccessibility of particulate-associated
contaminants (PACs) to M. plumulosa. The two new techniques were principally
employed to achieve this goal. Firstly, a mesh exposure chamber (MEC) was developed
that effectively prevented M. plumulosa from ingesting sediments, but did not modify
the exposure to dissolved contaminants in the overlying water. Secondly, resins
deployed at the sediment surface, metal chelating resin-top (MCR-Top) or carbonaceous
adsorbent resin-top (CAR-Top) to both remove from the dissolved phase, metals and
organic contaminants, respectively. It was demonstrated that sediment nutrition had a
large influence on the outcome of whole-sediments toxicity tests, and a food addition
(FOOD) treatment was incorporated into the suite of WS-TIE treatments to help
differentiate between the natural effects caused by nutritionally-poor sediments and the
toxic effects of dietary exposure to contaminants.
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For the amphipod M. plumulosa, the standard WS-TIE methods were demonstrated to
be ineffective for reducing, or eliminating, the toxicity of a range of sediments. For
~80% of the sediments investigated, >50% of the toxicity to M. plumulosa was unaccounted for using standard WS-TIE methods. By applying the new WS-TIE
treatments in combination with the standard WS-TIE methods, >90% of toxicity could
be identified for each of the sediments. For almost half these sediments, PACs were
considered to have significantly contributed to toxicity (50-100%). Additionally, new
WS-TIE treatments were able to improve the identification of dissolved metals and
hydrophobic organic contaminants (HOCs), when compared to standard WS-TIE
methods alone. The application of both standard and new WS-TIE methods identified
dissolved metals and HOCs as the chief causes of toxicity to M. plumulosa in ten
sediments containing a wide range of contaminants.
Apparent toxicity due to inadequate sediment nutrition was demonstrated to confound
the interpretation of the WS-TIE studies. It was found to be beneficial to apply a
‘minimal’ feeding regime, comprising approximately 0.06 mg fish-food per amphipod
on days 3 and 7 of 10-d toxicity tests, to ensure that a lack of nutrition did not cause
toxic effects in sediments containing low nutritional value (e.g. sandy sediments with
low amount of organic matter). Sediments that contained ≥10% fine particles (silt, <63
µm) and >2% organic carbon were determined to have adequate nutrition and FOOD
treatments were unnecessary. The addition of the FOOD treatment in WS-TIEs was
generally a useful tool for discerning poor nutrition from toxicity to M. plumulosa.
However, in applying a FOOD treatment to WS-TIEs, it was observed that selective
feeding could mask the toxic effects of some contaminants, namely hydrophobic
organic chemicals. Therefore, the FOOD treatment was used cautiously to discern poor
nutrition from toxicity using additional lines-of evidence, such as knowledge of changes
to the organism’s sensitivity to contaminants and contaminant concentration-effect
relationships.
For the microalgae, E. cf punctulata, for which the only significant contaminant
exposure pathway is believed to be the passive diffusion of dissolved contaminants or
their free ions across the cell surface, a rapid WS-TIE method based on FDA
fluorescence inhibition in E. cf punctulata using flow cytometry was developed for
dissolved metals (metal chelating resin, MCRx, treatment), organic contaminants
(carbonacsous adsorbent resin, CAR, treatment), and ammonia (zeolite, ZEO,
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treatment). These treatments were effective for reducing the toxicity of contaminants in
both natural -contaminated and spiked-sediments.
The identification of all the chemical toxicants within contaminated sediments was
generally found to be very difficult. The variability between replicates was usually high,
ranging from 0-19% (amphipod survival). The use of a multiple lines-of-evidence
approach with WS-TIE is recommended for sediments containing a wide variety of
chemical contaminants. The lines-of-evidence used to enhance the understanding of
toxicants in the sediments of this study included: (i) chemical analyses of the test
waters, (ii) analyses of physical/chemical properties of the sediment (i.e. total
particulate metals and acid extractable metals, organic contaminants, sediment
fractionation, total organic carbon, etc), (iii) understanding of the organisms
contaminant-exposure pathways, (iv) quantifying the role of nutrition to sediment
toxicity (i.e. silt and TOC content), (v) measuring the effects of added food on organism
sensitivity, contaminant bioavailability, feeding behaviour or physiology (i.e. depuration
and detoxification processes), and (vi) understanding the physiology and behaviour of
the organism, and the factors that may have significant effects.
In order to strengthen the lines-of-evidence for interpreting WS-TIE data, contaminant
concentration-effect relationships were determined for contaminants often observed in
sediments. For M plumulosa, the 10-d EC50 for dissolved un-ionised ammonia, copper,
and zinc were 980, 75, and 220 µg/L, respectively. The IC50 values for dissolved copper
and zinc to E. cf punctulata were 13 µg/L and 1,500 µg/L, respectively. The ICx and
ECx values were used to determine the specific contaminant(s) causing toxicity and/or
the contribution of these contaminants to observed toxic effects in sediments containing
a mixture of contaminants.
The effect of contaminants on the growth of M. plumulosa, and the ability of WS-TIE
methods to determine which stressors were the causes of any growth effects, was
assessed. Results from the natural-contaminated sediments and the chemical-spiked
sediments demonstrated that the growth, measured as amphipod size (area), was a more
sensitive indicator of toxicity than acute survival. However, WS-TIE methods were far
less effective for identifying toxicity using amphipod growth than survival. Difficulties
with applying a growth toxicity indicator using M. plumulosa arose from the significant
influence of sediments physico-chemical properties, storage and handling of sediment
and feeding regime during whole-sediment toxicity tests.
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New WS-TIE methods and additional lines-of-evidence described in this research
provide a more comprehensive approach for sediment quality assessment, specifically
for those organisms exposed to sediment-associated contaminants via their diet.
However, further research is required to enhance techniques for delineating toxicity due
to dissolved and particulate-associated toxicity, and identifying specific classes of
PACs. Due to the variability associated with whole-sediment toxicity tests, the use of
multiple lines-of-evidence is essential for WS-TIE procedures.
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1.
CHAPTER 1
GENERAL INTRODUCTION AND
LITERATURE REVIEW
For contaminants entering waterways, sediments are often the eventual repository,
where they have the potential to accumulate and cause toxicological effects to
organisms (Williams et al., 1986; Chapman, 1988; Giesy and Hoke, 1989; Swartz et al.,
1989; Boucher and Watzin, 1999; Ho et al., 2002; Simpson et al., 2007; Spadaro et al.,
2008), and wider adverse ecological effects to aquatic ecosystems (Swartz et al., 1982;
1994; Bailey et al., 1995; Hartwell et al., 1997; Hatakeyama and Yokoyama, 1997).
Contaminants in the sediments from Australia’s waterways may be present as a complex
mixture and are a result of past industrial discharges and urban drainage (Simpson et al.,
2005).
Recent enhanced knowledge of the behaviour of contaminants associated with
sediments and their potential adverse ecological effects has led to the development of
methods by which these toxicological and ecological risks can be examined. However,
due to the often complex nature of sediments, and the mixture of contaminants that may
be present, determining the contribution of specific contaminants to toxicity observed in
whole-sediment toxicity tests may be problematic.
Biological testing (toxicity tests/bioassays) is commonly used as a monitor and measure
of contamination in sediments (e.g. Breteler et al., 1989; Burton, 1991; Canfield et al.,
1996; Bat and Rafaelli, 1998; Adams and Stauber, 2004; Burton and Nordstrom, 2004;
Eriksson and Dag Broman, 2005; Castro et al., 2006). Toxicity tests are designed to
determine if contaminants are bioavailable and likely to cause adverse toxic effects to
biota via simple, rapid and efficient means. Whole-sediment toxicity tests, used as a line
of evidence, are very useful indicators of potential adverse ecological effects. However,
alone and without a priori knowledge of constituents, toxicity tests are constrained to
determining the effects on an organism, and they do not provide information on
causality.
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Comprehensive chemical analyses have been used to identify causality in contaminated
samples. These may detect a large number and classes of chemicals, of which many
may be above sediment quality guidelines or concentration-effect thresholds. These
analytical methods do not generally account for speciation, complexation, and other
factors that influence bioavailability. Factors which may affect bioavailability in
sediment include; silt content (<63 µm particle fraction), organic carbon, detritus,
particulate colloids (i.e. Fe (III)), acid volatile sulfide (AVS), dissolved organic ligands
(i.e. humic acid), oxyhydroxides (FeOOH and MnOOH), sediment pH, redox potential
of the sediment and aqueous solubility of the chemicals, and chemical speciation (i.e.
free metal ions versus other species). Hence, knowledge that a solution contains a
specific metal concentration does not provide direct evidence as to whether that metal
was responsible for toxicity. Results from chemical analysis only may be misleading
and may not disclose information on the relevant toxicants.
The bioavailability, hence, toxicity of contaminants associated with sediment may also
vary depending on the test organism, and not only the sediment properties (Anderson et
al., 1998; McElroy et al., 2000; Milani et al., 2003; Cesar et al., 2004). Sedimentdwelling organisms are exposed to contaminants via the overlying water or pore water
(inspiration of dissolved contaminants or across the integument), sediment particles
(ingestion of particulate-associated contaminants, i.e. PACs), and/or food (ingestion of
contaminants associated with algae, and other organisms) (e.g. Wang et al., 1999;
Otchere, 2003; Simpson and King, 2005). Food type and availability, feeding rate,
assimilation efficiency, physiological processes, such as depuration and detoxification
pathways, affect influx and excretion rates, and ultimately affect the exposure to
contaminants and toxicity (Wang et al., 1999; Otchere, 2003; Ahearn, 2004).
The major problem in understanding contaminant effects on aquatic biota is the
variation in contaminant bioavailability. Concentrations of bioavailable metals are not
directly proportional to total concentrations in water or sediment (e.g. Ankley et al.,
1993; Lee et al., 2000a; Batley et al., 2004; Doig and Liber, 2006). There are generally
three key factors that affect metal bioavailability to aquatic biota: chemical and physical
factors acting outside the organism, and biological factors acting within or on the
surface of the organisms. Chemical and physical factors affecting contaminant
bioavailability may include chemical speciation, complexation by inorganic and organic
materials, and adsorption to particulate matter, precipitation and binding within
insoluble matrices (Borgman, 2000). Biological factors may include, species sensitivity,
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modes of action, behaviour and physiology (such as detoxification and depuration
pathways). Thus, the identification of causality in whole-sediment toxicity tests can be
achieved by combining biological testing and chemical screening methods. The
identification of specific or classes of contaminants responsible for toxicity via the
combination of biological testing and chemical screening is the objective of toxicity
identification and evaluation (TIE) methods.

1.1. Physical and Chemical Factors of Sediments Controlling
Contaminant Bioavailability and Toxicity
Sediments containing similar concentrations of total contaminants may exhibit varying
degrees of toxicity to a single organism. This disparity may be due to the physical
characteristics of the sediment (i.e. grain size) which may affect the organism directly,
or assimilation of contaminants from the dissolved and particulate phases in the
sediment (Correia and Costa, 2000; Simpson and King, 2005; Spadaro et al., 2008).
Sediment contaminants may be partitioned to a range of sediment phases (such as
particulate organic carbon, sulfides) dependent on factors such as redox potential and
sediment grain size, which in turn influence the bioavailability and toxicity of sedimentassociated contaminants (e.g. Ankley, 1996; Mahoney et al., 1996; Correia and Costa,
2000; Lee et al., 2000b; Simpson et al., 2002; Burgess et al., 2005).
The distribution of metals between sediments and pore waters or overlying waters can
be described by a partition coefficient, Kd = [sediment]/[water] (in L/Kg) (Simpson and
King, 2005). For naturally contaminated estuarine/marine sediments, Kd values typically
range from 1 x 103 to 5 x 105 L/Kg, which covers the range from sands to silty, organic
rich sediments (i.e. from low to high densities of metal binding sites) (Simpson and
King, 2005). The Kd is influenced by a variety of factors, including; AVS, particulate
organic matter, and iron and manganese oxyhydroxides, redox potential (Eh), ions
competing for binding sites (e.g. H+ (pH), Ca2+, Mg2+ (hardness/salinity), soluble metal
complexing ligands (e.g. dissolved organic carbon, chloride), which in turn affect the
speciation of metals in sediments.

1.1.1. Particle size
Grain or particle size can add confounding effects through its physical properties. For
those organisms that require a certain size of substrate, sediments that are either too silty
or too sandy can be stressful to organisms such as amphipods or worms, as it can
interfere with their ability to burrow and remain in contact with the sediment, or may be
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nutritionally inadequate (low percentage of particles <63 µm) and cause mortality
(Spadaro et al., 2008). Amphipods, for example, are particularly sensitive to particle
size. Spadaro et al. (2008) reported that survival of M. plumulosa increased when
exposed to sand with increasing silt content (<63 µm fraction), and that survival was
significantly higher when silt comprised of 10% of the substrate. Hence, the choice of
organisms used in sediment toxicity tests should be compatible/ appropriate for use with
the sediment.

1.1.2. Organic matter
Organic matter can be categorised into different operationally defined fractions on the
basis of size as the organic material that either passes through (dissolved) or is retained
by 0.45 µm pore size filters (particulate). Organic matter is negatively charged at a
range of natural pH values, and thus, shows a high affinity for positively charged solid
surface functional groups or cationic metal species (Warren and Haack, 2001). There
are several proposed mechanisms for organic matter adsorption of mineral surfaces,
these include; ligand exchange, water bridging, hydrogen bonding and van der Walls
interactions (Warren and Haack, 2001).
The ability of organic molecules to scavenge positively charged metals has been well
documented (Lion et al., 1982; Perdue and Lytle, 1983; Buffle et al., 1984; Davis,
1984; Fish et al., 1986; Weber, 1988; Bendell-Young and Harvey, 1992; Tipping and
Hurley, 1992; Tessier et al., 1996), and the interactions, more specifically
adsorption/complexation, of metals with organic matter can affect the speciation,
solubility, bioavailability and thus toxicity of metals.
Particulate organic carbon in sediments has a strong binding affinity for metals
(Chapman et al., 1998), and metals sorbed to organic matter tend to be more tightly
bound than those to oxyhydroxides of iron. The contribution of organic carbon is
particularly important in either aerobic sediments where no or little acid volatile sulfide
(AVS) is present (Fu et al., 1992; Tessier et al., 1993; 1996; Wang et al., 1997) or
anaerobic sediments where trace metals concentrations are greater than the AVS (i.e. all
the binding capacity of the AVS has been exhausted) (Mahoney et al., 1996).
Since non-humic substances (i.e. carbohydrates, proteins, amino acids, fats and resins)
have a relatively short residence time (easily decomposed by micro-organisms)
(Chapman et al., 1998), the major component of organic carbon in sediments is humic
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substances (Chapman et al., 1998). The binding of metals to humic substances in
sediments is complex and diverse. The structure and composition of extractable humic
material found in sediments and overlying water can cause contaminant partitioning
coefficients to vary by as much as a factor of ten (DeWitt et al., 1992).
For some organisms that are only or predominately exposed to contaminants via
dissolved exposure pathways, a high fraction of organic carbon in the sediments may
reduce the bioavailability of some contaminants (Besser et al., 2003; Millward et al.,
2005; Zimmerman et al., 2005; Cho et al., 2007). Alternatively, organic carbon may
have little effect on the bioavailability of contaminants for those organisms that ingest
fine particulates and the contaminants associated with them.
Similarly, ligands can affect bioavailabilty, e.g. the binding of copper to bacterial cells
and to chitin (Vasconcelos et al., 1997). Surfaces of bacteria contain functional groups
than can adsorb cationic species such as metals (Warren and Haack, 2001). Their
potential adsorptive capacity and affinity for metals is dependent on the types and
densities of functional groups associated with the cell walls.

1.1.3. Acid volatile sulfide
Sulfide production occurs in anaerobic sediments containing large amounts of organic
matter (Wang and Chapman 1999). Sulfide is an electron receptor in bacterial oxidation
of organic matter (Chapman et al., 1998). In organic rich environments, sulfate
reduction results in the oxic sediment fraction extending to only 2 to 5 mm (Simpson et
al., 2000). In deeper anoxic sediments, sulfide reacts with Fe2+ and Mn2+ to form iron
and manganese sulfide solids, hence, the majority of sulfide in sediments is in the form
of FeS, MnS, FeS2 (pyrite), and organic sulfide (Morse et al., 1987; Di Toro et al.,
1990). Of these, FeS and MnS are the most labile fractions and have been operationally
defined as acid-volatile sulfide (AVS) (Di Toro et al., 1992; Chapman et al., 1998)
Since FeS and MnS have higher solubility products (Ksp) than all other trace metal
sulfides (MeS), metals entering anoxic sediment will displace iron and manganese to
form more insoluble MeS, as described by the following equations:
Me2+ + Fe(S) = MeS(s) + Fe2+
2+

Equation 1
2+

Me + MnS(s) = MeS(s) + Mn

Equation 2

Chapter 1.

General Introduction

6

For example, at equilibrium, the divalent metal (Me2+) displaces the iron in FeS(s) to
form the insoluble metal sulfide (MeS(s)) and soluble ferrous iron (Fe2+) (Casas and
Crecelius, 1994). One metal can exchange with another metal if its sulfide is more
insoluble that the metal sulfide already present, for example:
Cu2+ + ZnS → Zn2+ + CuS

Equation 3

The chemical basis of the sediment sulfide phase for metal binding is that, at
equilibrium, the sulfide ion successfully competes with any other commonly present
dissolved or particle associated ligand for the metal ion to form insoluble metal sulfides
(Di Toro et al., 1992). The solubility of these metal sulfides is very low, and therefore,
sediments with an excess of reactive sulfide to trace metals will exhibit very low
dissolved metal concentrations in pore waters (Simpson et al., 2000). The reactive
sulfide fraction may be estimated by measuring the acid-volatile sulfide (AVS) content
of the sediment (e.g. 30 min extraction with 1M HCl), where as with simultaneously
extracted metals (SEM) content approximates the reactive trace metal fraction. Di Toro
et al. (1991) initially defined the simultaneously extracted metals (SEM) as the metals
liberated during the AVS analysis. On a molar basis, if [SEM] is less than [AVS], all the
metal should be precipitated as metal sulfide and no metal should be detected in the
pore water. The formation of an insoluble metal species dramatically reduces metal
bioavailability, therefore toxicity will not be observed. If however, [SEM] exceeds
[AVS], the binding ability of AVS will be saturated and metals should be measurable in
the pore water in order of decreasing metal sulfide solubility, which is: Ni, Zn, Pb, Cd
and Cu (Simpson et al., 2000). The porewater metal concentration will then correspond
to the amount of surplus metal. It may not necessarily be toxic depending upon its
speciation in the pore water, in particular binding to dissolved organics
The toxicity of metals capable of forming insoluble metal sulfides is predictable if the
concentrations of the SEM and AVS are known. Di Toro et al. (1991) proposed that the
[SEM] – [AVS] ratio as a useful tool for predicting the toxicity of metals in sediments:
if [SEM]/[AVS] ≤ 1 (or 0.9 as a safety factor), then less than 50% mortality occurs, if
[SEM]/[AVS] >1, greater than 50% mortality occurs (Casas and Crecelius, 1994).

1.1.4. Iron and manganese oxyhydroxides (MeOOH)
In aerobic sediments, iron- and manganese- oxyhydroxides (FeOOH and MnOOH) are
two of the dominant binding phases of metals (Davis-Colley et al., 1984; Tessier et al.,
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1993; 1996). The complexation of metals by iron and manganese oxides in aqueous
solution has been well described by surface complexation (Dzombak and Morel, 1990;
Smith and Jenne, 1991). While Fe(II) oxidation occurs, metals ions will adsorb to
hydrous iron hydroxide phases (i.e. Pb > Cu > Zn > Mn > Ni > Cd) (Simpson and
Batley, 2003). For waters where the pH is high (≥8), Fe(II) oxidation occurs rapidly and
metals such as copper are rapidly adsorbed to the precipitating Fe(III) hydroxides
phases. For waters with a lower pH, Fe oxidation and metals adsorption are slower
(Simpson and Batley, 2003).
Chapman et al. (1998) described the binding of trace metals to naturally occurring
FeOOH and MnOOH as the following surface complexation reactions:
FeOOH + Me2+ → ≡FeOOHMe+ + H, K≡FeOOH, Me
2+

+

ΨF/RT

{Me } = [≡FeOOMe+] [H ]e

, K≡FeOOH, Me [≡FeOOH]

Equation 4
Equation 5

where Ψ is the surface potential (volts), F is Faraday’s constant, R is the molar gas
constant (8.314 J•mol-1•K-1), and T is the absolute temperature (oK).

1.1.5. Sediment pH and redox potential
Sediment pH dictates cation and anion partitioning between the solid phase and the
solution, and the geochemical behaviour, such as mobility, reactivity, bioavailability,
bioaccumulation and toxicity of contaminants. Simpson et al. (2003) found that the
behaviour of copper in sediments was strongly pH dependant, and that iron oxidation
was also dependant on pH. For waters where the pH is high (>8), Fe(II) oxidation
occurs rapidly and copper is adsorbed to the precipitating Fe(III) hydroxide phases.
However, for water with a lower pH, both Fe(II) oxidation and copper adsorption is
slower (Simpson and Batley, 2003; Simpson et al., 2003).
Cantwell and Burgess (2001) reported that pH had a considerable effect on the
solubility products (Ksp) for Cu, Pb, Cd, Ni, and Zn which increased from 0.4, 1.7, 0.1,
0.1, and 0.1 at pH 5 to 7.4, 170, 0.6, 1.1 and 4.3 at pH 9, respectively. The increases in
the solubility products of these metals were a reflection of the changes occurring to
organic colloids. This acid-base response is due primarily to deprotonation of phenolic
and carboxylic functional groups present on the humic acid molecule (Benedetti et al.,
1996). This results in the charge of these organic molecules becoming more negative
(De Witt et al., 1993) and increasing the number of available binding sites for metals
(Stumm and Morgan, 1981). Overall Cantwell and Burgess (2001) reported that the
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order of solubility in response to pH changes were in the order of Pb > Cu > Zn > Ni >
Cd.
The redox potential (Eh) may influence the speciation, partitioning and bioavailability of
metals in a number of ways. For metals that possess more than one possible oxidation
state in water, such forms will differ in mobility, solubility, toxicity and reactivity
(Ahmann et al., 1997; Losi and Frankenberger, 1997; Newman et al., 1998; Brown et
al., 1999; Wang, 2000). Highly charged metal ions such as Cr(VI) and As(V) tend to
exist as oxyanions (AxOyz-, where A and O represent the chemical element and the
oxygen atom, respectively) in solution at moderate to high pH, and form covalent
bonds. Due to the high charge, such ions experience a greater attraction to negatively
charged surface sites and therefore, can behave as potential toxicants in aqueous
systems due to their affinity for biological bonding sites. For example, hexavalent
chromium, is more toxic that trivalent chromium, the naturally occurring form (Bartlett,
1991; Richard and Bourg, 1991; Baruthio, 1992).
System redox potential can also affect the partitioning of elements between the solution
and solid phases. For example, iron in its oxidised trivalent state, Fe(III), readily
hydrolyses and precipitates as oxyhydroxide solid Fe(II) phase, that then subsequently
provides a highly reactive and important surface for trace metal scavenging in aqueous
environments (Simpson and Batley, 2003). Reduction of Fe(III) to divalent Fe(II) can be
accompanied by dissolution of the solid iron oxyhydroxide phase and potential release
of any associated metal.
Simpson et al. (2000) showed that under slightly alkaline conditions and negative Eh,
(indicating a strong reducing environment) the reduction of Cu(II) to Cu(I) occurs
whenever a suitable electron donor species is present. In natural sediments, numerous
electron donors (e.g. Fe(II), sulfur compounds), and bacteria acting as catalysts, may be
actively involved in the Cu(II) to Cu(I) reduction process, in this case Fe(II) was the
electron donor for the reduction of Cu(II) to Cu(I).

1.2.

Biological Factors Controlling Toxicity

Different sediments exhibit different degrees of toxicity to organisms for the same
chemical concentration. These differences can be related to an organism’s response to
the chemical concentration in the dissolved and particulate phases of the sediment. Food
type and availability, feeding rate, organism behaviour, assimilation efficiency,
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physiological processes, such as depuration, and detoxification pathways, affect influx
and excretion rates and ultimately affect the exposure to contaminants and toxicity (e.g.
Mahoney et al., 1996; Wang et al., 1999; Otchere, 2003).
Contaminants are available to aquatic organisms through membrane-facilitated transport
(active), passive diffusion (dissolved) or via ingestion with food (particle associated).
Contaminant uptake mechanisms and rates can vary among and within species and
depend on development stages, behaviour, sexual conditions and history of contaminant
exposure (Luoma, 1983; Tessier and Campbell, 1987; Babukutty and Chacko, 1995).
The degree of contaminant bioavailability can be determined by ‘the reactivity of each
contaminant with the biological interface, the presence of other chemicals that may
antagonize or simulate uptake, and external factors such as temperature that can affect
the rate of biological or chemical reactions’ (Luoma, 1983). For example, metals can
cause chemical inactivation of enzymes by binding with amino, imino- and sulfhydryl
proteins (Eggleton and Thomas, 2004). Others may compete with essential elements,
such as Na+ and Ca2+, or may damage cells by acting as anti-metabolites, resulting in the
disruption of metabolic pathways (Chapman et al., 1998; Eggleton and Thomas, 2004).
Dissolved or weakly adsorbed contaminants are thought to be more bioavailable to
aquatic biota compared to particulate or complexed forms (Forstner et al., 1989; Zhuang
et al., 1994). For example, the octanol/water partitioning coefficient (Kow) may be used
as a model to determine the affinity of compounds to biotic tissue or fat. Schlekat et al.
(2000) observed that metal bioavailability to the amphipod Leptocherius plumulosus,
was related to the liberation of particle associated metals during digestion.
For some bivalves, the accumulation of metals may occur via the diffusion of ions or
complexes and/or endocytosis of particulate metal and pinocytosis of organometallic
aggregates at the gill or digestive gland or on the surface of the mantle (Otchere, 2003).
The accumulation of contaminants in these organisms may also be a factor of organism
age. The higher metabolism in juveniles can cause a reduction in metal concentrations
in soft tissue, because the tissue grows more quickly than the metal can be absorbed
(Otchere, 2003).
Another biological factor to consider in contaminant availability is exposure/uptake
through the ingestion of sediment-bound contaminants (Ahrens et al. 2001;Lee et al.
2000;Simpson and King 2005). A number of studies, including those by Cammen
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(1980), Wang et al. (1999), Lee et al. (2000), Schlekat et al. (2000), Weston et al.
(2000), Eriksson and Sundelin (2002), and Simpson and King (2005) have documented
the importance of the particulate phase, whether it be from sediment-bound
contaminants or those associated with food, in the exposure and uptake of contaminants
of organisms from sediments.
The amphipods L. plumulosus (Schlekat et al., 2000), Monoporeia affinis (Eriksson and
Sundelin, 2002), and Melita plumulosa (Simpson and King, 2005) have been reported to
ingest and assimilate metals from contaminated sediments. Other studies, using the
clams Potamocerbula amurensis and Macoma baltica, and the polychaetes Neanthes
arenaceodentata and Heteromastus filiformis, have also reported a strong association
between the bioaccumulation of metals in these organisms and the sediment-bound
concentrations (Lee et al. 2000). For the polychaete Abarenicola pacifica (Weston et al.
2000) a significant bioaccumulation of organic contaminants and metals in these
organisms was due to the dietary uptake of sediment-bound contaminants.
Although the ingestion route has been proven to be significant in the uptake and
bioaccumulation of contaminants in various organisms, assimilation and bioavailability
also influence toxicity. In addition, toxicity is dependent on the organism’s physiology;
including the gut passage time, gut chemistry, detoxification and depuration pathways
(Simpson and King, 2005). Invertebrates possess a variety of cellular detoxification
pathways that reduce the concentrations of potentially toxic metals circulating in the
blood (Ahearn et al., 2004). These pathways include: (i) physiology regulatory
mechanisms balancing metal excretion rates with uptake rates from the environment;
(ii)intracellular sequestration mechanisms for metals involving high affinity binding
sites on low molecular weight proteins known as metallothioneins followed by their
elimination through the lysosomal endo-membrane system; and (iii) intracellular
sequestration processes for metals involving specific vacuoles producing solid metallic
phosphorus or sulfur granules which subsequently undergo exocytosis for elimination
(Ahearn et al., 2004).
For example, bivalves can allocate ingested food to the digestive gland where intensive
intracellular digestion occurs, which could potentially further enhance metal
assimilation (Chong and Wang, 2000). Additionally, bivalves have a very low level of
activity of enzyme systems capable of metabolizing persistent organic pollutants, such
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as polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs)
(Otchere, 2003).

1.3.

Toxicity Identification Methods

Development of the first detailed methods for characterising and identifying causality in
freshwater toxicity tests began in the late 1980s. These methods, commonly known as
toxicity identification and evaluation (TIE) procedures, are a series of biologically
directed fractionation methods designed to accurately identify the causes of toxicity in
aqueous samples (Eriksson and Dag Broman 2005;US EPA 1988;US EPA 1989a;US
EPA 1989b;US EPA 1991;US EPA 1992;US EPA 1993a;US EPA 1993b). Many
different TIE procedures have been described, primarily for freshwater (e.g. Parkhurst et
al., 1979; Gasith et al., 1988; Goodfellow et al., 1989; Coombe et al., 1999) , however,
methods developed by the US EPA (US EPA 1991) are still the most commonly cited
and used procedures. Many of these have being improved by later research (Durhan et
al., 1990; Jop et al., 1991a; Mount and Mount 1992; Bailey et al., 1996; Hewitt et al.,
1996; Wong et al., 1996).
The application of TIE procedures has assisted the effective identification of specific
problem toxicants in numerous aquatic samples (Galassi et al., 1988; Schimmel et al.,
1988; Goodfellow et al., 1989; Ankley et al., 1990; Jop et al., 1991; Norberg-King et
al., 1991; Amato et al., 1992; Ankley and Burkhard, 1992; Kszoz et al., 1992; Burkhard
and Jenson, 1993; Schubauer-Berigan et al., 1993; McCulloch et al., 1994; Tietge et al.,
1997).

1.3.1. Toxicity identification methods for freshwater samples
Originally designed for freshwater and effluent samples, the US EPA TIE approach uses
the responses of aquatic organisms to detect the presence of toxicity before and after a
series of manipulations designed to remove or render specific classes of toxicants
biologically unavailable. The methods are divided into three phases: (i) characterisation,
(ii) identification, and (iii) confirmation.
Phase I – Characterisation

Phase I tests characterise the physical and chemical properties of the sample toxicant(s)
using manipulations and accompanying toxicity tests. Each characterisation test in
Phase I is designed to alter or render biologically unavailable, a class of chemicals
(Table 1.1). These include (i) volatile toxicants such as organic solvents (e.g. xylene,
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benzene), (ii) particle-associated toxicants present in suspended matter, which may
become available to organisms via particle ingestion (e.g. pesticides and metals) (iii)
oxidants, such as chlorine (iv) non-polar organics (e.g. PCBs and PAHs) (v) divalent
transition metals (e.g. cadmium, copper, lead, nickel and zinc, and (vi) pH-dependant
toxicants such as ammonia and hydrogen sulfide.
Table 1.1 Classes of chemicals removed or rendered biologically un-available by Phase I TIE
manipulations.
Phase I Manipulation
Aeration
Filtration
C18 solid phase extraction
Na2S2O3 oxidant reduction
EDTA chelation

pH adjustment

Chemical classes removed/ biologically un-available
Volatile or oxidisable compounds
(e.g. chlorine, surfactants)
Undissolved and particular matter
Organic compounds (relatively less polar compounds)
(e.g. pesticides, phenols, hydrocarbons)
Oxidants (e.g. chlorine)
Dissolved metals
(particularly divalent metals, e.g. copper, silver, chromium, zinc,
cadmium, nickel)
Chemicals affected by extreme changes in pH
(e.g. sulfide, cyanide, acids and bases)

For the characterisation of these six classes of toxicants, Phase I manipulations have
been developed, and are described in detail in US EPA procedure manuals (US EPA,
1988; US EPA, 1991; US EPA 1992). Generally, an initial toxicity test (baseline test) is
performed to establish the presence of toxicity. The toxic sample is then divided into
sub-samples and each sub-sample undergoes an assigned TIE manipulation (Figure 1).
Phase I TIE manipulations are as follows: initial toxicity test, baseline test, pH
adjustment (3 and 8), pH adjusted filtration, pH adjusted aeration, pH adjusted C18
solid phase extraction, EDTA addition, sodium thiosulfate addition, and graduated pH
(6, 7 and 8).


pH adjustment test (chemicals affected by extreme changes in pH)

Changes in pH can affect the solubility, polarity, volatility, stability and speciation of a
compound, thereby affecting its bioavailability, hence toxicity. Two major groups of
compounds significantly impacted by solution pH are acids and bases. For acids in
water, when the pH of the solution equals the pKa of the compound, equivalent amounts
of the compound exist in the ionised (A-) and unionised (HA) forms. Thus by adjusting
the pH, the ratio of un-ionised to ionised forms will be altered and may affect toxicity.
Compounds may be more toxic in the unionised form as compared to the ionised form.
For example, of the two forms (NH3 and NH4+), unionised ammonia (NH3) is generally
recognised as the toxic form of ammonia (dominant above pH 9).
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Toxicant solubility may also be affected by pH adjustment. Un-ionised forms of acids
and bases can be considered less polar than their ionised forms, thus un-ionised forms
are less soluble (low interaction with water molecules). Some metal species will also be
relatively insoluble in an aquatic ecosystem and thus maybe less bioavailable, but when
the pH is decreased, the solubility and corresponding toxicity may increase. The
hydrolysis rate of organics is also affected by pH, and thus affects toxicity.


pH adjustment/ Filtration test (chemicals associated with particles/ colloids)

Filtration provides information about the toxicants bound to particulates. Filter feeding
organisms may be exposed to toxic contaminants adsorbed to particles, although in that
form they are generally less biologically available. Factors controlling sorption of
compounds onto particle surfaces include; particle surface charge, surface area,
compound polarity and charge, solubility of the sample matrix. Filtering pH-adjusted
samples removes those compounds that are insoluble or associated with particles at the
unadjusted pH.


pH adjustment/ aeration test (volatile, sublatable or oxidisable chemicals)

Air stripping (aeration) removes toxicity attributed to volatile or oxidisable compounds.


Graduated pH test (pH-dependant chemicals)

The pH-dependant chemicals of concern such as ammonia, hydrogen sulfide, cyanide
and some organic compounds are those with an acid-base dissociation constant, pKa that
allows sufficient differences in dissociation to occur in a physiologically tolerable pH
range (i.e. pH of 6 – 9 for most toxicity tests). This manipulation is most useful for
characterising ammonia and hydrogen sulfide associated toxicity, where high pH
favours toxic ammonia (NH3 > NH4+), while low pH changes the ionic balance to
encourage higher concentrations of toxic hydrogen sulfide (H2S>HS-) (US EPA, 1991).
For example, at near neutral pH (7 – 8), ammonia dissociates into, ammonia (NH3) and
ammonium ion (NH4+), as a function of pKa (Khoo et al., 1977; Burgess, 2000), as
shown in the following equation:
NH4+ + OH- → NH3 + H2O

pKa= 9.5

Equation 6
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This means that, as the pH increases, NH3 dominates and the toxicity will also increase
(Burgess 2000;Russo 1985). Hydrogen sulfide also exists in two forms at neutral pH,
hydrogen sulfide (H2S) and hydrosulfide (HS-):
H2S → HS- + H+

pKa= 7.0

Equation 7

The un-ionised form (H2S) is more toxic to aquatic organisms, and at pH 6 comprises
over 90% of the dissolved sulfide, at pH 7, 50% is unionised, and at pH 8.5, less than
5% of the dissolved sulfide is present in the unionised form. Since H2S is the more toxic
form, one would expect to observe an increase in toxicity relative to the decrease in
solution pH. Due to the unique speciation trends for ammonia and hydrogen sulfide, the
graduated pH manipulation is a useful tool for discerning between the two toxicants.


pH adjustment/ C18 solid phase extraction (SPE) (non-polar organic compounds)

The SPE test is designed to determine the extent of toxicity caused by those organic
compounds that are relatively non-polar but contain pH dependant moieties (more
effective for benzenes, PCBs and PAHs, but less effective at removing more polar
organics including pesticides). The sample is passed through a small column packed
with an octadecyl (C18) sorbent. Non-polar compounds in the sample interact with the
sorbent through solubility and polarity, and are partitioned from the sample onto the
sorbent (US EPA, 1991).


Oxidant reduction test using sodium thiosulfate (oxidants)

Oxidant reduction test neutralises chemicals such as chlorine, ozone, chlorine dioxide,
mono- and di-chloroamines, bromine, iodine, manganese ions and some electrophilic
organic chemicals (US EPA, 1991). Although initially designed to determine if oxidants
are responsible for toxicity, thiosulfate can also be used as a chelating agent for some
cationic metals. Sodium thiosulfate is effective at rendering a smaller subset of metal
contaminants, such as Cd2+, Cu2+, Ag2+, Ag2+ and Hg2+, biologically unavailable with
less affinity for Ni2+, Zn2+, Pb2+ and Mn2+ (US EPA 1996).


EDTA chelation test (divalent metals)

Metal chelation using the organic chelating agent ethylenediaminetetraacetic acid
(EDTA) acts to make initially dissolved metal (M2+) non-toxic by forming a strong
metal-EDTA complex (US EPA, 1991):
EDTA + M2+ → EDTA-M

Equation 8
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When present in solution with dissolved divalent cations (i.e. metals), EDTA forms
stable covalent bonds with metal ions at two, four or six possible locations on the
EDTA molecule. Most positively charged ions will interact with EDTA to some extent
(i.e. Al2+, Ba2+, Fe2+, Mn2+, Sr2+, Cu2+, Ni2+, Pb2+, Cd2+, Co2+ and Zn2+ ) (Ankley and
Burkhard, 1992; Schubauer-Berigan et al., 1993), but divalent transition metals,
including Cd, Cu, Ni, Pb, Zn and Mn, have especially high affinities.
Phases II (Identification) and III (Confirmation)

The objective in Phase II is to identify the specific contaminant(s) that are suspected of
causing toxicity in Phase I, via separation and fractionation techniques. The final
confirmation Phase (III) is intended to confirm that the suspect cause(s) of toxicity is
correctly identified and that all toxicity is accounted for. The various approaches that
are often useful in providing that weight of evidence include correlation, observation of
symptoms, relative species sensitivity, spiking, mass balance estimates and various
adjustments of water quality (US EPA, 1989a; US EPA, 1993a).

1.3.2. Toxicity identification methods for marine/estuarine samples
Methods for identifying toxicity causing agents in marine water samples have also been
developed and published by the US EPA (US EPA 1996). These methods are based on
existing freshwater TIE methods, with the exception of extreme pH adjustment
manipulations (e.g. pH 3 and pH 11) (US EPA 1996), due to the difficulties associated
with maintaining an extreme pH change over an extended period of time (i.e. caused by
the strong carbonate buffering capacity in seawater). In addition, these methods include
three new TIE manipulations, including the addition of (i) cation-exchange resin to
remove dissolved metals, (ii) microalga Ulva lactuca and (iii) zeolite resin, both for the
removal of ammonia.
Ulva lactuca addition (ammonia)

Ulva lactuca is a marine macroalga that has the ability to uptake, store and metabolise
high concentrations of ammonia (i.e. >50 mg/L) (Cohen and Neori, 1991; Ho et al.,
1999). In the U. lactuca addition, the marine algae are used to reduce the toxicity from
ammonia (Ho et al., 1999; Burgess, 2000) by exposing the alga to the sample (Burgess
et al. 2004). However, U. lactuca is non-specific for contaminant classes (i.e. absorbs
contaminants rather than a more specific ion exchange mechanism like resins). In
various studies conducted with U. lactuca (Ho et al., 1999; Pelletier et al., 2001;
Rotteveel and den Besten, 2002), metal concentrations were reduced by up to 15% in
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the presence of U. lactuca, while organic compounds were found to be reduced by up to
95%. Additionally, toxic artefacts may also occur during toxicity testing caused by the
deterioration of the algae if not handled and stored appropriately (Burgess et al. 2004).
Zeolites (ammonia)

Zeolite is a naturally occurring hydrated aluminosilicate mineral composed of
symmetrically stacked alumina and silica tetrahedra forming an open and stable three
dimensional structure with a negative charge (Kesraoui-Ouki et al., 1994; Rozic et al.,
2000; Burgess et al., 2003). Positively charged ions are adsorbed onto the negatively
charged sites of the material (Burgess et al. 2004). Zeolites have been used to remove
impurities for freshwater systems (Ouki and Kavannagh 1999;Rozic et al. 2000) and
more recently methods were developed for use in marine waters (Burgess et al. 2004).
Using the zeolite resin SIR600®, (Burgess et al. 2004) successfully reduced ammonia
concentrations and toxicity to marine organisms (i.e. mysid and amphipod) by a column
chromatography procedure. Despite the preferential adsorption of ammonia, zeolite has
the capacity to remove significant amounts of metals from solution, for example zeolite
has been shown to remove 15-20% of cadmium, nickel and 100% of Cu, Pb, Zn
(Kesraoui-Ouki et al. 1994) from solution, and has also been shown to have a high
sorption capacity for organic contaminants (Anderson 2000).
Cation exchange resin (metals)

Ion exchangers have a well-established characteristic for separating and retaining metals
from solution, resulting from their capacity to exchange counter-ions of functional
groups with metal ions of a similar charge (Abe et al., 1989; Joseph and Pillai 1989;
Iglesias et al., 2001; Pramanik et al., 2006). For example, cation exchange resins often
have a negative surface charge coated with exchangeable positively charged counter
ions (hydrogen [H+] and sodium [Na+]). These counter ions are replaced by positively
charged ions of a higher affinity (i.e. divalent metals) via electrostatic mechanisms,
when present in solution (Burgess et al., 1997).
Similarly, ion exchange and chelating resins have bee used to separate and identify the
toxic fractions to aquatic organisms (Walsh and Garnas, 1983; Gasith et al., 1988; Jop
et al., 1991a; Svenson et al., 1992; Burgess et al., 1993; McCulloch et al., 1994;). Of
the ion exchange and chelating resins investigated for use in toxicity identification
studies, Chelex 100® was effective in reducing metal concentrations in solution (Pai,
1988; Burgess et al., 1997; Anderson, 2004). For cationic metals, Chelex-100® has the
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following order of selectivity: Cu > Pb > Fe > Al > Cr > Ni > Zn > Ag > Co > Cd > Fe
> Mg > Ba > Ca.

1.3.3. Toxicity identification methods for sediments
The development of sediment TIE methods has lagged those of waters due to the
complexity of sediment chemistry and contaminant exposure pathways of sedimentdwelling organisms. Sediments, unlike water, can be remarkably heterogeneous and
contain complex mixtures of contaminants. These contaminants can partition between
water (pore water and overlying water) and sediment depending on factors such as
aqueous solubility, pH, redox potential, affinity for sediment organic carbon, grain size
of the sediment, and sediment mineral constituents (oxides of iron, manganese, and
aluminium, clays, sulfide). The contaminant exposure pathways of sediment-dwelling
organisms are also quite complex. For many organisms toxicity may occur via the
dissolved phase (overlying and pore water), diet (uptake of sediment-associated
contaminants, food) and diffusion of dissolved contaminants across the integument
(Schlekat et al., 2000; Chapman et al., 2002; Otchere, 2003; Simpson and King, 2005).
Until more recently, methods for identifying specific classes of toxicity causing
contaminants associated with sediments largely focused on sediment pore water
(interstitial water) as the cause of the observed toxicity to benthic organisms in
laboratory toxicity tests.
Pore waters

Using marine water TIE methods, which include the addition of sodium thiosulfate,
EDTA, filtration, SPE using C18 columns, pH adjustment, aeration (Sprang and
Janssen, 1997; Burgess et al., 2004), U. lactuca (Riveles and Gersberg, 1999; Burgess
et al., 2003; Burgess et al., 2004), and zeolite (Besser et al., 1998; Burgess et al., 2004),
toxicants in sediment pore waters can be identified.
Porewater TIEs (PW-TIEs) performed on freshwater and marine porewater samples
have identified ammonia (Ankley et al., 1990); Wenholz and Crunkilton, 1995;
(Wenholz and Crunkilton, 1995; Gupta and Karupiah, 1996a; Karuppiah and Gupta,
1996), hydrophobic organic compounds (Gupta and Karuppiah 1996a, Gupta and
Karuppiah, 1996b; Ho et al., 1997; Carr et al., 2001b; Hunt et al., 2001; SchubauerBerigan and Ankley, 1991; Stronkhorst et at., 2003; Thomas et al., 2003; Eriksson and
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Dag Broman, 2005), and metals (Ho et al., 1997; Boucher and Watzin, 1999; Hunt et
al., 2001) as toxicants.
Despite their relatively widespread use, PW-TIEs may not be the most suitable methods
for identifying toxicity-causing contaminants associated with sediments, because of (i)
loss of contaminants (such as onto test vessels), (ii) exclusion of other important
contaminant exposure pathways to sediment-dwelling organisms, and (iii) benthic
organisms receiving increased stress by exposure to only the water phase (i.e. combined
effects of no food source, too much light and the presence of contaminants) leading to
false negatives (i.e. toxicity caused by starvation rather than exposure to toxicants).
Simpson and Batley (2003) demonstrated the sensitivity of the chemical behaviour of
metals in sediments and pore waters upon sampling, storage and handling. Extracting
pore water has the potential to significantly alter porewater concentrations to which
organisms may be exposed relative to undisturbed sediment. Changes to contaminant
concentrations in isolated pore waters can occur through the oxidative precipitation of
iron and manganese oxyhydroxide phases (e.g. Fe(II)  Fe(OH)3) (Chapman et al.,
2002; Simpson and Batley, 2003). The oxidation of porewater Fe(II) and subsequent
hydrolysis reactions cause porewater pH to decrease, thus altering metal partitioning,
whereas newly formed Fe(OH)3 precipitates provide surfaces for the scavenging of
dissolved metals (Simpson and Batley, 2003).
In situ pore water is not as homogenous as isolated porewater samples (Chapman et al.,
2002). In nature, significant chemical gradients can and do exist in pore water both
vertically (due to diagenesis) and laterally (due to bioturbation and bioirrigation) (Wang
et al., 2001). Using the technique of diffusive equilibrium in thin-films,
microelectrodes, and diffusive gradients in thin films probes (Zhang et al., 1995; Harper
et al., 1998; Tankere-Muller et al., 2007), it was demonstrated that the mobilisation of
various metals (Cu, Cd, Co and Ni) in pore waters varies.
For copper and cadmium, it was found that there is a sharply defined maximum within 2
mm of the sediment water interface. The cobalt maximum was about 5-8 mm lower than
copper and cadmium, while the nickel maximum was a few mm above the cobalt
maximum. It was also reported that at greater depths there is a lack of metal
mobilisation, which is attributed to the formation of metal sulfides (Tankere-Muller et
al., 2007).
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Sulfides will also have a significant influence on the bioavailability of some metals and
their subsequent toxicity. According to the acid volatile sulfide (AVS) theory, trace
metals react with AVS (such as FeS) to form metal sulfides:
Me2+ + FeS(s) → MeS(s) + Fe2+

Equation 9

As already discussed, the AVS model predicts that appreciable concentrations of Cd,
Cu, Ni, Pb and Zn will not be observed in pore waters or overlying waters until the AVS
is exhausted. Sediments with an excess of AVS will exhibit low dissolved
concentrations and as a result should be non-toxic to aquatic biota (Di Toro et al., 1992;
Simpson, 2001). It is due to the association between sulfide and metals that pore waters
are rarely considered to be the major contaminant exposure pathway for metals.
However, during porewater extraction and testing, oxidation of sulfide can change metal
speciation such that the bioavailability of metals may increase (Chapman et al., 2002;
Simpson and Batley, 2003). Consequently, the pore water being tested may have
different toxicity attributes from its original characteristics in nature.
Pore water has frequently been used to predict the effects occurring to, and identifying
the toxicants in whole sediments to sediment-dwelling organisms, often because it is the
source of the most bioavailable fraction, and therefore, assumed to be the most
important contaminant exposure pathway. However, pore water may not be the most
significant exposure route for many organisms and/ or contaminants. As illustrated in
(Chapman et al., 2002), epibenthic organisms (e.g. amphipods such as Hyalella azteca)
are mainly exposed to contaminants in the overlying water rather than the pore water
because they spend most of their time on the sediment-water interface (Warren et al.,
1998; Call et al., 2001; Wang et al., 2001). This is also the case for tube dwelling
infauna that actively irrigate their tubes with oxygenated overlying waters (Warren et
al., 1998; Hare et al., 2001; Wang et al., 2001). Only a few organisms (e.g. oligochaete
worms) that can tolerate low levels of oxygen and high levels of sulfide are exposed to
true pore water. However, even these organisms are not necessarily exposed to the
contaminant concentrations observed in porewater toxicity tests. This is because these
organisms are capable of lining their tubes with a mucus-like substance that controls the
diffusion of contaminants into the tube (Chapman et al., 2002). Some infauna may also
take up significant amounts of contaminants via dietary-exposure pathways (Lee et al.,
2000b; Aherns et al., 2001; Chapman et al., 2002; Simpson and King, 2005). The
exclusion of these contaminant exposure pathways (in PW-TIE tests) may lead to the
under-exposure of organisms to sediment-bound contaminants, such as particulate-
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associated metals and organic compounds with high octanol-water partition coefficients
(log Kow), favouring sorption onto sediment particles.
In natural environments, benthic organisms will alter sediment and porewater chemistry.
What an organism is exposed to will also depend on its behaviour and the availability of
food (Simpson and Batley, 2003). In a study conducted by Simpson and Batley (2003),
it was shown that the chemistry of sediments and pore waters was also a function of the
organism’s behaviour. The active bioturbation of the sediment (for example burrowing
and irrigation activities) by the organisms increased the penetration of oxygen into the
Fe(II) rich pore waters, causing a decrease in bioavailable lead, copper and zinc, thereby
decreasing the organisms exposure to these contaminants.
PW-TIEs can further be criticised for using organisms that are not exposed to ‘true’
pore water only in their natural environment. Some examples include; cladoceran (water
fleas) (Boucher and Watzin, 1999; Araujo et al., 2006), echinoids (sea urchins) (Burgess
et al., 1993; Carr et al., 2001a; Carr et al., 2001b), copepods (Gerritsen et al., 1994 ;
Thomas et al., 2003), bacteria (Hoke et al., 1992 ; Ho et al., 1997; Kwok et al., 2005;
Kwok et al., 2005; Araujo et al., 2006), mysids (Ho et al., 1997), amphipods (Ho et al.,
1997); bivalves (Phillips et al., 2003) and, the cysts of shrimp (Sprang et al., 1996;
Sprang and Janssen, 1997). These organisms are predominately exposed to either the
overlying water or a combination of overlying water, sediment water interface and/or
sediment particles. Hence, the results from PW-TIE studies using these organisms may
be misleading or may not provide protection for those organisms which are in direct
contact with the sediment.
Isolated pore waters are likely to have quite different contaminant concentrations than
sediments in situ or in whole-sediment toxicity tests due to the changes in contaminant
speciation caused by pore water extraction processes. The lack of physical interaction
between the organism and the sediment, and the use of organisms which are generally
not exposed to pore water in their natural environment can result in exposure to
unrealistic and irrelevant contaminant concentration. The suitability of isolated pore
waters for toxicity testing when using non-benthic biota is therefore questionable
(Simpson and Batley, 2003).
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Whole-sediments

The development of whole-sediment TIE (WS-TIE) methods by the US EPA (2007)
resolves many of the issues with PW-TIEs. As implied by the name, whole-sediment
tests involve the exposure of the test organisms to both the sediment and water phases.
Whole-sediment exposures are more suitable than pore water test because: (i) of more
consistent concentrations of dissolved contaminants over a period of time (i.e. decreased
loss of contaminants on to the test vessel and via the uptake by test organisms), (ii) they
are a closer representation of in situ contaminant concentrations due to decreased
handling and manipulation, (iii) consideration of the potential contribution of multiple
contaminant-exposure pathways to toxicity, (iv) they allow the interaction between the
test organism and the sediment, for example, bioturbation or burrowing of sediment,
and (v) the presence of a natural food source (e.g. organic matter, detritus) for the
organisms.
Treatments for WS-TIEs were developed based on the result from PW-TIE studies
which showed that three classes of contaminants dominate toxicity in sediments. These
toxicants are ammonia, metals, and hydrophobic organic contaminants (Ho et al., 2002).
Treatments developed to ameliorate toxicity observed in contaminated sediment include
the addition of the green macro alga U. lactuca to the overlying water (Pelletier et al.,
2001) and zeolite resins directly to the sediment to remove ammonia (Burgess, 2000;
Burgess et al., 2003; Burgess et al., 2004). Chelating resins (Burgess, 2000), and
activated charcoal (Lebo et al., 1999; Lebo et al., 2000; McElroy et al., 2000; Lebo et
al., 2003; Ho et al., 2004; Lebo et al., 2004;) are also added directly to the sediment to
adsorb and decrease the toxicity of dissolved cationic metals and hydrophobic organic
contaminants, respectively. These treatments are discussed below in more detail.
Treatments for identifying dissolved ammonia
A number of methods for altering the bioavailability and toxicity of ammonia in whole
sediments have been published; including the use of a macroalga added the overlying
water and the mixing of zeolite directly into the sediment.
For sediment containing elevated concentrations of ammonia, the macroalga U. lactuca
has been used to reduce the toxicity of these sediments (Ho et al., 1999; Pelletier et al.,
2001; Burgess et al., 2003). Studies conducted by Burgess et al. (2003), Pelletier et al.
(2001) and Burgess et al. (2003) have demonstrated that U. lactuca can significantly
reduce the concentration of total ammonia and unionised ammonia in sediment
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overlying pore water. However, as mentioned earlier for marine TIE methods, the
process by which ammonia is reduced is not specific for this contaminant; hence it has
the potential to influence the bioavailability of other contaminants. The addition of this
macroalga may introduce artefacts to the test system, or due to seasonal variability, and
is not an ideal treatment.
Zeolite resin, specifically SIR600®, has also been used to reduce the concentration and
toxicity of ammonia sediment toxicity tests (Besser et al., 1998; Burgess et al., 2003).
The efficacy of SIR600® for reducing the toxicity of ammonia to the amphipod
Ampelisca abdita exposed to overlying water and pore waters was demonstrated
(Burgess et al., 2003). However, compared to U. lactuca, SIR600® was not as effective
for overlying water exposures only to the mysid Americamysis bahia (formerly
Mysidopsis bahia) (Burgess et al., 2003). The lesser capacity of the resin for decreasing
ammonia toxicity in sediments to A. bahia was reported to be due to contact of the resin
with the overlying water where A. bahia resides. Zeolite was mixed into the sediment
and was in direct contact with porewater ammonia, whereas U. lactuca was suspended
in the overlying water.
Other less commonly used methods for reducing the toxicity of ammonia in sediments
include purging/renewal of overlying waters (twice daily) (Ferretti et al., 2000).
However, renewal of overlying waters on a daily basis can be laborious, place stress on
the test organisms, and affect the concentration and hence toxicity of other contaminants
in the overlying waters. By renewing the overlying water, the organism’s exposure to all
contaminants occurring via this phase is effectively decreased, and the time between
renewals is not sufficient to allow the sediment to reach equilibrium with the overlying
water. Ferretti et al. (2000) reported that the concentration of PAHs, especially low
molecular weight PAHs being more hydrophobic, was markedly reduced by purging
techniques.
Treatments for identifying dissolved metals
Techniques for identifying dissolved metal contaminants in sediments have been
published (Burgess, 2000), and generally require the addition of a metal-chelating resin
such as SIR300® to sediment. Having similar iminodiacetate functional groups (R-CH2N(COOH)2) to Chelex 100®, SIR300® also decreases the concentration of cationic
metals from solution by exchanging counter ions (hydrogen and sodium) and chelating
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with positively charged divalent metal ions of a higher affinity, such as Cu, Zn, Pb, Ni
in solution via electrostatic mechanisms.
Burgess (2000) found that the metal chelating resin SIR300®, when mixed into copperspiked sediment in a 1:4 ratio (resin: sediment), was very effective for reducing copper
toxicity to both the amphipod A. abdita and the mysid A. bahia. Reductions to metals
concentrations (i.e. Cd, Cu, Ni, Pb, Zn) in overlying, pore water and sediments of up to
60, 383 and 93 fold, respectively, were recorded. Only minor ameliorative effects where
observed when SIR300® was added to ammonia- and endosulfan- (representative
organic compound) spiked sediments (Burgess, 2000). The efficacy of the resin for
decreasing toxicity associated with metals but generally not other contaminants
demonstrated its suitability for TIE applications.
In addition to cationic metals, anionic metals also appear to be an important issue in
contaminated sediments. Burgess et al. (2007) reported that between 84% and 92% of
thousands of sediments studied in the United States contained arsenic and chromium,
respectively. Arsenic occurs in marine waters as anionic arsenates (H2AsO4- and
HAsO42-) and arsenites (H3AsO30 and H2AsO3-) (Burgess et al., 2007). Chromium
occurs both as anionic chromates and in trivalent (III) forms, Cr(OH)30and Cr(OH)4, in
seawater (Burgess et al., 2007). Under reduced sediment conditions, arsenic is present
primarily in the trivalent form and may demonstrate greater toxicity (Neff, 1997), while
chromium also assumes the trivalent oxidation state, demonstrating less toxicity (Berry
et al., 2004). In a recent study, Burgess et al. (2007) reported that anion exchange resins
could be used to decrease the toxicity associated with and identify anionic metals, more
specifically arsenic and chromium.
Anion exchange resins work by exchanging negatively charged ions (anions such as
chloride and sulfate) on the resin for anions having a higher affinity in solution. The
arsenic selective ASM-10-HP® and chromium selective SIR700® resins were effectively
used to reduce the toxicity and concentration of arsenic and chromium, respectively, in
the overlying water of arsenic- and chromium-spiked sediments (Burgess et al., 2007).
The toxicity of arsenic-spiked sediment to both A. abdita and A. bahia, expressed as
EC50, was reduced by a factor of nearly six in the presence of ASM-10-HP® resin
(Burgess et al., 2007). For chromium-spiked sediment, toxicity to both the A. abdita and
A. bahia were reduced by a factor of approximately 2- and 5-fold, respectively, using
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SIR700® resin (Burgess et al., 2007). In these sediments, dissolved concentrations of
arsenic and chromium were markedly lower than those measured in treatments without
the resins, or below detection limits (Burgess et al., 2007).
Both anion exchange resins were demonstrated to be effective for reducing the toxicity
of arsenic and chromium in whole sediment tests, the arsenic-specific resin (ASM-10HP®) reduced the overlying water concentration of cadmium, lead and zinc by 32% to
86% and the chromium-specific resin (SIR700®) reduced cadmium and lead
concentrations by 48% to 97% (Burgess et al., 2007). For sediments containing
mixtures of metal contaminants, it is more likely that cationic metals will cause toxicity
because of their greater toxicity compared to anionic metals if they are present in equal
amounts.
For example, the acute water-only EC50 for hexavalent chromium for A. abdita is
reported to be 1,980 µg/L, and the EC50 for A. bahia is 2,030 µg/L (US EPA, 1984b;
Berry et al., 2004). The EC50 values for trivalent chromium generally are generally an
order of magnitude greater (Burgess et al., 2007). The EC50 for arsenite (III) is reported
as 1,740 and 8,000 µg/L for the mysid and amphipod, respectively (US EPA, 1985b),
and the EC50 for arsenate (V) is 2,319 and 4,160 µg/L for mysids and amphipods,
respectively (Burgess et al., 2007). In comparison, the acute water-only EC50 values of
copper, cadmium and zinc to A. abdita are 26, 390 and 360 µg/L, respectively, and 164,
499 and 110 µg/L, respectively, for A. bahia (Burgess et al., 2000).
Given this information, it is highly probable that the application of these resins to
sediments containing a mixture of metal contaminants may reduce the toxicity of other
cationic metals, hence, potentially identify toxicants incorrectly.
More recently, the role of AVS and organic carbon has been incorporated into assessing
the bioavailability and toxicity of metals in contaminated sediments (US EPA, 2007).
Earlier it was discussed that cationic metals such as cadmium, copper, nickel, lead and
zinc (defined as simultaneously extracted metals when quantified alongside reactive
sulfide) react with reactive sulfides (AVS) to form highly insoluble precipitates. The
method developed by the US EPA (2007) is based on four key assumptions:
i.

Any sediment with AVS >0 will not cause adverse biological effects due to
chromium or silver
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Any sediment in which (SEM-AVS)/foc <130 µmol/goc should pose low risk of
adverse biological effects due to cadmium, copper, lead, nickel, silver and zinc

iii.

Any sediment in which 130 µmol/goc <(SEM-AVS)/foc <3,000 µmol/goc may
have adverse biological effects due to cadmium, copper, lead, nickel or zinc

iv.

In any sediment in which (SEM-AVS)/foc >3,000:mol/goc adverse biological
effects due to cadmium, copper, lead, nickel or zinc may be expected.

The methods generally involve adding sulfide to sediment by dissolving Na2S•9H2O
crystals in waters, then adding this solution to sediment (US EPA, 2007). The sediment
is then allowed to equilibrate for 24 to 96 h before the test organisms are added. Results
reported by the US EPA (2007) show that this method was effective for reducing the
toxicity of cadmium-, copper-, lead-, and zinc-spiked sediments but not nickel-spiked
sediments for H. azteca. For Chironomus dilutus (aka C. tentans), the toxicity of
cadmium- and copper-spiked sediments, but not zinc-, lead- and nickel-spiked
sediments was effectively reduced using the sulfide spiking procedure (US EPA, 2007).
The effectiveness of this treatment to reduce metal toxicity is dependant on an excess of
sulfide being spiked into sediment relative to the concentration of SEM. However,
without a prior knowledge of this information it would be difficult to know the
concentration of sulfide to be added, and subsequently whether a lack of reduction to
toxicity is because metals are not causing toxicity, or whether an insufficient
concentration of sulfide was added to the sediment (US EPA, 2007).
Treatments for identifying hydrophobic organics contaminants
The bioavailability and toxicity of hydrophobic organic contaminants (HOCs)/non-polar
organic contaminants in aquatic environments is believed to be primarily dependant on
their partitioning between the aqueous and solid phases (Di Toro et al., 1991). It has
been demonstrated that the critical factor in the partitioning between these two phases is
organic carbon (Karickoff et al., 1979). Carbonaceous materials have intricate porous
structures, large surface areas (Qadeer and Khalid, 2005) and often have high affinities
for HOCs, as well as high sorption capacities and slow release rates (Accardi-Dey and
Gschwend, 2003; Ghosh et al., 2000; Ghosh et al., 2001; Talley et al., 2002) . It is
because of their efficacy to sequester and control the partitioning of non-polar organic
contaminants that carbonaceous materials, such as activated carbon, have been used to
reduce the bioavailability of various HOCs (Zimmerman et al., 2004; Millward et al.,
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2005; Tomaszewski et al., 2007) and have also been investigated for use on WS-TIE
studies.
A procedure for using powdered version of coconut charcoal (PCC), having a particle
size of <50 µm, as a treatment in WS-TIEs has been developed (Ho et al., 2004). Ho et
al. (2004) found that PCC reduced the toxicity of sediments containing non-polar
organic compounds with a log Kow ranging from 4 to 8 to the amphipod A. abdita and
mysid A. bahia. Furthermore, PCC effectively reduced 100% of toxicity in sediments
contaminated with moderate concentrations of PCBs and PAHs. The fine PCC material
was also reported to be more effective than a coarse coconut charcoal (75-800 µm)
variant at reducing the bioavailability of four non-polar organic contaminants (Lebo et
al., 2003). Similar results were reported by Zimmerman et al. (2005) and Tomaszewski
et al. (2007) when PCC was added to sediment contaminated with PCBs.
Despite the effective application and use of PCC as a WS-TIE treatment with the A.
abdita and A. bahia, reduced survival and growth has been reported for PCC treatments
using other organisms. Significant reductions to the survival (Phillips et al., 2006) and
biomass (US EPA, 2007) of the amphipod H. azteca and growth of the midge larvae C.
dilutus (US EPA, 2007) were reported in ‘clean’ (control) sediments containing PCC
additions as low as 5%. Hence, this treatment may not be suitable for use with some
organisms.
While activated carbon materials such as PCC are very effective for reducing the
bioavailability and toxicity of various HOCs, they do not appear to specifically adsorb
only HOCs, hence, they appear to lack specificity. For example, Ho et al. (2004)
reported that the concentration and toxicity of metals such as copper and lead associated
with sediments may be significantly reduced in the presence of PCC.
The addition of carbonaceous adsorbent resins to sediments works on the same principle
that the toxicity of sediments can be altered by increasing the partitioning of
contaminants from sediment to non reactive sorptive phases (Kosian et al., 1999). A
number of carbonaceous resins have been considered, including Ambersorb 563®, 572®
and 1500®, and Amberlite XAD4®. All resins have been shown to have no effect on
organism health and survival, and effective for decreasing the bioavailability of HOCs.
In 10-d bioaccumulation/ toxicity studies with the oligochaete Lumbriculus variegatus,
Ambersorb 1500® reduced the concentration of fluoranthene in the pore water of spiked
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sediments by more than 90% and also decreased the bioaccumulation of fluoranthene
and increased survival (100%) of L. variegatus (Kosian et al., 1999) in these sediments.
West et al. (2001) also observed that Ambersorb 1500® markedly reduced the
concentration of PAHs in the pore waters of contaminated sediments and improved the
survival and reproduction of L. variegatus in 28-d laboratory bioaccumulation tests and
a 55-d field study. Ambersorb 563® has also been shown to be effective at reducing to
toxicity of organic contaminants associated with sediment to the amphipod H. azteca
(Phillips et al., 2006). In a study by McElroy et al. (2000), an Amberlite XAD4®
polymeric resin technique was effectively used to independently evaluate the
contribution of HOCs to sediment toxicity using a variety of bioassays utilising fish
embryos and larvae (Fundulius heteroclitus, Menidia menidia), amphipod A. abdita,
mysid A. bahia, and the luminescent bacterium V. fischeri (Microtox™).
Carbon materials such as PCC cannot be easily isolated from the sediments due to its
fine particles (i.e. <50 µm) and contaminants sorbed onto particles are tightly bound and
not easily extracted. Unlike the activated carbon materials, the resins can be isolated
from sediments upon completion of toxicity tests, via sieving, and extracted from the
resin (e.g. may be eluted with methanol) for subsequent analysis of sorbed
contaminants. The extracted contaminants may then be used for further Phase II TIE
testing, such as spiking the eluted contaminants back into solution for additional
identification and confirmation of toxicants. The use of carbonaceous adsorbent resins
for WS-TIE treatments, therefore, has advantages over some other materials.
Other treatments- pesticides
Piperonyl butoxide (PBO) is a pesticide synergist and when added to insecticide
mixtures (typically pyrethrin, pyrethroid, and carbamate insecticides), the potency of the
insecticides is increased considerably (Kakko et al., 2000). PBO can inhibit mixedfunction oxidase enzymes (i.e. cytochrome P450), the family of enzymes which act as
the principal detoxification pathway for many pesticides. Thus, PBO can also reduce the
toxicity of some organophosphate pesticides that require activation by mixed-function
oxidase enzyme activity, and it can also enhance toxicity of compounds, such as
pyrethroids, that are detoxified by this pathway (Amweg and Weston, 2007). Decreased
toxicity with the addition of PBO suggests the presence of organophosphorous
pesticides while increased toxicity indicates the presence of pyrethroids.
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The addition of PBO as a manipulation in TIEs has been used to implicate
organophosphates, diazinon and chlorpyrifos, as the responsible agents for toxicity in
freshwaters (Ankley et al., 1991; Bailey et al., 1996; Bailey et al., 2000; Hunt et al.,
2003; Wheelock et al., 2004) , and pore waters (Anderson et al., 2003; Phillips et al.,
2004; Anderson et al., 2006). More recently the use of PBO in WS-TIEs was
investigated (Phillips et al., 2006; Amweg and Weston, 2007) . When added to the
overlying water in bifenthrin-spiked sediments, PBO was observed to decrease the EC50
of bifenthrin (an organophosphorous compound), by a factor of ~2, reflecting an
increased toxicity (Amweg and Weston, 2007). Conversely, chlorpyrifos was found to
be 1.5-fold less toxic when PBO was added to test waters. For field-collected sediments
which contained only pyrethroids and for those which contained a mixture of
pyrethroids and chlorpyrifos, (Weston and Amweg, 2007) reported that the addition of
PBO increased toxicity. The toxicity of sediments which contained only chlorpyrifos
was reduced using PBO, indicating the presence of organophosphorous compound.
Carboxylesterase is an enzyme that hydrolyzes ester-containing compounds to their
corresponding acid and alcohol, which are usually detoxification products (Wheelock et
al., 2006). Carboxylesterase activity is important for the metabolism and subsequent
detoxification of many exogenous ester-containing compounds, including carbamates
(Gupta and Dettbarn, 1993), organophosphorous compounds (OPs) (Casida and
Quistad, 2004), and pyrethroids (Abernathy and Casida, 1973).
The addition of carboxylesterase to aqueous samples has been used as a tool for
specifically identifying the presence and toxicity of pyrethroid pesticides (Wheelock et
al., 2004). In these studies, decreased toxicity with the addition of carboxylesterase was
used as an indicator of pyrethroid associated toxicity. The use of carboxylesterase as a
manipulation in WS-TIEs has also been investigated (Phillips et al., 2006; Weston and
Amweg, 2007) . Weston and Amweg (2007) found that when carboxylesterase was
added to the overlying water of pyrethroid-spiked and field-collected sediments, the
toxicity to the amphipod H. azteca was significantly reduced.
Although PBO and carboylesterase addition treatments have been demonstrated to be
very effective in the limited WS-TIE studies outlined above, there are a number of
limitations associated with their use. PBO and carboxylesterase addition to sediments
may yield useful results in whole-sediments tests where the overlying water is a primary
contaminant exposure pathway, for example epibenthic organisms or active irrigators.
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(Amweg and Weston, 2007) found that the use of PBO with the oligochaete in the
presence of organophosphates did not result in the expected decrease in toxicity. This is
because oligochaetes spend most of their time in burrows where they are predominately
exposed to overlying and porewater mixtures and the sediment particles. For PBO
treatment to be effective, the test organisms should also have active enzymatic
detoxification pathways by the MFO system (Amweg and Weston, 2007). Lastly, it is
unclear as to the mechanisms by which esterase reduces the toxicity of
organophosphates. A substantial reduction in organophosphate toxicity occurs simply
because of association with dissolved organic matter, potentially resulting in reduced
bioavailability of other contaminants (e.g. cadmium) which have a strong affinity for
organic matter (Weston and Amweg, 2007).

1.4. Effects-Directed Analysis – Alternative Methods for Identifying
Toxicity Associated with Sediments
Effects-directed analysis (EDA) is another method whereby a causal link between a
chemical substance and biological effects in an environmental sample can be made
(Grote et al., 2005b). This technique can be used as a stand-alone method for
identifying the causal link between toxicity and a chemical or within a TIE study. The
basic idea of an EDA is to identify toxicity causing organic contaminants by
sequentially removing non-toxic components in a sediment extract via a series of
extraction and fractionation procedures. The presence of toxicity causing contaminants
in the extracted sample after each fractionation/ contaminant removal phase is
determined by spiking the extract into clean media and testing for subsequent toxicity
(Brack, 2003) (Figure 1.1). EDA can be carried out on sediment elutriates.
Generally, toxicity causing contaminants are identified by separating and sequentially
reducing the complex sample to individual toxicants via various chemical fractionation
methods. The chemical fractionation methods are based on several physico-chemical
and chemical properties of the analytes including polarity, hydrophobicity, molecular
size, planarity and presence of specific functional groups (Brack et al., 2003), and can
be achieved using a number of different chromatography techniques. For example,
primary fractionation can be achieved using column chromatography or solvent
extraction. If primary fractions are still too complex for toxicant identification, a
secondary fractionation step using high performance liquid chromatography, reversed
phase solid phase extraction fractionation, liquid-liquid acid-base extraction
fractionation, normal phase high performance liquid chromatography, automated
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multiple development thin-layer chromatography and size-exclusion chromatography
may be applied (Brack et al., 1999; Grote et al., 2005b) . After each separation step the
fractions are introduced into solution via partition controlled techniques such as C-18
disks and thin-films, and tested for toxicity. When the complexity of the mixture is
reduced to a few individual compounds, the fractions are subjected to chemical
confirmation and quantification using methods such as gas chromatography-mass
spectrometry or tandem mass-spectrometry (GC-MS/MS) (Brack et al., 1999; Brack,
2003; Grote et al., 2005a).

Figure 1.1 Schematic of effects-directed analysis (EDA) for complex mixtures (Brack, 2003)

For sediment samples, generally the fine fraction (<63 µm), or pore water (elutriate) is
separated from the bulk sediment and solvent extracted, usually with dichloromethane
because of its strong extracting capacity for a wide range of organic compounds (Brac,
2003). Other techniques include ultrasonic extraction and Soxhlet extraction, as reported
in (Brack, 2003). Elutriate is subjected to fractionation using one of the methods listed
above, and the various fractions are introduced into clean solution. Bioassays are
undertaken on the solutions to detect which fraction(s) are toxic and chemical
identification techniques are applied to the solutions showing toxicity. Confirmation
that the compounds identified have actually caused toxicity may be achieved by spiking
the sediment with a copy of the mixture of chemicals identified followed by toxicity
testing.
The selection of toxicological endpoints in EDA is crucial and can pre-determine the
identified toxicants. Of the bioassays used to detect and identify the toxicity in sediment
extracts, only the chronic algal bioassay test for inhibition of reproduction of
Scenedesmus vacuolatus was capable of discriminating toxic from non-toxic fractions
(Grote et al., 2005a). This was also observed in an EDA study conducted on river water
(Reineke et al., 2002). Therefore, users are encouraged to use a battery of bioassays
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including (i) biotests that can be used for the detection of specific toxicants (i.e. cellular
and sub-cellular tests systems for the detection of Aryl hydrocarbon, oestrogen or
androgen receptor compounds and mutagens), and (ii) biotests for the assessment of
environmental hazards (i.e. algae, bacteria, invertebrates, fish etc) (Brack, 2003; Brack
et al., 1999) .
Although EDA has been shown to be a useful tool for identifying individual toxicants
close to the source of emission (Brack et al., 1999), it is not useful for samples where
the concentrations of specific toxicants are too low relative to the non-specific toxicity
of the whole mixture of natural and anthropogenic compounds (Reineke et al., 2002;
Brack, 2003; Grote et al., 2005a).
An advantage of applying structured TIE methods, such as WS-TIEs, is that a prior
knowledge of key contaminants is not necessary, as the treatments target a range of
contaminant classes. These advantages are not reflected in EDA methods. A key
difference between the two methods is that with EDA, it is not critical to first establish
the toxicity of the sample, whereas with TIEs the baseline toxicity of the sample must
be first established. EDA methods for aqueous or solid samples preselect organic
contaminants as toxicants, and methods currently do not consider other important
contaminants such as metals or ammonia. In addition to this, EDA techniques focus on
the total amount of organic contaminants in the sample rather than the bioavailable
fraction (Brack, 2003), which may consequently lead to incorrect identification of
toxicity causing contaminants. For example, the concentration and bioavailability of
organic compounds in the pore water is related to that in the solid phase by the organic
carbon partition coefficient (Koc), which is generally proportional to the octanol-water
partition coefficient (Kow) for the chemical (Heinis et al., 2004). As a result, two
chemicals having the same chemical activity in the pore water may have different Koc
values (Heinis et al., 2004), hence have a different bioavailability and toxicity. With this
in mind, the relative chemical activity and bioavailability of contaminants in a mixture
such as a sediment solvent extract can be very different from that in the intact sediment
sample.
The fractionation step in EDA can result in a large number of fractions for toxicity
testing as the sample may consist of a number of specific chemical types exhibiting low
to moderate toxicity. Toxicity testing of all fractions showing toxicity can be time
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consuming. Problems that may also occur due to fractionation are the loss of toxicants,
such as chemical binding to stationary phases, or precipitation during solvent exchange.
Heinis et al. (2004) emphasized the consequence of using EDA methods for the
identification of toxicants in sediment contaminated with two pesticides, diazinon and
DDE. Assuming that the primary toxicant in the intact sediment is diazinon, which has a
100-fold greater toxicity than DDE, if this sediment were solvent extracted, the primary
toxicity-causing contaminant would change. Because DDE has a high Koc, the
concentration ratio of DDE to diazinon in the sediment extract would be much higher
than in the original pore water. If the sediment extract was subsequently tested for
toxicity, the observed toxicity would be caused primarily by DDE, with 25-fold greater
potency than diazinon in solution (Heinis et al., 2004). Hence, an EDA on this sediment
would likely misinterpret the true toxicant in the sediment because of the different
partitioning of the two chemicals. It has also been reported that the toxicity observed in
samples could not be completely attributed to the identified compounds (Grote et al.,
2005a), or in many cases the identified toxicants could not be correlated with the
observed effects (Reineke et al., 2002).
Overall for the identification of toxicity causing contaminants or stressors in sediments,
TIE methods consider the contribution of a range of contaminants and stressors to
toxicity, and generally do not require a prior knowledge of the sample constituents. TIE
methods may also be considered as more ecological relevant because the sediment is
less modified than EDA methods and the overall composition of the sediment remains
intact. In addition, the WS-TIE methods may use more relevant test organisms.

1.5. Current Limitations of Whole-Sediment Toxicity Identification
Methods
The current WS-TIE approach described by the US EPA (2007), summarised above,
which includes the addition to whole sediments of various contaminant-adsorbing
materials, overcomes many of the concerns with PW-TIEs. However, these methods
have so far been limited to identifying only the dissolved fraction of toxicity causing
contaminants in sediments.
The toxicity of sediments to sediment-dwelling organisms via dietary exposure
pathways, such as the ingestion of PACs, has not yet been considered explicitly for
sediments. Additions of resins and contaminant-adsorbing materials to sediments
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reduces the concentration of dissolved contaminants only. A small reduction in wholesediment concentrations may be observed, but this is most likely due to the rapid
sequestration of contaminants that are continually being partitioned from the sediment
back into the dissolved phases (sediment-water contaminant partition coefficient, Kd) as
demonstrated in various partitioning studies (Zhang et al., 1995; Harper et al., 1998;
Simpson et al., 2002; Simpson and Batley, 2003; Burton et al., 2005; Simpson and
King, 2005; Tankere-Muller et al., 2007). Hence, these manipulations reduce the
bioavailability and toxicity of contaminants to organisms that are predominately
exposed to the dissolved phases in sediments, such as pelagic organisms, filter feeders,
and single celled organisms (e.g. algae).
Various sediment-dwelling organisms, such as deposit-feeding amphipods, however,
may also be exposed to contaminants via the ingestion of sediment particles (Lee et al.,
2000a; Aherns et al., 2001; Simpson and King, 2005), and the ingestion of food
(Chapman et al., 2002), The organism’s physiology, life habits, feeding behaviour, food
type, disturbance of sediment, detoxification pathways etc, in addition to sediment
properties such as sediment-water partitioning, chemical speciation, organic carbon
content all have a strong influence on the organisms exposure to sediment-associated
contaminants.
Numerous studies have documented the importance of the particulate phase in the
uptake of contaminants from sediments. Schlekat et al. (2000) reported that the metal
assimilation efficiency for the facultative suspension and surface deposit feeding
amphipod L. plumulosus from contaminated sediments was generally between 10-20%.
In the same study, it was documented that L. plumulosus can ingest up to 3 times its
body weight in sediments per day. Food rather than water appeared to be the main
source of contaminants to the amphipod M. affinis (Eriksson and Sundelin, 2002), and
for the deposit feeding amphipod M. plumulosa, Simpson and King (2005) found that
copper may be assimilated from both the dissolved and particulate phases. Lee et al.
(2000b) observed a good association between sediment bound metals (cadmium, nickel
and zinc) and the bioaccumulation of these metals for four benthic invertebrates: the
filter-feeding clam Potamocerbula amurensis, the facultative deposit feeding clam M.
baltica, the surface deposit feeding worm (polychaete) N. arenaceodentata, and the
head-down deep deposit-feeding polychaete H. filiformis, except for cadmium
bioaccumulation by N. arenaceodentata and H. filiformis. Their results suggested that
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the various sediment dwelling organisms accumulated metals mainly through direct
ingestion of sediment.
For the deposit feeding polychaete Abarenicola pacifica, approximately 77% of
benzo[a]pyrene in A. pacifica was derived from the dietary uptake of contaminated
sediment particles (Weston et al., 2000). Similar results were observed for the depositfeeding polychaete N. succinea, where it was reported that Cd, Co, Se and Zn were
accumulated by the ingestion of sediments (Wang et al., 1999). The dominance of metal
uptake from the ingested sediment is mainly due to the high feeding rate of the worms
and the low uptake rate from the dissolved phase. Many deposit-feeding organisms are
able to ingest at least twice their body weight of sediments per day (Cammen, 1980)
therefore, the potential of sediment as a major source of metal uptake is high.
WS-TIE methods that include a combination of manipulations that identify the
contribution of toxicity-causing contaminants occurring via both dissolved and dietary
exposure pathways will be more successful in determining which of the chemical
constituents are responsible for the observed toxicity, including for those organisms that
are exposed to contaminants via dietary pathways.
As whole sediment TIEs develop and become more readily applied, there is a need to
concurrently develop methods using a greater diversity of species with sensitive
endpoints. To date, the majority of TIE work has been performed in North America with
indigenous species; however, there is a need for a diversity of species from other
regions, and a range of endpoints (e.g. sub-lethal). Using a range of organisms will
provide users with a better understanding of causes of toxicity for regulatory purposes
(e.g. discharge, dredged materials, and site contamination).

1.6.

Thesis Aims and Outline

The overall aim of this study was to develop more comprehensive and environmentally
relevant WS-TIE methods for assessing causality in sediment toxicity tests using the
epibenthic amphipod Melita plumulosa and marine microalaga Entomoneis cf
punctulata. This involved:


Developing WS-TIE treatments for M. plumulosa and E. cf punctulata,



Investigating the effectiveness of these WS-TIE methods for identifying causes
of toxicity in contaminated sediments,
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Investigating the importance of nutrition, specifically for M. plumulosa, and the
potential effects on whole-sediment toxicity,



Determining the sensitivity of the test organisms to major contaminants
occurring in sediments, and



Developing a sub-lethal indicator of toxicity to M. plumulosa, and investigating
the suitability of this sub-lethal indicator for identifying causality in wholesediment toxicity tests.

General materials and methods relating to all chapters are discussed in Chapter 2.
Experimental results are presented in Chapters 3 to 6. Chapter 3 describes the
development of whole-sediment TIE methods using the acute exposure (survival) of M.
plumulosa. The primary purpose of this research was to investigate and determine the
suitability, limitations and effectiveness of various WS-TIE treatments for reducing the
toxicity of major contaminants occurring in sediments. Within this chapter, the relative
sensitivity of M. plumulosa to zinc and ammonia is described. Additionally, the
importance and effects of nutrition during 10-d toxicity tests is presented.
The research presented in Chapter 4 focuses on the ability/effectiveness of WS-TIE
treatments to explain toxicity in sediments with complex mixtures of contaminants. For
those sediments where toxicity is partially and not identified, new WS-TIE methods for
the identifying the contribution of PACs are described. This research shows in detail the
capacity of WS-TIE methods (developed in Chapter 3) and new WS-TIE treatments for
explaining causality in environmentally relevant sediment samples. The importance of
using a multiple lines-of-evidence approach, such as the use of sediment physical
characteristics, sediment chemistry (bulk sediment and monitoring of contaminants in
the dissolved phase of sediment test), understanding the role of nutrition, species
sensitivity data, is highlighted. Overall, the results from this investigation were used to
assess the major contaminants in whole-sediments and their relative contribution to the
toxicity of M. plumulosa.
Chapter 5 describes the development of WS-TIE methods for E. cf punctulata based on
inhibition of esterase activity. This research focuses on the application of treatments
described in Chapter 3 for M. plumulosa, and the development of new treatments for
identifying toxicity associated with dissolved contaminants to E. cf punctulata. The
sensitivity of this marine algal species was assessed for dissolved copper and HOCs.
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To further enhance the ability to detect, and identify the cause(s) of toxicity in
contaminated sediments, Chapter 6 explores the suitability of using a sub-lethal
indicator to toxicity in whole-sediment toxicity tests using M. plumulosa. A growth
endpoint based on amphipod size was used investigated for its potential to detect more
subtle toxic effects occurring in contaminated sediments. This growth indicator was
then used to investigate causality in whole-sediment toxicity tests using the WS-TIE
methods described in Chapter 3 and 4.
The final chapter (Chapter 7) synthesises the research for the development of enhanced
WS-TIE methods for assessing causality in whole-sediment toxicity tests using two
organisms. This chapter concludes by discussing the advantages of using the new WSTIE methods and the current limitations which may further explored through future
research.

2.
CHAPTER 2
GENERAL MATERIALS AND METHODS
2.1.

Sediment Collection

2.1.1. Site description
Sediment used for culturing amphipods and in bioassay experiments was collected from
three sites within Sydney, Bonnet Bay (BB), Grays Point (GP) and Boronia Park (BP).
BB (NSW, Australia) is an estuarine embayment located on the Woronora River,
Sydney. Past studies have shown that these sediments are relatively homogenous in
properties (Simpson et al., 2004). The physico-chemical properties of the sediment are
typical of silty sediments found at sites in the upper reaches of estuaries of the southeast coast of Australia, similar to the sediment at sites where amphipods were collected,
and had properties that were within the geochemical requirements of the test species.
The salinity of pore water is usually 29‰ (Simpson and King, 2005). The sediment is
hydrous (~68% water) and silty (~96% particles <63 µm), and contains ~4.8% total
organic carbon (Table 2.1).
The GP sampling site forms a part of the Port Hacking River, NSW, Australia. Physicochemical properties are shown in Table 2.1. Generally, the sediment is comprised of
30% silt, but sediment particle size is varied, 35% moisture and 3.5% silt content.
BP is a small embayment located along the Lane Cove River, NSW Australia. BP
sediment also contains approximately 30% silt content, with the majority of particles
>180µm. Of the three sediments, BP it least hydrous (~30% moisture) and contains the
lowest TOC (Table 2.1).

2.1.2. Sediment collection
Oxic surface sediment (top 1-2 cm) was collected at low tide using a large acid-washed
polyethylene spoon, press-sieved on site through a 1.1 mm mesh sieve and stored in
clean plastic bags devoid of air in a cool room at 4ºC for a maximum of two months.
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Table 2.1 Physico-chemical properties of the Bonnet Bay (BB), Grays Point (GP) and Boronia Park
(BP) sediments (modified from Simpson et al., 2004; Simpson and King, 2005).
Physical/chemical parameters
Salinity (‰)
Fraction: <63 µm, 63-180 µm, >180 µm (%)
Moisture (%),
TOC a (%)
AVS b (µmol/g), porewater sulfide (mg/L)
a
b

Bonnet Bay

Grays Point

Boronia Park

29 ± 2
96, 2, 2
~70,
4.8
<0.05, <0.1

29 ± 2
30, 8, 62
~35
3.5
n/a

29 ± 2
30, 8, 62
~30
2.7
n/a

Total organic carbon (TOC)
Acid volatile sulfide (AVS)

2.2.

Analytical Methods

2.2.1. General physico-chemical measurements
Measurements of pH (calibrated against pH 4 and 7 pH buffers, Orion Pacific, Sydney,
New South Wales, Australia) were made using a pH meter (Hanna H12031B). Salinity
and temperature measurements were made with a conductivity meter (LF 320, WTW)
with a probe (TetraCon 325, WTW). Dissolved oxygen was measured using a meter Oxi
196, WTW) with an oxygen electrode (EO96, WTW) calibrated according to
manufacturers instructions.

2.2.2. Grain size analysis
Sediment particle (grain) sizes generally range from sand, through silty sand, sand-silt,
to clays. Sediment particle analysis was made by wet sieving the sediment through
stainless steel sieves of decreasing aperture. The sediment was homogenised so that an
even distribution of grain size was achieved. A small sub-sample of the sediment was
then wet sieved, using purity Milli-Q water (18MΩ.cm; Milli-Q Academic Water
System; Millipore, Sydney, NSW, Australia), through a series of sieves stacked in order
of 600 µm, 180 µm and 63 µm. The sediment passing through the finest sieve (<63 µm)
was collected in a stainless steel pan. The sediment retained on each sieve and in the
pan was washed into clean and weighed beakers so that size fractions of >600 µm, 600180 µm, 180-63 µm and <63 µm were obtained. Beakers containing sediment and water
mixtures were placed into a drying oven (110ºC) overnight or until dry. Beakers were
then placed into a desiccator and allowed to cool at room temperature before being reweighed for final mass determination. The fraction of sediment with a particle size of
>600 µm, 600-180 µm, 180-63 µm and <63 µm was determined using the following
equation:
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Хµm= [Х sediment Dry Wt] / [(>600µm sediment Dry Wt.) + (600-180µm sediment Dry Wt) + (18063µm sediment Dry Wt) + (63µm sediment Dry Wt)] * 100

Equation 10

where Х is the sediment fraction being calculated.

2.2.3. Water content
It is usual to refer to measurements on sediments to the dry mass content, but
contaminant analysis is often undertaken on wet sediment, because drying the sediment
can alter the concentrations. Water content is therefore required to convert these data to
the preferred dry mass units.
Water content (also referred to as moisture content) of a sediment was determined
gravimetrically by measuring the mass of water lost following drying at 110ºC. For
water content analysis, the sediment was homogenised so that the water was distributed
throughout the sediment. A small sub-sample placed in a weighed and labelled 30 mL
polycarbonate vial. The vial containing the wet sediment was re-weighed before being
placed into a drying oven (110ºC) overnight. The dry sample was then placed in a
desiccator and allowed to cool at room temperature before being re-weighed for final
mass determination. The dry mass/ wet mass ratio of the sediment was calculated as
follows:
Dry mass (DW) / wet mass (WW) = [(Total Dry-Wt.) - (Vial-Wt)] / [(Total Wet-Wt.) - (Vial-Wt.)]
Equation 11

2.2.4. Extraction of pore water
Sediment pore water was extracted by under a nitrogen atmosphere. Sediments were
placed in 50 mL polyethylene centrifuge tubes and centrifuged at 2500 rpm for 5 min
(18-22ºC). The supernatant was then syringe filtered (acid rinsed on-line) through a 0.45
µm cellulose acetate syringe filter into 5 mL polyethylene vials and acidified (2%
HNO3) for analysis of dissolved metals. This method for syringe filtering samples is
universally accepted and routinely used for filtering samples for trace metal analyses.

2.2.5. Organic carbon
The total organic carbon (TOC) content of sediments is the sum of particulate organic
carbon (POC) and dissolved organic carbon (DOC). Decaying detrital matter is
distributed amongst mineral and amorphous particles in sediments and is a site for
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bacterial activity. These organic coatings on inorganic particles provide binding sites for
both metal and organic contaminants. TOC is a measure of the total amount of
oxidisable organic material. The analysis of TOC was made using high temperature dry
TOC analyser (Tekmar-Dohrmann DC-190; Rosemount Analytical, Cincinnati, OH,
USA) following removal of inorganic carbon (carbonates and bicarbonates) by
acidification with 1 M HCl until effervescence was complete.
Differentiation of organic carbon into biogenic/ diagenetic organic carbon (OC) forms
was made by loss-on-ignition (LOI) at temperatures of 375ºC. For LOI analyses, after
the removal or moisture and inorganic carbon (i.e. addition on 1 M HCl until
effervescence due to carbonates ceases), one to three grams of sediment samples were
placed in clean, dry porcelain crucibles then oxidised under air in a muffle furnace
(Carbolite, Sheffield, England) for 24 h at 375ºC, cooled and weighed.

2.2.6. General cleaning
All glassware and plastic ware used for chemical analyses were generally new and were
cleaned by soaking in 10% (v/v) HNO3 (Analytical Reagent grade; BDH Laboratory
supplies, Poole, England) for a minimum of 24 h, followed by thorough rinsing with
high purity Milli-Q water (18MΩ.cm). All laboratory-ware used for sampling and
analyses of dissolved metals were cleaned in a Class-100 laminar flow cabinet (metalfree HWS, Clyde-Apac, Sydney, New South Wales, Australia). Glassware for analyses
of organic contaminants was cleaned by rinsing with acetone. Glass beakers and plastic
beaker lids used for toxicity tests were cleaned in a dishwasher (Gallay Scientific Pty
Ltd) programmed for a phosphate-free detergent wash (Cycle 21, Gallay Scientific Pty
Ltd) and a dilute acid wash (1% HNO3) followed by thorough rinsing with high purity
Milli-Q water (18MΩ.cm).

2.2.7. Reagents
High purity Milli-Q water (18MΩ.cm) was used to prepare solutions. Clean seawater
was collected from Port Hacking (Sydney, New South Wales, Australia) and then
membrane-filtered (<0.45 µm; Minisart, Sartorius, Göttingen, Germany) and acclimated
to room temperature of 21 ± 1ºC. When necessary, the salinity of the filtered seawater
(FSW) was adjusted to the test salinity of 30‰ using high purity Milli-Q water
(18MΩ.cm). De-oxygenated waters were prepared by bubbling solution with high purity
oxygen-free nitrogen gas for >24 h to give dissolved oxygen concentrations of less than
0.1 mg/L. All chemicals were analytical reagent grade or equivalent analytical purity.
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2.2.8. Analysis of metals by inductively coupled plasma atomic emission
spectrophotometry
Analyses of dissolved metals were made by inductively coupled plasma atomic
emission spectrophotometry (ICP-AES, spectroflame EOP). After a 30 min warm up
period, an acidified 2 mg/L zinc solution was used to realign the instruments optics. The
instrument was calibrated using a deionised water blank and a multi-element standard
prepared from commercial ICP standards (QCD analysts and Plasma Chem Corp). The
multi-element standard contained 2 mg/L of each metal, and was analysed every ten
samples to correct for drift. A small amount of blank solution was used to wash the
sample tubing between samples. The system was also pre-flushed with a sample prior to
analysis in triplicate or duplicate. Matrix matched standards were run with all samples
in order to correct for suppression of the signal caused by the high concentration of
sodium ions in seawater. The precision mean for analyses of dissolved metals by ICPAES (Spectroflame EOP) was ~1%. The detection limits for metals investigated are
shown in Table 2.2.
Table 2.2 Detection limits of metals in filtered seawater (35‰) using inductively coupled plasma
atomic emission spectrophotometry (ICP-AES, spectroflame EOP).
Metals

Al

Cr

Mn

Fe

Co

Ni

Cu

Zn

As

Mo

Ag

Cd

Pb

Detection Limit
(mg/L)

5

5

5

5

5

5

5

5

5

5

5

5

5

2.2.9. Analysis of ammonia
Ammonia (total and un-ionised) was measured using a Merck Spectroquant® Test Kit.
Water samples were prepared in triplicate in 5 mL volumetric flasks by diluting the
sample with deionised water, to give a total ammonia concentration of up to <1 mg
NH3-N/L. To the water samples 0.6 mL of a NH4-1B reagent (NaOH) and 0.35 mL of
reagent NH4-2B (chlorinating agent) were added, volumetric flasks shaken and allowed
to react for 8 mins. Following this, 120 µL of reagent NH4-3B (Thymol containing
reagent) was added to the samples, the flasks were then capped, shaken and allowed to
stand for another 10 mins for the colour to fully develop. Standards containing 0, 0.35,
0.70, 1.05 and 1.40 mg NH3-N/L, were also prepared simultaneously. Ultra-violetvisible (UV-VIS) measurements were made on a UV-Visible spectrophotometer
(Biochrom Ltd, Cambridge, UK) at 690 nm using a 1 cm path length cell. Using a total
ammonia/absorbance calibration curve and sample pH, the total and un-ionised
ammonia concentrations in water samples were calculated.
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2.2.10. Analysis of organic chemicals
Analyses of total petroleum hydrocarbons (TPHs) followed US EPA methods
8260/8015 (USEPA, 1996b). Analyses of PAHs were made by gas chromatography–
mass spectrometry (Hewlett Packard HP 5972, GC–MS) using a 6890N Net-work GC
system (Agilent Technologies) with a split/split-less injector, a HP-5MS capillary
column (30 m · 250 lm 0.25 lm) (Agilent Technologies 19091s-4343), 1.3 ml/min flow
rate of helium, maximum temperature of 350ºC and a 5973 Network (Agilent
Technologies) mass selective detector. The 16 PAHs analysed comprised the six low
molecular weight (low-MW) PAHs (naphthalene, acenaphthylene, acenaphthene,
fluorene, phenanthrene, and anthracene) and the ten high-MWPAHs (fluoranthene,
pyrene, benz(a)anthracene, chrysene, benzo(b)-fluoranth-ene, benzo(k)-fluoranthene,
benzo(a)pyrene,

indeno(1,2,3-cd)pyrene,

dibenz(ah)anthracene,

and

benzo(ghi)perylene). The mass spectrometer was operated under both scan mode (US
EPA method 1618) (US EPA, 1996b), and selected ion monitoring (SIM) mode (US
EPA Method 610) (US EPA, 1996b).

2.2.11. Determination of acid extractable metals
Dilute-acid extractable metals (AEM) were determined by shaking wet sediment in 1 M
HCl for 30 min, followed by sample filtration. This also refers to simulateneously
extractable metals (SEM), but is referred to as AEM in this study. The sediment was
homogenised and a sub-sampled for dry mass determination. Using the percent dry
mass data for the sample, the required amount of sample to give a sediment
concentration of 1.5-3 g/L in 30 mL of solution was calculated. Using a clean spatula
and a four figure balance, the required amount of sediment was weighed into 30 mL
polycarbonate vials, in triplicate, and the exact sediment mass recorded. To each vial,
30 mL (30.45 g by mass) of 1M HCl was added, vial capped and shaken vigorously and
left to stand for 30 min. Following the 30 minute extraction period, samples were
syringe filtered into labelled polycarbonate vials.

2.2.12. Determination of total particulate metals
Operationally defined, total particulate metals (TPM) or recoverable particulate metals
were determined using the Aqua Regia digestion method. Small quantities (~20 g) of
sediment samples were oven dried overnight at 110ºC, cooled in a desiccator and
ground into a fine homogenous powder. Samples of 0.25 g (± 0.05 g) were accurately
weighed out in triplicate into 30 mL polycarbonate vials. Sediment samples then had 0.5
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mL ultrapure HNO3 and 1 mL HCl added and were allowed to digest overnight in a
fume cupboard. The following day, samples were microwaved for 20 mins on the
lowest power setting, cooled at room temperature, and then diluted with high purity
Milli-Q water (18MΩ.cm) to give a final volume of 25 mL. Samples were allowed to
settle overnight before being sub-sampled. Total particulate metal concentrations in subsamples were determined using ICP-AES (Spectroflame EOP) (as described in section
2.2.8)

2.2.13.Preparation of spiked-sediments
Metal-spiked sediments were prepared in a nitrogen gas-filled glove box to minimise
oxidation of sediments. A known amount of wet control (un-contaminated) sediment
was weighed into a 250 mL bottle (Nalgene). A small sub-sample of the wet sediment
was taken and the dry: wet mass ratio was determined so that an accurate total
particulate metal (TPM) concentration could be achieved.
Test sediments were spiked with varying amounts of copper sulfate (CuSO4·5H2O) to
achieve the desired concentrations (per gram dry sediment) copper. The CuSO4·5H2O
spiking solution were prepared by dissolving Analytical Reagent grade salt in 20 mL of
deoxygenated seawater (<0.2 mg/L dissolved oxygen). The hydrolysis of copper
decreases pH when copper sulphate is dissolved. Therefore, the pH of copper-spike
solutions were adjusted to pH 7.5 by the addition of deoxygenated sodium hydroxide
(NaOH, 50% w/w) immediately prior to being mixed with the sediment. Low density
polyethylene (LDPE) plastic bottles (Nalgene) containing the sediments were purged
with nitrogen gas, sealed and shaken to aid homogenisation and reaction of the spiked
chemicals with the sediment. The spiked-sediments were stored in a nitrogen-filled
glove box and equilibrated for periods generally up to 4 weeks. Recommended
equilibration times for oxic / sub-oxic sediments are 10-15 d for copper. However,
porewater metals will equilibrate faster in sediments with high concentrations of metals
binding sites (e.g. iron, organic matter and sulfide) and large surface areas (fine, silty
sediments) than in sandy sediments with low binding capacities.
During this period, sediments were thoroughly shaken and maintained at pH 7.5 by
small additions of deoxygenated NaOH, twice a week. After equilibration, spiked
sediments were centrifuged and re-hydrated with de-oxygenated FSW, in order to
remove potentially high concentrations of Fe from the pore water. At least two days
before use of the sediments in bioassays, the sediment-water mixture was centrifuged
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(3000 rpm for 5 min) and overlying water was discarded. To re-establish the moisture
content of the original sediment, clean deoxygenated seawater was added to sediments
followed by rigorous shaking for complete homogenisation. Sediments were stored in
the glove box until use.

2.3.

Toxicity Testing Procedures

2.3.1. Acute Melita plumulosa toxicity tests
The toxicity of sediments was assessed using the 10-d acute survival of amphipods
according to King et al. (2005). The indigenous amphipod species Melita plumulosa
(Figure 2.1) was selected due to the ecological relevance of amphipods, their
distribution and high abundance, the ease of handling and ability to be cultured in the
laboratory, their sensitivity to contaminated sediment, and behavioural characteristics.
M. plumulosa is an epibenthic amphipod, living at the sediment-water interface beneath
debris, and is known to ingest sediment as a source of nutrition (King et al., 2005).
Therefore this species is directly exposed to sediment-bound contaminants.

1 mm

Figure 2.1 An adult female amphipod of the species M. plumulosa.

Culturing and handling

The amphipod M. plumulosa was originally collected from silty substrates in the
Hawkesbury River, New South Wales, Australia. Amphipods were cultured in plastic
trays (40 × 30 × 10 cm) in a temperature controlled laboratory at 21 ± 2ºC. Trays
contained 1-2 cm of control sediment, ~8 cm of overlying water, filtered seawater
(FSW) at a salinity of 30‰, and were covered with foil to minimise light. Amphipods
were fed Sera Micron™ (Sera, Heinsberg, Germany), fry food (0.5 mg/amphipod)
enhanced with vitamins and the diatom Phaeodactylum tricornutum (1 x 105
cells/animal), twice weekly. Overlying water in trays was aerated continuously with a
gentle flow of air. The sediment was changed every 4-6 weeks and the overlying water
renewed weekly (by gentle siphoning).
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For juvenile amphipod toxicity tests, gravid females were separated from stock cultures
14 d before initiation of toxicity tests. The gravid female amphipods of 5-10 mm, which
can identified by the yellow-orange colour under their abdomen, which occurs due to
the yoke from the eggs (Mann and Hyne, 2008), were separated from the cultures by
microscopy and placed into small plastic containers (40 × 30 × 10 cm) with a thin layer
of sediment (~1-2 cm) and ~8 cm of gently aerated overlying water. The brood of three
to six juveniles/ female was dropped 2 ± 1 d later, providing 11 ± 3-d old juveniles for
the start of tests. The juveniles were isolated using a 210 µm sieve immediately prior to
test commencement.
Water-only toxicity tests

Water-only tests conducted with juvenile amphipods were conducted over a period of
four days in 100 mL beakers containing 90 mL of test water (or control FSW). A piece
of 500 µm nylon mesh was added to each beaker to provide a substrate for the juvenile
amphipods. The 4-d water-only tests were static (non-renewal) without the addition of
food. The beakers were placed into constant environmental chamber (Labec
Refrigerated Cycling Incubator) set at a temperature of 21 ± 1ºC on a 12 h light / 12 h
dark cycle (light intensity of 3.5 µmol photons/s/m2) for the test duration. Air was
supplied by adjustable flow aquarium aerators (HP3 Maxima Twin Air Pump; Aqua
One 7500) via silicone air hoses connected to plastic pipettes (bore size ~3 mm)
immersed approximately 2 cm below the water level (Figure 2.2). Pipettes were secured
in the centre of plastic Petri dishes and placed over the beakers to minimize evaporation.
For quality control purposes, physico-chemical parameters, including dissolved oxygen
(>85% saturation), pH, salinity, and temperature were monitored at the beginning,
throughout the test, and at test termination in at least one replicate beaker per sample to
ensure that they remained within acceptable limits. Salinity of 30 ± 1‰ and pH of 8.08.2 was maintained in waters throughout the tests by the addition of high purity Milli-Q
water (18MΩ.cm) to beakers in which evaporation had occurred. For each experiment,
five replicate beakers were used for each treatment (one replicate for monitoring and
chemical analysis), with 15 amphipods randomly added to each beaker.
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(b)

Figure 2.2 The set-up of whole-sediment toxicity tests with M. plumulosa in (a) the test beakers and
(b) a constant environmental chamber.

Whole-sediments tests

A summary of the protocol for whole-sediment toxicity tests using M. plumulosa is
outlined in Table 2.3. Whole sediment tests were conducted over 10 d in 100 mL
beakers containing 20 g sediment and 90 mL seawater. Homogenised sediments were
added one day prior to the commencement of the test and seawater was added slowly to
minimise sediment re-suspension and placed in an environmental chamber (21 ± 1ºC)
and allowed to settle overnight. Beakers were capped with specially designed plastic
lids and were supplied with a gently flow of air throughout the tests to maintain
dissolved oxygen levels in the overlying water above 85% saturation. On the day of test
commencement, approximately 80% of the overlying water from each beaker was
removed with a 50 mL syringe or by gently siphoning and replaced with new 30‰
seawater. Tests waters were not renewed during the 10-d test period. Each treatment in
the toxicity tests generally consisted of four replicates and one physico-chemical
replicate. To each replicate (excluding the physico-chemical replicate), 15 juvenile
amphipods were randomly selected from the isolated cultures and added to the test
chamber.
For whole sediment tests undertaken with food, powdered fish food in the form of Sera
Micron (Sera Fishtamins®) was used as a clean source of food. Sera Micron was mixed
with seawater (~35‰) to obtain a fish food suspension of 0.063 mg fish food/amphipod,
and was added to the overlying water of each beaker. The concentration of food
suspension varied for each test, thus was adjusted proportionally for changes in numbers
of amphipods/ beaker and the number of treatments requiring additions of food. Due to
the higher density of the fish food suspension (i.e. 35‰ seawater), the food settled on
the surface of the sediments.
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Overlying waters were sub-sampled on days 1, 5 and 10. Sub-samples were taken from
the physico-chemical replicate using a 10 mL acid-washed syringe. The first 3 mL of
the sub-sample were filtered (<0.45 µm) and discarded, the rest of the sample was
filtered, acidified to 2% with HNO3 and stored for metal analysis by ICP-AES
(Spectroflame EOP). Sub-samples were collected in duplicate before and after renewal
of the overlying water.
At the termination of the tests, the contents of each beaker were gently sieved through a
180 µm stainless-steel mesh sieve; then the contents transferred to large amphipod
counting trays. Live amphipods were identified by movement and counted. Tests were
considered acceptable if physico-chemical parameters remained within acceptable limits
throughout the test and if survival of amphipods was on average ≥80% in the control.
Table 2.3 Summary of test conditions for the 10-d acute whole-sediment toxicity test using the
juvenile amphipod M. plumulosa.
Test type

Static (non-renewal)

Test duration

10 d

Temperature
Salinity
pH
Light intensity
Photoperiod
Aeration

21  1ºC
30  1‰
7.2-8.2
3.5 µmol photons/s/m2
12 h light /12 h dark
1 outlet with slow bubbling to maintain 85% dissolved
oxygen saturation in overlying water throughout the test
100 mL glass beaker
20 g
~90 mL
11 ± 3-d old, ~1 mm
15
4
5th replicate for physico-chemical analysis
none
None (static)
Un-contaminated BB, GP or BP, similar physico-chemical
parameters (grain size, pore water, salinity, pH) of the test
sediment.
Seawater collected from a clean site, filtered to 0.45 µm
and diluted to 30  1‰ with deionised water
Survival – movement of gills
Size
An average of ≥80% survival in control treatment and no
significant (p>0.05) difference from control response,
physico-chemical parameters (dissolved oxygen, pH,
salinity and temperature) within acceptable limits
throughout the test, reference toxicant test results within
specified limits

Test chamber
Sediment mass
Overlying water volume
Age/size of test organisms
No. test organisms/ test chamber
No. replicate chambers/ sample
Feeding
Overlying water renewal
Control sediment

Overlying water
Endpoint
Alternative endpoints
Test acceptability criteria
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Statistical analyses

Results in the toxicity tests were reported in terms of the percent survival in test
sediments relative to survival in the control sediment. These proportional data were
arcsine transformed and tested for normality or distribution (Shapiro-Wilk’s test) and
for homogeneity of variance (Bartlett’s test) prior to hypothesis testing. Dunnett’s test
(parametric) was then used if assumptions of normality and homogeneity of variances
were met, and Steel’s Many-One Rank test (non-parametric) was used when variances
were heterogeneous and the distribution unequal.
For toxicity tests where single samples were compared, t-tests were used to determine if
the response of the amphipods in the test sediment was different to the control sediment.
For toxicity tests in which a concentration series of waters or sediments was tested,
multiple treatments were compared with a single control to determine the no observed
effect concentration (NOEC) and the lowest observed effect concentration (LOEC).
Maximum-likelihood regression using probit analysis with Abbot’s correction of
nonlinear interpolation with bootstrapping (Icp), if assumptions of the probit analysis
were not met, were also used to determine EC50 values and their 95% confidence limits.
A two-sided adjusted Bonferroni t test was used for toxicity tests where treatments were
compared to the baseine treatment/sediment. Significance in all statistical tests were set
at the p<0.05 level and all statistical analyses were carried out using the software
Toxcalc for Microsoft Excel (Tidepool Scientific Software, California, USA).

2.3.2. FDA fluorescence inhibition bioassays using Entomoneis cf punctulata
Algal cultures

The unicellular benthic marine alga Entomoneis sp. (strain CS-426) was obtained from
Commonwealth Scientific and Industrial Organisation, Marine Research, Hobart
(Tasmania, Australia). This species was originally isolated from Little Swanport
(Tasmania, Australia) (42º20’S, 147º56’E), on the east coast of Tasmania by Richard
Knuckey in 1995 and identified as E. cf punctulata Osada et Kobayashi (CS-426)
(Gustaff Hallegraeff, University of Tasmania, Hobart, Australia) (Adams and Stauber,
2004) (Figure 2.3).
The alga was cultured in a modified half-strength medium, with iron and trace element
concentrations halved. Seawater used for alga culture medium was collected 0-1 km
offshore from Port Hacking (NSW, Australia) immediately filtered through a 0.45 µm
acid washed cellulose-acetate membrane capsule filter with 0.65 µm pre-filter (Sartorius
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Goettingen, Germany) and stored at 4ºC. Cultures were maintained on a 12 / 12 h light:
dark cycle (Philips, Danvers, MA, USA: TL 40-W fluorescent daylight, 60 µmol
photons/s/m2 at 21ºC.

Figure 2.3 The benthic alga Entomoneis cf punctulata.

Algal bioassays

Benthic algal bioassays were undertaken using methods described in Adams and
Stauber (2004) similar to that outlined in Table 2.4. The bioassay determined the
inhibition of esterase activity in the benthic alga E. cf punctulata after a 24-h exposure
to whole sediment. Enzyme inhibition rather than inhibition of algal growth has been
found to be a more suitable endpoint for algal whole-sediment tests, because toxic
effects are not masked by stimulation from ammonia release from sediments (Adams
and Stauber, 2004). Healthy cells take up the lipophilc stain, fluorescein diacetate
(FDA). Intracellular esterases cleave the diacetate ester bonds, yielding fluorescein, a
hydrophilic anion that is retained by intact, viable cells, which then fluoresce in the
green region of the spectrum when excited by blue light (488 nm). Toxicants reduced
the uptake of FDA and cleavage by the enzyme. This effect was measured as a decrease
in the number of cells exhibiting intracellular FDA (fluorescein) fluorescence relative to
controls.
Toxicity tests were undertaken in quadruplicate for each test sediment and clean control
sediments with similar particle size distribution as test sediment from either Bonnet Bay
or Grays Point. Either a Teflon or stainless-steel spatula was used to place 1 g of
sediment in 10 mL scintillation vials and 9 mL of seawater (10% sediment / seawater,
w/v) was gently added with minimal disturbance of sediment. Seawater controls were
also prepared (10 mL seawater only) in quadruplicate. A reference toxicant, copper, was
tested at three concentrations (50, 150 and 300 µg/L) to ensure that algae were
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responding in a reproducible way to a known reference toxicant. For water-only
reference toxicant tests, each vial was supplemented with 15 mg NO3-/L and 1.5 mg
PO43-/L as nutrients and 3.5 × 104 cells/mL of a pre-washed agal suspension (washed
and centrifuged 3 times with filtered seawater to remove culture medium) was added to
each test vial containing nominal concentrations of copper. For sediment exposures,
each test vial was carefully inoculated just above the sediment surface with 7 × 104
cells/mL of agal suspension. Samples were incubated at 21ºC on a 12:12-h light: dark
photoperiod at 1-4 µmol photons/s/m2 without disturbance for 24 h in a temperaturecontrolled laboratory. After 24 h, vials were shaken briefly to resuspend the algae and
then allowed to settle for 30 s to remove large particles. A 5 mL sub-sample of the
supernatant was homogenised in a handheld, glass tissue grinder with a Teflon® pestle
that was sufficient to break up sediment clumps and dislodge algae without damaging
cell integrity. To 4.88 mL of homogenised sediment, 125 µL of 1 mM FDA (F7378;
Sigma, St Louis, MO, USA) dissolved in acetone (working FDA solutions kept on ice
during flow cytometric analysis) were added and incubated for 5 min. Immediately
before analysis, a small fraction was filtered through a Microtox® solid-phase filter
column (~50 µm; Strategic Diagnostics, Neward, DE, USA) to remove any remaining
large sediment particles.
Samples were analysed for FDA fluorescence with the excitation wavelength set at 488
nm and the emission wavelength at 500 to 560 nm using a BD-FACSCaliburTM flow
cytometer (Becton Dickinson Biosciences, San Jose, CA, USA) with a high flow rate.
Sediment particles and unhealthy cells were excluded from the analysis by gating a
chlorophyll a fluorescence (>670nm) and/or cell size. Unstained and stained deactivated
(4% formalin) cells were included as negative controls. The percentage of cells falling
into regions S1 (decreased FDA fluorescence), S2 (normal FDA fluorescence), and S3
(enhanced FDA fluorescence) were recorded and expressed as a percentage decrease in
S2 compared to sediment controls (Figure 2.4).
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Figure 2.4 Flow cytometric histogram showing shifts in esterase activity (FL1 fluoroscence versus
cell count) of E. cf. punctlata after a 24-h exposure to copper (a) 0 µg/L, 4% S1; (b) 85 µg/L, 58% in
S1; (c) 250 µg/L, 78% in S1 (Adams and Stauber, 2004).

Statistical analysis

Each replicate was expressed as a percentage decrease in S2/S3 (healthy fluorescence
intensity) compared to sediment seawater according to the following equation:
(100 - %S1t)/ (100 - %S1c) x 100

Equation 12

where % S1t is the percentage of treated cells in S1 and % S1c is the percentage of
control (untreated) cells in S1.
Samples causing greater than 20% inhibition of esterase activity compared to controls
were classified as toxic to the alga. For the reference toxicant copper, the IC50 (i.e.
inhibitory concentration of copper causing a 50% decrease in the esterase activity of the
cells) was calculated using trimmed Spearman-Karber with ToxCalc Version 5.0.23.
(Tidepool Software, McKingleyville, CA, USA). After testing the data for normality
and homogeneity of variance, Dunnett’s multiple comparison tests or Bonferroni t test
was used to determine which treatments were significantly different from the controls.
The no-observable-effect concentration was the highest concentration tested at which no
statistically significant effects was observed on esterase activity. Tests for significance
between single test concentrations and controls were determined using homoscedastic or
heteroscedastic t test. Significance levels were tested at the p<0.05 level.
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Table 2.4 Summary of test conditions for the E. cf. punctulata esterase inhibition whole-sediment
toxicity test.
Test type
Test duration
Temperature
pH
Salinity
Light intensity
Photoperiod
Test chamber
Sediment mass
Overlying water volume
Control sediment

Overlying water
Overlying water renewal
Age of test organisms
No. replicate chambers/ sample
Initial cell density
Growth phase
Effect measured
Test acceptability criteria

Static (non-renewal)
24 h
21 1ºC
6.5-8.5
15-35‰
1 µmol photons/s/m2
12-h light / 12-h dark
20 mL
1g
9 mL
Un-contaminated BB, GP or BP, similar physico-chemical
parameters (grain size, pore water, salinity, pH) of the test
sediment.
Seawater filtered to 0.45 µm
none
5d
4
3.5 × 104 (water-only tests), 7.0 × 104 (whole-sediment tests)
exponential
Enzyme (esterase) inhibition
>15% healthy FDA fluorescence in seawater controls
>80% healthy FDA fluorescence in sediment controls
Reference toxicant tests within the cusum limits
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Introduction

Biological testing has been used as a monitor of contamination for a number of decades.
Toxicity tests can be a strong indicator of potential adverse ecological effects due to
contaminants when used with chemical screening, physico-chemical measurements and
knowledge of concentration-effect thresholds as a part of a weight-of evidence
approach.
Biological testing, used independently, determines only the toxicity of the sample to the
test organisms and does not identify which contaminant(s) may be responsible for these
effects. Chemical analysis/screening may detect a large number of chemicals, many of
which may be above sediment quality guidelines or concentration-effect threshold
values. However, even if all possible contaminants of concern could be measured, the
factors that control bioavailability to organisms are not known for all chemicals and for
all sediment types (i.e. containing differing silt fractions, organic carbon, iron, acid
volatile sulfide), leading to difficulty in determining which constituent(s) may be
causing adverse toxic effects.
Biological and chemical testing used together can yield complementary information
regarding the toxic components of a sample, and also forms the basis of TIE methods.
Generally, TIE is a biologically-directed fractionation approach whereby specific
chemical classes are reduced or removed from a sample via a number of non-toxic
physical/chemical treatments, thereby allowing the user to identify or eliminate
chemical classes responsible for the observed toxicity. For example, a sample which has
been established as being toxic will be subjected to a number of chemical treatments
that alter the chemistry and therefore the bioavailability of specific chemical classes.
Although aqueous TIE procedures for effluent, freshwater, marine and even pore water
samples have been established for over 20 years (US EPA, 1988), whole-sediment TIE
methods have only recently been developed (US EPA, 2007). The latter methods were
developed on the basis of identifying cause(s) of toxicity in sediments to common
sediment test organisms: Chironomus dilutus, Hyalella azteca, Lumbriculus variegatus
for freshwater sediments and Ampelisca abdita and Americamysis bahia for
estuarine/marine sediments.
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Ho et al. (2002) proposed that although the causes of toxicity in sediments may be
plentiful, there does not appear to be any one predominant cause of toxicity and that
dissolved metals, hydrophobic organic contaminants, and ammonia are all significant
contributors to the toxicity observed in sediments. More specifically, for marine
sediments, they reported that metals do not play a large role in causing toxicity. Wholesediment TIE (WS-TIE) treatments for marine sediments were developed based on
these observations of toxicants in whole-sediments and marine sediment pore waters
(Ho et al., 2002).
For whole-sediment TIE studies, toxicity testing of an untreated sediment, is used to
establish the baseline toxicity of the sample, and this is then re-determined at the same
time as testing following each of the treatments to provide a reliable comparison of the
effect of each treatment. WS-TIE treatments usually include the adding of adsorptive
materials directly to the test sediment or waters. Methods have been developed to date
for the following chemicals:
Ammonia: Treatments to identify dissolved ammonia-related toxicity include the
addition of the macro alga Ulva lactuca to sediment overlying water (Ho et al., 1999;
Pelletier et al., 2001; Burgess et al., 2003) or the adding of the zeolite SIR600™ directly
to the test sediment (Besser et al., 1998; Burgess et al., 2003).
Metals: Treatments for identifying toxicity caused by dissolved metals include the
addition of the metal-chelating resin SIR300™ or sulfide (as a solution) to the test
sediment (Burgess 2000).
Organic contaminants: Toxicity caused by organic contaminants is identified via the
addition of powdered coconut charcoal (PCC) (Ho et al., 2004) or the carbonaceous
adsorbent resin Ambersorb 1500® (Kosian et al., 1999; West et al., 2001).
It was necessary to understand the efficacy and limitations of the existing approaches, to
the types of contaminated sediments that we encounter, and where possible to improve
upon these methods It was desirable to use test organisms indigenous to the southern
hemisphere, with a local test species preferred. The estuarine amphipod Melita
plumulosa, has been thoroughly researched and is routinely used in whole-sediment
toxicity tests in Australia (Simpson and King, 2005). It is one of the most sensitive test
species, particularly to metals, and has the advantage of being able to be cultured in the
laboratory.
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The purpose of the research described in this chapter was to develop and describe
methods for reducing the toxicity of specific classes of contaminants in estuarine/marine
sediments with the epibenthic amphipod M. plumulosa. This approach involved the use
of:


Species sensitivity information (i.e. LOEC, NOEC and ECx concentrations) for
ammonia, copper and zinc,



Scavenging, absorptive and specificity properties for a range of toxicityreducing materials,



Data on the inherent toxicity that these toxicity-reducing materials have to M.
plumulosa, and



3.2.

Toxicity data describing the effectiveness of new WS-TIE treatments.

Specific Objectives

The primary objectives of the research described in this chapter were:


To determine species (M. plumulosa) sensitivity to ammonia and zinc, which are
commonly present in contaminated sediments,



To observe the chelating or adsorption potential, and specificity (in some cases)
of WS-TIE materials,



To determine the inherent toxicity of standard (existing) WS-TIE treatments and
suitability for use in toxicity tests with the amphipod M. plumulosa,



For those whole-sediment treatments which have acute toxic effects to M.
plumulosa, to investigate the suitability (inherent toxicity) of alternative
materials and their effectiveness in reducing the bioavailability and toxicity of
particular sediment-associated contaminant classes, and



To ascertain the influence of food on M. plumulosa survival and size in wholesediment toxicity tests.

3.3.

Materials and Methods

3.3.1. Toxicity tests
Whole-sediment and water-only toxicity tests were carried out with the epibenthic,
deposit-feeding amphipod M. plumulosa, routinely as a species for whole-sediment
toxicity tests with 10-d acute survival of juveniles (11 ± 3-d old) as the toxicity
endpoint. Toxicity tests were carried out according to standard protocols (Simpson et
al., 2005; King et al., 2006) outlined in Chapter 2. All toxicity tests were undertaken at
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a temperature of 21 ± 1ºC in an environmental chamber (Labec refrigerated cycling
incubator) on a 12-h light / 12-h dark cycle (light intensity 3.5 µmol photons/s/m2) for
the test duration.
Water-only zinc toxicity tests

Water-only tests with juvenile M. plumulosa were conducted over 10 d in 220 mL
beakers containing 200 mL of test water. For water-only zinc toxicity tests, metal
concentrations were prepared by addition of ZnSO4 to filtered seawater (FSW) in test
beakers. Nominal zinc concentrations in water-only tests ranged from 0 to 1,600 µg/L.
For each treatment, four replicate beakers were used, with 20 amphipods randomly
added to each beaker. Mesh, approximately 3 cm × 3cm, was added to each beaker as a
surrogate substrate for the amphipods. The metal solutions were renewed twice during
the 10-d exposures. On days 3 and 7, ~150 mL of the solution was removed by gently
siphoning and carefully replacing with new zinc solution. Amphipods were fed with a
powdered fish food (Sera Micron, Sera Fishtamins®, to maintain healthy control
survival over the 10-d exposure period. Sera Micron was mixed with seawater (~35 ‰)
to obtain a fish food suspension of 0.063 mg fish food/amphipod, and was added to the
overlying water of each beaker on days 3 and 7. Water from test beakers was subsampled on days 1, 3, 7 and 10, before and after renewals. Dissolved zinc
concentrations in sub-samples were determined using ICP-AES (Spectroflame EOP).
Measured and time-averaged dissolved zinc concentrations were used to calculate ECx
concentrations using Toxcalc® program (Tidepool Scientific Software, CA, USA) or a
logistic (sigmoidal) curve (Z(θ) = eθ/1 + eθ). The logistic curve models the dose
response relationship, of which the initial stage of the effect of a chemical on survival is
approximately exponential, then, as the concentration increases further, the effect slows,
and eventually stops. It is the inverse of the natural logit function and can be used to
convert the logarithm into a probability of an event (i.e. lethality) based on a particular
variable (i.e. chemical concentration).
Water-only EDTA toxicity tests

Effect concentrations for ethylenediaminetetraacetic acid (EDTA) to the juvenile
amphipod M. plumulosa were determined over 4 d in 220 mL beakers containing 200
mL of test water. Solutions of EDTA were prepared by dissolving EDTA tetrasodium
salt (dehydrate) in 30‰ FSW. Nominal EDTA concentrations in water-only tests ranged
from 0 to 2,000 mg/L. For each treatment, four replicate beakers were used, with 20
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amphipods randomly added to each beaker. Mesh was added to each beaker as a
surrogate substrate for the amphipods.
Whole-sediment toxicity tests

Whole-sediment toxicity tests were conducted over 10 d, with 4 replicate treatments in
100 mL glass beakers containing 20 g test sediment, 90 mL seawater and 15 amphipods
per treatment. The homogenised sediments were added 24 h before toxicity tests were
started and seawater was added slowly to minimise sediment resuspending. Immediately
before the commencement of the tests, the overlying water from each test was removed
by gently siphoning and replaced with clean seaweater. Juvenile amphipods 11 ± 3-d
old were isolated from holding culture trays and were then added to each treatment. Test
beakers were capped with plastic lids with an aeration tube to continuously oxygenate
the waters. Salinity of 30 ± 1‰ and pH of 8.0-8.2 was maintained in waters throughout
the test by the addition of deionised water to beakers which evaporation had occurred.
When amphipod survival was less than 80% and significantly different (p<0.05) to the
control, the sediments were considered to be toxic, or to cause acutely toxic effects to
M. plumulosa. Water from test beakers was sub-sampled on days 1, 5 and 10. Dissolved
metal concentrations in sub-samples were analysed using ICP-AES (Spectroflame
EOP). Measured and time-averaged dissolved metal concentrations were used to
calculate ECx concentrations using maximum Toxcalc® program (Tidepool Scientific
Software, CA, USA) or a logistic (sigmoidal) curve.
For ammonia, ECx, LOEC and NOEC values were reported as total (NH3-N), ionised
(NH4+) and un-ionised (NH3) ammonia. This is because ammonia is present in ionised
and un-ionised (NH3) forms, of which un-ionised ammonia is the more toxic form. The
ratio of NH4+ to NH3 is dependant on pH and temperature, and both parameters are
required to determine the percent of ammonia as NH3. Un-ionised ammonia can be
calculated from Table 1.1, Appendix 1, based on water temperature, pH, and total
ammonia levels. For example, in test water with a pH 8.0 ± 0.05, temperature of 21°C,
and salinity of ~30‰, un-ionised ammonia is approximately 3.8% of total ammonia.
Feeding in water-only and whole-sediment toxicity tests

For all tests, powdered fish food (Sera Micron, Sera Fishtamins®) was mixed with
seawater (~35‰) to obtain a fish food suspension of 0.03, 0.06, 0.13 or 0.25 mg fish
food/amphipod, and was added to the overlying water of each beaker. The concentration
of food suspension was adjusted proportionally for changes in the number of amphipods
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per beaker, the number of treatments requiring additions of food or if a different amount
of food was required. Due to the greater density of the fish food suspension (35‰
versus ~30‰ of overlying test seawater), it settled on the surface of the sediments. Food
was added to beakers on days 3 and 7 during 10-d toxicity tests.
Sub-lethal indicators of amphipod toxicity

Sub-lethal endpoints (e.g. growth, reproduction) can be used in acute toxicity tests to
determine subtle toxic effects, otherwise not detected by more commonly used acute
endpoints such as lethality.
In this study, the size of juvenile M. plumulosa was determined upon completion of
toxicity tests (i.e. day 10), in addition to lethality. The surviving amphipods from each
treatment were collected and pooled together by placing them in a shallow plastic Petri
dish containing seawater. The Petri dish containing the amphipods was then scanned in
duplicate using a conventional flat-bed scanner (Epson Perfection 1670) and Epson
Perfection software with an output resolution of 300 dpi on a true colour scale. The
digital images were then saved and converted to an 8-bit greyscale image using image
analysis software. The program allows greyscale areas to be selected and measured. The
software was used to measure the area of the amphipods in pixels which was then
converted to millimetres. Because the area of the amphipods, and not the length, was
determined, the measurements were not a quantification of size. However, these values
could be used to compare treatments and determine whether the size of those amphipods
exposed to controls and treatments differed. Data was natural log transformed and tested
for normality (Shapiro-Wilk’s test) and homogeneity of variance (Bartlett’ test) before
analysis. Statistically significant (p<0.05) differences in size between treatments were
determined by one-way ANOVA, with post hoc analysis using REGW-Q for parametric
data, or Games-Howell for data with normal distribution but unequal variances.

3.3.2. Resin adsorption studies
Resin adsorption and specificity studies were undertaken with the materials: SIR300™,
Chelex 100®, PCC, Amberlite XAD2®, Ambersorb 572® and SIR600™. The adsorption
efficiency of SIR300™ and Chelex 100®, PCC, Amberlite XAD2®, Ambersorb 572® and
SIR600™ for dissolved metals and metalloids was examined. PCC, Amberlite XAD2®,
Ambersorb 572® materials are designed for adsorption of organic contaminants, and
SIR600™ for dissolved ammonia. Therefore, these studies would determine the
specificity of these materials. Studies examining the adsorption efficacy materials for
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dissolved metals were undertaken over 96 h when placed in a solution containing a
mixture of metals. The effect of these materials on dissolved metal concentrations were
compared against a multi-metal only solution (control) to account for any losses of
metals and metalloids onto the test vessel or formation of colloids (i.e. due to extreme
changes in solution pH).
Resin adsorption and specificity studies were undertaken in polycarbonate vials
containing 200 mL multi-metal solution and either 1 g Amberlite XAD2®, 1 g
Ambersorb 572®, 5 g SIR300™, 5g Chelex 100®, 3 g PCC or 4 g SIR600™. The mass of
the adsorbent materials was chosen based on the mass which would be added in a
whole-sediment TIE (WS-TIE) study. A dilute multi-metal solution containing ~500
µg/L Al, Cr, Mn, Co, Ni, Cu, Zn, Mo, Cd and ~1,250 µg/L Fe, As, Ag and Pb was
prepared from a commercial ICP (AES01) standard (QCD analysts and Plasma Chem
Corp) that was acidified with 2% HNO3. The solution was adjusted to pH 7.5 before
being placed into each vial. Vials were capped and placed into a constant environmental
chamber (Labec refrigerated cycling incubator) set at a temperature of 21 ± 1ºC on a 12h light / 12-h dark cycle (light intensity of 3.5 µmol photons/s/m2) for the test duration.
Sub-samples were taken at 0, 0.17, 0.5, 1, 4, 8, 20, 24, 48 and 96 h. The sub-samples
were syringe filtered (acid rinsed on-line) into 5 mL polyethylene vials and acidified
(2% HNO3) until analyses of dissolved metals were made by ICP-AES (Spectroflame
EOP).
The adsorption of ammonia by the metal-chelating resin SIR300™, and the
carbonaceous adsorbent resin, Amberlite XAD2® were also briefly investigated as they
showed the greatest potential in water-only adsorption studies and WS-TIE testing. The
specificity of these materials was observed in whole-sediment toxicity tests over 10 d,
with 4 replicate treatments in 100 mL glass beakers containing 20 g test sediment, 90
mL seawater and 15 amphipods per treatment (as described in Section 3.3.1). For
treatments containing the metal-chelating resin or the carbonaceous adsorbent resin,
either 5 g of SIR300™ or 2 g of XAD2® were mixed into the ammonia-spiked sediment
as described later in Section 3.3.3. Sub-samples of the overlying waters were taken at
days 1, 5 and 10, and porewater samples taken on day 10 (test end) only. The subsamples were syringe filtered into 5 mL polyethylene vials and stored at -4ºC if
ammonia analyses by standard Merck test kit (as described in Chapter 2) could not be
carried out immediately.
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3.3.3. Test sediments
Control and test sediments

Control sediments with negligible contamination (non-toxic) were collected from
estuarine sites in Bonnet Bay (BB), Boronia Park (BP) and Grays Point (GP) (Sydney,
Australia), as described in Chapter 2. Contaminated sediments were collected from an
estuarine section of the Hunter River (NSW, Australia) with recognised petroleum
hydrocarbon contamination. Samples were collected using a grab sampler operated from
a boat. Sediments were homogenised in the field in a clean glass jars using a stainless
steel spoon, and transferred to the laboratory chilled on ice. Within hours of collection,
sediments were stored in a cool room at 4ºC until the time of analysis or use in toxicity
tests.
Copper-spiked sediments

Copper-spiked sediments were prepared by spiking ‘clean’ BB or GP sediment with
varying amounts of copper sulfate (CuSO4·5H2O) to achieve the desired copper
concentrations (per gram dry sediment). The copper spiking solution was prepared by
dissolving analytical reagent grade salt in deoxygenated seawater. The hydrolysis of
water decreases pH when copper sulfate is dissolved (Simpson et al., 2004), so the pH
of the copper-spike solutions was adjusted to 7.0 using deoxygenated NaOH (50%
NaOH w/w in deoxygenated deionised water) immediately prior to being mixed with
the sediment. Low density polyethylene plastic bottles (Nalgene) containing the
sediments were purged with nitrogen gas, sealed, and shaken thoroughly. Test
sediments were stored in a nitrogen glove box and allowed to equilibrate for a specified
period of time (~4 weeks). The pH was measured at least twice per week with
adjustments to pH 7.0 made as required (NaOH solution). Following pH adjustments,
bottles were re-purged with nitrogen, shaken then returned to the glove box.
Ammonia-spiked sediments

Test sediments were spiked with varying amounts of ammonia chloride (NH4Cl) to
achieve the desired concentrations of ammonia per gram of sediment. The NH4Cl
spiking solution was prepared by dissolving the analytical reagent grade salt in
deoxygenated seawater. Low density polyethylene plastic bottles containing the
sediments were purged with nitrogen gas, sealed and shaken periodically (1 h, 1-2 times
per week) to aid homogenisation and reaction of the spiked chemicals with the
sediment. Test sediments were stored in a nitrogen glove box and allowed to equilibrate
for a specified period of time (~4 weeks). The pH was measured at least twice per week
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with adjustments to pH 7.5 made as required using a NaOH solution. Following pH
adjustments, bottles were re-purged with nitrogen, shaken and then returned to the glove
box (see methods in Chapter 2). Ammonia was measured using a standard Merck test
kit as described in Chapter 2.

3.3.4. Standard WS-TIE approach
Metal-chelating resin (MCR) treatments

The identification of dissolved metal toxicants in whole-sediments, toxicity tests was
undertaken with a metal-chelating resin (MCR) treatment using the ResinTech SIR300™
resin (ResinTech, Cherry Hill, NJ, USA). The metal-chelating resin SIR300™ (Figure
3.1a) had iminodiacetate functionality (R-CH2-N(COOH)2) with sodium counter ions
supported on 1 mm spherical styrene beads cross-linked with divinylbenzene (Burgess
et al., 2000). The resin was rinsed five times with deionised water, again five times with
30‰ FSW, and then stored in clean 30‰ FSW (at 4°C) according to Burgess et al.
(2000). Immediately prior to use, the resin was again rinsed with 30‰ FSW. The resin
was then allowed to drain using either a 180 or 500 µm mesh funnel (Figure 3.2), to
allow excess moisture to drain.
MCR treatments were prepared by addition of SIR300™ directly to each sediment
treatment in a 1:4 w/w resin-to-sediment ratio; e.g. 5 g of resin and 20 g of wet
sediment, followed by thorough mixing with a Teflon-coated spatula. The mixture was
allowed to settle by tapping the bottom of each beaker with the palm of the hand,
followed by the addition of 30‰ FSW up to the 90 mL mark. Toxicity tests using M.
plumulosa were carried out according to Section 3.3.1. At the termination of the test, the
resin was either discarded or collected for extraction of metals bound to the resin. The
resin was retained by washing the sediment-resin mixtures through either a 180 or 500
µm mesh funnel using 30‰ FSW, and, when necessary, separating the resin from finer
sediment particles with a plastic pipette. Collected resin, free of sediment, was then
drained and stored in 20 mL polyethylene vials at 4°C until extracted.

Chapter 3.
(a)

(b)

(d)

(e)

Development Amphipod WS-TIE Methods

63

(c)

(f)

Figure 3.1 WS-TIE materials (a) ResinTech SIR300™, (b) PCC (< 45 µm), (c) GCC (≥ 600 µm), (d)
Amberlite XAD2®, (e) Ambersorb 572®, and (f) ResinTech SIR600™, investigated for use in wholesediment toxicity tests.

(a)

(b)

Figure 3.2 (a) 180 µm and (b) 500 µm mesh funnels used for draining resins.

Activated carbon (PCC, GCC & CC) treatments

The addition to sediments of powdered coconut charcoal (PCC) (90-96% <45µm,
Calgon Carbon, Pittsburg, PA, USA), a hydrophobic, carbon-based material that
strongly adsorbs hydrophobic organic contaminants (HOCs) was investigated as a
treatment for reducing the bioavailability and, hence, the toxicity in whole-sediment
toxicity tests (Figure 3.1b). To determine the inherent toxicity of PCC treatments, M.
plumulosa were exposed to PCC treatments; of 0, 5, 10 and 15% PCC (wet mass) of
control sediment. In these experiments, a hydrated form of PCC, pyrolized activated
coconut husks, (90-96% of particles ≤45µm in size), was prepared by combining PCC
with deionised water in a 2,000 mL vacuum flask. The PCC-Milli-Q (18MΩ.cm) water
mixture was swirled in the flask until mixed and then placed in a vacuum oven (WeissGallenkamp, Loughborough, UK) overnight at room temperature. The vacuum removes
the air from the PCC and allows water to penetrate into the pores (Ho et al., 2004).
Excess water was removed by centrifugation (3,500 rpm for 10 min), resulting in a
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black paste. The wet PCC was sealed in a container and stored at 4°C until used (Ho et
al., 2004).
PCC material has a microporous surface that creates a large particle surface area (1, 200
m2/g) on which HOCs can absorb (Lebo et al., 2003). For sediment toxicity tests,
sediment-PCC mixtures were prepared separately, by mixing 1, 2 or 3 g (wet mass) of
PCC into 20 g (wet mass) of sediment using a spatula in 100 mL glass beakers. Ninety
millilitres of FSW was then added gently to the beakers to minimise PCC resuspending
and allowed to equilibrate for 24 h prior to conducting amphipod toxicity tests (see
Section 3.3.1).
For the granular coconut charcoal (GCC) treatments, a granular form of coconut
charcoal (CC) was used (Figure 3.1c). To determine the toxicity of GCC treatments
(~600 µm in particle size), the amphipod M. plumulosa were exposed to additions of 0,
5, 10 and 15% (wet mass) GCC to clean sediment. GCC was prepared by using methods
described for PCC treatments.
CC treatments with a particle size ranging from 63 to 500 µm were achieved by
crushing GCC particles in a stainless steel ring mill (Rocklabs, Auckland, NZ), until
particles were visually smaller. The crushed particles were then dry sieved through a
series of stainless steel meshes to achieve the following particles sizes: 500-250, 250180 and 180-63 µm. Wet and conditioned CC was prepared using methods described for
PCC. The inherent toxicity and efficacy of crushed GCC to reduce sediment toxicity
was determined by mixing 3 g (wet mass) of CC of either 500-250, 250-180 or 180-63
µm to 20 g of sediment (wet mass) (see methods for PCC).
Carbonaceous adsorbent resin (CAR) treatments

The carbonaceous adsorbent resin, Amberlite XAD2® (Sigma Aldrich, Castle Hill,
Australia), utilised in CAR treatments, consisted of spherical particles (250-841 µm in
diameter) having a surface area ~300 m2/g, formed by the pyrolosis of a highly
sulfonated styrenedivinylbenzene macroreticular resin (Figure 3.1d). The synthetic
carbonaceous adsorbent Ambersorb 572® was also investigated for reducing the toxicity
of sediments containing organic contaminants (Figure 3.1e). The black synthetic beads
were 297-841 µm in size having a high surface area (~1,100 m2/g), making it suitable
for sequestration of contaminants such as hydrophobic organic compounds. Amberlite
XAD2® and Ambersorb 572® were prepared by rinsing thoroughly with high purity

Chapter 3.

Development Amphipod WS-TIE Methods

65

Milli-Q water (18MΩ.cm) water followed by 30‰ FSW, and was then allowed to drain
using either a 180 or 500 µm mesh funnel to remove excess moisture. Ten percent
Amberlite XAD2® or Ambersorb 572® by wet mass was added to sediment, e.g. 2 g of
resin (wet mass) was added to 20 g sediment (wet mass), followed by thorough mixing.
Toxicity tests with M. plumulosa were carried out as described in Section 3.3.1.
Zeolite (ZEO) treatments

Treatments to reduce the toxicity of dissolved ammonia (ZEO treatments) consisted of
adding SIR600™ (ResinTech Inc. Cherry Hill, NJ, USA), the sodium/potassium form of
a moist (~10% water content) granular mineral, produced from natural, purified and
back-washed zeolite (297-1,410 µm) without further preparation or conditioning to
sediment (Burgess et al., 2003) (Figure 3.1f). For ZEO treatments, 4 g of SIR600™ was
added directly to 20 g of sediment (i.e. 20% addition), 24 h prior to the commencement
of M. plumulosa bioassays.

3.3.5. New WS-TIE treatments using EDTA
Ethylenediaminetetraacetic acid (EDTA) is a strong metal chelator and is often used in
biochemistry, molecular biology and environmental chemistry to scavenge metal ions.
For aqueous samples, EDTA is used as a TIE treatment to identify toxicity associated
with dissolved metals, by reducing their bioavailability to the test organism. The use of
EDTA as a treatment in WS-TIEs for reducing the toxicity of dissolved metals was
investigated. Generally, EDTA has the ability to chelate metal ions in 1:1 molar ratio of
metal to EDTA, however, the high concentration of calcium carbonate (CaCO3) in
seawater influences the metal-EDTA chelate formation. Using the MINEQL (4.5)
program (Environmental Research Software, Hallowell, ME, USA), the chemical
equilibrium behaviour of EDTA-metal complexes in CaCO3 media (seawater) was
calculated. Based on these models, it was estimated that a 1:10 ratio of metal to EDTA
was required to bind >90% of metals in seawater. Therefore, the NOEC to M.
plumulosa of approximately 190 mg EDTA/L was chosen for use in whole-sediment
toxicity tests.
This concentration of EDTA was used in treatments of two control sediments (GP and
BP) and two copper-spiked sediments (750 and 1,000 mg Cu/kg), to determine; (i) the
sensitivity of M. plumulosa to additions of EDTA in whole-sediments tests, and (ii) the
ability of EDTA to reduce the toxicity of metal-contaminated sediments. (EDTA)
treatments were conducted by adding 90 mL of EDTA solution (186 mg/L) to beakers
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containing 20 g of sediment. Solutions of EDTA were prepared by dissolving EDTA
tetrasodium salt (dehydrate) in 30‰ FSW. The EDTA solution was then gently added to
the sediment, in place of FSW, 24 h prior to test commencement and placed into a
constant environmental chamber to allow the sediment to settle overnight. Prior to the
addition of test organisms, approximately 80% of the overlying water (i.e. EDTA
solution) was removed by siphoning and replaced with new EDTA solution (186 mg/L)
using a 60 mL syringe to avoid disturbing the sediment. Beakers were returned to the
constant environment cabinet for the duration of the test, only being removed for subsampling of the overlying water.

3.4.

Results

3.4.1. Sensitivity of M. plumulosa to dissolved ammonia, zinc and EDTA
Toxicity of dissolved ammonia

The toxicity of ammonia was determined in whole-sediment toxicity tests using
sediments spiked with 0, 100, 200, 300, 400, 600 and 800 mg NH3-N/kg. The average
dissolved concentration of total ammonia (NH3-N) in the overlying water of the
sediments spiked with 0, 100, 200, 300, 400, 600 and 800 mg NH3-N/kg were
approximately 2, 8, 15, 23, 31, 43 and 55 mg/L, while porewater concentrations were 1,
9, 16, 20, 26, 37 and 50 mg/L, respectively. Over the course of the 10-d toxicity test, it
was observed that there was a 16 to 44% decrease in the concentration of total ammonia
in the overlying water of the ammonia-spiked sediments. For sediments spiked with 0,
100, 200, 300, 400, 600 and 800 mg NH3-N/kg, overlying water concentrations of unionised ammonia were approximately 0.07, 0.32, 0.63, 0.84, 1.20, 1.80 and 2.10 mg
NH3/L, respectively. A 10 to 53% decrease in the concentration of un-ionised ammonia
in the overlying water was also observed. The concentration of un-ionised ammonia in
the pore water of these sediments was approximately 0.02, 0.15, 0.30, 0.38, 0.58, 0.78
and 1.20 mg NH3/L, respectively, markedly less than that present in the overlying water.
Ammonia is a gas, and in solution it is easily volatilised. Therefore dissolved ammonia
concentrations readily decreased over time.
When the concentrations of dissolved ammonia in the overlying and pore water of
ammonia-spiked sediments were plotted against each other, there was a good
relationship between the ammonia occurring in the overlying and pore water (total
ammonia R2 = 0.99, and un-ionised ammonia R2 = 0.97) (Figure 3.3a, b). Toxicity data
for M. plumulosa have been calculated and presented using the total and un-ionised
ammonia concentrations in the sediment overlying and pore waters.
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Figure 3.3 Relationship between (a) total ammonia, NH3-N,and (b) un-ionised ammonia, NH3,
concentrations in the overlying water and pore water of ammonia-spiked sediments in 10-d toxicity
tests

The 10-d EC20, EC50, LOEC and NOEC values for total ammonia in the overlying water
were 14 (9-22), 26 (19-27), 15 and 8 mg NH3-N/L, respectively, and 14 (10-19), 23 (1927), 16 and 9 mg NH3-N/L, respectively, in the pore water. EC20, EC50, LOEC and
NOEC values for un-ionised ammonia were as follows; 056 (0.38-0.81), 0.98 (0.801.20), 0.63 and 0.32 mg NH3/L, respectively, for overlying water, and 0.25 (0.17-0.37),
0.45 (0.36-0.57), 0.30 and 0.15 mg NH3/L, respectively, for pore water (Table 3.1 and
Figure 3.4).
Table 3.1 Acute 10-d toxicity data for dissolved ammonia (mg/L) in whole-sediment toxicity tests
using the juvenile amphipod M. plumulosa.
10-d Toxicity Data a, b
Dissolved total ammoni
(mg NH3-N /L)

a

Dissolved un-ionised ammonia
(mg NH3/L)

Overlying water

Pore water

Overlying water

Pore water

NOEC

8

9

0.32

0.15

LOEC

15

16

0.63

0.30

EC20 (95% CL)

14 (9-22)

14 (10-19)

0.56 (0.38-0.81)

0.25 (0.17-0.37)

EC50 (95% CL)

26 (19-27)

23 (19-27)

0.98 (0.80-1.20)

0.45 (0.36-0.57)

Effects concentration were calculated using a time average of day 1, 5 and 10 measured concentrations
b
Mean (95% confidence limits) and geometric mean for LOEC / NOEC
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Figure 3.4 Concentration-effects curves for M. plumulosa exposed to (a) total ammonia, NH3-N, in
the overlying water, (b) total ammonia, NH3-N, in the pore water, (c) un-ionised ammonia, NH3, in
the overlying water and, (d) un-ionised ammonia, NH3, in the pore water of ammonia-spiked
sediments.
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Toxicity of dissolved zinc

Dissolved zinc concentrations were within 10% of the nominal test concentrations at the
start of the test and on each day of renewals (i.e. days 3 and 7). During the time between
each renewal, zinc concentrations decreased by up to 16%. To account for this decline
of dissolved zinc in the test solution, a time average of the measured zinc concentrations
on days 1, 3 (before and after renewals), 7 (before and after renewals) and 10, was used
to determine the acute toxicity.
Acute 10-d water-only toxicity data for dissolved zinc are presented in Table 3.2. The
10-d water-only EC20, EC50, LOEC and NOEC for dissolved zinc were 155 (128-188),
223 (190-260), 180 and 90 µg/L, respectively (Figure 3.5).
Table 3.2 Acute 10-d toxicity data for dissolved zinc (µg/L) and 4-d toxicity data for
ethylenediaminetetraacetic acid (EDTA) (mg/L) in water-only toxicity tests for the juvenile
amphipod M. plumulosa
4-d toxicity data (mg/L) a

10-d toxicity data (µg/L) a, b
Dissolved zinc

EDTA

EDTA-pH 8 adjusted

NOEC

90

186

186

LOEC

180

744

EC20 (95% CL)
EC50 (95% CL)

155 (128-188)
223 (190-260)

744

207 (n/a)

c

390 (163-935)

248 (n/a)

c

820 (544-1237)

a

Mean (95% confidence limits) and geometric mean for LOEC / NOEC, n = 4
b
Effects concentration were calculated using a time average of day 1, 5 and 10 measured concentrations
c
95% confidence limits not available
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Figure 3.5 Concentration-effects relationship between M. plumulosa survival and the concentration
of dissolved zinc in 10-d water only toxicity tests.
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Toxicity of EDTA

The 4-d EC20, EC50, LOEC and NOEC for EDTA was approximately 207, 248, 744 and
186 mg/L, respectively (Table 3.2). In the highest EDTA treatment where there was
complete amphipod mortality, the solution pH was ≤4, markedly lower than that of the
control treatment (~pH 8). It is likely that the low pH may have contributed to the high
mortality in these two treatments (0 ± 0% survival), and therefore, decreased the EDTA
EC50 to M. plumulosa. Given that the solution pH may have influenced the EDTA EC50,
an additional 4-d water-only toxicity test was carried out using pH 8.0-adjusted (within
pH range for seawater) EDTA solutions for treatments where the pH was markedly
decreased. Where solutions where adjusted to a pH of ~8.0, the EC20, EC50, LOEC and
NOEC were 390 (163-935), 820 (544-1237), 744 and 186 mg/L, respectively. Based on
the 4-d NOEC data, a concentration of 190 mg EDTA/L was used in whole sediment
tests (Figure 3.6).
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Figure 3.6 Concentration-effects relationships between 4-d survival of the amphipod M. plumulosa
to (a) EDTA and (b) EDTA-pH 8 adjusted.
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3.4.2. Resin adsorption/ specificity studies
Metals

For some metals, adjusting the multi-metal solution to pH 8, achieved through the
addition of FSW and further adjusting using NaOH, caused a marked decline in their
dissolved concentrations. For example, the dissolved concentrations of Fe, Cr and Pb in
solution were below detection limits (≤5 µg/L) either at the start (0 h) or by the end of
the test (96 h). Dissolved concentrations of copper, zinc and nickel decreased by 72%,
31% and 12%, while Mn, Cd, Co, Ag and As concentrations were relatively stable over
the 96 h test period (0% loss compared to 0-h control) (Figure 3.7). Given these results,
the effect of SIR300™, Chelex 100®, PCC, CC, Amberlite XAD2®, Ambersorb 572®
and SIR600™ were reported for Mn, Ni, Cu, Zn, Cd, Co, Ag and As relative to dissolved
metal concentrations in the control (containing no material) and expressed as the percent
of the control concentration.
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Figure 3.7 Loss of dissolved metals manganese ( ), nickel ( ), copper ( ), zinc (×), cadmium ( ),
cobalt (+), silver ( ) and arsenic ( ) (% of 0 h blank) over 96 h in the control treatment.
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As expected, the metal-chelating resins SIR300™ and Chelex 100® were very effective
in decreasing the concentration of dissolved metals in solution. After 96 h contact, with
SIR300™ the concentrations of Mn, Ni, Cu, Zn, Cd and Co in solution were reduced by
100%, relative to concentrations in the control treatment (Figure 3.8). For Chelex 100®,
dissolved concentrations of Mn, Ni, Cu, Zn and Cd were decreased by 100% (of
control) after 96 h. Dissolved Co and Ag were 90 and 70% (of the control), respectively.
At 24 h, decreases of 85, 85, 40, 80, 90, 85 and 60% (of control) were observed for Mn,
Ni, Cu, Zn, Cd, Co and Ag respectively, in the presence of SIR300™, and 80, 75, 50, 80,
85, 75 and 35% (of control) for Chelex 100®. Neither metal-chelating resin, which
operates via chelation, lowered the dissolved concentration of the metalloid arsenic in
solution, which is an anion in solution (i.e. AsO3-). Sub-samples taken at 96 h showed
that both resins were equally effective for decreasing dissolved metals from solution,
but at 24 h, SIR300™ appeared to be slightly more efficient than Chelex 100®.
The adsorption potential of carbonaceous adsorbent resin Amberlite XAD2®,
Ambersorb 572®, coconut charcoal materials PCC and CC for dissolved metals is
presented in Figure 3.8. Results from these tests showed that Amberlite XAD2® did not
lower the concentration of metals in solution, but for the Ambersorb 572® resin, CC and
PCC, marked decreases were noted for most metals. Sub-samples taken from
Ambersorb 572® tests at 96 h revealed an 85, 95, 100, 100, 70, 95 and 100% (of
control) decrease to the dissolved concentrations of Mn, Ni, Cu, Zn, Cd, Co and Ag,
respectively. At 24 h, the dissolved concentration of Mn (50%), Ni (60%), Cu (80%),
Zn (80%), Cd (45%), Co (60%) and Ag (80%) were markedly lower compared to the
control. PCC and CC also had a notable effect on most metals. The concentration of
dissolved Mn, Ni, Cu, Zn, Cd, Co and Ag in solutions containing CC at 96 h and 24 h
had decreased by 45, 70, 100, 90, 70, 65 and 100% (of control), respectively, and 25,
40, 85, 70, 45, 40 and 90% (of control), respectively. Of the two carbon materials, PCC
appeared to be more effective for decreasing the concentration of dissolved metals than
CC. The concentrations of Mn, Ni, Cu, Zn, Cd, Co and Ag were decreased by 75, 95,
100, 100, 95, 95 and 100% (of control), respectively, at 96 h, and 70, 90, 100, 95, 85, 85
and 100% (of control), respectively, at 24 h.
SIR600™, used to reduce the bioavailability and toxicity of ammonia in ZEO treatments,
had a minor effect on the dissolved concentration of some metals (Figure 3.8). In the
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presence of SIR600™, the concentrations of manganese (30%), zinc (15%) and cobalt
(25%) in solution were slightly decreased, but only apparent after 96 h.
Key findings
For resin adsorption and specificity studies using a multi-metal solution; (i) both metalchelating resins SIR300™ and Chelex 100® were very effective for decreasing the
concentration of dissolved metals (Mn, Ni, Cu, Zn, Cd, Co and Ag), (ii) SIR300™ was
only slightly more efficient than Chelex 100® for decreasing the concentration of
dissolved metals after 24 h, and (iii) of the four materials designed to reduce the
bioavailability of organic contaminants, PCC had the greatest effect on dissolved
metals, while Amberlite XAD2® did not decrease metal concentrations in solution.
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Figure 3.8 Adsorption (% of control treatment) of (a) manganese, (b) nickel, (c) copper, (d) zinc, (e)
cadmium, (f) cobalt, (g) silver and (h) arsenic onto SIR300™ (+),Chelex 100® ( ), Amberlite
XAD2® ( ), Ambersorb 572® ( ), PCC ( ), CC ( ), and SIR600™ ( ) over 96 h.
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Ammonia

The addition of the metal chelating resin SIR300™ and the carbonaceous adsorbent resin
Amberlite XAD2® to ammonia-spiked sediment did not markedly affect dissolved
ammonia concentrations in the overlying and pore water. For sediment spiked with 600
mg NH3-N/kg, the concentration of total ammonia in the overlying and pore water was
approximately 45 and 35 mg/L, respectively, and un-ionised ammonia was 1.80 and
0.78 mg/L, respectively. The 10-d acute toxicity of this sediment to M. plumulosa was
17 ± 4% (survival).
Ammonia-spiked sediment with the addition of SIR300™ contained 45 mg NH3-N/L in
the overlying and pore water. The concentration of un-ionised ammonia in the overlying
and pore water was 2.00 and 1.00 mg NH3/L, respectively. Toxicity to M. plumulosa
survival was also relatively un-changed at 20 ± 5%. The addition of Amberlite XAD2®
to sediment spiked with 600 mg NH3-N/kg did not appear to decrease the concentration
or bioavailability of dissolved ammonia. For sediment containing Amberlite XAD2®,
the concentration of total ammonia in the sediment overlying and pore water was
approximately 40 and 45 mg NH3-N/L, respectively, and un-ionised ammonia was 1.80
and 1.00 mg NH3/L, respectively. Toxicity to M. plumulosa survival (22 ± 7%) was not
significantly (p>0.05) different to the baseline (un-treated) sediment.
For sediment spiked with 1,000 mg NH3-N/kg, both SIR300™ and Amberlite XAD2®
resins appeared to slightly lower the concentration of dissolved ammonia in sediment.
The average concentration of total ammonia in the overlying and pore water of the
ammonia-spiked sediment was 80 and 100 mg NH3-N/L, respectively. With the addition
of SIR300™ and Amberlite XAD2® overlying (65 mg NH3-N/L) and pore water (70 and
60 mg NH3-N/L, respectively) total ammonia concentrations were slightly decreased.
For un-ionised ammonia the effect was less. The concentrations of un-ionised ammonia
in the overlying and pore water were 3.50 and 2.60 mg NH3/L respectively. SIR300™
did not appear to decrease un-ionised ammonia in the overlying water (4.10 mg NH3/L),
although porewater concentrations were slightly decreased (1.60 mg NH3/L). The
Amberlite XAD2® resin did not lower the concentration of un-ionised ammonia in the
overlying water (3.90 mg NH3/L), but did appear to slightly decrease pore water
concentrations (2.10 mg NH3/L). Despite the decrease to ammonia, SIR300™ and
Amberlite XAD2® did not reduce the bioavailability of ammonia to M. plumulosa, with
toxicity to amphipod survival at 0 ± 0% in the baseline, sediment, SIR300™ and
Amberlite XAD2® treatments.
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Key findings
For resin adsorption and specificity studies using ammonia-spiked sediments both
SIR300™ and Amberlite XAD2® showed some adsorption of ammonia when dissolved
concentrations were <50 mg NH3-N/L and <2.00 mg NH3/L, and (ii) SIR300™ and
Amberlite XAD2® decreased dissolved ammonia by up to 40% in sediments containing
>80 mg NH3-N/L and ≥2.60 mg NH3/L.

3.4.3. Sensitivity of M. plumulosa to standard WS-TIE treatments
Metal-chelating resin (MCR) treatments

MCR treatments of control sediments did not have an acute toxic effect on M.
plumulosa survival. The 10-d survival of M. plumulosa when exposed to control
sediments with MCR treatment was ≥90%, with the exception of one toxicity test (78 ±
0%). The average survival in MCR treatments of control sediment was 95 ± 2% (n = 15
toxicity tests), and this was also not significantly (p>0.05) different from control
sediments.
Activated carbon (PCC, GCC & CC) treatments

Treatments with increasing additions of PCC to control (BB) sediment resulted in
increasingly significant (p<0.05) reductions to the 10 d survival of M. plumulosa.
Additions of 0, 5, 10 and 15% PCC resulted in 100 ± 0, 85 ± 7, 73 ± 9 and 62 ± 3%
amphipod survival, respectively. In particular, PCC treatments with greater than 10%
addition of PCC resulted in <80% survival required for acceptable control response, and
were also significantly (p<0.05) different to the control sediment.
Given the reduced survival of M. plumulosa when exposed to PCC treatments, a coarser
variety of CC having a particle size of ≥600 µm (referred to as GCC from this point
forward) was also investigated for reducing the bioavailability of hydrocarbons in
sediments. As undertaken with PCC, increasing amounts of GCC were added to control
sediments to determine if GCC treatments had an acutely toxic effect on amphipod
survival. GCC treatments with 0, 5, 10 and 15% addition of GCC resulted in 100 ± 0,
100 ± 0, 93 ± 4, 98 ± 2% amphipod survival, respectively (Figure 3.9a). Even though
GCC treatments did not significantly (p>0.05) affect M. plumulosa survival, it is well
known that larger/coarse carbon particles are less effective than smaller particles for
adsorbing contaminant molecules. This is because coarser carbon variants have a lower
carbon surface area per unit mass of carbon. Therefore, to try and achieve GCC with a
particle size >63 µm but with a greater surface area than GCC, the granular carbon
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material was ground using a stainless steel ring mill, and dry sieved through a series of
metal sieves to achieve particle sizes of 63-180, 180-250, and 250-500 µm. CC having a
particle size ≥63 µm did not have an acutely toxic effect on the 10-d survival of M.
plumulosa (Figure 3.9b). More specifically, the 10-d survival of M. plumulosa exposed
to CC treatments that included 15% additions of 63-180, 180-250, and 250-500 µm CC
was 98 ± 2, 98 ± 2 and 96 ± 4%, respectively (Figure 3.9c).
As a preliminary study, 63-180 µm CC treatments were conducted on sediment
containing polycyclic aromatic hydrocarbons (PAHs) and total petroleum hydrocarbons
(TPHs) to ascertain if this fraction was effective at reducing the sediment toxicity to M.
plumulosa. The baseline toxicity of this sediment was 45 ± 5% survival. The addition of
15 and 25% CC (63-180 µm) treatments did not alter toxicity (Figure 3.10).
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Figure 3.9 Effect of (a) increasing amounts of PCC (< 45µm), (b) increasing amounts of GCC (~600
µm), and (c) CC of varying particle size (63-180 µm, 180-250 µm, 250-500 µm), on the 10-d survival
of the amphipod M. plumulosa. Error bars represent upper and lower 95% confidence limits, n = 4.
Asterisks (*) denotes a statistically significant (p<0.05) difference to control treatment.
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Carbonaceous adsorbent resin (CAR) treatments

In addition to PCC (< 63 µm), GCC (> 600 µm) and CC (63-160 µm) treatments, the
potential of carbonaceous adsorbent resin (CAR) treatments using Amberlite XAD2®
and Ambersorb 572® resins for reducing organic contaminants (i.e. HOCs) related
toxicity in sediments were also considered. The 10-d survival of M. plumulosa in CAR
treatments of the control sediment with the 10% addition of Amberlite XAD2® (n = 11)
and Ambersob 572® (n = 1) was 98 ± 1 and 97 ± 2%, respectively. As a preliminary
study, Amberlite XAD2® and Ambersorb 572® treatments were carried out on sediment
containing PAHs and TPHs. Both XAD2® and 572® treatments significantly (p<0.05)
reduced toxicity of contaminated sediment to M. plumulosa from 45 ± 5% survival to 84
± 2 and 78 ± 9% survival, respectively (Figure 3.10).
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Figure 3.10 The effect of 15% and 25% CC (63-160 µm), CAR (Amberlite XAD-2®) and CAR
(Ambersorb 572®) treatments on the 10-d survival of M. plumulosa exposed to control sediment ( ),
and PAH contaminated sediment ( ) containing hydrophobic organic toxicants. Error bars
represent upper and lower 95% confidence limits, n = 4. Asterisks (*) denote a statistically
significant (p<0.05) difference to the baseline treatment.

Zeolite (ZEO) treatments

ZEO treatments of control sediments had no acutely toxic effects on M. plumulosa, and
mean survival was 95 ± 1% (n = 11). For sediments spiked with 600 mg NH3-N/kg, the
10-d survival of M. plumulosa was 17 ± 4%. The dissolved concentration of total
ammonia was 45 (overlying water) and 35 mg NH3-N/L (pore water), and the respective
concentrations of un-ionised ammonia in the overlying and pore water were 1.80 and
0.77 mg NH3/L, respectively (Table 3.3). When ZEO treatments were used, toxicity to
M. plumulosa survival was significantly (p<0.05) reduced from 17 ± 4 to 47 ± 7%
(survival). The ZEO treatment also markedly reduced the concentration of total and un-
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ionised ammonia in the overlying water (20 mg total NH3-N/L and 0.78 mg NH3/L) and
pore water (30 mg total NH3-N/L and 0.72 mg NH3/L). For sediments spiked with 1,000
mg NH3-N/kg, where amphipod toxicity was 0 ± 0% (survival), the ZEO treatment did
not reduce the sediment toxicity to M. plumulosa survival (Table 3.3). Although
amphipod toxicity was not reduced with ZEO treatment, there was a marked reduction
in the concentration of total and un-ionised ammonia in both the overlying and pore
water of this sediment. The concentration of total ammonia in the overlying water was
reduced from 80 to 25 mg NH3-N/L and the pore water concentration was reduced from
100 to 35 mg NH3-N/L, respectively, in ZEO treatments. The concentration of unionised ammonia in this sediment was decreased by a lesser amount. Un-ionised
ammonia in the baseline sediment was 3.50 mg NH3/L in the overlying water and 2.60
mg NH3/L in the pore water, whereas the concentration in the overlying and pore water
of the ZEO treatment was 1.90 and 1.00 mg NH3/L, respectively.
Table 3.3 Effect of the ZEO treatment on the 10-d toxicity of ammonia-spiked sediments to M.
plumulosa, and the concentration of total (NH3-N) and un-ionised (NH3) ammonia in the overlying
and pore waters of sediment bioassays.
Bioassay
Sediment

Treatment

600 mg NH3-N/kg
1000 mg NH3-N/kg

Un-ionised
Ammonia
(mg NH3/L) b

Total Ammonia
(mg NH3-N/L) b

% Survival ± SE a

OW

PW

OW

PW

Baseline

17 ± 4

45

35

1.80

0.77

ZEO

47 ± 7

20

30

0.78

0.72

Baseline

0±0

80

100

3.50

2.60

ZEO

0±0

25

35

1.90

1.00

a

Mean 10-d survival ± standard error, n=4
b
Concentrations were calculated using a time average of day 1, 5 and 10 measured concentrations

Key findings
The metal-chelating resin SIR300™ appeared to be a suitable WS-TIE treatment using
the amphipod M. plumulosa because of: (i) high affinity for dissolved cationic metals,
(ii) effectiveness for decreasing the concentration and bioavailability of metals in
solution and sediment waters, (iv) availability, and (v) cost effectiveness.
Of the four materials investigated for decreasing the toxicity of organic contaminants
(PCC, GCC CC, Ambersorb 572® and Amberlite XAD2®), Amberlite XAD2® was the
most suitable for further use in WS-TIE studies. PCC, having a particle size <45 µm,
was inherently toxic to M. plumulosa, caused by malnutrition or blockage of the
amphipods intestinal tract. Although CC materials with larger particle size were not
toxic to M. plumulosa, they were least effective for decreasing the bioavailability of
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HOCs to M. plumulosa. Additionally, these charcoal materials demonstrated a lack of
specificity and were very efficient for decreasing dissolved metal concentrations from
solution.
Amberlite XAD2® was more effective than CC (63-180 µm) for reducing the
bioavailability of HOCs in sediments to M. plumulosa and demonstrated a greater
specificity than the carbonaceous adsorbent resin Ambersorb 572®.
For decreasing the concentration of ammonia (NH3-N and NH3) in sediment overlying
and pore water, and bioavailability of ammonia to M. plumulosa in whole-sediments,
SIR600™ was only moderately effective. However, the effectiveness of the resin may
have been overwhelmed by the concentration of ammonia in solution.

3.4.4. Sensitivity of M. plumulosa to new WS-TIE treatments
EDTA treatments

The 10-d survival of M. plumulosa in the two control sediments, GP and BP was 98 ±
2% and 91 ± 6%, respectively (Figure 3.11). For EDTA treatments of GP and BP
sediments, survival was significantly (p<0.05) reduced to 5 ± 5 and 1 ± 0%,
respectively. For GP and BP control sediments, the concentrations of Fe, Cu, Zn and Pb
in the overlying water were ≤10 µg/L. Following EDTA treatment, total dissolved metal
concentrations in the overlying water of the GP sediment increased to approximately
11,000 µg Fe/L, 100 µg Cu/L, 260 µg Zn/L and 300 µg Pb/L, and approximately 11,000
µg Fe/L, 77 µg Cu/L, 870 µg Zn/L and 760 µg Pb/L in the BP sediment, but these
would have been complexed with EDTA.
Toxicity to M. plumulosa survival of sediments spiked with 750 and 1,000 mg Cu/kg
was 7 ± 4 and 2 ± 2%, respectively. For the sediment spiked with 750 mg Cu/kg, EDTA
treatments slightly, but not significantly (p>0.05) reduced toxicity to M. plumulosa (22
± 7% survival), but did not reduce the toxicity of the sediment spiked with 1,000 mg
Cu/kg (2 ± 2%). The concentration of Fe, Cu, Zn and Pb in the overlying water of the
baseline sediment containing 750 mg Cu/kg increased from 15, 45, 35, and ≤5 µg/L to
930, 5200, 1,700 and 980 µg/L, respectively. Similarly, in the sediment containing 1000
mg Cu/kg, the concentration of Fe, Cu, Zn and Pb in the overlying water also increased
from ≤5, 90, ≤5 and ≤5 µg/L to approximately 8300, 9700, 370 and 300 µg/L,
respectively.
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Figure 3.11 The 10-d whole sediment toxicity of M. plumulosa exposed to baseline ( ) and EDTA
treatments ( ) of control and copper-spiked sediments in tests. Error bars represent upper and
lower 95% confidence limits, n = 4.

Key findings
The results from this study differed from results obtained in other studies (Phillips et al.,
2003). In this study, EDTA caused significant (p<0.05) changes to the partitioning and
bioavailability of metals in whole-sediments, as a result the addition of EDTA as a WSTIE treatment was not appropriate and was not investigated further.

3.4.5. Influence of added food on amphipod survival and size
For 10-d toxicity tests using clean sand, increased nutrition by mixing clean silt (BB
sediment) with the sand, resulted in significantly (p<0.05) higher M. plumulosa
survival. Amphipod survival was not significantly (p>0.05) different from that in sand
when the silt (particles of <63µm) fraction comprised 0.10 and 0.95% of the test
material, which was equivalent to 0.1% and 1% addition of BB sediment (Figure 3.12).
In sand containing 4.8% silt (5% BB sediment), M. plumulosa survival was significantly
(p<0.05) increased, but <80% survival. When the silt fraction comprised of >9.5%,
which was equivalent to 10% BB, >90% survival was observed.
The size of juvenile amphipods after 10-d exposure to test sediments was also recorded
as a measure of health and sub-lethal effects. Amphipods exposed to BB sediment were
approximately 0.92 ± 0.05 mm (area) in size, whereas amphipods exposed to sand only
were significantly (p<0.05) smaller at 0.51 ± 0.04 mm (area) in size. Additions of up to
9.5% silt (10% BB sediment) did not significantly (p>0.05) increase amphipod size.
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Only for sand-silt mixtures comprised of 38% silt, was amphipod size significantly
(p<0.05) increased compared to sand only.
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Figure 3.12 Effect of nutrition added to sand in the form of silt (0 to 95%) on the 10-d survival ( bar) and size ( -line) of juvenile M. plumulosa in whole-sediment toxicity tests. Error bars
represent upper and lower 95% confidence limits, n = 4 (for 0%, 0.1%, 0.95%, 4.8%, 9.5%, 38%,
57%, 67%, 76%, 86%), n = 8 (for 48% and 95%) . Uppercase letters (A, B, C, D) denote
statistically significant (p<0.05) differences in amphipod survival between treatments. Lowercase
letters (a, b, c) denote a statistically significant (p<0.05) differences in amphipod size between
treatments.

The influence of added food in the form of Sera Micron (Sera Fishtamins®) fish food
suspension on the survival and size of M. plumulosa was also investigated for control
sediments with properties ranging from sand to sediments containing up to 95% silt
(Figure 3.13). These tests show that for sandy sediments with little or no silt, the
addition of 0.03, 0.06, 0.13 and 0.25 mg food/amphipod twice during a 10-d toxicity
test significantly (p<0.05) increased amphipod survival from 33 ± 4 to 89 ± 6, 84 ± 2,
91 ± 4 and 91 ± 2%, respectively. Amphipods exposed to sand with no food for 10 d
were ~0.52 mm (area) in size. Regardless of the amount of food added to sand, the size
of juvenile M. plumulosa did not appear to be significantly (p>0.05) increased.
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Figure 3.13 Effect of feeding on the 10-d survival ( -bar) and size ( -line) of juvenile M. plumulosa
exposed to sand in whole-sediment toxicity tests. Error bars represent upper and lower 95%
confidence limits, n = 4. Uppercase letters (A, B, C, D) denote statistically significant (p<0.05)
differences in amphipod survival between treatments. Lowercase letters (a, b, c) denote a
statistically significant (p<0.05) differences in amphipod size between treatments.

For the BB control sediment, containing ~95% particles <63 µm, the addition of 0, 0.03,
0.06 and 0.13 mg food/amphipod twice during 10-d tests resulted in 98 ± 0, 100 ± 0,
100 ± 0 and 100 ± 0% survival, respectively, with amphipods being 0.91 ± 0.05, 1.11 ±
0.06, 1.15 ± 0.05 and 1.38 ± 0.08 mm (area) in size, respectively. The addition of food
did not have a significant (p<0.05) effect on survival however, the size of juvenile M.
plumulosa were significantly (p<0.05) larger in sediments containing as little as 0.03
mg food/amphipod (Figure 3.14).
Amphipod survival in BP control sediment (~30% particles <63 µm) was 91 ± 2%.
Additions of 0.03 mg (84 ± 3% survival), 0.06 mg (98 ± 2% survival) and 0.13 mg (100
± 0% survival) of food/amphipod did not significantly (p>0.05) increase amphipod
survival, except in sediment containing 0.13 mg food/amphipod (Figure 3.14). The
addition of ≤0.063 mg food/amphipod did not significantly (p>0.05) increase juvenile
amphipod size, but 0.13 mg food/ amphipod did.
For BP control sediment (~30% particles <63 µm) containing 0, 0.03, 0.06 and 0.13 mg
food/amphipod survival was 96 ± 2, 93 ± 0, 100 ± 0 and 93 ± 0%, respectively, and
amphipod size was 0.47 ± 0.03, 0.64 ± 0.04, 0.68 ± 0.04 and 0.71 ± 0.04 mm,
respectively. Juvenile amphipods were significantly (p<0.05) larger in GP control
sediment with additions of 0.03 mg food/amphipod or greater, than those that were not
fed (Figure 3.14).
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Figure 3.14 Effect of feeding on the 10-d survival and size of juvenile M. plumulosa exposed to
Bonnet Bay, Grays Point and Boronia Park control sediments in whole-sediment toxicity tests. BB =
Bonnet Bay, GP = Grays Point and BP = Boronia Park. Error bars represent upper and lower 95%
confidence limits, n = 4. Upper case letters (A, B, C) denote statistically significant (p<0.05)
differences in amphipod survival between treatments. Lowercase letters (a, b, c) denote statistically
significant (p<0.05) differences in amphipod size between treatments.

Key findings
Based on the results from this study and findings from similar studies conducted by
Spadaro et al. (2008) using M. plumulosa, a feeding regime of 0.063 mg food/amphipod
on days 3 and 7 of 10-d toxicity tests was found to be suitable for use in WS-TIEs as a
tool for identifying cases where toxicity occurs as a result of malnutrition.

3.5.

Discussion

3.5.1. Sensitivity of M. plumulosa to dissolved ammonia, zinc and EDTA
Toxicity of dissolved ammonia

Ammonia is a potentially toxic compound frequently present in sediment pore water
(Ankley et al., 1995), and is typically a result of the mineralisation of nitrogen
containing compounds (Berner, 1980). Occasionally ammonia can be found in
sediments at concentrations high enough to cause toxicity to macroinvertebrates (Jones
and Lee, 1988; Ankley et al., 1990; Schubauer-Berigan and Ankley, 1991; Burgess et
al., 1993). For most organisms, where toxicity data are available, ammonia toxicity
increases at higher pH as a result of increases in the concentration of the un-ionised
form of ammonia, which is believed to be the more toxic of the two forms.
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The 10-d toxicity of ammonia to the amphipod M. plumulosa in whole-sediments was
studied as an additional line-of-evidence for delineating the cause(s) of sediment
toxicity. Earlier it was shown that ZEO treatments of whole-sediments, using a natural
zeolite was only moderately effective for reducing the concentration of, and hence, the
toxicity of ammonia in sediments, when ammonia was present at high concentrations
(i.e. ~40 mg NH3-N/L in overlying and pore water). This may be because the resin was
overwhelmed by the high concentration of ammonia. The concentrations present in
these sediments are very conservative of the concentrations that may be present in
sediment. Therefore, it is suggested that 10-d whole-sediment toxicity data for ammonia
be used as a further line-of-evidence to identify when dissolved ammonia is a
contributing factor to toxicity in sediments.
The 10-d EC50 values for M. plumulosa exposed to ammonia-spiked sediments, based
on the total ammonia concentrations in the overlying and pore waters, were
approximately 26 and 23 mg NH3-N/L, respectively. The corresponding un-ionised
ammonia EC50 values were 0.98 and 0.45 mg NH3/L, respectively. The 10-d ammonia
EC50 values for M. plumulosa were comparable to those of the amphipod Hyalella
azteca. Ankley et al. (1995) reported that the 4-d water only EC50 for ammonia to the
amphipod H. azteca was approximately 17.5 (14.8-20.7) mg NH3-N/L at pH 7.5 and 24
mg NH3-N/L at pH 8.5. The corresponding un-ionised ammonia EC50 values for H.
azteca at pH 7.5 and 8.5 were 0.31 (0.26-0.37) and 2.24 mg NH3/L, respectively. In the
same study, Ankley et al (1995) observed that there was no notable difference between
the 4-d and 10-d EC50 values for H. azteca exposed to ammonia. From their study, it
was suggested that less than 10 mg/L in 10-d whole-sediment tests should not result in
significant toxicity to H. azteca. This value is also similar for M. plumulosa, where the
NOEC values of ammonia in the overlying and pore water of sediments were between 8
and 9 mg NH3-N/L.
Using this newly acquired 10-d NOEC, LOEC, and EC50 data for dissolved ammonia,
the toxicity observed in ammonia-spiked sediments with ZEO treatments can now be
better understood and described. For sediments spiked with 1,000 mg NH3-N/kg where
there was complete amphipod mortality, the concentration of ammonia in the overlying
and pore water was 3 and 4 times greater than the EC50, respectively, for total ammonia
to M. plumulosa, and 4 and 6 times the EC50 for unionised ammonia. Although the ZEO
treatment used in this study decreased the concentration of total and un-ionised
ammonia in sediment overlying and pore waters, amphipod toxicity was not
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significantly (p>0.05) reduced. The concentrations of total ammonia in the overlying
(25 mg NH3-N/L) and pore water (35 mg NH3-N/L) in the ZEO treatment were similar
to the corresponding ammonia EC50 values for sediment overlying water (26 mg NH3N/L) and pore water (23 mg NH3-N/L). Based on the concentration-effect curves for
total ammonia, amphipod survival in a sediment containing 25 to 35 mg NH3-N/L in the
overlying and pore water was expected to be higher (i.e. ~50% survival). However, the
concentration of un-ionised ammonia in sediment overlying water (1.90 mg NH3/L) and
pore water (1.00 mg NH3/L) was significantly (p<0.05) higher than the un-ionised
ammonia EC50 values for M. plumulosa (0.98 and 0.45 mg NH3/L in the overlying and
pore water, respectively). According to ammonia concentration-effect curves, less than
20% amphipod survival would be expected given the dissolved total and un-ionised
ammonia concentrations in these sediments. This is in good agreement with the toxicity
data for M. plumulosa.
Amphipod survival in the sediment spiked with 600 mg NH3-N/kg (i.e. 17 ± 4%), was
similar to that which would be expected in sediment containing approximately 35 to 45
mg NH3-N/L, and 0.77 to 1.80 mg NH3/L, based on the ammonia concentration
response curve for M. plumulosa. In sediment with the ZEO treatment, where the
toxicity was significantly (p<0.05) reduced (47% survival), the concentration of both
total and un-ionised ammonia in the overlying water (20 and 0.78 mg NH3/L,
respectively) and pore water (30 and 0.72 mg NH3/L, respectively) were similar to EC50
values. Based on the total ammonia concentration in the overlying and pore water,
~50% amphipod survival would be expected using concentration-effect curves, and for
un-ionised ammonia ~35-60% amphipod survival (based on overlying and pore water
ECx values, respectively) would be expected.
This demonstrates that the ammonia ECx data derived from concentration-effect curves
are useful tools in WS-TIE studies, especially where ZEO treatments do not appear to
significantly (p<0.05) alter sediment toxicity.
Toxicity of dissolved zinc

Currently, limited zinc concentration-effects data exists for juvenile M. plumulosa.
Although it would be desirable to use 10-d whole-sediment concentration-effects data,
obtaining such data requires the consideration and testing of multiple factors that may
potentially affect the partitioning and bioavailability of zinc in whole-sediments, for
example, particle fraction distribution, organic carbon, acid volatile sulfide, sediment
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pH, iron and manganese content and chemical speciation, among the many factors.
Unfortunately, these studies are time-consuming and were beyond the scope of this
project.
Acute 10-d water-only M. plumulosa toxicity tests are often used as an interim measure
to better understand the acute toxicity of dissolved contaminants. The 10-d water-only
toxicity tests are usually carried out with added food in the form of a fish food
suspension. This is because the survival of juvenile amphipods during 10-d water-only
exposures is often less than 50%, and caused by starvation. Consequently it is not
possible to determine water-only effects concentrations over longer periods without
added food. For dissolved zinc, the 10-d water-only EC50, LOEC and NOEC,
determined with renewals and feeding, were 220, 180 and 90 µg Zn/L, respectively.

3.5.2. Resin adsorption/ specificity studies
For TIE studies, it is paramount to use treatments that identify specific classes of
chemicals (i.e. metals, organic contaminants). To achieve this, toxicity reducing
materials are required to be not only effective for reducing the targeted contaminant, but
also demonstrate a high specificity for those contaminants. For example, MCR
treatments are used to identify toxicity associated with dissolved metals. Hence,
SIR300™, the resin used in MCR treatments, should ideally show a high sorption
potential/efficacy for dissolved metals but not for other contaminants such as organic
chemicals or ammonia.
Comparing the two metal-chelating resins SIR300™ and Chelex 100®, both metalchelating resins were very effective for decreasing the concentrations of Mn, Ni, Cu,
Zn, Cd and Co by >90% and Ag by >65%, but neither were effective for decreasing the
concentration of the metalloid arsenic. Arsenic most commonly occurs in marine waters
as anionic arsenates (AsO43-) and arsenites (AsO33-). Chelating resins such as SIR300™
and Chelex 100® are not effective for scavenging/exchanging negatively charged ions.
Treatments utilising resins designed to specifically reduce the toxicity of metalloids
such as arsenic do exist (Mount and Hockett, 2000; Burgess et al., 2007; US EPA,
2007), but are not explored further in this study SIR300™ appeared to be slightly better
than Chelex 100® for decreasing Co and Ag in solution. In WS-TIE tests, treatments are
prepared 24 h prior to the addition of test organisms to allow the system to equilibrate
and materials to reduce the concentration and bioavailability of toxicants. Therefore, the
percent (of control) decrease of dissolved metals at 24 h was calculated. At 24 h,
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concentrations of Mn, Ni, Zn, Cd and Co were decreased by >80% using SIR300™ and
>75% with Chelex 100®. SIR300™ was more effective for adsorbing silver (60% of
control) than Chelex 100® (45% of control for Ag), but not copper (40% of control for
SIR300™ and 50% of control for Chelex 100®). Based on the adsorption efficiency and
cost, the SIR300™ resin appeared to be favoured for use in WS-TIEs.
Four different materials for reducing the bioavailability and toxicity of organic
contaminants Amberlite XAD2®, Ambersorb 572®, CC and PCC (Simpson et al., 2007)
are all designed to reducing toxicity of hydrophobic organic contaminants (HOCs)
however, when placed in a multi-metal solution Ambersorb 572®, CC and PCC
demonstrated a high adsorption potential for some dissolved metals. Ambersorb 572®
was shown to decrease dissolved metal concentrations (Mn, Ni, Cu, Zn, Cd, Co and Ag)
between 70 and 100% after 96 h and 45 and 80% after 24 h. Ambersorb 572®
demonstrated high adsorption potential for copper, zinc and silver. Amberlite XAD2®
on the other hand had very low adsorption potential for dissolved metals. Dissolved
metal concentrations were not decreased in the presence of Amberlite XAD2®.
The adsorption of metals, such as cadmium, onto granular and powdered carbon has
been well documented in a number of studies (Huang and Ostovic, 1978; Huang and
Writh, 1982; Reed and Matsumoto, 1993; Reed et al., 1994; Leyva-Ramos et al., 1997).
Ho et al. (2004) showed that PCC addition to metal-contaminated sediment had
significant effects on the dissolved concentrations of cadmium, copper, nickel and zinc.
For the two carbon materials, the coarser CC (63-180 µm) decreased dissolved metal
concentrations by up to 100% (of control) after 96 h and up to 90% after 24 h, with
relatively high adsorption for copper, zinc and silver. PCC had a greater effect on the
concentration of Mn, Ni, Cu, Zn, Cd, Co and Ag. Dissolved metal concentrations were
decreased by up to 100% after 24 h and had a high adsorption potential for all of these
metals within a relatively short contact time. In the current study, copper was decreased
by 85% (of control) immediately after contact with PCC, and was observed to undergo
the largest decrease. PCC was in fact more effective for decreasing dissolved copper
than both of the metal-chelating resins. Leyva-Ramos et al. (1997) has also reported
powdered carbon to have a higher adsorption capacity than coarser varieties for some
metals. This is because PCC particles are microporous, having a very high surface area
for contaminant adsorption.

Chapter 3.

Development Amphipod WS-TIE Methods

91

Natural zeolites are microporous aluminosilicate mineral structures that often have a
high cation exchange capacity, and are therefore, capable of removing quantities of
cationic metals from solution via ion exchange (Besser et al., 1998). Using two varieties
of natural zeolite (clinoptilolite and chabazite), Ouki and Kavannagh (1999)
demonstrated that a high selectiveness for lead, copper, cadmium, zinc and chromium
and slightly lower values for nickel and cobalt. The ammonia-adsorbing zeolite
SIR600™ used in this study showed a good specificity for ammonia, with slight
reductions to the dissolved concentration of manganese, zinc and cobalt. This was in
good agreement with Besser et al. (1998), where zeolite treatments did not appear to
significantly affect (p<0.05) the dissolved concentration of copper and cadmium in
sediment overlying waters.
For identifying the toxicity of dissolved metals, HOCs and dissolved ammonia in
whole-sediments, MCR, CAR and ZEO treatments using SIR300™, Amberlite XAD2®
and SIR600™, respectively, appear to be most suitable. The efficacy of SIR300™ and
Amberlite XAD2® for reducing dissolved ammonia and, therefore, the specificity of
these materials were further investigated using two ammonia spiked-sediments. Further
specificity studies were only undertaken for these two materials as SIR300™ appeared to
be slightly more effective than Chelex 100® for dissolved metals, and of the four
materials designed to decrease the bioavailability of organic contaminants Amberlite
XAD2® demonstrated the greatest specificity.
When investigating the selectivity of some of the above materials, it was demonstrated
that the metal-chelating resin SIR300™ does not generally decrease the concentration of
total or un-ionised ammonia in moderately ammonia-contaminated sediment, but does
however, appear to decrease the concentration of dissolved ammonia in sediments
containing markedly higher concentrations of ammonia (≤28% decrease in total
ammonia and ≤40% un-ionised ammonia). This also appeared to be the case for
Amberlite XAD2®, where total ammonia was decreased by ≤38%, and un-ionised
ammonia ≤17%. On the other hand, Burgess et al. (2000) reported that there was no
significant effect to the concentration and toxicity of ammonia in the overlying water of
spiked-sediments, and only minor effects on the endosulfan-spiked sediments with
SIR300™.
TIE treatments are chosen for their high affinity and adsorption potential for targeted
contaminants (i.e. metal-chelating resins for divalent metals); these treatments generally
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demonstrate a good specificity for these classes of contaminants. However, for most
TIE treatments, there may be potential for adsorption of contaminants other than those
which are targeted. Therefore it is important to establish the capacity and limitations of
the chosen TIE treatments, so that results can be interpreted correctly. For example,
defining adsorption or chelating capacity of the material for not only the targeted
contaminants, but a range of contaminants, particularly those targeted by other TIE
treatments. This also outlines the importance of use of chemical analysis during toxicity
testing and concentration-effects data to interpret results. Given the potential for
materials to adsorb/sequester non-targeted chemicals, it is proposed that information
gained from adsorption studies be taken into consideration when interpreting data,
chemical analysis of overlying waters and the concurrent application of TIE treatments
be employed when conducting WS-TIE studies. Further details on the proposed
methods for effectively conducting WS-TIEs with M. plumulosa are discussed in
Chapter 7.

3.5.3. Sensitivity of M. plumulosa to standard WS-TIE treatments
Metal-chelating resin (MCR) treatments

The metal-chelating resin SIR300™ was used in MCR treatments. SIR300™ was chosen
over Chelex 100® because of its suitability for use in whole-sediment tests using the
amphipod M. plumulosa (average survival of 95% in control sediments), slightly higher
efficacy for decreasing the concentration of a number of cationic metals, the
commercial availability of the resin, and markedly lower cost of the SIR300™ compared
to Chelex 100® (an important factor when conducting WS-TIEs, as a substantial amount
of material may be required).
Activated carbon (PCC, GCC & CC) treatments

Research has demonstrated the role of organic carbon in controlling the porewater
concentrations and the bioavailability of non-ionic organic chemicals in sediments
(Karickhoff et al., 1979; Landrum et al., 1992). It is because of their intricate porous
structures, large surface areas and high sorptive capacity that organic carbon materials
have been used to reduce the bioavailability of organic contaminants in both laboratory
(Lebo et al., 2003; Ho et al., 2004; Zimmerman et al., 2004; Millward et al., 2005;
Phillips et al., 2006; Tomaszewski et al., 2007) and field studies (Cho et al., 2007).
In the present study, PCC treatment of control sediments resulted in a 38% reduction in
amphipod survival. Only in PCC treatments containing 5% PCC, was amphipod
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survival slightly but not significantly (p>0.05) affected. As a deposit feeder, the
amphipod M. plumulosa selectively ingests sediments particles and detritus matter
(King et al., 2005; 2006). Given the small particle size range of the PCC used (90-96%
particles <45µm), it is likely that the amphipods ingested PCC particles. This is
supported by observations, in the current study, of surviving amphipods from PCC
treatments of control sediments. Surviving M. plumulosa, in PCC treatments, which
usually have translucent orange bodies, had a visible darkening of the intestinal tract.
The decreased survival and the darkened intestinal tracts of the amphipods in the PCC
treatments suggested that amphipods had ingested a substantial amount of nonnutritious PCC particles instead of sediment particles or food (i.e. algal cells, detritus
matter). Hence, it was suspected that amphipod mortality in PCC treatments of 10-d
toxicity tests was a result of a lack of nutrition (i.e. starvation). Significant (p<0.05)
reductions in the survival of the amphipod Hyalella azteca (Phillips et al., 2006) and the
growth of the midge Chironomus tentans (US EPA, 2007) when exposed to PCC
additions as low as 5% have also been reported.
As an alternative to the PCC treatments, a coarser variety of CC having a particle size of
~600 µm (GCC), larger than what is believed to be ingested by M. plumulosa, was
found not to affect the survival M. plumulosa in clean sediment. When GCC was
crushed to a particle size of 63-180 µm and added to a control sediment (CC treatment),
amphipod survival was >95%, however, when added to a sediment contaminated with
moderate concentrations of HOCs, CC treatment did not appear to be effective for
reducing sediment toxicity to M. plumulosa. Results from this study suggest that
grinding the GCC does not appear to significantly (p>0.05) improve the adsorptive
potential of the material for HOCs, and are in good agreement with Tomaszewski et al.
(2007), where is was shown that grinding carbon does not result in an appreciable
change in particle surface area.
A number of other studies comparing the effectiveness of coarse and fine carbonaceous
adsorbent materials have shown that finer materials are more effective than coarser
variants. For example, crushing activated carbon (TOG) from 75-300 µm to
approximately 25-75 µm, increased the reduction in aqueous PCB concentrations in
contaminated-sediments from 82 to 97% (Zimmerman et al., 2005). In the same study,
it was found that mixing granular carbon (F400) 420-1700 µm in particle size did not
significantly (p>0.05) decrease the aqueous PCB concentration in contaminated
sediments. However, crushing the granular carbon to a particle size of approximately
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75-250 µm resulted in a 67% reduction in aqueous PCB concentrations (Zimmerman et
al., 2005). It is believed that smaller particles are more effective at adsorbing
contaminant molecules desorbed by sediment particles because of their greater carbon
surface areas per unit masses of carbon (Lebo et al., 2003).
Carbonaceous adsorbent resin (CAR) treatments

The findings from this study that CAR treatments using Amberlite XAD2® and
Ambersorb 572® were more effective than CC (180-63 µm) treatments at reducing the
toxicity to the amphipod M. plumulosa of sediments containing PAHs, are in agreement
with earlier studies. For HOCs, the adsorbent resins Ambersorb 563®, 572®, 1500® and
Amberlite XAD2® have been shown to be effective for reducing sediment toxicity to a
range of organisms (McElroy et al., 2000; West et al., 2001; Tabak et al., 2003; Philips
et al., 2006). Additionally, it has been demonstrated that adsorbent resins may be more
effective for scavenging organic contaminants than granular/coarse carbon. In a study
conducted by Lebo et al., (2003), Ambersorb 1500® was better than granular carbon for
reducing the bioavailability of four organic contaminants (naphthalene, phenanthrene,
p,p’-DDE, and 2,2’,5,5’-tetrachlorobiphenyl). Ho et al. (2004) also reported that
Ambersorb 1500® (in crushed form) was slightly more effective than PCC treatment for
reducing the toxicity of contaminated sediment.
Both the CAR treatments of control sediment had no effect on the 10-d survival of M.
plumulosa. However, of these two, CAR treatment using Amberlite XAD2® appeared to
be slightly, but not significantly (p>0.05), more effective at reducing the toxicity of a
PAH contaminated sediment. Based on these results, and the availability of the resins,
the CAR treatment using Amberlite XAD2® was chosen for further use in WS-TIE
studies.
Zeolite (ZEO) treatments

In the present study, ZEO treatment was moderately effective for decreasing the
concentration of total (NH3-N) and un-ionised ammonia (NH3) in sediment overlying
and pore waters. In moderately ammonia-spiked sediments, the concentration of total
ammonia in the overlying and pore water was reduced by approximately 2- and 3-fold,
respectively. Similarly, the concentration of un-ionised ammonia in the overlying and
pore water was reduced by approximately 2.3- and 1.1-fold, respectively. The marked
reduction in both total and un-ionised ammonia was reflected by a significant (p<0.05)
reduction to amphipod toxicity. For sediments containing higher concentrations of
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ammonia (i.e. 1000 mg NH3-N/kg), ZEO treatment was effective at reducing the
concentration of total ammonia in the overlying and pore water by approximately 3fold, and un-ionised ammonia by approximately 1.8- to 2.5-fold. However, despite this
apparent decrease in ammonia, amphipod toxicity was not decreased. This may be due
to the consistently high concentrations of ammonia in both the overlying and pore
water, even with ZEO treatment. The high concentration of ammonia is most likely due
to (i) the over saturation of SIR600™ with ammonia, or (ii) Na+ out competing NH4+ for
sites on the zeolite resin (Burgess et al., 2003).
Results in the current study differ slightly from those reported elsewhere. Besser et al.
(1998) reported that the addition (10-20% v/v) of the zeolite (clinoptilolite granuales) to
ammonia-spiked and field-collected sediments reduced pore water ammonia
concentrations by >70% during 96-h toxicity tests, and also significantly (p<0.05)
reduced toxicity to the amphipod H. azteca and the oligochaete Lumbriculus variegatus
(Besser et al., 1998) relative to sediments without zeolite (baseline). However, for
toxicity tests with the midge C. tentans, where zeolite treatments reduced survival in
control sediments, results were less conclusive.
For sediments spiked with varying concentrations of ammonia (250-1000 mg/kg)
Burgess et al. (2003) found that the addition of the zeolite SIR600™ significantly
(p<0.05) reduced total and un-ionised ammonia concentrations in the overlying water.
For example, a 4-fold reduction was observed in ammonia spiked-sediments containing
SIR600™ compared to sediment without SIR600™. However, the concentration of
ammonia in the pore water was reduced to a lesser extent using SIR600™. The addition
of SIR600™ to these ammonia spiked-sediments was also found to be more effective for
the amphipod Ampelisca abdita, than the mysid Americamysis bahia (Besser et al.,
2003). Differences in the effectiveness of SIR600™ treatments for these two organisms
were reported to be due to the organism’s exposure pathways. The amphipod is exposed
via a combination of the overlying and pore water, while the mysid is exposed
predominantly through the overlying water (Besser et al., 2003).

3.5.4. Sensitivity of M. plumulosa to new WS-TIE treatments
EDTA treatments

In the present study 186 mg EDTA/L (as determined using EDTA concentration-effect
relationships in Section 3.4.1) was added to whole-sediment toxicity tests in order to
reduce toxicity of dissolved metals. This concentration was determined to have no

Chapter 3.

Development Amphipod WS-TIE Methods

96

effects on the survival of M. plumulosa and is approximately 4.4 times lower than the
estimated EC50 for EDTA. The US EPA (2007) generally test at a single concentration
of EDTA, 30 mg/L, which is widely tolerated by all marine organisms. For the
amphipod H. azteca, which has been used in whole-sediment studies with EDTA, this
concentration is approximately 3 times lower than its EC50 for EDTA. Given the higher
tolerance of M. plumulosa and the toxicity data for EDTA, 186mg/L (pH-adjusted) was
determined to be an appropriate concentration.
The addition of EDTA to whole-sediment toxicity tests caused significant reductions to
the 10-d survival of the amphipod M. plumulosa. When EDTA was added to the
dissolved phase of a control sediments, survival was significantly (p<0.05) reduced by
20- to 100-fold. The reduced 10-d survival is probably due to increased concentration of
metals detected in the overlying water of these sediments. Analysis of metals in the
overlying water showed that in the presence of EDTA, concentrations of Fe, Cu, Zn and
Pb were between 70-12,000 µg/L compared to 0-10 µg/L in the overlying water of the
baseline sediments (i.e. without EDTA). For copper-spiked sediments, the addition of
EDTA to the overlying water did not significantly (p>0.05) change toxicity, and
increased metal concentrations in the overlying water by up to 50- to 8300-fold. It is
thought that the addition of EDTA to sediments, in this study, caused a high
concentration of metals otherwise bound to sediment particles, to be released from the
solid phase (sediment) into solution.
The findings in this study are dissimilar to those observed by Phillips et al. (2003) when
used to identify when metals have been the toxicity causing contaminants in wholesediment toxicity tests. Phillips et al. (2003) found that the addition of 50 mg EDTA/L
to the overlying water of sediment toxicity tests reduced both the concentration of
dissolved metals in the sediment test, decreased bivalve toxicity and increased the
development of bivalve embryos in EDTA treated sediment had significantly (p<0.05)
increased development compared to those in exposed to untreated sediment.
It has been shown that EDTA, a very powerful complex former, can dissolve iron (III)
hydrous oxide, under certain conditions, up to pH 9 (Stumm and Morgan, 1996). It is
thought that, in this study, the addition of EDTA to the overlying water of sediments
may have dissolved the naturally occurring FeOOMe complexes in the sediment.
Dissolution of FeOOMe complexes would result in a release of iron and metals bound
to iron (hydrous) oxide from sediment phases into the water column. The dissolution of
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these FeOOMe phases might explain the high concentration of Fe and Cu, Zn, and Pb
(that may have been bound to FeOOH) detected in the overlying water. For example:
2FeOOH + Me2+ → 2FeOOMe + 2H+

Equation 13

Chapman et al. (1998) stated that the complexation by ligands can enhance the
mobilisation of metals from solid to solution, and that complexation has the potential to
reduce the bioavailability of these metals to biota. In this study, although the
mobilisation of metals was clearly increased, EDTA did not appear to be effective at
reducing the bioavailability and therefore, toxicity of dissolved metals. The high
amphipod toxicity observed in this study may be due to (i) the formation of EDTAmetal complexes being slower than the rate of dissolution of FeOOMe, (ii) the presence
of a high concentration of metals that have a lower affinity, or slower rate of
complexation, for EDTA, or (iii) faster/ preferential chelation of iron compared to other
more toxic metals.

3.5.5. Influence of added food on amphipod survival and size
M. plumulosa is an epibenthic organism, and although adult amphipods have sufficient
body reserves to survive 10 d in clean sand (Hyne et al., 2005; King et al., 2006),
juvenile M. plumulosa require additional nutrition during 10-d exposures. Sufficient
nutrition is often present in silty sediments, but for very sandy sediments that have little
to no organic matter or sources of food, juvenile M. plumulosa do not grown and can die
due to malnutrition. Consequently, for acute toxicity tests undertaken on nutritionally
poor, moderately contaminated sediments, it is difficult to determine whether the
observed toxicity is due to the contaminants or to malnutrition (Spadaro et al., 2008).
For 10-d toxicity tests using clean sand, increases in nutritional matter by mixing clean
silt (BB sediment) with sand resulted in ≥90% survival when the silt fraction (<63 µm
fraction) comprised 9.5% of the test material. Some contaminants are strongly
partitioned from solution onto sediment particles, more specifically organic carbon,
decaying detritus, particulate organic matter; organic coatings on inorganic particles
provide binding sites for both metals and organic contaminants (Simpson et al., 2005).
Adding silt to contaminated sediments may therefore, influence the partitioning of some
dissolved contaminants in whole-sediment toxicity, thereby potentially reducing an
organism’s exposure. It is desirable that added nutrition does not significantly (p>0.05)
lower the exposure that amphipods receive from dissolved pathways.
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The addition of fish food to sand during 10-d toxicity tests at concentrations as low as
0.03 mg food/amphipod was effective for increasing M. plumulosa survival to >80%,
but amphipod size was relatively un-affected regardless of the amount of food added.
For silt to sandy-silt sediments, where the 10-d survival of M. plumulosa was >80%, the
addition of food had small effects on survival. The addition of 0.03 mg food/amphipod
did, however, influence the size of juvenile M. plumulosa exposed to BB and BP control
sediments, while 0.13 mg food/amphipod was required for amphipods to grow
significantly (p<0.05) larger in GP control sediment. Juvenile amphipods exposed to
sand and sandy-silt control sediments that received 0.03 and 0.063 mg food/amphipod
were not significantly (p>0.05) different in size after 10 d.
In Spadaro et al. (2008), a feeding regime of 0.063 mg food/amphipod on days 3 and 7
of 10-d toxicity tests was found not to ameliorate the toxicity contaminated sediments
but was sufficient to maintain survival in un-contaminated control sediments for a wide
range of sediment types. In the same study, Spadaro et al. (2008) found that the 4-d
water-only copper EC50 was similar without (220 ± 11 µg/L) and with feeding (230 ± 35
µg/L). Hence, the addition of 0.063 mg food/amphipod on days 3 and 7 of 10-d toxicity
tests was suitable for discerning toxicity occurring due to the presence of toxicity or
starvation resulting from poor nutrition.
The addition of food to sediment toxicity test does not identify any one specific stressor
or contaminant, or unequivocally identify poor nutrition, however, the toxicity and
physical and chemical data from sediment containing food allows the user to understand
and better explain factors which may be contributing to toxicity. For example, decreased
toxicity achieved by the addition of food to sediment containing a low percentage
(<10%) of <63 µm particles, low organic carbon content, and low levels of
contaminants, would indicate toxicity due to poor nutrition. For sediments that contain
≥10% particles <63 µm and >2% organic carbon (Spadaro et al., 2008), reduced
toxicity in food treatments could suggest that toxicity is due to faster growth resulting in
increased tolerance to contaminants, changes in feeding behaviour (i.e. selective
ingestion of added food rather than contaminated sediment particles), changes in the
organisms physiology (i.e. effects of detoxification or depuration processes), ir less
stress to the organisms due to abundance of food.
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Conclusions

WS-TIE treatments as a method for identifying causality in sediment toxicity tests were
developed using the amphipod M. plumulosa. Of the toxicity reducing materials
investigated for reducing the toxicity of the toxicants; dissolved metals, organic
contaminants and dissolved ammonia, the metal chelating resin SIR300™,
carbonaceous adsorbent resin Amberlite XAD2®, and zeolite SIR600™ were selected as
the most suitable. The materials SIR300, Amberlite XAD2®, and SIR600™ were used
for MCR, CAR, ZEO WS-TIE treatments, as they displayed the highest efficacy and
sorption potential for reducing selected toxicants, and a good adsorption specificity for
targeted toxicants.
Concentration-effects data for dissolved zinc and ammonia were also developed for M.
plumulosa. Contaminant concentration-effects data, such as ECx values, can be
considered an important component of assessing sediment quality, and in this case
assisting in delineating sediment-associated toxicants. Concentration effects data for
dissolved zinc and ammonia derived in this study builds on the current toxicity database
for the juvenile amphipod M. plumulosa. Concentration-effects data can now be used to
further implicate dissolved zinc and ammonia as toxicants.
Nutritionally poor sediments have a significant effect on the survival and growth of M.
plumulosa in whole-sediment toxicity tests. The ability to differentiate toxicity due to a
lack of nutrition (i.e. starvation) and toxicity was enhanced using the addition of food at
an optimised feeding regime throughout the10-d toxicity tests. The addition of food to
sediment toxicity tests increased survival in sandy nutritionally poor sediments, but had
a minimal effect on M. plumulosa survival and growth in siltier sediments loaded with
contaminants.
The development of WS-TIE treatments using M. plumulosa in this study consist of the
basis for identifying causality in whole-sediment toxicity tests. WS-TIE treatments;
MCR, CAR and ZEO may be applied to contaminated sediments sequentially.
Enhanced knowledge of the effects of food and the concentration-effect relationships
also achieved in this study can be used to further understand and implicate toxicity
causing agents.

4.
CHAPTER 4
APPLICATION OF WHOLE-SEDIMENT TIE
METHODS USING THE AMPHIPOD
MELITA PLUMULOSA: MULTIPLE
CONTAMINANT EXPOSURE PATHWAYS
APPROACH

Chapter 4.
4.1.

Application of Amphipod WS-TIE Methods

101

Introduction

The sediments of many estuaries around Australia have high metal loads, largely from
past industrial discharges and urban drainage. In many instances these contain elevated
concentrations of metals and hydrophobic organic contaminants (HOCs), particularly
polycyclic aromatic hydrocarbons (PAHs) (Simpson et al., 2005). The naturally
occurring stressor ammonia is also frequently observed in sediment pore waters with
concentrations varying greatly. Although naturally occurring sulfide is present in the
pore water of highly anoxic sediments, most organisms are believed to either avoid such
sediments or have mechanisms for dealing with sulfide (Wang and Chapman, 1999).
Often it is observed that sediments causing a toxic effect to organisms in laboratory tests
contain a mixture of these contaminants and naturally occurring stressors. The ability to
identify the specific contaminants responsible for toxicity in sediments containing such
complex mixtures, without a priori knowledge, is the objective of a TIE study.
The efficacy (capacity to decrease contaminant concentrations and toxicity) and
suitability (inherent toxicity to organisms) of TIE methods for the identification of the
major dissolved contaminants observed in sediments (dissolved metals, hydrophobic
organics and dissolved ammonia) using the epibenthc amphipod Melita plumulosa, have
been described in Chapter 3, Section 3.3.3. When applied to contaminated sediments
and used as a line of evidence alongside concentration-effects data, physico-chemical
data and dissolved and particulate chemistry data, it can be a useful tool for delineating
the specific causes of toxicity in whole-sediment toxicity tests.
Although these TIE methods target the major contaminants of concern in sediments,
they are essentially designed to reduce the bioavailability, and therefore, the toxicity of
the dissolved components in the overlying and pore water. These methods are important
and vital for identifying toxicants, as the overlying and pore water are considered to be
the major contaminant exposure pathways for many sediment-dwelling organisms.
However, there are various sediment-dwelling organisms, such as deposit-feeding
amphipods, that may be exposed to contaminants via several routes other than, or in
addition to, respiration of overlying or pore water and/or across the integument (external
covering of the body). They may also be exposed to contaminants via the ingestion of
sediment particles (Lee et al., 2000; Ahrens et al., 2001; Simpson and King, 2005), or
food (Chapman et al., 2002). The organism’s physiology, feeding behaviour,
disturbance of sediment (bioturbation), detoxification pathways and depuration all have
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a strong influence the organism’s exposure to contaminants in sediments. Dietary
exposure and toxic effects resulting from ingestion of sediment-bound contaminants
have been demonstrated previously for the amphipod M. plumulosa (Simpson and King,
2005; Spadaro et al., 2008).
The efficacy of these standard WS-TIE methods to identify suspect toxicants may be
limited by their capacity to reduce the bioavailability and toxicity of only dissolved
contaminants, given that the epibenthic amphipod M. plumulosa may be exposed to
contaminants via a number of exposure pathways, such as via the overlying water
(dissolved), and contaminants bound to or associated with food, sediment associatedparticulates, and/or detritus.
This chapter outlines the use of standard WS-TIE methods, such as MCR, CAR, and
ZEO treatments (as described in Chapter 3), in order to determine whether the toxicity
causing contaminants and/or stressors could be identified for a number of sediments
containing a variety of contaminants using the epibenthic amphipod M. plumulosa.

4.2.

Specific Objectives

The specific objectives of the research described in this chapter were:


To determine the effectiveness of standard WS-TIE methods for identifying
toxicants to the amphipod M. plumulosa in number of contaminated sediments
containing single and a mixture of contaminants,



For those sediments where toxicity cannot be identified, to develop and apply
new WS-TIE treatments which discern toxicity via dissolved and dietary
pathways,



To ascertain the role of nutrition for sediments demonstrating toxicity,



Using a line of evidence approach, such as concentration-effects data, dissolved
and particulate chemistry data, to aid the identification of the specific toxicants
or chemical classes that caused toxicity to M. plumulosa, and



To examine the major causes of toxicity to M. plumulosa in marine sediments
using standard and new WS-TIE methods.
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Materials and Methods

4.3.1. Test sediments
Eight contaminated and toxic test sediments were used to test the application of
standard WS-TIE methods and for developing new WS-TIE methods. These sediments
represented a wide range of contaminant classes and degrees of toxicity.


Sediment A was collected from the Derwent River, a large estuary, in Tasmania,
Australia. The river originates at Lake St Clair and flows south over a distance
of 187 km to New Norfolk and the estuary portion extends a further 52 km out to
sea. Historically, the upper part of the estuary system has been affected by
agricultural run-off from activities such as land clearing and forestry, and the
lower part of the system has highly contaminated sediments. A large proportion
of the metal contamination comes from major industries that discharge into the
river: an electrolytic zinc smelter established in 1917, and a paper mill which
opened in 1941. The sediment used in this study was collected from the lower
part of the estuary.



Sediment B was collected from Hen and Chicken Bay on the Parramatta River,
in the inner-west of Sydney, New South Wales, Australia. The Parramatta River
is the main tributary of Sydney Harbour, and until 1970 was an ‘open drain’ for
Sydney's industry and as a consequence, the southern central embayments are
contaminated with very high concentrations of copper, zinc and lead, and also
suffer from hydrocarbon and other organic contaminants. The embayment from
which Sediment B was collected is known to contain various metals and
chemicals with no clearly defined point source.



Sediments C, D, E and F were collected from an urban marina, located on the
eastern shore of Pittwater, 40 km north of Sydney, Australia. The bay is about
2.5 km long and covers an area of 1.5 km2, shallow (<5 m in depth) with
intertidal flats. The site consists of a slipway and jetty that was built in 1963,
servicing commercial and residential boats.



Sediments G, H and I were collected from Duck Creek which is located along an
estuarine tributary of the Parramatta River, NSW, Australia, and is adjacent to
an oil refinery.
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4.3.2. Whole-sediment toxicity tests
Whole-sediment toxicity tests were carried out with M. plumulosa, using the standard
protocols (Simpson et al., 2005; King et al., 2006) outlined in Chapter 2. Tests were
conducted over 10 d, with 4 replicate treatments in 100 mL glass beakers containing 20
g test sediment, 90 mL seawater and 15 amphipods per treatment.

4.3.3. Standard WS-TIE approach
For all WS-TIE tests, the standard WS-TIE methods as outlined by the US EPA (2007)
and described in detail in Chapter 2 were applied. WS-TIE methods included the
following treatments; (i) MCR for the identification of dissolved cationic metals, (ii)
CAR for organic contaminants, and zeolite for dissolved ammonia (Table 4.1).
Table 4.1 Standard WS-TIE treatments and target contaminants/stressors
Treatment

Material*
™

Suspected toxicant/ stressor

MCR

SIR300
(metal-chelating resin)

Dissolved cationic metals

CAR

XAD2®
(carbonaceous absorbent resin)

Hydrophobic organic contaminants (HOCs)

ZEO

SIR600™
(ammonia adsorbing zeolite)

Dissolved ammonia

* Properties of the added materials are discussed in Chapter 3

4.3.4. New WS-TIE approach
Three new WS-TIE treatments for identifying toxicity associated with poor nutrition,
particulate-associated contaminants (PACs) and enhancing the detection of dissolved
contaminants were developed using M. plumulosa (Table 4.2).
Table 4.2 New WS-TIE treatments and targeted toxicants and/or stressors.
Treatment

Treatment characteristics

Suspected toxicant/ stressor

FOOD

Feeding

Nutrition/ particulate-associated
contaminants

MEC

Mesh exposure chamber (± Food)

Particulate-associated contaminants

MCR-Top±F

SIR300™ on top of sediment (± Food)

Dissolved metals/ particulate-associated
contaminants

CAR-Top±F

XAD2® on top of sediment (± Food)

Hydrophobic organic contaminants/
particulate-associated contaminants

Chapter 4.

Application of Amphipod WS-TIE Methods

105

FOOD treatments

For whole-sediment toxicity tests undertaken with the FOOD treatment, powdered Sera
Micron (Sera Fishtamins®) was used as a clean source of food. As recommended from
studies in Chapter 3, Sera Micron was mixed with seawater (~35‰) to obtain a fish
food suspension of 0.063 mg fish food/amphipod, and was added to the overlying water
of each beaker. The concentration of food suspension was adjusted proportionally for
changes in the number of amphipods per beaker, the number of treatments requiring
additions of food or if a different amount of food was required. Due to the greater
density of the fish food suspension (35‰ versus ~30‰ of overlying test seawater), the
food-suspension settled on the surface of the sediments. Food was added to beakers
either 2 or 3 times during 10-d toxicity tests. For toxicity tests that were fed twice, the
food suspension was added to the overlying water of each beaker on days 3 and 7, so
that the total amount of food added during the toxicity tests was 0.13 mg/amphipod. For
toxicity tests that were fed three times over the 10-d exposure, the amount of food added
was adjusted so that the total amount of food added remained 0.13 mg/amphipod. For
example, a food suspension containing 0.04 mg fish food/amphipod was added to the
overlying water of sediments on days 1, 4 and 7.
Mesh exposure chamber (MEC) treatments

Mesh exposure chambers (MECs) were constructed with glass cylinders ~4 cm in
diameter. Using a glass cutter, glass cylinders were prepared so that each one was 5 cm
tall. Nylon mesh, 20, 30, 50 or 60 µm in mesh size, was cut to size and securely
attached to one side of the glass cylinders using elasticised string. Whole-sediment
toxicity tests were set up according to Section 2.3.1, but before adding the organisms,
MECs were thoroughly rinsed with Milli-Q water (18MΩ.cm) and positioned in the test
vessels/beakers. For whole-sediment toxicity tests where the MECs were placed on top
of the sediment, the MECs were gently descended into the test vessels to prevent the
loss of water and disturbance of sediment. In whole-sediment toxicity tests that had the
MEC suspended in the overlying water, a cable tie was tightened on the upper open-end
of the MEC and approximately 3 cm excess cable tie length was allowed to provide
support. The MEC was then gently positioned in the test vessel so it was suspended
above the sediment (Figure 4.1). Amphipods were then placed into MECs by using a
plastic pasture pipette to gentlly transfer the juveniles from the isolated culture.
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Figure 4.1 Mesh exposure chamber (MEC) treatment set-up in whole-sediment toxicity tests with
M. plumulosa.

MCR-Top / CAR-Top treatments

Two and a half grams of rinsed and conditioned SIR300™ (MCR) (Chapter 3) was
carefully placed on the surface of the sediment using a clean Teflon spatula. The resin
was then gently spread over the sediment surface so that the resin was evenly
distributed. Seawater (30 ± 1‰) was then gently added to the sediment, being careful
not to resuspend the resin and the sediment. Any resin that was moved during the
addition of seawater was redistributed by lightly stirring the water just above the
sediment (Figure 4.2). For CAR-Top treatments, two grams of Amberlite XAD2® resin
was used instead of SIR300™.

Figure 4.2 Metal Chelating Resin-Top (MCR-Top) treatment in whole-sediment toxicity tests with
M. plumulosa.
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Results

4.4.1. Sediment A (Derwent River)
Sediment physical and chemical properties

The physical and chemical properties of Sediment A are described in Table 4.3. The
sediment was moderately silty and the major contaminants were metals and metalloids,
particularly, Zn, Cu, Pb and As. The acid extractable (AEM) fraction of zinc and lead
were also elevated. The ANZECC/ARMCANZ (2000) interim sediment quality
guidelines, ISQG-low (trigger value) / ISQG-High vales for Zn, Cu, Pb and As are 220 /
410 mg/kg, 65 / 270 mg/kg, 50 / 220 mg/kg, and 20 / 70 mg/kg, respectively. The
trigger value is a threshold concentration, and below this concentration the frequency of
adverse biological effects is expected to be very low. The ISQG-High concentration is
intended to represent a concentration, above which adverse biological effects are
expected to occur more frequently (Simpsin et al., 2005). The total particulate metal
(TPM) concentrations for Zn, Cu, Pb and As in Sediment A were approximately 19, 3,
17 and 6 times greater than the corresponding ISQG-Low (trigger) values, respectively.
The TPM concentrations for zinc, lead and arsenic were also approximately 9, 4 and 2
times greater than their corresponding ISQG-High values.
Table 4.3 Physical and chemical properties for Sediment Ad
Sediment A
Physical/chemical parameters
Fraction: <63, 63-180, 180-600, >600 µm (%)
a

Moisture (%), TOC (%)

73, 8.3

Porewater ammonia, total and un-ionised (mg/L)
Dilute acid extractable metals (AEM)

54, 26, 20, 0
1, 0.004

b

As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn (mg/kg)

5, 15, 0, 5, 5, 470, 45, 15, 620, 2200

Total particulate metals (TPM) c
As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn, (mg/kg)
a

110, 35, 20, 30, 220, 2600, 260, 10, 850,
3800

Total organic carbon (TOC)
Dilute acid-extractable metals (AEM): 1 M HCl, 30 min, cold, filtered < 0.45 µm
c
Total particulate metals (TPM): 4% HCl:2% HNO3, 24-h cold, 20 min microwave at 100 W
d
Polycyclic aromatic hydrocarbons (PAHs), tributyltin (TBT), and total petroleum hydrocarbons (TPHs) not
analysed, but were expected to not expected to be highly elevated and insignificant in regards to toxicity.
b
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Standard WS-TIE for Sediment A

Standard WS-TIE treatments of the control sediment (i.e. MCR, CAR, and ZEO
treatments), did not affect the 10-d survival of juvenile M. plumulosa (Table 4.4).
Exposure of M. plumulosa to the baseline sediment (no treatment) of Sediment A
resulted in 50 ± 4% survival (Table 4.4). The baseline treatment was the reference point
from which the significance of the WS-TIE treatments (on the toxicity) was statistically
tested. The CAR and ZEO treatments of Sediment A, resulted in 35 ± 7 and 27 ± 3%
survival, respectively. Toxicity is these treatments was not significantly (p>0.05)
reduced relative to the baseline toxicity (Figure 4.3). This suggested that the observed
toxicity was not associated with organic contaminants or dissolved ammonia. However,
the MCR treatment to Sediment A was effective at significantly (p<0.05) decreasing the
10-d toxicity to M. plumulosa, with survival increasing from 50 ± 4 (baseline) to 81 ±
3% (Figure 4.3). The significant reduction to amphipod toxicity in the MCR treatment
suggested that toxicity was primarily due to dissolved metals.
Analyses of dissolved metals in the overlying and pore water of the baseline sediment
showed that dissolved zinc was present at elevated concentrations (440 and 90 µg/L in
the overlying and pore water, respectively) (Table 4.4), which were in good agreement
with the very high fraction of acid extractable concentration of zinc (2,200 mg/kg),
representing one of the most labile fractions (easily interchanged in aqueous solution),
in the sediment. The concentration of dissolved zinc in the baseline sediment (440 µg/L)
was greater than the 10-d water-only zinc EC50 value for M. plumulosa of 220 (190260) µg/L (Chapter 3). The MCR treatment of Sediment A resulted in markedly lower
concentrations of zinc in the overlying water (40 µg/L) and pore water, (≤5 µg/L),
respectively, and were also below the 10-d water-only NOEC for zinc (90 µg/L). In all
other treatments the concentration of dissolved zinc was similar to concentration
observed in the baseline sediment. For example, the concentration of zinc in the
overlying water of Sediment A with treatments CAR and ZEO were 370 and 560 µg/L,
respectively, and 85 µg/L and 200 µg/L in the pore water, respectively. Concentrations
of copper, lead and arsenic in overlying and pore water of the baseline and sediment
treatments were generally low, except for the porewater concentrations of lead (30-45
µg/L) and arsenic (50-85 µg/L).
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Table 4.4 WS-TIE toxicity data for control sediments and Sediment A using the 10-d toxicity to M.
plumulosa survival, and the effect of WS-TIE treatments on the dissolved metals in the overlying
and pore watersd
Amphipod toxicity
% Survival ± SE
Treatment

Control

Baseline

100 ± 0

MCR
CAR
ZEO
FOOD

98 ± 2
100 ± 0
98 ± 2
100 ± 0

Dissolved metals (µg/L)
Overlying water b

a

Sediment A

Porewater metals (µg/L) c

Cu

Zn

As

440

20

81 ± 3 *

≤5
≤5

Pb
≤5

35 ± 7

≤5

27 ± 3

≤5

43 ± 6

≤5

50 ± 4

40
370
560
510

Cu

Zn

As

Pb

65

30

45

≤5
≤5

90

≤5

≤5

50

45

30

10

≤5

85

85

35

30

≤5

≤5

200

70

30

10

≤5

≤5

270

40

35

a

Data are mean ± standard error, n = 4
b
Concentrations calculated using sub-samples taken on days 1, 5 and 10
c
Concentrations from sub-samples taken on day 10
d
Dissolved metals in control sediment samples were below detection limit, and are not listed.
* Significantly higher percent survival compared to the baseline treatment (p<0.05)

FOOD WS-TIE treatment for Sediment A

A FOOD treatment (targets poor nutrition or dietary effects) was also initially applied to
Sediment A to establish whether the observed baseline toxicity was due to stress caused
by poor sediment nutrition or due to contaminants. The 10-d survival of M. plumulosa
exposed to the FOOD treatment of Sediment A was 43 ± 6%. This suggested that the
observed toxicity was not associated with a lack of nutrition/food. The concentration of
zinc in the overlying and pore water of Sediment A with the FOOD treatment was 510
µg/L, and 270 µg/L, respectively. These concentrations appeared to be slightly elevated
compared to the baseline sediment (

Table 4.4).
Summary of WS-TIE for Sediment A

Standard WS-TIE methods indicated that ~62% of toxicity in Sediment A (Figure 4.4)
could be attributed to dissolved metals, in particular dissolved zinc in the overlying
water. It should be noted that in the MCR treatment, where 62% of toxicity was
accounted for, amphipod survival was >80%.
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Figure 4.3 Results from WS-TIE study on control sediment ( ) and Sediment A ( ) using the 10-d
survival of M. plumulosa. Error bars represent upper and lower 95% confidence limits, n = 4.
Asterisks (*) denotes a significant (p<0.05) difference to baseline sediment.

unidentified
contaminants
38%

dissolved metals
62%

Figure 4.4 Suspect toxicants identified in Sediment A using standard WS-TIE methods.

4.4.2. Sediment B (Hen and Chicken Bay)
Sediment physical and chemical properties

The physical and chemical properties of Sediment B are described in Table 4.5.
Sediment B was silty (72% particles <63 µm, 7.6% 63-180 µm, and 20.1% >180 µm)
and contained 10% total organic carbon (TOC). The concentration of total ammonia in
the bulk sediment pore water was 4 mg/L and total PAHs, including naphthalene,
acenaphthene,

fluorene,

phenanthrene,

anthracene,

fluoranthene,

pyrene,

benz(a)anthracene, chrysene, benz(a)pyrene, dibenz(a,h)anthracene were <5 mg/kg
(ISQG -Low/High values are 4 / 45 mg/kg, 1% TOC normalised). Major contaminants
in Sediment B were metals, particularly, Zn, Cu, Pb and Cr. The TPM concentrations of
Zn, Cu, Pb and Cr in Sediment B were approximately 5, 15, 9 and 3 × the corresponding
ISQG-Low (trigger values), respectively. While the TPM concentrations for zinc,
copper and lead were also higher than the ISQG-High values by approximately 2-, 4-
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and 2-fold, respectively. The acid extractable concentrations of these metals were much
lower.
Table 4.5 Physical and chemical properties for Sediment Bb
Sediment B
Physical/chemical parameters
Fraction: <63, 63-180, 180-600, >600 µm (%)

72, 8, 19, 1

Moisture (%), TOC (%)

64, 10

Porewater ammonia, total and un-ionised (mg/L)

4, 0.02

Organic contaminants
Total PAHs a (mg/kg)

<5

Dilute acid extractable metals (AEM)
As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn (mg/kg)

≤5, ≤5, ≤5, 15, 10, 1600, ≤5, ≤5, 60, 130

Total particulate metals (TPM)
As, Cd, Co Cr, Cu, Fe, Mn, Ni, Pb, Zn, (mg/kg)

35, 1, 15, 240, 1000, 3300, 90, 15, 450, 980

a

PAHs, 1% TOC normalised
b
TPHs and TBT were not analysed

Standard WS-TIE for Sediment B

The 10-d toxicity of Sediment B (baseline) to M. plumulosa survival was 58 ± 9%
(survival) (Table 4.6). Amphipod survival in treatments MCR, CAR and ZEO of
Sediment B was 75 ± 3, 43 ± 10 and 67 ± 5%, respectively. Although toxicity of
Sediment B to M. plumulosa was not significantly (p<0.05) reduced using standard WSTIE treatments, there did appear to be a slight, but non-significant, reduction to toxicity
in the sediment with MCR treatment (Figure 4.5). Initial interpretation of toxicity data
(i.e. the slight increase to amphipod survival MCR treatments) suggests that the
observed toxicity may have been partially caused by dissolved metals.
For the baseline sediment, the concentrations of Cu and Zn in the overlying water were
15 µg/L and 145 µg/L, respectively, and ≤5 µg/L in the pore water (Table 4.6). The
concentration of dissolved copper was below the 10-d water-only copper NOEC (36
µg/L) (Spadaro et al., 2008), however, the concentration of zinc was greater than the
NOEC (90 µg/L), but slightly less than the LOEC (180 µg/L) for zinc. Following MCR
treatment, the 10-d survival of M. plumulosa was (not significantly) increased from 58 ±
9 to 75 ± 3%. In this treatment, the concentration of copper in the overlying water was
comparable to the baseline sediment at 15 µg/L, but zinc was markedly decreased from
145 µg/L (baseline) to 20 µg/L (MCR), and below the 10-d water-only zinc NOEC (90
µg/L). The slight but non-significant (p>0.05) decrease to toxicity observed with the
MCR treatment suggests that dissolved metals, more specifically zinc, may have been a
minor contributing factor to toxicity.
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FOOD WS-TIE treatment for Sediment B

For Sediment B with the FOOD treatment, survival was slightly higher (84 ± 12%
survival) compared to the baseline, and the concentration of copper in the overlying
water was marginally increased from 15 to 20 µg/L, but the concentration of zinc was
slightly decreased from 145 to 100 µg/L (Table 4.6). Amphipod survival in the FOOD
treatment was greater than in the MCR treatment (75 ± 3% survival), even though the
concentration of zinc in the overlying was markedly higher. Sediment B contained a
high fraction of fine particles (72% <63µm) and organic carbon (~10%), which is
believed to be sufficient to sustain amphipod survival for 10-d whole-sediment toxicity
tests. However, it should be noted that the importance of other food sources such as alga
and bacteria to amphipod survival are unknown.
Table 4.6 WS-TIE toxicity data for control sediments and Sediment B using the 10-d toxicity to M.
plumulosa survival, and the effect of WS-TIE treatments on the dissolved metals in the overlying
and pore waterd
Amphipod toxicity
% Survival ± SE
Treatment

Dissolved metals (µg/L)
Overlying water b

a

Porewater c

Control

Sediment B

Cu

Zn

Cu

Baseline

100 ± 0

58 ± 9

15

145

MCR

100 ± 0

75 ± 3

15

20

≤5
≤5

CAR

100 ± 0

43 ± 10

10

130

≤5

15
≤5
≤5

ZEO

100 ± 0

67 ± 5

10

120

≤5

FOOD

100 ± 0

84 ± 12

20

100

≤5

Zn
≤5
≤5

a

Data are mean ± standard error, n = 4
Concentrations calculated using sub-samples taken on days 1, 5 and 10
c
Concentrations from sub-samples taken on day 10
d
Dissolved metals in control sediment samples were below detection limit, and are not listed.
b
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Figure 4.5 Results from WS-TIE study on control sediment ( ) and Sediment B ( ) using the 10-d
survival of M. plumulosa. Error bars represent upper and lower 95% confidence limits, n = 4.
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4.4.3. Sediment C (Careel Bay)
Sediment physical and chemical properties

The sediment from Careel Bay was hydrous (65% water), moderately silty (42% <63
µm), had a widely distributed sediment particle size (22.6% 63-180 µm, 21.8% 180-600
µm, 13.8% >600 µm), and had a TOC content of ~6% (Table 4.7). The sediment had
elevated concentrations of the contaminants copper, zinc, lead and TBT. The
concentrations of copper, zinc and lead in the sediment were approximately 52, 4 and 11
× greater than the corresponding ISQG-Low values, respectively and 13, 2 and 2 ×
greater than the ISQG-High values. TBT was present at concentrations approximately
17 × greater than the relevant ISQG-Low value. The AEM concentrations of zinc and
lead were approximately 45 and 19% of the respective totals.
Standard WS-TIE for Sediment C

Sediment C appeared to be very toxic to the amphipod M. plumulosa with the baseline
toxicity of 0 ± 0% (survival) (Table 4.8). The concentrations of copper and zinc in the
overlying water of the baseline sediment were 35 and 180 µg/L, respectively, while pore
water concentrations were low (≤5 µg Cu/L and <15 µg Zn/L). Other metals analysed
(i.e. Cr, Mn, Fe, Co, Ni, As, Ag, Cd and Pb) were below detection (≤5 µg/L). Analytical
instrumentation was not available to determine TBT concentrations in the overlying or
pore water of whole-sediment toxicity tests. However, elutriate test data for sediment
from this site had previously indicated that TBT concentrations were negligible in pore
waters (un-published results).
Table 4.7 Physical and chemical properties for Sediment Cc
Sediment C
Physical and chemical parameters
Fraction: <63, 63-180, 180-600, >600 µm (%)
Moisture (%), TOC (%)
Porewater ammonia, total and un-ionised (mg/L)

42, 23, 22, 13
65, 5.9
n/a

Organic contaminants
TPHs C6-C9, C10-14, C15-28, C29-36 a (mg/kg)
b

Tributyltin (µg Sn/kg)

<25, <50, <100, <100
85

Dilute acid extractable metals (AEM)
As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn (mg/kg)

≤5, ≤5, ≤5, ≤5, 40, 3200, 15, ≤5, 100, 360

Total particulate metals (TPM)
As, Cd, Co Cr, Cu, Fe, Mn, Ni, Pb, Zn (mg/kg)
a

TPHs, 1% TOC normalised
b
TBT, 1% TOC normalised
c
PAHs not analysed

15, ≤5, 10, 25, 3400, 21000, 60, 10, 530, 800
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The toxicity of Sediment C was not reduced when the ZEO treatment was used (0 ± 0%
survival). However, the MCR and CAR treatments that reduce the bioavailability and
toxicity of dissolved metals and HOCs, respectively, did significantly (p<0.05) reduce
the toxicity of Sediment C to M. plumulosa (Figure 4.6). Amphipod survival in MCR
and CAR treatments was 12 ± 6 and 15 ± 5%, respectively. As expected, the
concentration of dissolved copper in the overlying water of the MCR treatment was
decreased from 35 to 15 µg/L and dissolved zinc from 180 to ≤5 µg/L (Table 4.8). The
concentration of dissolved copper in the baseline sediment was less than the 10-d wateronly NOEC (36 µg/L), but for dissolved zinc, the concentration was high enough to
have potentially caused toxic effects (LOEC 180 µg/L). For the MCR treatment, where
toxicity was slightly decreased, dissolved zinc was below the 10-d water-only NOEC
(90 µg/L). For the CAR treatment where survival was increased from 0 ± 0 to 15 ± 5%,
the concentration of copper and zinc in the overlying water was relatively unaffected
(40 µg Cu/L and 230 µg Zn/L).
The standard WS-TIE treatments, which are inherently designed to reduce/remove the
dissolved fraction of contaminants in whole-sediments, could at best explain <30% of
toxicity to M. plumulosa for Sediment C. Other toxicity causing contaminants may have
included; non-targeted chemicals, non-measured organic compounds, PACs (e.g.
contaminants bound to sulfide, iron and manganese oxyhydroxides or organic carbon).
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FOOD WS-TIE treatment for Sediment C

The toxicity of Sediment C to M. plumulosa survival was not reduced in the FOOD
treatment (0 ± 0% survival). The concentration of copper in the overlying water of the
FOOD treatment was comparable to the baseline sediment at 40 µg/L, but zinc was
slightly elevated at 220 µg/L (compared to 180 µg/L in the baseline sediment). Toxicity
to M. plumulosa was not significantly (p<0.05) affected by FOOD treatment which
suggests that the observed toxicity in Sediment C was not caused by poor nutrition.
Table 4.8 WS-TIE toxicity data for control sediments and Sediment C using the 10-d toxicity to M.
plumulosa survival, and the effect of WS-TIE treatments on the dissolved metals in the overlying
and pore waterd
Amphipod toxicity
% Survival ± SE

Dissolved metals (µg/L)
Overlying water b

a

Pore water c

Treatment

Control

Sediment C

Cu

Zn

Cu

Zn

Baseline

100 ± 0

0 ±0

35

180

MCR

98 ± 2

12 ± 6 *

15

≤5

≤5
≤5

15
≤5

CAR

100 ± 0

15 ± 5 *

40

230

≤5

≤5

ZEO

100 ± 1

0 ±0

35

270

≤5

10

220

≤5

10

FOOD

96 ± 2

0 ±0

40

a

Data are mean ± standard error, n = 4
b
Concentrations calculated using sub-samples taken on days 1, 5 and 10
c
Concentrations from sub-samples taken on day 10
d
Dissolved metals in control sediment samples were below detection limit, and are not listed.
* Significantly higher percent survival compared to the baseline treatment (p<0.05)
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Figure 4.6 Results from WS-TIE study on control sediment ( ) and Sediment C ( ) using the 10-d
survival of M. plumulosa. Error bars represent upper and lower 95% confidence limits, n = 4. *
denotes a significant (p<0.05) difference to baseline sediment. No bars present for baseline, ZEO
and food treatments of Sediment C due to no M. plumulosa survival.
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Summary of WS-TIE for Sediment C

For Sediment C, <30% of toxicity to M. plumulosa could be explained using standard
WS-TIE methods (Figure 4.7). MCR and CAR treatments reduced toxicity, indicating
that a fraction of toxicity was caused by dissolved metals, specifically zinc, and HOCs.
Using standard WS-TIE methods MCR, CAR and ZEO, up to 90% of the observed
toxicity and associated suspect toxicants to M. plumulosa in Sediment C were not
identified.

unidentified
contaminants
73%

dissolved metals
12%
hydrophobic
organic
contaminants
15%

Figure 4.7 Suspect toxicants identified in Sediment C using standard WS-TIE methods.

4.4.4. Sediment D (Urban Marina)
Sediment physical and chemical properties

Sediment D, which was collected from an urban marina in NSW, was relatively coarse
(15.7% <63 µm) but the particle size was widely distributed (39.8% 63-180 µm, 43.4%
180-600 µm, 1.1% >600 µm), and had a TOC content of ~2.1% (Table 4.9). Based on
the physical/chemical properties of Sediment D, the two major contaminants appeared
to be copper and TBT (Table 4.9). The TPM concentrations for copper and TBT were
approximately 8 and 1220 × greater than the corresponding ISQG values for copper and
TBT, respectively, and 2 and 88 × greater than ISQG-High values. The AEM fraction of
copper in Sediment D was approximately 70 mg/kg.
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Table 4.9 Physical and chemical properties for Sediment Da
Sediment D
Physical and chemical parameters
Sediment fraction: <63, 63-180, 180-600, >600 µm (%)

16, 40, 43, 1

Moisture (%), TOC (%)

27, 2.1

Porewater ammonia, total and un-ionised (mg/L)

18, 0.18

Organic contaminants
Total PAHs (mg/kg)

<4

Tributyl tin (µg Sn/kg)

6100

Dilute acid extractable metals (AEM)
As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn (mg/kg)

≤5, ≤5, ≤5, ≤5, 70, 1500, ≤5, ≤5, 15, 65

Total particulate metals (TPM)
As, Cd, Co Cr, Cu, Fe, Mn, Ni, Pb Zn (mg/kg)
a

≤5, ≤5, ≤5, ≤5, 540, 5200, 10, ≤5, 35, 90

TPHs not analysed

Standard WS-TIE for Sediment D

The baseline toxicity of Sediment D to M. plumulosa survival was 12 ± 2% (survival)
(Table 4.10). For MCR treatment of Sediment D, amphipod survival was significantly
(p<0.05) increased to 48 ± 8%, but was not significantly (p>0.05) affected by CAR (28
± 5%) and ZEO (12 ± 3%) treatments (Figure 4.8). Dissolved copper and zinc
concentrations in the overlying water of the baseline sediment were 20 and 40 µg/L,
respectively. Other dissolved metals; Cd, Ni, Pb, Co and Cr, were detected at ≤5 µg/L.
Pore water metal concentrations are not listed in Table 4.10, as less than the amount
required for analysis, could be extracted from the sediments.
For Sediment D with MCR treatment, where toxicity was significantly (p<0.05)
reduced, the dissolved concentrations of copper and zinc were also decreased from 20
µg/L and 40 µg/L (baseline) to 10 and ≤5 µg/L, respectively. Even though dissolved
copper and zinc concentrations in the baseline sediment were below the 10-d water-only
copper NOEC (36 µg/L), the significant reduction to amphipod toxicity would
otherwise suggest that dissolved metals partially contributed to toxicity. Given that the
dissolved metal concentrations were below effects thresholds, it may be likely that a
number of factors may be responsible for the observede toxic effects. Toxicity was unaffected by the CAR and ZEO treatments, indicating that neither HOCs nor dissolved
ammonia were significant contributing factors to toxicity.
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Table 4.10 WS-TIE toxicity data for control sediments and Sediment D using the 10-d toxicity to M.
plumulosa survival, and the effect of WS-TIE treatments on the dissolved metals in the overlying
and pore waterc
Amphipod toxicity

Dissolved metals (µg/L)

% Survival ± SE

Overlying water b

Study
WS-TIE (I)

WS-TIE (II)

Treatment

Control

Baseline

100 ± 0

MCR

Cu

Zn

12 ± 2

20

40

100 ± 0

48 ± 8 *

10

≤5

CAR

100 ± 0

28 ± 5

25

65

ZEO

100 ± 0

12 ± 3

15

50

FOOD

100 ± 0

35 ± 7 *

35

45

Baseline

100 ± 0

23 ± 4

25

120

FOOD

98 ± 2

27 ± 6

30

110

MEC

91 ± 9

42 ± 5

30

200

MEC+F

89 ± 6

66 ±11*

40

200

MCR

98 ± 2

31 ± 6

≤5

92 ± 3 *

10
≤5
≤5

MCR+F

WS-TIE (III)

a

100 ± 0

Sediment D

MCR-Top

96 ± 2

49 ± 6

10
≤5

MCR-Top+F

98 ± 2

95 ± 4 *

≤5

≤5

Baseline

100 ± 0

12 ± 3

25

95

FOOD

100 ± 0

22 ± 4

35

110

MEC

84 ± 4

45 ± 4 *

35

190

MEC+F

93 ± 4

63 ± 9 *

MCR-Top

98 ± 2

60 ± 3 *

45
≤5

230
≤5

100 ± 0

97 ± 2 *

≤5

≤5

MCR-Top+F
a

Data are mean ± standard error, n = 4
Concentrations calculated using sub-samples taken on days 1, 5 and 10
c
Dissolved metals in control sediment samples were below detection limit, and are not listed. Pore water metals are
not listed due to insufficient volumes collected to carry out metal analyses.
* Significantly higher percent survival compared to the baseline treatment (p<0.05)
b

FOOD WS-TIE treatment for Sediment D

FOOD treatment of Sediment D increased amphipod survival significantly (p<0.05)
from 12 ± 2 to 35 ± 7%, even though the concentration of copper in the overlying water
was slightly increased (35 µg/L). Sediment D contained 15.7% particles <63 µm, 2.1%
organic carbon and a very high concentration of TBT (~88 × greater than ISQG-High
TBT values). Based on the effects of adding food to sediments on amphipod survival
discussed in Chapter 3, reduced toxicity achieved in the FOOD treatment for Sediment
D may have been a result of decreased sensitivity to dissolved contaminants or reduced
exposure to PACs caused by changes in the organisms feeding behaviour.

Chapter 4.

Application of Amphipod WS-TIE Methods

119

Amphipod survival, % control

100
80
*

60

*
40
20
0
Baseline

MCR

CAR

ZEO

FOOD

Sediment D treatments

Figure 4.8 Results from WS-TIE study on control sediment ( ) and Sediment D ( ) using the 10-d
survival of M. plumulosa. Error bars represent upper and lower 95% confidence limits, n = 4. *
denotes a significant (p<0.05) difference to baseline treatment.

WS-TIE for Sediment D using new treatments

Based on the results from standard WS-TIE for Sediment D, a second WS-TIE (II) was
undertaken to further investigate the cause(s) of toxicity to M. plumulosa that were not
accounted for in the first study (Table 4.10). A number of new WS-TIE treatments were
developed to assist in identifying the contribution of (particulate-associated
contaminants) PACs and dissolved contaminants in whole-sediment toxicity tests. New
WS-TIE treatments included: (i) the use of mesh exposure chambers (MEC treatment)
and (ii) the selective placement of the metal chelating resin SIR300™ on the sediment
surface (MCR-Top treatment). Both treatments were performed with and without the
addition of food (i.e. MEC+F and MCR+F) to either reduce the confounding factor of
starvation or encourage changes to the organisms feeding behaviour.
For MEC treatments, juvenile amphipods were placed inside a glass cylinder fitted with
a 50-60 µm mesh bottom that was positioned above the sediment. The concept was that
the amphipods would be exposed to the relevant water phase only, and restricted from
interacting (i.e. ingesting, burrowing) with the sediment. The MECs act as a physical
barrier between the amphipods and the sediment particles, effectively eliminating the
contribution of dietary toxicity pathways, while still being exposed to relevant and
realistic dissolved contaminant concentrations. M. plumulosa is an epibenthic amphipod
that primarily resides on the surface of the sediment; therefore, the most relevant
dissolved pathway for this organism is via the overlying water rather than the pore
water.
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MCR-Top treatments in whole-sediment toxicity tests were also used as an additional
treatment in WS-TIEs to assist in identifying the contribution of dissolved and
particulate exposure pathways to amphipod toxicity. Because the majority of the
sediment surface is covered by the resin, it was thought that the amphipods interaction
with the sediment particles, hence dietary exposure of PACs could be reduced. Also, the
efficacy of the resin for sequestering metals in the overlying water, and decreasing the
rate at which dissolved metals were partitioned from the sediment pore water to the
overlying water should be improved. The FOOD and MCR-Top treatments were
combined as a treatment (i.e. MCR-Top+FOOD) to encourage changes in M. plumulosa
feeding behaviour. For example, FOOD was added to promote the selective ingestion of
added ‘clean’ food rather than contaminated sediment particles, where the sediment was
still exposed, by the amphipod.
Treatments used in WS-TIE (II) for Sediment D included: FOOD, MEC, MEC+F,
MCR, MCR+F, MCR-Top, and MCR-Top+F treatments. The baseline toxicity of
Sediment D to M. plumulosa survival was 23 ± 4%, and the respective copper and zinc
concentrations in the overlying water were 25 µg Cu/L and 120 µg Zn/L (Table 4.10).
FOOD (27 ± 6% survival), MEC (42 ± 5% survival) and MCR (31 ± 6% survival)
treatments did not significantly (p>0.05) reduce M. plumulosa toxicity. Toxicity was,
however, significantly (p<0.05) reduced in MEC+F (66 ± 11%), MCR+F (92 ± 3%) and
MCR-Top+F (95 ± 4%) treatments (Figure 4.9).
In the MEC treatment, where there was a small but non-significant (p>0.05) decrease to
amphipod toxicity (42 ± 5% survival) (Figure 4.9), the concentrations of copper and
zinc in the overlying water were similar or increased at 30 and 200 µg/L, respectively
(Table 4.10). For MEC+F treatments, toxicity to M. plumulosa survival was
significantly (p<0.05) decreased and the concentrations of dissolved copper and zinc
were 40 and 200 µg/L, respectively. Dissolved copper was below the 10-d water-only
NOEC (36 µg/L), but the concentration of zinc was within the 10-d water zinc EC50
range of 190-260 µg/L. Given the increase in amphipod survival and the dissolved zinc
concentrations in the MEC and MEC+F treatments, decreased toxicity achieved by
these treatments suggests that PACs may have contributed to the observed toxicity in
Sediment D. It is unlikely that the residual toxicity in these treatments was caused by
dissolved metals, in particular zinc, as the concentration of zinc was elevated in the
MEC and MEC+F treatments yet toxicity was decreased. It was noted that a small
fraction of fine particles (<60 µm) had passed through the MECs and was available to
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M. plumulosa, possibly due to the close positioning of the MEC to the sediment. In
control sediments with MEC treatment, amphipod survival appeared to be unusually
high (84 ± 4% survival). Previously it has been shown that survival of M. plumulosa in
10-d water-only exposures is generally low (<50%) as a result of malnutrition due to a
lack of food (Spadaro et al., 2008). The healthy 10-d amphipod survival in the MEC
control treatments (≥89% survival) appears to have been a consequence of the ingestion
of sediment particles and/or detritus matter in the MECs. The potential interference of
sediment particles inside the MECs was considered when determining the suspect
toxicants. Because of this, it was unclear how much of the toxicity in the MEC
treatments was due to dietary uptake of PACs.
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Figure 4.9 Results from WS-TIE (II) study on control sediment ( ) and Sediment D ( ), including
new treatments, using the 10-d survival of M. plumulosa. Error bars represent upper and lower
95% confidence limits, n = 4. * denotes a significant (p<0.05) difference to baseline sediment.

The MCR treatment was effective for decreasing the concentration of copper and zinc in
the overlying water of Sediment D (≤5 µg Cu/L and 10 µg Zn/L), but did not
significantly (p>0.05) reduce toxicity to M. plumulosa (31 ± 6% survival). For MCR+F
treatment, the concentrations of copper and zinc in the overlying water were 10 µg/L
and ≤5 µg/L, respectively, and toxicity was ameliorated (92 ± 3% survival). Even
though the concentration of metals in the overlying water of the MCR and MCR+F
treatments were similar, toxicity was only significantly (p<0.05) reduced in the MCR+F
treatment. This additional decrease in toxicity in the MCR treatment was not believed to
be due to the prevention of starvation caused by a lack of food, but rather a reduction in
dietary toxicity resulting from changes to the amphipod feeding behaviour. This is
supported by results from the FOOD treatment where amphipod survival (27 ± 6%
survival) was not affected.
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The MCR placement on the sediment surface (MCR-Top) significantly (p<0.05)
reduced toxicity to amphipod survival (49 ± 6% survival) and effectively decreased the
concentration of dissolved metals (≤5 µg/L) in the overlying water. In sediments
containing MCR-Top+F, amphipod survival (95 ± 4%) was significantly (p<0.05)
higher than in the MCR-Top treatment. Similarly, the concentrations of copper and zinc
were ≤5 µg/L. MCR-Top and MCR-Top+F treatments were more effective than the
MCR treatment for decreasing the concentration of dissolved metals and toxicity of
Sediment D to M. plumulosa. By placing MCR on the sediment surface, dissolved
contaminants were more effectively decreased and the dietary exposure to PACs
appeared to be inhibited. For the MCR treatment, dissolved copper (≤5 µg/L) and zinc
(10 µg/L) were below their respective 10-d water-only NOEC values of 36 and 90 µg/L,
respectively. Hence, additional reduced toxicity observed in the MCR-Top treatment
was suspected to be due to decreased dietary exposure to PACs and not dissolved
metals.
The MEC and MCR-Top WS-TIE treatments performed on Sediment D were repeated
(III) to ensure the results could be replicated (Figure 4.10). Results from WS-TIE (III)
were similar to those observed in WS-TIE (II). Toxicity to M. plumulosa survival in the
baseline sediment was 12 ± 3%, and the overlying water contained 25 µg Cu/L and 95
µg Zn/L (Table 4.10). Sediment D toxicity was significantly reduced for MEC, MEC+F,
MCR-Top and MCR-Top+F treatments. The 10-d survival of M. plumulosa exposed to
Sediment D in MEC and MEC+F treatments was significantly (p<0.05) increased to 45
± 4 and 63 ± 9%, respectively. The concentrations of copper and zinc in the overlying
water of these treatments were 35 µg Cu/L and 190 µg Zn/L (MEC) and 45 µg Cu/L
and 230 µg Zn/L (MEC+F) (i.e. dissolved metals were not decreased). Survival of M.
plumulosa exposed to MCR-Top and MCR-Top+F treatments was also significantly
(p<0.05) increased from 12 ± 3% (baseline) to 60 ± 3% in MCR-Top and 97 ± 2% in
MCR-Top+F treatments. Dissolved metal concentrations were at or below detection
limits in MCR-Top and MCR-Top+F treatments, respectively.
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Figure 4.10 Results from WS-TIE (III) confirmation study on control sediment ( ) and Sediment D
( ) using the 10-d toxicity to M. plumulosa survival. Error bars represent upper and lower 95%
confidence limits, n = 4. * denotes a significant (p<0.05) difference to baseline sediment.

Summary of WS-TIE for Sediment D

When standard WS-TIE methods were applied to Sediment D, only the MCR treatment
significantly (p<0.05) reduced toxicity to M. plumulosa. Based on these results,
dissolved metals (most likely copper) were associated with ~40% of the observed
toxicity (Figure 4.11). Although the addition of food accounted for ~26% of toxicity, it
is unlikely that a lack of nutrition was responsible for this observed toxicity given the
physical properties of the sediment. The addition of food may have affected the
sensititiy

or

exposure

of

the

amphipods

to

other

contaminants.

The

contaminants/stressors responsible for up to 60% of the observed toxicity to M.
plumulosa were not identified. Using new WS-TIE methods, causes of observed toxicity
in Sediment D were further elucidated. In WS-TIE (II), it was suspected that at least
10% but up to 34% of the observed toxicity to M. plumulosa may have been due to
exposure to dissolved metals, in particular copper and zinc. Furthermore, MEC,
MEC+F, MCR+F, MCR-Top and MCR-Top+F treatments, which are used to decrease
dietary exposure, suggested that the PACs contributed to 66% and 90% of toxicity in
Sediment D.
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Figure 4.11 Suspect toxicants identified in Sediment D using (a) standard and (b) new WS-TIE
methods.

4.4.5. Sediment E (Careel Bay)
Sediment physical and chemical properties

Sediment E was relatively coarse, but the particle size was varied (15% particles <63
µm, 40% 63-180 µm, 44% 180-600 µm, and 1% >600 µm), and contained a small
fraction of TOC (2.1%). Physical/chemical analysis of the sediment revealed major
contaminants to be TBT, copper and zinc (Table 4.11). TBT (18 mg Sn/kg) and copper
(1500 mg/kg) were present at concentrations approximately 3600 and 23 times greater
than the respective ISQG-Low (trigger) values, and TBT and copper were 257 and 6
times greater than the ISQG-High values, respectively. Total particulate concentration
of lead (55 mg/kg) was also elevated, but slightly less than the ISQG-Low value. The
acid extractable fraction of copper was low (5 mg/kg), and slightly elevated for zinc
(140 mg/kg) compared to TPM concentrations for these metals.
Table 4.11 Physical and chemical properties for Sediment E
Sediment E
Physical and chemical parameters
Fraction: <63 µm, 63-180 µm, 180-600 µm, >600 µm (%)

15, 40, 44, 1

Moisture (%), TOC (%)

30, 2.1

Porewater ammonia, total and un-ionised (mg/L)

6, 0.07

Organic contaminants
Total PAHs (mg/kg)
Tributyl tin (µg Sn/kg)

<4
18000

Dilute acid extractable metals (AEM)
As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn (mg/kg)

≤5, ≤5, ≤5, ≤5, ≤5, 1800, ≤5, ≤5, 15, 140

Total particulate metals (TPM)
As, Cd, Co, Cr, Cu, Fe ,Mn, Ni, Pb, Zn (mg/kg)

≤5, ≤5, ≤5, 10, 1500, 5600, 10, ≤5, 55, 240
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Standard WS-TIE for Sediment E

Sediment E was very toxic, and caused complete mortality of M. plumulosa (Table
4.12). The survival of M. plumulosa in MCR, CAR and ZEO treatments was 18 ± 6, 10
± 3 and 0 ± 0%, respectively. Of the standard WS-TIE methods, the toxicity of
Sediment E to M. plumulosa was significantly (p<0.05) reduced using the MCR
treatment. There did appear to be a slight reduction to amphipod toxicity in the CAR
treatments, although it was not significant (p>0.05) (Figure 4.12).
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Figure 4.12 Results from WS-TIE study on control sediment ( ) and Sediment E ( ) using the 10-d
survival of M. plumulosa. Error bars represent upper and lower 95% confidence limits, n = 4. No
bars present for baseline and ZEO treatments of Sediment E due to 0% survival of M. plumulosa.

The concentrations of copper and zinc in the overlying water of the baseline sediment (0
± 0% survival) were 50 and 65 µg/L, respectively (Table 4.12). All other dissolved
metals analysed were <10 µg/L. In the MCR treatment, where survival was significantly
(p<0.05) reduced, the concentrations of copper and zinc in the overlying water were
decreased from 50 and 65 µg/L to 40 and 10 µg/L, respectively (Table 4.12). The
concentration of copper in the MCR treatment was decreased compared to the baseline,
and similar to the NOEC value of 36 µg Cu/L. Hence, the slight reduction to toxicity in
this treatment, and some of the observed toxicity in the baseline sediment, may be
associated with dissolved metals, in oaerticular copper. For CAR and ZEO treatments,
the concentration of copper in the overlying water was 45 and 55µg/L, respectively, and
50 and 90 µg/L of zinc, respectively (Table 4.12). The concentration of TBT and PAHs
were 18,000 µg/kg and <4 mg/kg. Although the reduction in toxicity using the CAR
treatment was not significant (p>0.05), the slight observed decrease indicates that
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organic contamiannts, perhaps TBT, may have been associated with the observed
toxicity in Sediment E.
Contaminants and/or stressors causing toxicity to M. plumulosa in Sediment E could
partially identified using the standard WS-TIE treatments. The results from this TIE
study would suggest that dissolved copper, and possibly organic contaminants were
associated with observed toxicity.
Table 4.12 WS-TIE (I and II) toxicity data for control sediments and Sediment E using the 10-d
toxicity to M. plumulosa survival, and the effect of WS-TIE treatments on the dissolved metals in
the overlying and pore waterd
Amphipod toxicity
% Survival ± SE
Treatment
WS-TIE (I)

WS-TIE (II)

Control

a

Sediment E

Dissolved metals (µg/L)
Overlying water b

Pore water c

Cu

Zn

Cu

Zn

Baseline

100 ± 0

0±0

50

65

-

-

MCR

100 ± 0

18 ± 6 *

40

10

-

-

CAR

100 ± 0

10 ± 3

45

50

-

-

ZEO

100 ± 0

0±0

55

90

-

-

FOOD

100 ± 0

7±0

65

75

-

-

Baseline

100 ± 0

2±2

60

140

-

-

FOOD

100 ± 0

2±2

75

150

-

-

MEC

84 ± 4

22 ± 4 *

70

150

-

-

MEC+F

93 ± 4

34 ± 7 *

85

420

-

-

MCR

100 ± 0

38 ± 3 *

30

10

-

-

MCR+F

100 ± 0

70 ±18 *

-

70 ± 3 *

10
≤5

-

98 ± 2

45
≤5

-

-

93 ± 3 *

≤5

≤5

-

-

MCR-Top
MCR-Top+F

100 ± 0

a

Data are mean ± standard error, n=4
b
Concentrations calculated using sub-samples taken on days 1, 5 and 10
c
Concentrations from sub-samples taken on day 10
d
Dissolved metals in control sediment samples were below detection limit and not listed.
* Significantly higher percent survival compared to the baseline treatment (p<0.05)

FOOD WS-TIE treatment for Sediment E

The survival of M. plumulosa in the FOOD treatment of Sediment E was 7 ± 0%. The
concentrations of copper and zinc in the overlying water of the FOOD treatment were
65 and 75 µg/L, respectively (Table 4.12). The sediment contained moderate silt (15%)
and TOC (2.1%) fractions, thus the slight but non significant reduction of toxicity
suggests that poor nutrition was not a contributing factor of the toxicity in Sediment E.
The slight reduction of toxicity may be due to decreased sensitivity to dissolved
contaminants or a change in the amphipods feeding behaviour.
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WS-TIE for Sediment E using new treatments

For Sediment E, containing 60 µg Cu/L and 140 µg Zn/L in the overlying water, the 10d toxicity to M. plumulosa survival was 2 ± 2% (Table 4.12). Following exposure to
FOOD, MEC, MEC+F, MCR, MCR+F, MCR-Top and MCR-Top+F treatments,
survival of M. plumulosa was 2 ± 2, 22 ± 4, 34 ± 7, 38 ± 7, 70 ± 18, 70 ± 3 and 93 ±
3%, respectively. The toxicity of Sediment E to M. plumulosa was significantly
(p<0.05) reduced in the following treatments: MEC, MEC+F, MCR, MCR+F, MCRTop, and MCR-Top+F. The FOOD treatment did not significantly (p>0.05) affect M.
plumulosa toxicity (Figure 4.13).
In the MEC treatment where survival was increased from 2 ± 2% (baseline) to 22 ± 4%,
the concentrations of copper and zinc in the overlying water were 70 and 150 µg/L,
respectively. Survival of M. plumulosa was further increased with the MEC+F treatment
(34 ± 7%), despite copper and zinc concentrations being elevated to 70 and 420 µg/L,
respectively, and greater than the 10-d water-only EC50 values for copper (76 (61-91)
µg/L) and zinc (220 (190-260) µg/L). As observed in the previous WS-TIE study, a
small fraction of fine particles were observed inside the MECs. Hence, M. plumulosa
were not exclusively exposed to dissolved contaminants. However, toxicity to M.
plumulosa exposed to MEC and MEC+F treatments was significantly (p<0.05) reduced.
A reduction to toxicity in these treatments was evidence of apparent dietary toxicity
caused by the ingestion of PACs, while residual toxicity in MEC+F may be due to
dissolved metals and/or TBT.
The MCR treatment to Sediment E decreased the concentration of copper and zinc in
the overlying water, and toxicity to the amphipod was subsequently significantly
(p<0.05) reduced (38 ± 3% survival), but not ameliorated. The concentrations of
dissolved copper and zinc in the MCR treatments were decreased from 60 and 140 µg/L
(initially above respective copper and zinc 10-d water-only LOEC values) to 30 and 10
µg/L, respectively, which were below NOEC values for copper (36 µg/L) and zinc (90
µg/L). Results from this treatment suggest that dissolved metals may have partially
contributed to the observed toxicity in the baseline sediment.
For the MCR+F treatment, amphipod survival was 70 ± 18%. Toxicity in this treatment
was significantly (p<0.05) lower than in the MCR treatment, and dissolved copper and
zinc concentrations in the overlying water were comparable to dissolved concentrations
in MCR treatment at 45 and 10 µg/L, respectively. The significantly (p<0.05) larger
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reduction to toxicity in the MCR+F treatment compared to MCR may have been due to
changes in the organisms feeding behaviour, such as the ingestion of added food and
avoidance of contaminated sediment particles, resulting from the availability of added
food.
Of all the WS-TIE treatments, MCR-Top and MCR-Top+F most effectively reduced the
acute toxicity of Sediment E to M. plumulosa. Amphipod survival in MCR-Top was
increased to 70 ± 3% (from 2 ± 2% survival), while toxicity was almost completely
ameliorated in MCR-Top+F (93 ± 3% survival). For MCR-Top and MCR-Top+F
treatments, the concentrations of copper and zinc were ≤5 µg/L. MCR-Top was notably
more effective than the MCR treatment for reducing the concentration of metals in the
overlying water of the sediment. Further reduced toxicity in the MCR-Top and MCRTop+F treatments may have been partially due to dissolved copper. The dissolved
copper concentration in the MCR-Top treatment was below the 10-d water-only NOEC
value (36 µg/L), hence the further decrease in toxicity in the MCR-Top and MCRTop+F treatments was also likely to be due to other factors. Given the physical barrier
created between the amphipods and sediment in these treatments and the likely effects
feeding may have on the amphiopods’ feeding behaviour, it is suspected that the lower
toxicity in MCR-Top and MCR-Top+F treatments was associated with reduced dietary
exposure to particulate associated contaminants.
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Figure 4.13 Results from WS-TIE (II) study on control sediment ( ) and Sediment E ( ), including
new treatments, using the 10-d survival of M. plumulosa. Error bars represent upper and lower
95% confidence limits, n = 4. * denotes a significant (p<0.05) difference to baseline sediment.
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Summary of WS-TIE for Sediment E

Standard WS-TIE methods did not account for the toxicity in Sediment E, New WS-TIE
methods demonstrated toxicity to be due to a combination of dissolved metals, and
PACs (Figure 4.14). Significant (p<0.05) reductions to toxicity in new WS-TIE
treatments suggested that at least 33%, but as much as 63%, of the observed toxicity
may be due to dietary exposure to PACs. Residual toxicity of approximately 30% was
thought to be due to a combination of exposure to dissolved metals and PACs.
(a)

unidentified
contaminants
82%

(b)
dissolved metals
18%

possible dissolved metals &
particulate-associated
contaminants
30%

dissolved metals
37%

particulate-associated
contaminants
33%

Figure 4.14 Suspect toxicants identified in Sediment E using (a) standard and (b) new WS-TIE
methods.

4.4.6. Sediment F (Urban Marina)
Sediment physical and chemical properties

The physical/chemical properties of Sediment F are described in Table 4.13. The
sediment comprised of 41% water, 1.6% TOC and had a widely distributed particle size
(24% <63 µm, 27% 63-180 µm, 42% 180-600 µm, 7% >600 µm). Sediment F was
contaminated with TPHs (390 mg/kg), TBT (~40 µg Sn/kg), and had high levels of
copper (1,800 mg/kg), zinc (530 mg/kg) and lead (330 mg/kg). Particulate
concentrations of copper, zinc and lead were present at concentrations approximately
28, 3 and 7 × greater than respective ISQG-Low values. Copper and lead were also
approximately 7 and 2 × greater than ISQG-High values, respectively. The acid
extractable fractions for copper, zinc and lead were 6, 1500 and 65 mg/kg, respectively.
Standard WS-TIE for Sediment F

The baseline toxicity of Sediment F to M. plumulosa survival was 0 ± 0%, and the
concentration of copper and zinc in the overlying water of the baseline sediment was 25
and 150 µg/L, respectively (Table 4.14). As observed with the previous sediments, all
other dissolved metals analysed were <10 µg/L. CAR and ZEO treatments did not
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significantly (p>0.05) reduce sediment toxicity to M. plumulosa. However, amphipod
survival was significantly (p<0.05) increased in the MCR treatment (33 ± 2% survival).
In the MCR treatment, where the toxicity to amphipod survival was significantly
(p<0.05) reduced, the dissolved zinc concentration was decreased to 10 µg/L, below the
10-d water-only NOEC (90 µg/L), which indicated dissolved zinc toxicity.
Table 4.13 Physical and chemical properties for Sediment F
Sediment F
Physical and chemical parameters
Sediment fraction: <63 µm, 63-180 µm, 180-600
µm, >600 µm (%)

24, 27, 42, 7

Moisture (%), TOC (%)

41, 1.6

Porewater ammonia, total and un-ionised (mg/L)
Organic contaminants
Total PAHs (mg/kg)

<4

TPHs, C6-C9, C10-14, C15-28, C29-36 (mg/kg)

<25, <50, 180, 210

a

TBT (µg Sn/kg)

~ 40

Acid extractable metals
As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn (mg/kg)

≤5, ≤5, ≤5, ≤5, 6, 20, 170, 65, 1500

Total particulate metals
As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Zn (mg/kg)
a

15, ≤5, ≤5, 15, 1800, 11000, 30, ≤5, 330, 530

Estimated value based on concentration measured at surrounding sites

WS-TIE for Sediment F using new treatments

Survival in control treatments; FOOD, MCR-Top, MCR-Top+F, CAR-Top, CARTop+F were 100%, but survival of M. plumulosa in control MEC and MEC+F
treatments was significantly (p<0.05) reduced (0 ± 0 and 20 ± 2%, respectively) (Figure
4.15). Mesh chambers were suspended in the overlying water above the sediment rather
than on the surface.
The (baseline) toxicity of Sediment F to M. plumulosa survival was 0 ± 0%, and the
concentrations of copper and zinc in the overlying water of the baseline sediment were
25 and 150 µg/L, respectively (Table 4.14). The FOOD, MEC, MEC+F, CAR and
CAR-Top did not significantly (p>0.05) reduce the toxicity of Sediment F to M.
plumulosa. Amphipod toxicity was significantly (p<0.05) reduced in sediment MCRTop (39 ± 5%), MCR-Top+F (98 ± 2%) and CAR-Top+F (42 ± 3%) treatments (Figure
4.15).
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Table 4.14 WS-TIE toxicity data for control sediments and Sediment F using the 10-d toxicity to M.
plumulosa survival, and the effect of standard and new WS-TIE treatments on the dissolved metals
in the overlying and pore waterd
Amphipod toxicity
% Survival ± SE
WS-TIE

a

Dissolved metals (µg/L)
Overlying water b

Treatment

Control

Sediment F

Cu

Zn

Baseline

100 ± 0

0±0

25

FOOD

100 ± 0

2±2

30

Pore water c
Zn

150

Cu
≤5

150

≤5

15
≤5

15

0±0

2±2

15

170

≤5

20 ± 2

5±2

20

200

≤5

≤5

MCR

100 ± 0

33 ± 2 *

≤5

100 ± 0

39 ± 5 *

10
≤5

≤5

MCR-Top

20
≤5

≤5

≤5

MCR-Top+F

100 ± 0

98 ± 2 *

≤5

≤5

≤5

≤5

CAR

100 ± 0

8±2

25

170

≤5

35

160

≤5

35

160

≤5

35

190

≤5

30

MEC
MEC+F

CAR-Top
CAR-Top+F
ZEO

100 ± 0
100 ± 0
85 ± 2

7±5
42 ± 3 *
0±0

25
30
30

a

Data are mean ± standard error, n = 4
b
Concentrations calculated using sub-samples taken on days 1, 5 and 10
c
Concentrations from sub-samples taken on day 10
d
Dissolved metals in control sediment samples were below detection limit and not listed.
* Significantly higher percent survival compared to the baseline treatment (p<0.05)

Toxicity of M. plumulosa exposed to Sediment F in the MCR-Top treatment (39 ± 5%)
was slightly, but not significantly (p>0.05) more reduced compared to the MCR
treatment. The concentration of copper and zinc in the overlying water was also lower
(≤5 µg/L), and the additional decrease in toxicity in MCR-Top treatment may have been
due to the residual dissolved copper that was decreased in this treatment (i.e. 20 µg/L in
MCR and ≤5 µg/L in MCR-Top) and/or PACs. Following exposure to the MCR-Top+F
treatment, toxicity to M. plumulosa was ameliorated (98 ± 2% survival), and dissolved
copper and zinc concentrations were below detection limits. In MCR-Top and MCRTop+F, the concentrations of dissolved metals were similar. The key difference was the
addition of a ‘clean’ food source. For the MCR-Top+F treatment, the concentration of
dissolved metals were very low (≤5 µg/L), and the added food was not believed to have
decreased the sensitivity of M. plumulosa to contaminants. Reduced toxicity in MCRTop appeared to be a result of the amphipod selective ingestion of ‘clean’ added food
rather than contaminated sediment particles (as a source of nutrition).
Toxicity to M. plumulosa in CAR, CAR-Top and CAR-Top+F treatments was 8 ± 2, 7 ±
5 and 42 ± 3% (survival), and only significantly (p<0.05) reduced in the CAR-Top+F
treatment. Dissolved copper and zinc concentrations were comparable in CAR (25 µg
Cu/L, 170 µg Zn/L), CAR-Top (25 µg Cu/L, 160 µg Zn/L) and CAR-Top+F (30 µg
Cu/L and 160 µg Zn/L) treatments.
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Initially, it was suspected reduced toxicity may have been due to a decrease in the
bioavailability of organic contaminants; however toxicity was only decreased in CARTop+F treatment and not the CAR-Top treatment. Therefore, toxicity of Sediment F did
not appear to be caused by dissolved organic contaminants. Decreased sensitivity of M.
plumulosa to organic contaminants was also considered as the cause of reduced toxicity
in CAR-Top+F. But in the FOOD treatment, where amphipods were given the same
feeding regime, toxicity did not appear to be affected.
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Figure 4.15 Results from WS-TIE study on control sediment ( ) and Sediment F ( ), including new
treatments, using the 10-d survival of M. plumulosa. Error bars represent upper and lower 95%
confidence limits, n = 4. * denotes a significant (p<0.05) difference to baseline sediment. No bars
present for baseline and ZEO treatments of Sediment F due to 0% survival of M. plumulosa.

Summary of WS-TIE for Sediment F

Standard WS-TIE methods only partially identified the toxicants/ stressors in Sediment
F (Figure 4.16). The MCR treatment significantly (p<0.05) reduced toxicity, indicating
that dissolved metals, suspected to be zinc, were accountable for ~33% of the observed
toxicity.
New WS-TIE methods in combination with standard WS-TIE methods accounted for
>90% of observed toxicity in Sediment F (Figure 4.16), and demonstrated that: (i)
dissolved metals (zinc) accounted for ~33% of toxicity, (ii) approximately 59% of
toxicity was due to dietary exposure to PACs (this was supported by comparisons
between CAR-Top and CAR-Top-F treatments), and (iii) residual toxicity (8%) was
also suspected to be caused by dissolved metals and PACs.
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unidentified
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33%
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59%

Figure 4.16 Suspect toxicants identified in Sediment F using (a) standard and (b) new WS-TIE
methods.

4.4.7. Sediments G, H & I – (Duck Creek)
Sediment G – physical and chemical properties

The physical/chemical properties for Sediment G are listed in Table 4.15. The sediment
had high concentrations of TPHs (3,100 mg C6-C36 /kg), zinc (720 mg/kg) and lead
(280 mg/kg), and moderate concentrations of copper (110 mg/kg) and chromium (230
mg/kg). The TPM concentration of Zn, Pb, Cu and Cr were approximately 4, 4, 2 and 3
× greater than their respective ISQG-Low values. The acid extractable fraction of zinc
and lead (530 mg/kg and 220 mg/kg, respectively) were elevated relative to the TPM
concentrations. Total PAHs and dissolved ammonia in the sediment pore water were
low (~1 mg/kg and 1 mg/L, respectively).
Sediment G – Standard WS-TIE

A WS-TIE study was conducted with the following treatments: MCR, CAR and ZEO.
Amphipod survival in all control sediment treatments was >95% (Table 4.16). The
baseline toxicity of Sediment G to M. plumulosa survival was 12 ± 4% (survival).
Toxicity to M. plumulosa (survival) was significantly (p<0.05) reduced in the CAR (38
± 6%) treatment, but was not significantly (p>0.05) affected in MCR (7 ± 3% survival)
and ZEO (12 ± 5% survival) treatments (Figure 4.17). Results from the CAR treatment
(38 ± 6% survival) in this WS-TIE study indicated that HOCs or other dissolved organic
contaminants were likely to have caused adverse toxic effects to the 10-d survival of M.
plumulosa.
WS-TIE for Sediment G using new treatments

For new WS-TIE treatments, survival of M. plumulosa exposed to control treatments
FOOD, MEC and MEC+F was 100 ± 0, 82 ± 2 and 84 ± 8%, respectively. M. plumulosa
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survival in MEC and MEC+F treatments, where MECs were positioned directly on top
on sediment, was slightly decreased, but still equivalent to or greater than the acceptable
80% control response.
In the FOOD treatment of Sediment G, toxicity to M. plumulosa survival was
significantly (p<0.05) reduced, M. plumulosa survival was increased from 12 ± 4 to 48
± 8% (Figure 4.17). Initially, this decrease in toxicity was thought to be due to a lack of
silt and TOC (i.e. nutritional properties) in the sediment. However, close examination of
physico-chemical data showed that Sediment G contained a high fraction of particles
<63 µm (81.9%) and a reasonable TOC content (4.1%). One would expect to observe
healthy (>80%) survival in an un-contaminated sediment containing these levels of silt
and organic carbon. Hence, the significant (p<0.05) increase in survival achieved in the
FOOD treatment may have be due to the greater availability of food resulting in faster
growth and thus increased tolerance to contaminants (i.e. the sensitivity of M.
plumulosa to organic chemicals with and without food is unknown), or the amphipods
selective ingestion of ‘clean’ food rather than contaminated sediment particles.
For the MEC treatment (59 ± 12%), survival was significantly increased compared to
the baseline (Figure 4.17), even though there was a lack of adequate nutrition/food (no
feeding). In this MEC treatment, the mesh chamber was placed directly on top of the
sediment, resulting in a small amount of silt passing through the mesh. Toxicity may
have been, in part, due to dietary exposure and ingestion of PACs. Following the
exposure to MEC+F treatment, toxicity to M. plumulosa was completely ameliorated
(100 ± 2% survival), and there was a significant difference between the toxicity
observed in MEC and MEC+F treatments. A number of things could have been
responsible for the difference in amphipod survival between these two treatments. In the
MEC treatment, where no food was added, low survival may have been due to
starvation due to a lack of food. On the other hand, increased survival in the MEC+F
treatment may have been caused by the decreased bioavailability of contaminants,
and/or increased the organism’s tolerance to contaminants. Alternatively, the presence
of food could have accelerated amphipod growth and or physiological processes
controlling the organism’s sensitivity to contaminants.
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Figure 4.17 Results from WS-TIE study on control sediment ( ) and Sediment G ( ), including new
MEC treatments, using the 10-d survival of M. plumulosa. Error bars represent upper and lower
95% confidence limits, n = 4. * denotes a significant (p<0.05) difference to baseline sediment.

Table 4.15 Physical and chemical properties for Sediments G, H, Ia
Sediment G

Sediment H

Sediment I

82, 10, 7, 1

77, 17, 5, 1

79, 14, 7, 0

Moisture (%), TOC (%)

71, 4.1

58, 4.3

57, 4.2

Porewater ammonia, total and un-ionised (mg/L)

1, 0.05

18, 0.69

4, 0.16

Physical/chemical parameters
Fraction: <63 µm, 63-180 µm, 180-600 µm, >600 µm (%)

Organic contaminants
Total PAHs (mg/kg)

<4

<4

<4

<25, 95, 1,700, 1300

<25, 90, 1,300, 1,000

<25, 210, 2,500, 1600

As, Cd, Co Cr, Cu, Fe,

≤5, ≤5, ≤5, 55, 25, 5200,

≤5, ≤5, ≤5, 35, ≤5, 4900,

≤5, ≤5, ≤5, 45, ≤5, 3,700,

Mn, Ni, Pb, Zn (mg/kg)

25, ≤5, 220, 530

20, ≤5, 200, 590

40, ≤5, 130, 440

As, Cd , Co, Cr, Cu, Fe,

15, ≤5, ≤5, 230, 110, 30000,

10, ≤5, ≤5, 160, 130, 28000,

10, ≤5, ≤5, 220, 110, 33000,

Mn, Ni, Pb, Zn (mg/kg)

140, 30, 280, 720

140, 30, 290, 830

240, 50, 210, 670

TPHs, C6-C9, C10-14, C15-28, C29-36 (mg/kg)
Acid extractable metals (AEM)

Total particulate metals (TPM)

a

TBT not analysed, but was expected to be negligible based on previous data for sediment from this site (unpublished results).
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Table 4.16 WS-TIE (I and II) toxicity data for control sediments and Sediments G, H and I using
the 10-d toxicity to M. plumulosa survival, and the effect of WS-TIE treatments on the dissolved
metals in the overlying and pore waterd

Amphipod toxicity
% Survival ± SE a

Dissolved metals in
Sediments G, H & I (µg/L)
Overlying
water b

Pore water
c

Sediment

WS-TIE

Treatment

Control

Sediment G,H, I

Zn

Zn

G

(I)

Baseline

100 ± 0

12 ± 4

35

15

MCR

100 ± 0

7 ± 3

30

0

CAR

100 ± 0

38 ± 6 *

35

30

ZEO

96 ± 2

12 ± 5

30

≤5

H

(I)

(II)

I

(I)

(II)

a

FOOD

100 ± 0

48 ± 8 *

30

25

MEC

82 ± 2

59 ± 12 *

75

10

MEC+F

84 ± 8

100 ± 2 *

70

Baseline

100 ± 0

7 ± 3

55

≤5
≤5

MCR

100 ± 0

8 ± 5

25

≤5

CAR

100 ± 0

48 ± 2 *

65

20

ZEO

96 ± 2

14 ± 9

55

15

FOOD

100 ± 0

70 ± 6 *

80

20

MEC

82 ± 2

2 ± 2

180

10

47 ± 19 *

MEC+F

84 ± 8

160

≤5

Baseline

100 ± 0

30 ± 4

-

-

FOOD

100 ± 0

73 ± 6 *

-

-

MEC

4±4

0 ± 0

-

-

MEC+F

0±0

0 ± 0

-

-

CAR-Top

100 ± 0

87 ± 5 *

-

-

CAR-Top+F

100 ± 0

93 ± 3 *

-

-

Baseline

100 ± 0

13 ± 4

-

-

MCR

100 ± 0

27 ± 0 *

-

-

CAR

100 ± 0

20 ± 0

-

-

ZEO

100 ± 0

4 ± 2

-

-

FOOD

100 ± 0

29 ± 4 *

-

-

Baseline

100 ± 0

7 ± 3

-

-

FOOD

100 ± 0

25 ± 7 *

-

-

MEC

4±4

0 ± 0

-

-

MEC+F

0±0

5 ± 3

-

-

CAR

100 ± 0

33 ± 8 *

-

-

CAR-Top

100 ± 0

88 ± 3 *

-

-

CAR-Top+F

100 ± 0

100 ± 0 *

-

-

Data are mean ± standard error, n = 4
Concentrations calculated using sub-samples taken on days 1, 5 and 10
c
Concentrations from sub-samples taken on day 10
d
Dissolved metals in control sediment samples were below detection limit and not listed.
* Significantly higher percent survival compared to the baseline treatment (p<0.05)
b
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Sediment H – Physical and chemical properties

Sediment H was hydrous (58% water), silty (76.9% particles <63µm) and had a TOC
content of 4.3% (Table 4.15). The major contaminants in Sediment H appeared to be
Zn, Pb, Cu, Cr and total petroleum hydrocarbons (i.e. TPHs, long chain hydrocarbons,
C15-C36). Total particulate Zn (820 mg/kg), Pb (290 mg/kg), Cu (130 mg/kg) and Cr
(160 mg/kg) were 4, 6, 2 and 2 × greater than their respective ISQG-Low values. The
acid extractable fraction of zinc and lead were relatively high (i.e. 590 mg Zn/kg and
200 mg Pb/kg). TPHs (C6-C36) in Sediment H were 2,400 mg/kg. Other contaminants
that appeared to be elevated (copper and chromium) had low acid extractable
concentrations (i.e. 5 mg Cu/kg and 35 mg Cr/kg). Total PAHs were low (<4 mg/kg)
and the concentration of TBT was not analysed.
Sediment H – Standard WS-TIE

Sediment H was acutely toxic to the juvenile amphipod M. plumulosa (7 ± 3% survival).
The concentration of dissolved zinc was 55 µg/L (overlying water) (Table 4.16), below
the 10-d water-only zinc NOEC (90 µg/L), and the concentration of dissolved metals in
the overlying and pore water were ≤5 µg/L.
MCR and ZEO treatments did not significantly (p>0.05) reduce the toxicity of Sediment
H (8 ± 5 and 14 ± 9% survival, respectively). Toxicity to M. plumulosa was, however,
significantly (p<0.05) reduced in the CAR treatment (48 ± 2% survival), which was
indicative of HOCs or other dissolved organic toxicants.
WS-TIE for Sediment H using new treatments

The toxicity of Sediment H was not significantly (p>0.05) reduced in the MEC
treatment (2 ± 2%). FOOD, MEC+F and CAR treatments did however, significantly
(p<0.05) reduce toxicity to M. plumulosa. In the FOOD treatment, amphipod survival
increased from 7 ± 3 to 70 ± 6%. Sediment H contained a high fraction of silt (77% of
particles <63 µm) and had and TOC content of 4.3%. Based on these physical/chemical
properties alone, the sediment did not appear of poor nutrition, and should not have
been a factor in the observed toxicity (Spadaro et al., 2008). For the MEC+F treatment,
where toxicity was significantly (p<0.05) reduced to 47 ± 19% (survival) (Figure 4.18),
it was difficult to determine whether toxicity was attributed to PACs or organic
contaminants. This is because the FOOD treatment also caused a marked reduction to
toxicity.
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Figure 4.18 Results from WS-TIE (I) study on control sediment ( ) and Sediment H ( ), including
new MEC treatments, using the 10-d survival of M. plumulosa. Error bars represent upper and
lower 95% confidence limits, n = 4. * denotes a significant (p<0.05) difference to baseline sediment.

Toxicity causing contaminants and/or stressors to M. plumulosa in Sediment H were
further investigated using slightly modified and new WS-TIE (II) treatments. In this
study, the MECs were suspended in the overlying water above the sediment rather than
being placed on the sediment surface, in order to prevent fine sediment particles from
moving into the MECs. The CAR resin was also placed on the surface of the sediment
as opposed to mixing it into the sediment (as described for MCR-Top treatments).
Similar to MCR-Top, the CAR-Top treatment was intended to improve the adsorption
of dissolved organic chemicals from the overlying water onto the adsorbent resin, by
placing it in direct contact with the sediment-water interface and overlying water.
Additionally, the CAR-Top treatment aimed to reduce the amphipods dietary exposure
by placing a physical barrier between the amphipods and the sediment.
Survival in control treatments was 100%, except in MEC and MEC+F. M. plumulosa
survival in MEC and MEC+F treatments was 4 ± 4 and 0 ± 0%, respectively (Figure
4.19). Low survival in these two treatments was most likely due to a lack of sufficient
food to sustain survival over the 10-d exposure period. The 50-60 µm mesh used for
constructing MECs appeared to be too coarse and allowed the added food (powdered
fish food suspension) to fall through the mesh causing starvation of the exposed
amphipods. The adding of the overlying seawater to CAR-Top treatments caused the
CAR resin to become buoyant, with the majority of the resin residing on the waters
surface for the duration of the toxicity test. Hence, these treatments were not effective
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for reducing dietary toxicity. This observation was taken into consideration when
identifying suspect toxicants in Sediment H.
The baseline toxicity to M. plumulosa survival of Sediment H in WS-TIE (II) study was
30 ± 4% (survival). Of the five treatments (FOOD, MEC, MEC+F, CAR-Top, and
CAR-Top+F), toxicity to M. plumulosa survival was significantly (p<0.05) reduced in
FOOD (73 ± 6%), CAR-Top (87 ± 5%) and CAR-Top+F (93 ± 3%) treatments (Figure
4.19).
The CAR-Top treatment appeared to be more effective for decreasing toxicity than
CAR; however, the relative increase to M. plumulosa survival was higher in CAR (WSTIE I) than CAR-Top treatments. There was a 7-fold reduction of toxicity in CAR (WSTIE (I)) compared to the 3-fold reduction in CAR-Top observed in WS-TIE (II). The
CAR-Top+F treatment did not significantly (p>0.05) increase survival compared to
CAR-Top. There was however, a significant difference between FOOD (73 ± 6%) and
CAR-Top+F (93 ± 3%). The resin used in the CAR-Top treatments did not completely
settle on the surface on the sediment. Instead the resin was partially buoyant. Thus, the
the results from this treatment indicate dissolved organic contaminants contribute to the
observed toxicity rather thn PACs.
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Figure 4.19 Results from WS-TIE (II) study on control sediment ( ) and Sediment H ( ), including
new treatments, using the 10-d survival of M. plumulosa. Error bars represent upper and lower
95% confidence limits, n = 4. * denotes a significant (p<0.05) difference to baseline sediment. No
bars present for MEC and MEC+F treatments of Sediment G due to 0% survival of M. plumulosa.
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Sediment I – Physical and chemical properties

Among the various contaminants in Sediment I (Table 4.15), TPHs (4,200 mg/kg C10C36), Zn (670 mg/kg), Pb (210 mg/kg), Cu (110 mg/kg) and Cr (220 mg/kg) were
approximately 3, 4, 2 and 3 × greater then the ISQG-Low values for Zn, Pb, Cu and Cr,
respectively.
Sediment I – Standard WS-TIE

For control sediments, WS-TIE treatments, which included MCR, CAR and ZEO,
resulted in 100 ± 0% survival of M. plumulosa. The toxicity of sediment I to M.
plumulosa survival over 10 d was 13 ± 4% (survival). Amphipod toxicity in MCR, CAR
and ZEO treatments was 27 ± 0, 20 ± 0 and 4 ± 2% (survival), respectively. The toxicity
of Sediment I to amphipod survival was significantly (p<0.05) reduced in MCR but not
significantly reduced (p>0.05) in the CAR and ZEO treatments (Figure 4.20). These
results suggested that toxicity may have been associated with dissolved metals.
WS-TIE for Sediment I using new treatments

The toxicity of Sediment I to M. plumulosa (13 ± 4% survival) was significantly
(p<0.05) reduced in the FOOD treatment (29 ± 4% survival). Sediment I was silty (79%
of particles <63 µm) and had a TOC content of ~4%, which would suggest that the
sediment contained sufficient nutritional sources for amphipod survival. It is possible
that the amphipods are selectively ingesting ‘clean’ food rather than the heavily
contaminated sediment particles.
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Figure 4.20 Results from WS-TIE study on control sediment ( ) and Sediment I ( ), including new
treatments, using the 10-d survival of M. plumulosa. Error bars represent upper and lower 95%
confidence limits, n = 4.
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For further investigation of toxicity causing contaminants in Sediment I, the influence
of FOOD, MEC, MEC+F, CAR, CAR-Top, and CAR-Top+F treatments on sediment
toxicity to M. plumulosa was observed (Figure 4.21). Control treatments: FOOD, CAR,
CAR-Top or CAR-Top+F demonstrated healthy control response (100 ± 0% survival).
For MEC and MEC+F treatments on control sediments the 10-d survival was
significantly (p<0.05) affected (4 ± 4 and 0 ± 0%, respectively). Control treatments
were the same as those in WS-TIE studies for Sediment G.
For sediment I, where the 10-d toxicity to M. plumulosa survival was 7 ± 3%, FOOD,
CAR, CAR-Top and CAR-Top+F treatments significantly (p<0.05) decreased toxicity
(Figure 4.21). These results were slightly different to the initial WS-TIE study
conducted with this sediment. Toxicity in MEC (0 ± 0% survival) and MEC+F (5 ± 3%
survival) treatments on the other hand were not significantly (p>0.05) reduced. The
FOOD treatment alone increased the 10-d survival of M. plumulosa from 7 ± 3%
(baseline) to 25 ± 7%. The CAR treatment increased amphipod survival to 33 ± 8%, and
for CAR-Top and CAR-Top+F treatments, survival was 88 ± 3 and 100 ± 0%,
respectively. Results from CAR and CAR-Top treatments indicate that toxicity was
primarily due to HOCs or other dissolved organic contaminants. Intersetingly, no
reduction to toxicity was observed in WS-TIE (I) when the CAR treatment was applied.
However, in this case a decrease to toxicity was observed. This may be due to temporal
variation in the sediment, although the sedimemnt was homogenised thouroughly before
each test.
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Figure 4.21 Results from WS-TIE (II) study on control sediment ( ) and Sediment I ( ), including
new treatments, using the 10-d survival of M. plumulosa. Error bars represent upper and lower
95% confidence limits, n = 4. * denotes a significant (p<0.05) difference to baseline sediment. No
bars present for MEC treatment of Sediment I due to 0% survival of M. plumulosa.
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Summary of WS-TIEs for Sediments G, H and I

For Sediment G, standard WS-TIE methods identified ~30% of toxicity; hence, toxicity
was suspected to be caused by organic contaminants. The remaining 70% toxicity was
un-identified (Figure 4.22). New WS-TIE methods, on the other hand, accounted for or
characterised >80% of toxicity. CAR and MEC treatments suggested that 30% of
toxicity was due HOCs, and 53% of toxicity was due to dietary exposure to PACs. For
FOOD treatments, where toxicity was also significantly (p<0.05) decreased, a lack of
nutrition/food was not suspected to be a contributing stressor. It was however, suspected
that the addition of food may have reduced the bioavailability of, or decreased the
amphipods sensitivity to HOCs.
For Sediment H, standard WS-TIE methods only accounted for 44% of the toxicity,
hence HOCs were suspected to be a major toxicant to M. plumulosa in Sediment H.
Using new WS-TIE treatments, ~100% of toxicity was accounted for, and suspected to
be due to HOCs (Figure 4.22). For Sediment I, 87% of toxicity was thought to be
caused by HOCs and the residual 13% was also suspected to be due to HOCs (Figure
4.22).
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Figure 4.22 Suspect toxicants identified with standard WS-TIE methods in (a) Sediments G, (b) H,
and (c) I compared to toxicants identified by new WS-TIE methods in (d) Sediments G, (e) H, and
(f) I.
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4.4.8. Improvement of mesh exposure chamber (MEC) treatments
Initial WS-TIE methods using MEC treatments were undertaken by placing chambers
directly on top of the sediment in whole-sediment toxicity tests. The MECs were
constructed using 50-60 µm meshes. Because of the mesh size and the positioning of the
MEC in whole-sediment toxicity tests, a small fraction of fine sediment particles were
observed to penetrate the mesh of the MECs during 10-d exposures. The presence of
these sediment particles were found to confound results in these treatments and made
interpreting data difficult. These treatments were subsequently altered so that the MECs
were suspended above the sediment. However, in these treatments the added food
appeared to drop through the mesh base causing starvation of the amphipods resulting in
high 10-d mortality.
The 10-d survival of M. plumulosa exposed to control sediments in modified MEC
treatments was investigated. MECs were constructed with a smaller 20 or 30 µm mesh
base and were suspended in the overlying water above the sediment. In MEC+F
treatments, amphipods were fed (0.063 mg/amphipod Sera Micron fish food suspension)
twice during the 10-d exposure period. The 10-d survival of M. plumulosa exposed to
control sediments in MEC treatments with a 20 and 30 µm mesh base was 42 ± 8 and 60
± 3%, respectively (Figure 4.23). Following the addition of food, amphipod survival
was increased to 93 ± 3 and 100 ± 0% in MECs containing 20 and 30 µm mesh bases.
Based on these results, MECs constructed with 30 µm mesh and suspended above the
sediment were the most suitable for use in future WS-TIE tests.
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Figure 4.23 Amphipod survival in control (un-contaminated sediments) MEC treatments
containing 20 µm mesh ( ) or 30 µm mesh base ( ).Error bars represent upper and lower 95%
confidence limits, n = 4.

Chapter 4.
4.5.

Application of Amphipod WS-TIE Methods

146

Discussion

4.5.1. Effectiveness of standard WS-TIE methods for identifying toxicity in
contaminated sediments to M. plumulosa
Standard WS-TIE methods, including the addition of MCR (Burgess et al., 2000, US
EPA, 2007), CAR (McElroy et al., 2000; West et al., 2001; Lebo et al., 2003; Ho et al.,
2004; US EPA 2007) and ZEO (Besser et al., 1998; Burgess et al., 2003; Besser, 2004;
US EPA, 2007) have been shown to be effective for reducing sediment toxicity
associated with dissolved metals, HOCs and dissolved ammonia, respectively. Hence, a
reduction in sediment toxicity achieved by the addition of these materials indicates that
toxicity to be caused by one or more of the above contaminants classes. These existing
standard WS-TIE treatments were effective for identifying the causes, or partially
identifying the causes of toxicity to the amphipod M. plumulosa for some contaminated
sediments.
It was demonstrated that for some sediments, such as Sediment A, these standard WSTIE methods were effective for identifying toxicants (Section 4.4.1). However, for other
sediments toxicity could only be partially accounted for using standard methods. The
efficacy of these standard WS-TIE methods to comprehensively identify suspect
toxicants may be limited by their ability to reduce the bioavailability of dissolved
contaminants only. The standard treatments (and materials used) are inherently designed
to decrease the bioavailability, and therefore, the toxicity associated with, dissolved
contaminants only. For example, MCR, CAR and ZEO decrease toxicity associated with
dissolved metals, HOCs and dissolved ammonia, respectively. This may explain why
standard WS-TIE methods were not as effective for identifying toxicity to the deposit
feeding amphipod M. plumulosa in a number of sediments.
For Sediment A, toxicity to M. plumulosa survival was significantly (p<0.05) reduced
(>80% survival) by the addition of the MCR treatment, but not with CAR, ZEO or new
FOOD treatments indicating that observed acute toxic effects were due to dissolved
metals in the overlying water. There was a good association between reduced amphipod
toxicity and a decrease in the concentration of zinc in the overlying and pore water of
the MCR treatment. These findings also agreed with the concentration-effects data for
dissolved zinc and the TPM concentrations in Sediment A, where zinc appeared to be
the prominent contaminant.
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In 10-d water-only tests without feeding, the survival of the juvenile M. plumulosa is
less than 50% (Spadaro et al., 2008), and is due to starvation resulting from a lack of
food. Consequently, it is not possible to accurately determine water-only effects
concentrations over long periods (i.e. 10 d) without feeding (Spadaro et al., 2008).
However, when fed, the 10-d water-only zinc EC50, LOEC and NOEC value was 220
µg/L, 180 µg/L and 90 µg/L, respectively (Chapter 3). In the baseline treatment of
Sediment A, amphipod survival was 50% and the concentration of dissolved zinc was
440 µg/L, above the 10-d water only zinc EC50.
Following MCR treatment, amphipod survival was significantly increased (81%) and
dissolved zinc was decreased below the 10-d water-only NOEC. For Sediment A it was
observed that 440 µg/L of dissolved zinc caused 50% mortality. According to 10-d
water only concentration-effects data for zinc, a concentration >400 µg/L would be
expected to cause >90% amphipod mortality. Lower sensitivity in whole-sediments may
be due to the increased nutrition that the amphipods receive in sediment exposures.
Nutritional sources in sediment exposures may be via the nutrients that may be released
from the sediment or the ingestion of fine sediment particles (i.e. silt).
In this case dissolved zinc in the overlying water appeared to be the primary suspect
toxicant to M. plumulosa for Sediment A. This is because M. plumulosa is a deposit
feeding, epibenthic amphipod, living at the sediment-water interface, and it is believed
that the overlying water is a more important dissolved exposure pathway (water-phase)
than pore water in sediments. Therefore, the contaminants in this water-phase are more
likely to be having an effect on the amphipods 10-d survival. Overall, standard WS-TIE
treatments accounted for ~62% of toxicity in Sediment A, however, it should be noted
that >80% survival was observed in MCR treatments where toxicity was significantly
(p<0.05) reduced.
For other sediments where standard WS-TIE methods were applied, toxicity was not
accounted for, or at best toxicants were partially identified (e.g. 20-50%). Although
none of the standard WS-TIE treatments significantly (p<0.05) decreased toxicity of
Sediment B to M. plumulosa survival (Section 4.4.2), a notable decrease to toxicity was
achieved in the MCR treatment. In the new WS-TIE FOOD treatment, toxicity was also
slightly but not significantly (p>0.05) reduced. Using the standard WS-TIE treatments
(capable of identifying toxicity attributed to dissolved contaminants and/or stressors),
toxicity in Sediment B could not be explicitly explained. Issues confounding the
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characterisation of toxicants in Sediment B included mid range baseline toxicity (~60%
survival) and high variability associated with the toxicity results for some of the
treatments which resulted in no significant difference compared to the baseline.
For Sediment C (Section 4.4.3), less than 30% of toxicity to M. plumulosa could be
explained using standard WS-TIE treatments; MCR, CAR and ZEO. The baseline
toxicity for sediment C was very high. The treatments that were applied in the TIE study
may have been overwhelmed by the toxicants. None the less, the MCR treatment of
Sediment C explained approximately 12% of toxicity, and was suspected to be
attributed to decreased concentrations of copper and zinc in the overlying water. These
results were in a good agreement with high TPM concentrations for copper and zinc in
the bulk sediment. Approximately 15% of toxicity to M. plumulosa was also explained
using the CAR treatment, and suspected to be attributed to HOCs. Although analysis of
organic contaminants in the overlying water could not be carried out, examination of
contaminants in the bulk sediment showed high concentrations of TBT and low levels
of other HOCs. Hence, toxicity was suspected to be partially due to TBT in the
overlying water. Other treatments did not reduce toxicity, and residual toxicity was up
to 70%. Based on the results from these standard WS-TIE treatments, toxicity was
attributed to a combination of dissolved metals, particularly copper and zinc, and
organic contaminants (i.e. TBT).
Sediment C contained relatively high concentrations of TBT, copper, zinc and lead and
it was suspected that residual (un-explained) toxicity may have been a result of the
amphipods dietary exposure to particulate forms of these contaminants. In a study
conducted by King et al. (2006), it was demonstrated that M. plumulosa ingests and
assimilates contaminants from sediments and that copper from diet can be a dominant
exposure pathway and cause toxicity to M. plumulosa. Therefore, the dietary toxicity of
PACs was considered in subsequent WS-TIE studies.
When standard WS-TIE treatments were used to identify potential toxicants to M.
plumulosa in Sediment D (Section 4.4.4), the MCR treatment significantly reduced
toxicity, and hence ~40% of the observed toxicity was suspected to be associated with
dissolved metals (suspected to be copper). However, standard WS-TIE treatments fell
short of explaining causality for this sediment, and up to 60% of toxicity was unaccounted for. In further studies on Sediment D, toxicity associated with dissolved
metals was decreased to approximately 10 to 34%.
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Standard WS-TIE methods; CAR and ZEO, for Sediment E also did not explain the
observed toxicity to M. plumulosa (Section 4.4.5). However, a slight but significant
reduction to toxicity in Sediment E containing MCR and supporting chemistry data,
indicated that toxicity may have been partially attributed to dissolved metals,
specifically copper. Metal constituents of Sediment F, (Section 4.4.6) were identified to
be suspect toxicants. More specifically zinc, was thought to have contributed to ~33%
of the observed toxicity.
Sediments G, H and I were collected at different points along the same estuarine
tributary (Section 4.4.7). It was therefore expected that WS-TIE studies would reveal
similar toxicants in these sediments. HOCs in Sediments G, H and I appeared to be one
of the significant causes of toxicity to M. plumulosa. The CAR treatment designed to
reduce the toxicity associated with HOCs significantly decreased toxicity to M.
plumulosa in Sediments G and H I indicating that ~30% and ~40% of observed toxicity
was due to exposure to HOCs.
For eight of nine contaminated sediments investigated in studies presented in this
chapter, standard WS-TIE methods were not highly effective for identifying causality in
whole-sediments to M. plumulosa. It was observed that only for Sediment A, did
standard WS-TIE treatments effectively ameliorate and identify the cause(s) of toxicity
to M. plumulosa.

4.5.2. New WS-TIE treatments to discern toxicity via dissolved and dietary
pathways
Although the addition of food does not appear to significantly (p<0.05) affect the
sensitivity of M. plumulosa to some dissolved metals, for example, copper in 10-d
water-only exposures (Spadaro et al., 2008), it is unknown whether the organism’s
sensitivity to other contaminants such as organic chemicals (i.e. HOCs) is affected.
Harkey et al. (1997) reported that in 30-d exposures, survival of the amphipod Hyalella
azteca was greater in fluoranthene-contaminated sediment when fed (yeast-cerophylltrout chow daily), compared to unfed. When fed, H. azteca was also shown to grow and
reproduce when exposed to sediments dosed with concentrations of fluoranthene
approximately 20 to 90 times greater than the EC50 reported for 10-d exposures (Harkey
et al., 1997).
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Various sediment-dwelling organisms, such as deposit-feeding amphipods, polychaetes
etc, may also be exposed to contaminants via several pathways, including: ingestion of
sediment particles (Lee et al., 2000a; Aherns et al., 2001; Simpson and King, 2005),
respiration of interstitial or overlying water, ingestion of food (Chapman et al. 2002),
and/or across the integument (external covering of the body). It is now well recognised
that the toxicity to the epibenthic amphipod M. plumulosa can occur through dietary
exposure (Simpson and King, 2005; Spadaro et al., 2008) and numerous studies have
also documented the importance of the particulate phase in the uptake of contaminants
from sediments (Schlekat et al., 2000; Weston et al., 2000; Eriksson and Sundelin,
2002), most of which suggest that the accumulation of particular contaminants, such as
metals, occurs mainly through direct ingestion of sediment.
Additionally, for sandy sediments that have little organic matter or sources of
food/nutrition, amphipods may not grow significantly and can die as a result of
malnutrition (Spadaro et al., 2008). FOOD treatments may be added to sediment
toxicity tests to discern toxicity caused by starvation due to a lack of food/poor nutrition
or the effect of contaminants.
New WS-TIE methods, in the form of MEC, MEC+F, MCR+F, MCR-Top, MCRTop+F, CAR-Top and CAR-Top treatments, were developed and applied to assist with
identifying toxicity to M. plumulosa occurring via both dissolved and dietary exposure
pathways in whole-sediments. A FOOD treatment was also integrated in WS-TIEs as an
additional treatment for distinguishing between toxicity and decreased survival due to
poor nutrition.
New WS-TIE treatments with the consideration of dietary stress

The identification of dissolved and particulate-associated toxicants in whole-sediments
was improved with the development and utilisation of new WS-TIE treatments, MEC,
MEC+F, MCR-Top and MCR-Top+F to standard WS-TIE methods (i.e. MCR, CAR
and ZEO). In MEC and MEC+F treatments, the amphipods were isolated within a small
chamber in the overlying water of whole-sediment toxicity tests. For the epibenthic
amphipod M. plumulosa, the overlying water, particularly the sediment-water interface,
is believed to be the primary exposure pathway for dissolved contaminants. By
exposing organisms to the overlying water within a whole-sediment set-up, a more
realistic and consistent exposure to dissolved contaminants can be achieved. The
MEC+F treatment was included to maintain healthy survival over the duration of the
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test exposure period, this is because survival in 10-d water-only exposures without food
is generally poor (i.e. <50%) (Spadaro et al., 2008). The concentration of dissolved
contaminants should be similar to those in the baseline treatments (un-treated sediment).
Thus, if toxicity is decreased in MEC or MEC+F treatments compared to the baseline
and FOOD treatments, one should suspect that toxicity is in part due to dietary exposure
to PACs. No change in toxicity would suggest that toxicity is a result of exposure to
dissolved contaminants.
The selective placement of MCR on the sediment surface (MCR-Top) can affect the
toxicity of both dissolved and PACs. For example, in MCR-Top treatments, dissolved
metals in the overlying water were lower than in MCR treatments. This is because the
bulk of the resin is in direct contact with contaminants in the overlying water.
Additionally, the partitioning of metals from the pore water to the overlying water
should be slower in MCR-Top treatments because the resin sequesters contaminants at
the sediment-water interface, prior to release into the overlying water. On the other
hand, by placing the resin on the sediment surface (covering the majority of the
surface), the amphipods interaction and, therefore, dietary exposure is physically
reduced. A decrease to toxicity using MCR-Top may indicate that either dissolved
metals and/or PACs are suspect toxicants. However, if there is a significant reduction of
toxicity in MCR-Top+F treatments compared to MCR-Top (and the concentration of
metals is similar), one could suspect dietary toxicity.
Unlike new WS-TIE treatments, the FOOD treatment was applied for all the
contaminated sediments presented in this study. For Sediments A, C, E and F, the
FOOD treatments did not significantly (p>0.05) affect toxicity, but appeared to
ameliorate some toxicity in Sediments G, H, and I. The toxicity of Sediment D appeared
to be influenced by the addition of FOOD treatments in WS-TIE (I) but not (II) and
(III), and was also observed for Sediment H, where the FOOD treatments appeared to
decrease sediment toxicity in WS-TIE (II) but not (I).
Initially the FOOD treatment to Sediment D significantly (p<0.05) decreased toxicity to
M. plumulosa. For control sediments that are relatively coarse (29.5% particles <63 µm)
and have a TOC content of approximately 3%, the 10-d survival of M. plumulosa is
typically >80%. Spadaro et al. (2008) also demonstrated that M. plumulosa survival in
sediments containing ≥10% silt is usually >80%. By comparison, Sediment D contained
15.7% particles <63 µm and 2.1% organic carbon. Based on these findings, amphipod
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survival in un-contaminated sediment containing ~16% particles <63 µm and 2% TOC
would be expected to be >80%. However, the silt and organic carbon fractions are not
the only important food sources in sediments. Other nutritional sources that may play an
important nutritional role include detritus matter, alga and bacteria among others.
Findings from previous studies have shown that the addition of food to toxicity tests
does not have a significant (p<0.05) effect on the sensitivity of M. plumulosa to some
metals such as copper in water only exposures (Spadaro et al., 2008), and that M.
plumulosa ingests and assimilates contaminants from sediments and that copper from
diet can be a dominant exposure pathway and cause toxicity to M. plumulosa (King et
al., 2006).
A second WS-TIE study using new treatments: FOOD, MEC, MEC+F, MCR, MCR+F,
MCR-Top and MCR-Top+F effectively characterised contaminants in Sediment D
suspected of causing toxicity to M. plumulosa. WS-TIE (II) utilising new treatments
demonstrated that the toxicity observed in Sediment D appeared to be due to exposure
to contaminants via dissolved and dietary pathways, but primarily due to dietary
exposure to PACs. Treatments MEC, MEC+F, MCR+F, MCR-Top and MCR-Top+F,
identified the contribution of PACs to M. plumulosa toxicity.
In MCR+F treatments, the concentration of dissolved metals was similar to those in the
MCR treatment, but toxicity to M. plumulosa in MCR+F treatment was ameliorated.
These results suggest that the addition of an alternative source of nutrition to sediments
with low concentrations of dissolved contaminants encouraged amphipods to selectively
ingest ‘clean’ food, thereby decreasing their dietary exposure to PACs.
For MCR-Top and MCR-Top+F treatments, the sediment surface was partially covered
with the metal-chelating resin to minimise toxic effects occurring via dietary exposure.
In these treatments, dissolved metals in the overlying water were below detection limits
and subsequently, toxicity was markedly reduced. Toxicity to M. plumulosa survival
was significantly (p<0.05) lower in MCR-Top+F than the MCR-Top treatment, and
demonstrated a change to the feeding behaviour of M. plumulosa. The results from these
two treatments, in addition to MCR and MCR+F treatments, strongly suggest that
dietary exposure to PACs caused acute toxicity to M. plumulosa. Although these
treatments identified PACs as the primary toxicants in Sediment D, the specific PACs
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were not characterised/ identified. Using the TPM data for Sediment D, the most
apparent contaminants appear to be copper and TBT.
Overall, the application of new WS-TIE treatments were very effective for delineating
toxicity to M. plumulosa caused by, dissolved and PACs in sediments, and identifying
the relative contribution of these contaminants to toxicity.
TIE cases with predominantly metal toxicants

Using standard WS-TIE methods approximately 41% of the toxicity observed in
Sediment D was associated with dissolved metals, probably copper. However, the
contaminant(s) suspected of causing >50% toxicity to M. plumulosa were not identified.
When new WS-TIE treatments were used, >90% of toxicity was accounted for.
Although the new treatments could not identify the specific toxicants, they did
demonstrate that >60% of toxicity was thought to be caused by PACs. Based on the
total particulate concentration in the sediment, PACs which may have caused toxicity
include copper and/ or TBT. Other suspect toxicants included dissolved metals,
specifically copper or copper and zinc or other unidentified organic contaminants.
Greater than 70% of toxicity to M. plumulosa was accounted for when new WS-TIE
treatments, FOOD, MEC, MEC+F, MCR+F, MCR-Top, MCR-Top+F, were employed
(WS-TIE II). A combination of dissolved metals and PACs in Sediment E were
demonstrated to be causing toxicity to M. plumulosa. Significant reductions to toxicity
achieved in MEC, MEC+F, MCR-Top and MCR-Top+F treatments showed that dietary
exposure to PACs was partially responsible for the observed toxicity. On the other hand,
combined results from MCR and MCR-Top treatments also demonstrate toxicity to be a
result of exposure to dissolved copper and zinc in the overlying water.
For the MCR treatment, reduced toxicity to M. plumulosa was accompanied by
decreased concentrations of dissolved copper and zinc. Hence, toxicity was partially
attributed to dissolved copper in the overlying water. The contribution of dissolved
copper and zinc as toxicants was also demonstrated in the MCR-Top treatment of
Sediment E. In this treatment, the concentration of dissolved copper and zinc in the
overlying water were completely removed and amphipod toxicity was significantly
(p<0.05) lower. In addition to dissolved contaminants, PACs where identified as suspect
toxicants by the MCR-Top treatment.
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Results from MCR-Top+F, where dietary exposure was decreased by encouraging M.
plumulosa to selectively ingest added ‘clean’ food rather than sediment particles, further
demonstrated the importance of PACs to the toxicity of M. plumulosa. Because the
concentration of measured ontaminants was very low (≤5 µg/L) in both MCR-Top and
MCR-Top+F treatments, the additional reduction to toxicity in MCR-Top+F was not
believed to be due to decreased sensitivity to contaminants, but rather the selective
ingestion of added ‘clean’ food (i.e. change in the amphipods feeding behaviour).
Hence, toxicity data from these treatments and the corresponding chemistry data
indicate that amphipod survival was significantly (p<0.05) affected by dietary exposure
of PACs, most likely copper or TBT.
Metal constituents of Sediment F were identified as the primary toxicants. Results from
standard and new WS-TIEs indicated that exposure via dissolved and dietary pathways
to copper or and combination of copper and zinc caused acute toxicity to M. plumulosa.
This was despite the fact that dissolved copper was below toxicity thresholds for water
only exposures. In MCR-Top treatments the concentration of copper and zinc in the
overlying water was almost completely reduced however, the reduction of toxicity to M.
plumulosa was not significantly (p<0.05) greater than that observed in the MCR
treatment. Significantly lower toxicity and concentration of dissolved metals in these
two treatments indicated that a significant fraction of toxicity was attributed to exposure
to dissolved zinc. A strong reduction to toxicity in MCR-Top+F suggested that toxicity
to M. plumulosa may have also been caused by dietary exposure pathways. In the MCRTop+F treatment, the majority of the sediment surface was covered to minimise the
amphipods contact with the sediment, and food added to encourage selective feeding.
Amphipod toxicity exposed to Sediment F with MCR-Top+F treatments was
significantly (p<0.05) decreased compared to both the MCR and MCR-Top treatments.
For MCR-Top+F treatment, the concentration of copper and zinc in the overlying and
pore water were similar to those detected in the MCR-Top treatments. The only
apparent difference between these two treatments is that in the MCR-Top+F treatment,
amphipods seem to selectively feed on the added ‘clean’ food rather than the
contaminated sediment particles. These results provide evidence to suspect dietary
toxicity, probably copper and/or zinc, consistent with the sediments chemical properties.
The concentration of particulate copper in Sediment F was almost 7 times higher than
the ISQG-High value and the concentration of zinc was slightly greater than its
corresponding ISQG-High value.
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For Sediment F, new treatments in addition to standard WS-TIE methods were very
effective for characterising particulate-associated toxicants that were otherwise undisclosed using only the standard WS-TIE methods. Approximately 59% of the
observed toxicity, which was un-identified in using standard WS-TIE methods, was
associated with dietary exposure to PACs.
TIE cases with predominantly hydrophobic organic toxicants

HOCs in Sediments G, H and I appeared to be one of the significant causes of toxicity
to M. plumulosa. New WS-TIE treatments of Sediments G, H and I appeared to further
elucidate toxicity. For Sediment G, the FOOD treatment significantly reduced toxicity,
even though there appeared to be sufficient sources of nutrition in the sediment, in the
form of silt and organic carbon. It is possible that the addition of food may have reduced
toxicity to M. plumulosa by: (i) sequestering toxicants to less bioavailable forms, (ii)
decreased amphipod sensitivity to HOCs, (iii) affected the amphipods detoxification or
depuration processes and/or feeding behaviour (selective ingestion of food thereby
decreasing toxicity via dietary pathways), or (iv) reducing the organisms dietary toxicity
by altering the feeding behaviour. Results from new WS-TIE treatments, MEC and
MEC+F, suggest that toxicity of Sediment G was partially associated with dietary
exposure to PACs.
New FOOD and MEC+F treatments reduced toxicity in Sediment H by 68% and 43%,
respectively. Despite there being a marked reduction to toxicity in the FOOD treatment,
toxicity was not believed to be due to poor nutrition. Sediment H contained
approximately 77% particles <63µm and ~4% organic carbon. As explained previously,
reduced toxicity achieved with feeding may be due to alteration in the concentration of
organic contaminants in the overlying water or physical and behavioural changes to M.
plumulosa (i.e. detoxification/depuration pathways, sensitivity, or feeding behaviour).
Hence, reduced toxicity in both the FOOD and MEC+F treatments may have been due
to a number of factors not related to poor nutrition or PACs.
In WS-TIE (II) of Sediment H, using new and slightly modified WS-TIE methods,
toxicity due to dissolved organic contaminants was confirmed. As a part of the second
WS-TIE study, CAR-Top treatments were included. Upon addition of seawater to these
treatments, the resin became buoyant with the majority floating to the surface of the
overlying water. Although it did not appear to physically reduce the amphipods’ dietary
exposure to contaminants, it did prove to be more effective for decreasing the toxicity
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associated with HOCs. In the WS-TIE (I), CAR treatments explained approximately
44% of toxicity. In WS-TIE (II), CAR-Top and CAR-Top+F treatments explained 81%
and 90% of toxicity, and amphipod survival was >85%.
Toxicity of Sediment I to M. plumulosa was also reduced in FOOD treatments, but was
not believed to be because of poor sediment nutrition. But rather appeared to be due to
changes to the bioavailability of contaminants or physical and/or behavioural
modifications to M. plumulosa. For the CAR, CAR-Top and CAR-Top+F treatments of
Sediment I, 28%, 87% and 100% of toxicity was identified, respectively. The toxicity
data from WS-TIE studies are consistent with the physical/chemical data for Sediment
H, which revealed high concentrations of TPHs (C6-C36).
If only standard WS-TIE methods were used for Sediments G, H and I, toxicity would
have only been partially identified at best. For Sediment G only ~30% of toxicity would
have been identified, with HOCs the primary suspect toxicant. The addition of FOOD,
MEC and MEC+F treatments as a part of the new WS-TIE methods, identified HOCs in
addition to PACs as key toxicants in Sediment G.
New WS-TIE methods also markedly improved the ability to account for the majority of
toxicity in Sediment H. Standard WS-TIE methods accounted for ~44% of toxicants,
whereas new WS-TIE methods that demonstrated that HOCs and PACs caused 100% of
the observed toxicity in Sediment H.
For Sediment I, standard WS-TIE methods erroneously concluded that observed toxicity
was not caused by HOCs. In fact standard WS-TIE methods initially suggested toxicity
to M. plumulosa was due to dissolved metals. New WS-TIE treatments on the other
hand, showed that >85% of toxicity was in fact due to HOCs.
The application of standard and new WS-TIE treatments to contaminated sediments
highlighted the significance of HOCs to the toxicity of M. plumulosa and their role in
potentially wider adverse effects on the environment. New WS-TIE treatments (FOOD
treatment) further demonstrated the importance of understanding the test organism’s
sensitivity to HOCs and shift in sensitivity when food is added to whole-sediment
toxicity tests. M. plumulosa’s sensitivity to HOCs was decreased as a result of adding
food. The series of new treatments applied to sediments in this study improved our
ability to detect and account for these nutritional effects.
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4.5.3. Role and importance of nutrition in whole-sediment toxicity tests
As briefly described in Chapter 3, food may be added to sediment toxicity tests to
discern toxicity caused by starvation due to a lack of food/poor nutrition or the effect of
contaminants. For sandy sediments that have little organic matter or sources of food/
nutrition, amphipods do not grow significantly and can die as a result of malnutrition
(Spadaro et al., 2008). Ankley et al. (1994) demonstrated that the 10-d survival of the
amphipod H. azteca in ‘clean’ sediments increased from 32% (not fed) to 83% when fed
(yeast-cerophyll-trout chow daily), and the survival of the chironomid Chironomus
tentans increased from 77% (not fed) to 88% when fed (TetraMin daily), compared to
when not fed. Consequently, for acute toxicity tests undertaken on nutritionally poor
(e.g. very sandy), moderately contaminated sediments, it is difficult to determine
whether the observed toxicity is due to contaminants or a lack of food (Spadaro et al.,
2008).
It is important, however, to consider the influence that feeding may have on an
organism’s sensitivity, physiology, and feeding behaviour in sediment toxicity tests. For
example, contaminants may be adsorbed by added food, thereby decreasing dissolved
exposure and increasing the dietary exposure to the organism, greater availability of
food may increase the rate of growth resulting in increased tolerance to contaminants, or
added food may affect an organism’s feeding behaviour (selectivity) and physiology
(body fat composition, metabolic rate, detoxification and depuration processes) (Ankley
and Blazer, 1988; Lanno et al., 1989; Klüttgen and Ratte, 1994). Previous studies have
also shown that M. plumulosa ingests and assimilates contaminants from sediments and
that copper from diet can be a dominant exposure pathway and cause toxicity to M.
plumulosa (King et al., 2006). Hence, the addition of food to whole-sediment toxicity
tests may provide for an alternative food source for the amphipods, effectively
decreasing their exposure to sediment-bound contaminants. For example, McGee et al.
(1993) reported that the amphipod Leptocherius plumulosus was less sensitive to metal
contaminated sediments when fed (TetraMin and Tetra mixture three times per week),
compared to those not fed.
Although feeding in whole-sediment toxicity tests has been adapted to some methods,
standard procedures for the amount and type of food added during tests are not common
place. Methods for 10-d whole-sediment toxicity tests with amphipods are reported with
varying amounts of a yeast-cerophyll-trout chow (YCT) mixture (Ankley et al., 1994;
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Norberg-King et al., 2006), fish food (Tetramin) (McGee et al., 2004) or no food (Thain
and Roddie, 2002; ASTM, 2003; McGee et al., 2004; Castro et al., 2006; Gale et al.,
2006; Scarlett et al., 2007). The effect that the amount of food added can have on
sediment toxicity was illustrated in Pesch et al. (1991) and Bridges et al. (1997). Both
Pesch et al. (1991) and Bridges et al. (1997) conducted chronic toxicity tests on the
same contaminated sediment at different times using the polychaete Neanthes
arenaceodentata. Pesch et al. (1991) did not observe toxicity, whereas toxicity was
observed by Bridges et al. (1997). The amount of food added by Pesch et al. (1991 was
5 times more than Bridges et al. (1997) and the procedure (e.g. timing) of food addition
differed for the two studies.
For M. plumulosa, the 4-d water only EC50 for copper was not affected by the addition
of food in the form of a fish food suspension (0.063 mg fish food/ amphipod). The 4-d
water-only copper EC50 without food was 220 ± 11 µg/L and with food was 230 ± 35
µg/L (Spadaro et al., 2008). In the same study, Spadaro et al. (2008) reported that for
three out of six contaminated sediments, the addition of food did not significantly
(p>0.05) affect the toxicity to M. plumulosa. The three sediments where toxicity was
un-affected, had 66, 74 and 81% particles <63 µm, TOC content of 25, 8.3 and 6.8%
and were very toxic to M. plumulosa. For the other three sediments, two were very toxic
(<30% survival) and contained 31 and 70% particles <63 µm and 28 and 5.2% TOC.
While the third sediment displayed moderate to low toxicity (~60% survival) contained
3% particles <63 µm and 0.22% TOC. Amphipod toxicity in the third sediment is most
likely due to malnutrition resulting from the low fraction of food/nutrition available in
the sediment. For the other two sediments where there appeared to be sufficient
nutrition from the <63 µm particles and TOC fraction, increased survival in the
presence of food may be due the changes in the organisms’ physiology or feeding
behaviour.
The FOOD treatment does not identify any one specific stressor or contaminant.
However, the toxicity and physical/chemical data from this treatment allows the user to
understand and better explain factors which may be contributing to toxicity. For
example; decreased toxicity achieved by the addition of food to sediment containing a
low silt and TOC content, and low levels of contaminants would indicate toxicity to be
attributed to poor nutrition (Chapter 3). However, this may not be the case for all
organisms as some can survive in sediments contanining low silt and TOC fractions.
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As previously mentioned, the FOOD treatment decreased the toxicity of some
contaminated sediments, and not for others. For Sediments G, H, and I, the FOOD
treatment ameliorated toxicity. Varied results were observed for Sediment D, where
toxicity appeared to be decreased by the addition of FOOD treatments in WS-TIE (I)
but not (II) and (III).
Although the new FOOD treatment did not significantly reduce the toxicity for
Sediment B to M. plumulosa, there did appear to be a notable decrease in toxicity (45%
increase in amphipod survival). Sediment B had 72% of sediment particles <63 µm and
10% TOC. Based on these physical properties alone, there should have been sufficient
food/ nutrition to sustain healthy survival over 10-d exposures. The concentration of
dissolved contaminants was also relatively unchanged, showing that the addition of food
did not decrease the bioavailability of contaminants. Given this information, decreased
toxicity to M. plumulosa exposed to Sediment B with feeding may have been due to
changes in the amphipods’ feeding behaviour, for example, the selective ingestion of
‘clean’ food rather than copper laden sediment particles, or physiological changes, such
as increased detoxification and depuration processes or added food may have increased
amphipod growth resulting in decreased sensitivity to dissolved contaminants.
FOOD treatment of Sediment D increased amphipod survival. Given the silt content and
concentration of major contaminant (i.e. TBT) above information, reduced toxicity
achieved in the FOOD treatment may have been a result of decreased sensitivity to
organic contaminants or reduced exposure to PACs caused by changes in the organisms
feeding behaviour.
For sediments G, H and I, reduced toxicity to M. plumulosa survival in the FOOD
treatments was not believed to be attributed to poor nutrition. Sediments G, H and I
contained a high fraction of particles <63 µm (82, 77 and 79%) and a moderate TOC
content (~4%). One would expect to observe healthy (>80%) survival in an uncontaminated sediment containing these levels of silt and TOC. Hence, the significant
(p<0.05) increase in survival achieved in the FOOD treatment may have be due to the
greater availability of food resulting in faster growth and thus increased tolerance to
contaminants (i.e. the sensitivity of M. plumulosa to organic chemicals with and without
food is unknown) or, the amphipods selective ingestion of ‘clean’ food rather than
contaminated sediment particles.
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The addition of a FOOD treatment in WS-TIEs may be useful for indicating when
observed toxicity in contaminated sediment may be attributed to poor nutrition rather
than contamination. For some contaminated sediments where the FOOD treatment
reduced toxicity to M. plumulosa survival, it appeared as though poor nutrition in the
sediment was a significant contributing factor to toxicity. However, a closer
examination of physico-chemical properties of the sediment revealed that the addition
of food may have masked toxic effects due to exposure to contaminants. Based on the
sediment physical, chemical and baseline toxicological properties, it was suspected that
the addition of a FOOD treatment decreased M. plumulosa’s sensitivity to HOCs
associated with the sediment and thus reduced the toxicity of the sediment. In addition
to this, the addition of a FOOD treatment also appeared to encourage the selective
ingestion of food by the amphipod rather than PACs.
Hence, consideration of sediment physico-chemical properties in addition to
toxicological data for the cases presented here suggested that poor nutrition did not to
contribute to causality in whole-sediments. However, there may be cases where poor
nutrition may be mistaken for toxicity (i.e. avoid type I errors, concluding toxicity
where it is not occurring), and therefore consideration of poor nutrition via FOOD
treatments are important
Improvement of mesh exposure chamber (MEC) treatments

For WS-TIE tests on Sediments D, E, G (I) and H, MEC treatments were undertaken by
placing mesh exposure chambers, containing 50-60 µm meshes, directly on top of the
sediment in whole-sediment toxicity tests. The 10-d survival of M. plumulosa exposed
to control sediments with MEC treatment (on top of the sediment), without and with the
addition of food was >80%. The healthy survival observed in these MEC treatments
without food was unexpected, as the test is essentially a water-only exposure and no
food is added. Previous studies have shown that amphipod survival in 10-d water-only
tests is <50% (Spadaro et al., 2008). Examination of MEC treatments showed a small
amount of fine sediment particles inside the exposure chambers, which had passed
through the mesh. These fine particles provide a source of nutrition for M. plumulosa
and would explain the increased survival in treatments without feeding.
In WS-TIE studies on Sediments F, G (II), and I (II) where MEC treatments were
subsequently modified so that the exposure chambers were suspended above the
sediment, amphipod survival was <5% in MEC and ≤20% in MEC+F treatments of
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control treatments. Poor amphipod survival in MEC treatments was expected, but not
for MEC+F. The added food in MEC+F treatments appeared drop through the mesh
base causing starvation of the amphipods resulting in high 10-d mortality.
In the most recently revised method, MECs were constructed using 20 or 30 µm mesh.
Amphipod survival MEC and MEC+F treatments were ≤60 and >90%, respectively.
The 10-d survival of M. plumulosa was higher when exposed to control sediments in
MEC and MEC+F treatments with a 30 µm mesh. Hence, these MEC treatments
constructed with a 30 µm mesh are most suitable for use in future WS-TIE studies.

4.5.4. Primary causes of toxicity to M. plumulosa in marine sediments
Overall, the primary toxicants in the sediments studied appeared to be dissolved metals,
HOCs and PACs. Importantly, it was demonstrated that a significant fraction of
sediment toxicity to the amphipod M. plumulosa occurs via dietary exposure pathways
(Figure 4.24). In many cases PACs, in addition to dissolved contaminants, were
suspected of causing toxicity. For a number of sediments toxicity was attributed to
multiple contaminants. For the cases presented in this study, 14% of toxicity was due to
dissolved metals, while 29% was attributed to exposure to HOCs. In 14% of sediments,
toxicity was observed to be due to a mixture of HOCs or dissolved metals and PACs,
and the remaining 29% was a factor of dissolved metals, HOCs and PACs. The majority
of toxicity observed for M. plumulosa was due to multiple contaminants; in particular
PACs appeared to be an important contributing factor to acute toxicity.
Hence, for deposit feeding, epibenthic or benthic organisms which are known to ingest
sediment particles, dietary exposure to PACs should be considered as an important
component to WS-TIEs. Although the new WS-TIE treatments presented here do not
provide conclusive evidence of the specific particulate-associated toxicants, they can be
effective for identifying the contribution of PACs to sediment toxicity.
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(a)
hydrophobic organic contaminants
& unidentified contaminants
dissolved metals

dissolved metals &
unidentified contaminants

dissolved metals, hydrophobic organic
contaminants & unidentified contaminants

(b)
hydrophobic organic contaminants &
particulate-associated contaminants
dissolved metals

dissolved metals &
particulate-associated
contaminants

dissolved metals, particulateassociated contaminants &
hydrophobic organic contaminants
hydrophobic organic contaminants

Figure 4.24 Toxicants identified in sediments using (a) standard and (b) new WS-TIE treatments.
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Conclusions

WS-TIE methods using new treatments has an advantage over standard WS-TIE
methods for identifying causality in whole-sediment toxicity tests to M. plumulosa, in
that it provides a more comprehensive evaluation of toxicants and/or stressors. Using
new and standard WS-TIE methods in addition to a lines-of-evidence approach, which
involved consideration of toxicity data, physical characteristics of the sediment, the
sediments chemical composition, organisms sensitivity to dissolved contaminants,
understanding of the organisms contaminant exposure pathways, and understanding the
effects of nutrition of the organisms’ survival and sensitivity to contaminants, the
identification of causality in whole-sediment toxicity tests using M. plumulosa was
optimised.
For seven out of the nine sediments studied, >50% of the toxicity to M. plumulosa was
un-accounted for using standard WS-TIE methods, and for two of these sediments,
standard WS-TIE treatments failed to identify the toxicant which is targeted by one of
these treatments. However, to six of these sediments, where new WS-TIE treatments
were applied, >90% of toxicity was characterised. The addition of a FOOD treatment in
WS-TIEs is a useful tool for indicating when observed toxicity of contaminated
sediment may be attributed to poor nutrition rather than contamination. However, it is
important to consider the effect of adding food to toxicity tests when identifying
causality in whole-sediments.
The application of WS-TIE methods using standard and new treatments were very
effective for determining the major causes of toxicity to M. plumulosa in marine
sediments. Dissolved metals, particularly copper and zinc, hydrocarbons and PACs
appear to be the most significant contributors to toxicity for the sediments examined in
this study. Perhaps the most significant finding is that PACs are likely to be a key
toxicant in contaminated sediments. The practical application of WS-TIE methods using
M. plumulosa is explored in more detail in Chapter 7.
Recommendations

For the amphipod M. plumulosa, toxicity may occur via dissolved and/ or dietary
exposure pathways. It was demonstrated that to achieve a more comprehensive
evaluation of chemical toxicants and bio-physical stressors (e.g. nutrition) in sediments
to M. plumulosa, both ‘standard’ and ‘new’ WS-TIE treatments should be utilised. To
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better interpret WS-TIE data and identify suspect toxicants/stressors, multiple lines-ofevidence should be used when possible, for example;


Chemical analyses of the test waters,



Analyses of physical/chemical properties of the sediment (i.e. TPM, AEM,
organic contaminants, sediment fractionation, TOC etc),



Use of biological data (concentration-effects data for a range of contaminants),



Understanding of the organisms’ contaminant-exposure pathways,



Quantifying the role of nutrition to sediment toxicity (i.e. silt and TOC content),



Measuring the effects of added food on organism sensitivity, contaminant
bioavailability, feeding behaviour or physiology (i.e. depuration and
detoxification processes), and



Understanding the physiology and behaviour of the organism, and the factors
that may have significant effects.

5.
CHAPTER 5
SELECTION AND APPLICATION OF WSTIE METHODS USING THE MICROALGA
ENTOMONEIS CF PUNCTULATA: A
DISSOLVED EXPOSURE PATHWAY
APPROACH
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Introduction

Toxicity tests using sediment-dwelling invertebrates, such as amphipods, generally
require large sediment volumes, and take greater than 10 d to complete. Toxicity tests
using microorganisms such as algae, however, have much shorter test times and require
smaller sample volumes. A whole-sediment toxicity test using the marine microalga
Entomoneis cf punctulata was developed by Adams and Stauber (2004), based on the
inhibition of esterase activity within the algae as measured by fluorescein diacetate
(FDA) fluorescence using flow cytometry. Esterases are a group of enzymes that are
involved in lipid turnover in cell membranes (Adams and Stauber, 2004). Fluorescein
diacetate (FDA), a lipophilic dye that readily penetrates the cell membrane, is cleaved
by esterases in live viable cells to yield fluorescent fluorescein which can be detected by
flow cytometry. Toxicants may either decrease FDA uptake or decrease esterase activity
(Adams and Stauber, 2004). This test endpoint is not influenced by nutrients released
from the sediment, unlike more commonly used growth endpoint (Simpson et al.,
2007), although ammonia has the potential to cause algal stimulation at low
concentrations, masking possible toxic effects (Adams and Stauber, 2004).
The enzyme endpoint can be criticised for being a biomarker response rather than a
toxicity endpoint, and that it is less environmentally relevant compared with tests using
endpoints such as, survival, growth and reproduction (Simpson et al., 2007).
Correlations between acute enzyme response and growth rate inhibition have been
found for some trace metals (Franklin et al., 2001; Adams and Stauber, 2004). More
recently, Simpson et al. (2007) reported a significant correlation between 24-h enzyme
inhibition and 10-d survival of juvenile amphipods (Melita plumulosa) in wholesediment toxicity tests.
Currently WS-TIE methods for indigenous (Australian) organisms are limited to those
developed in the studies presented earlier for the amphipod M. plumulosa, and WS-TIE
methods using algae have not been investigated. When WS-TIE studies are carried out
with invertebrates, such as amphipods, large volumes of sediment and material is
required. Not only can these tests become labour intensive, tests generally require >10
days for completion, so the time before results are obtained can become lengthy.
Additionally, the cost of material required for reducing toxicity can be expensive due to
the large volume material required for the sample (proportional to sample mass). The
benthic algal test overcomes many of these issues. Algal tests are rapid, simple, require
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small amounts of samples and materials, less labour intensive, cost effective and results
can be obtained within 24 h. These factors are important considering the number of
samples/treatments in a TIE. The use of the benthic algae tests appears to be well suited
for TIE applications. Because established TIE treatments are based on the identification
of dissolved contaminants via overlying and pore water exposure pathways, the benthic
algae, which are believed to be primarily exposed to dissolved contaminants near the
sediment-water interface, should be a suitable test organism for rapid WS-TIEs. The
development of this test could potentially complement WS-TIE methods for the
amphipod M. plumulosa and add to the knowledge/evidence used to assess sediment
toxicity.
The application of E. cf punctulata as a test organism in sediment TIE assessments
requires an understanding of the test response to a range of anthropogenic sediment
contaminants. Adams and Stauber (2004) have reported the algal esterase activity to a
range of dissolved metals, including copper, zinc, lead, manganese, cadmium and
arsenic in water-only exposures, while the only data for whole sediment tests are those
of Simpson et al. (2007) for PAHs. In the present study, the application of the microalga
toxicity test using E. cf punctulata esterase activity was investigated for a range of
toxicants in whole-sediments. As part of its exploitation in TIE assessments, the
potential of the treatments MCR (SIR300™), MCRx (Chelex 100®), PCC, CAR and
ZEO, to reduce the bioavailability and therefore toxicity associated with contaminants
including metals, hydrophobic organic compounds and ammonia were evaluated.

5.2.

Specific Objectives

The primary objectives of this research were to:


Determine the sensitivity of E. cf punctulata to copper and zinc,



Determine the influence of standard WS-TIE treatments on esterase activity in
E. cf punctulata for un-contaminated sediments,



Observe the sensitivity of E. cf punctulata to metal- and/or
organic/hydrocarbon-contaminated sediments, and



Ascertain the efficacy of WS-TIE treatments to indentify toxicants for those
contaminated sediments that are toxic to E. cf punctulata.
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Materials and Methods

5.3.1. Test sediments
Control sediments with negligible contamination were collected from estuarine sites in
Bonnet Bay (BB) and Grays Point (GP) (Sydney, Australia), as previously described in
Chapter 2. Contaminated sediments were collected from an estuarine section of the
Hunter River (NSW, Australia) with recognised petroleum hydrocarbon contamination.
Samples were collected using a grab sampler operated from a boat. Sediments were
homogenised in the field in a clean, stainless steel container using a stainless steel
spoon, and then transferred to glass jars and transferred to the laboratory chilled on ice.
Within hours of collection, sediments were stored in a cool room at 4ºC until the time of
analysis or used in toxicity tests.
Copper-spiked sediments were prepared by spiking GP sediment with varying amounts
of copper sulfate (CuSO4·5H2O) to achieve the desired concentrations of copper. The
CuSO4·5H2O spiking solution was prepared by dissolving the Analytical Reagent grade
salt in deoxygenated seawater. Hydrolysis caused by the dissolving the copper sulfate in
solution decreases pH, which needed to be adjusted to pH 7.0 using deoxygenated
NaOH (50% NaOH w/w in deoxygenated Milli-Q water) immediately prior to mixing
with the sediment. Low density polyethylene Nalgene bottles containing the sediments
were purged with nitrogen gas, sealed and shaken thoroughly. Test sediments were
stored in a nitrogen-filled glove box and allowed to equilibrate for a specified period of
time (~4 weeks). The pH was measured at least twice per week with adjustments to pH
7.0 made as required (NaOH solution). Following pH adjustments, bottles were repurged with nitrogen, shaken then returned to the glove box (Simpson et al., 2004).

5.3.2. Whole-sediment toxicity tests
Whole-sediment toxicity tests were carried out using E. cf punctulata according to
standard protocols (Adams and Stauber, 2004) outlined in Chapter 2. A stainless-steel
spatula was used to place 1 g of sediment in 10 mL scintillation vials and 9 mL of
seawater was gently added with minimal disturbance of sediment. Each test vial was
carefully inoculated just above the sediment surface with 7.0 × 104 cells/ml of a prewashed algal suspension. Samples were incubated at 21ºC on a 12-h light / 12-h dark
photoperiod at 1 to 4 µmol photons/sm2 without disturbance for 24 h. After 24 h, vials
were shaken briefly to resuspend the algae and then allowed to settle for 30 s to remove
large sediment particles. A 5 mL sub-sample of the supernatant was homogenised in a
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hand-held, glass-tissue grinder with a Teflon® pestle. To 4.88 mL of homogenised
sediment, 125 µL of 1mM FDA (F7378; Sigma, St.Louis, MO, USA), dissolved in
acetone, was added and incubated for 5 min. Immediately before analysis, a small
fraction was filtered through a Microtox® solid-phase filter column (~50 µm; Strategic
Diagnostics, Neward, DE, USA) to remove remaining large sediment particles.
Samples were analysed for FDA fluorescence with the excitation wavelength set at 488
nm and emission wavelength at 500 to 560 nm using a BD-FACSCaliburTM flow
cytometer (Becton Dickson Biosciences, San Jose, CA, USA) with a high flow rate.
Healthy cells take up the lipophilic stain, FDA yielding fluorescein, a hydrophilic anion
that is retained by intact, viable cells, which fluoresce in the green region of the
spectrum when excited by the blue light (488 nm). Toxicants reduce the uptake of FDA.
This effect was measured as a decrease in the number of cells exhibiting intracellular
fluorescence relative to controls (Adams and Stauber, 2004). The percentage of cells
falling into regions S1 (decreased FDA fluorescence), S2 (normal fluorescence) and S3
(enhanced fluorescence) were recorded and expressed as a percentage decrease in S2
compared to sediment controls. For WS-TIEs, the S1, S2 and S3 regions were set using
treated controls. The percent inhibition of enzyme activity was determined by
comparing the percentage of cells falling into the S2 region against those falling in the
S2 region of their corresponding controls. Samples causing greater than 20% inhibition
to esterase activity compared to controls were classified as toxic to the alga.

5.3.3. Whole-sediment TIE methods
Metal-chelating resin (MCR and MCRx) treatments

Metal-chelating resins SIR300™ and Chelex 100® were conditioned and prepared
according to the methods described in Chapter 3. For MCR (SIR300™) and MCRx
(Chelex 100®) treatments, resin was added to sediment in a 1:4 resin-to-sediment ratio,
e.g. 0.25 g of resin to 1 g of wet sediment. Due to the small volumes of sediment used in
each replicate treatment (1 g), a bulk mixture containing 2.5 g of resin and 10 g of
sediment was prepared followed by thorough mixing with a Teflon-coated spatula.
From this sediment-resin mixture, 1.3 g was gently placed into each replicate vial. The
mixture was allowed to settle by tapping the bottom of each glass scintillation vial with
the palm of the hand, and 9 mL of seawater were then added gently to the vials.
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Powdered coconut charcoal (PCC) treatments

The efficacy of powdered coconut charcoal (PCC) as a treatment to reduce the
bioavailability and, hence, the toxicity of hydrophobic organic contaminants (HOCs),
such as polycyclic aromatic hydrocarbons (PAHs) in sediments was investigated. To
determine the inherent toxicity of PCC, algae were exposed to control sediment–PCC
mixtures of 0, 7.5, 15, and 30% (wet mass) PCC. The PCC efficacy was studied using
field-collected (hydrocarbon-contaminated) sediment–PCC mixtures of 0, 15, and 30%
PCC. In these experiments, a hydrated form of PCC, pyrolised activated coconut husks
(90–96% of particles <45 µm in size), was prepared according to the method described
by Ho et al. (2004). Sediment–PCC mixtures were prepared by mixing 1.5 g (wet mass)
of hydrated PCC into 10 g (wet mass) of sediment using a stainless-steel spatula. One
and a half grams of this mixture was then weighed out into 10 mL, glass scintillation
vials. Nine mL of seawater was then added gently to the vials to minimize PCC resuspension and allowed to equilibrate for 24 h before undertaking the benthic algal
bioassay. The 24-h period was sufficient for resuspended PCC to settle out of the
overlying water and was believed to be an adequate period of time for the PCC to
adsorb PAHs from sediment pore waters
Carbonaceous adsorbent resin (CAR) treatments

Ten percent by wet mass of the carbonaceous absorbent resin Amberlite XAD2® was
added to sediment, e.g. 0.1 g of resin (wet mass) was added to 1 g sediment (wet mass),
followed by thorough mixing. Alternatively 1 g of resin was added to 10 g of wet
sediment and 1.1 g of this sediment-Amberlite XAD2® mixture was then gently added
to each replicate scintillation vial. As in previous chapters, this treatment will be
referred to as CAR.
Zeolite (ZEO) treatments

For ZEO treatments, 0.2 g of the resin SIR600™ was added directly to 10 g of sediment
(i.e. 20% addition), homogenised and 1.2 g re-weighed into scintillation vials. Algal
bioassays were set-up and carried out according to methods described in Chapter 2.

5.3.4. Sensitivity of E. cf punctulata bioassays to metals (water-only
exposures)
The toxicity of copper and zinc to E. cf punctulata was determined over 24 h in wateronly exposures using the esterase activity endpoint. Copper (100 mg/L) and zinc (100
mg/L) stock solutions were prepared with their respective sulfate salts (AR grade, Ajax
chemicals) in deionised water and acidified by the addition of HCl (Suprapur® grade,
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Merk). FDA fluorescence inhibition bioassays were carried out in quadruplicate, and
two blank treatments were included for pH measurements and dissolved metals analysis.
For copper sensitivity tests a nominal concentration range of 0, 5, 10, 20, 40, 80 and 160
µg/L was used. Water-only zinc toxicity tests were undertaken using the following
nominal concentration range: 0, 100, 200, 400, 800, 1,600 and 3,200 µg/L. Working
copper and zinc solutions (containing the nominal concentrations) were achieved by
spiking clean FSW (35‰) with the appropriate amount of copper or zinc stock solution.
Solutions were then pH adjusted to the FSW control pH as required, and 10 mL of each
solution was accurately pipetted into the 20 mL scintillation vials. Each vial was
supplemented with 15 mg NO3-/L and 1.5 mg PO43-/L as nutrients and inoculated with
3.5 × 104 cells/mL of pre-washed algal suspension (excluding the two blank replicates).
Samples were incubated for 24 h at 21ºC on a 12-h light / 12-h dark photoperiod at 1 - 4
µmol photons/sm2 without disturbance. Inhibition of esterase activity measurement
followed the same procedure as the sediment bioassay. Water from the chemistry
replicate (containing no algae) was sub-sampled at 0 h and analysed using ICP-AES
(Spectroflame EOP). Measured concentrations were used to calculate the ICx, NOEC
and LOEC.

5.3.5. Statistical analysis
Toxicity was expressed as IC20, and IC50 values, that is, the inhibitory concentration to
affect 20% and 50% of cells. The ICx values were calculated using either linear
interpolation with bootstrapping (Toxcalc ver. 5.0.23C, Tidepool Software, CA, USA)
or from logistic concentration-effect curves using Microsoft Excel (Redmond, WA,
USA) based spreadsheet. After testing for normality and homogeneity of variance,
Dunnett’s multiple comparison test was used to determine which treatments were
significantly different from the controls. The no observable effect concentration
(NOEC) was the highest concentration tested at which no statistically significant effect
was observed on esterase activity, and the lowest observable effect concentration
(LOEC) was the lowest concentration at which a significant inhibition of esterase
activity was observed. Tests for the significance between two treatments were
determined using homoscedastic or heteroscedastic t tests. Significance levels for all
tests were at the p<0.05 level.
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Results

5.4.1. Sensitivity of E. cf punctulata to dissolved contaminants
Copper and zinc toxicity data for E. cf punctulata using the 24-h esterase activity
endpoint are presented in Table 5.1 and Figure 5.1. Of the two metals tested, copper was
the most toxic. Based on results from copper reference toxicity tests conducted during
the course of this research (between 2005 and 2008), the 24-h IC50 for copper to E. cf
punctulata was 30±13 µg/L (n = 19). From 2005-2007, the IC50 for copper was 33 ± 13
µg/L (n = 16). However, more recently (for tests conducted during 2008), this decreased
to 18 ± 12 µg/L (n = 3).
Table 5.1 Toxicity of copper and zinc to esterase activity in E. cf punctulata in water-only
exposures.
Algal toxicity (24-h esterase activity)
Bioassay
Copper
Zinc

IC50
30 (17-43)

IC20
a

LOEC

b

1497 (925-2030) c

NOEC

a

n/a

13

705 (103-943) c

188 c

15 a
115 c

a

Mean (95% confidence limits), n = 19, effects concentrations were calculated using measured 0-h concentrations
IC20 data is not available
c
Mean (95% confidence limits), n = 1, effects concentrations were calculated using measured 0-h concentrations
b

Esterase
of of
control
Esteraseactivity,
activity,%%
control

100
80
60

Predicted
Measured
IC50 = 1580 µg Zn/L
IC50 95%CI

40
20
0
10
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1000

10000

100000

Dissolved zinc, µg/L

Figure 5.1 Concentration-effects relationships for the 24-h esterase activity in E. cf punctulata to
(dissolved zinc. Logistic (sigmoidal) curve is shown.

5.4.2. Effect of WS-TIE treatments on esterase activity in E. cf punctulata
For control sediment, treatments with the addition of 0, 7.5, 15 and 30% PCC resulted
in decreased enzyme activity in E. cf punctulata (Table 5.2). When esterase activity was
>80% (of the control), the sediments were considered to be non-toxic (Adams and
Stauber, 2004). For all WS-TIE treatments, the inhibition of enzyme activity was
calculated as a percentage of the control treatment response, and significant (p<0.05)
changes to toxicity were calculated against control treatments.

Chapter 5.

Algal WS-TIE

173

Two MCR treatments using different metal-chelating resins were investigated for use in
WS-TIEs with E. cf punctulata. The MCR and MCRx treatments of control sediments
resulted in 64 ± 9% (n = 9) and 100 ± 1% (n = 4) esterase activity, respectively (Table
5.2). MCR treatments of control sediments was <80% (of control) and significantly
(p<0.05) different to the control sediment. CAR and ZEO treatments using the
adsorbent resin Amberlite XAD2® and zeolite SIR600™ for the identification of organic
contaminants and ammonia related toxicity, respectively, were also explored. Control
sediment with CAR and ZEO treatment resulted in 99 ± 2% (n = 2) and 99 ± 1% (n = 5)
esterase activity, respectively (Table 5.2).
In summary, ≤15% PCC, MCRx, CAR and ZEO treatments were suitable as WS-TIE
methods for use with the E. cf punctulata FDA bioassay. However, MCR and ≥30%
PCC were not suitable due to significant (p<0.05) inhibition of esterase activity in
control sediments.
Table 5.2 Effect of PCC (7.5%, 15% and 30%), MCR, MCRx, CAR and ZEO, on the 24-h toxicity
to esterase activity in E. cf punctulata when added to control sediments.
Esterase activity,
% of control
(mean ± SE)

Number of
tests

100 ± 2

21

PCC, 7.5%

87 ± 6

3

PCC, 15%

91 ± 7

12

PCC, 30%

64 ± 16

3

MCR

64 ± 9

5

TIE
treatment
Control

x

MCR

100 ± 1

4

CAR

99 ± 2

2

ZEO

99 ± 1

5

5.4.3. Sediment screening
Nineteen sediments containing a range of contaminants and sediment properties were
tested for toxicity using E. cf punctulata. Sediments A, D and E were also used for WSTIE studies with M. plumulosa, and physical and chemical characteristics are presented
in Chapter 4 (Section 4.4). The physical and chemical characteristics of Sediments J – Y
are shown in Table 5.3.
For sediments A, D, E and J, that were characterised by elevated metal concentrations,
and TBT for Sediments D and E, esterase activity was 86 ± 5, 88 ± 19, 72 ± 28 and 99 ±
1% (of control), respectively. Although the total particulate metal (TPM) concentrations
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for some metals, such as copper, zinc and/or lead, were greater than their respective
ISQG-High values, the acid extractable copper fraction was relatively low (Table 5.3).
Of the five sediments containing high TPM concentrations (Sediment A), or TPM and
TBT (Sediments D, E, J, K), Sediment K caused significant (p<0.05) inhibition of
esterase activity in E. cf punctulata. Total particulate copper, zinc and lead
concentrations in Sediment K were approximately 8, 2 and 2 times the respective ISQGHigh values, and esterase activity was 5 ± 3% (of control).
For fourteen sediments (L - Y) containing elevated concentrations of PAHs, TPHs, zinc
and lead, esterase activity is shown in Table 5.3. The concentration of total PAHs in
these fourteen sediments were 2 – 355 times greater than the ISQG-High values
(ANZECC/ARMCANZ, 2000). Tributyl tin (TBT) and total particulate zinc
concentrations were not measured, but the dilute- acid extractable concentrations of zinc
and lead in sediments L - Y are given in Table 5.3. Concentrations of other organic
contaminants were less than the analytical detection limits (BTEX, 0.5-1 mg/kg;
organochlorine pesticides, 0.001-0.01 µg/kg; PCBs, 0.01-0.1 mg/kg). Maximum AEM
concentrations were 20 mg As/kg, 5 mg Cd/kg, 60 mg Cr/kg, 80 mg Cu/kg, 1 mg
Hg/kg, 50 mg Ni/kg, 790 mg Pb/kg and 3,000 mg Zn/kg. AEM were higher for zinc and
lead and are presented in Table 5.3. A molar excess of acid volatile sulphide (AVS)
over simultaneously extractable metals or SEM (also referred to as AEM in this study)
(sum of Cd, Cu, Ni, Hg, Pb and Zn) was observed for all sediments that had high metal
concentrations (e.g. AVS – SEM = 10-120 µmol/g) (Simpson et al., 2007). Hence,
based on AVS – SEM for these sediments, the concentration of bioavailable metals
(such as zinc and lead) in the sediment overlying and pore water would be low (Di Toro
et al., 1992).
Toxicity to E. cf punctulata was plotted against the concentration of total PAHs, low
molecular weight PAHs (Low-MW), high molecular weight PAHs (High-MW) and
TPHs normalised to 1% total organic carbon (Figure 5.2). There appeared to be a
pattern between increasing PAH or TPH concentrations and decreased esterase activity
(i.e. increased toxicity). Generally, esterase activity in E. cf punctulata was ≥90% for
sediments containing <200 mg/kg of total PAHs, <80 mg/kg Low-MW PAHs, <100
mg/kg of High-MW PAHs, and <1,000 mg/kg TPHs. For sediments containing >1000
mg/kg of total PAHs, >750 mg/kg of Low-MW PAHs, >250 mg/kg of High-MW PAHs,
and ≥4000 mg/kg TPHs, esterase activity in was <5% (of control). This was with the
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exception of Sediment R (89 ± 7% of control) which contained 2100, 650, 1500 and
5900 mg/kg of total PAHs, Low-MW PAHs, High-MW PAHs and TPHs, respectively.
(a)

Esterase activity, % of control
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Figure 5.2 Esterase activity in E. cf punctulata vs (a) total PAHs ( ), Low-MW PAHs ( ), HighMW PAHs ( ),and (b) TPHs ( ), Error bars represent the standard deviations of four replicate
toxicity tests.

Table 5.3 Sediment properties and concentrations of major contaminants in Sediments A - Y, and bioassay effects data for the benthic microalga E. cf punctulata.
Concentrations (mg/kg, except TBT)
Properties
Sediment
A
D
E
J
K
L
M
N
O
P
Q
R
S
T
U
V
W
X
Y
a

% <63 µma

%TOC

Total
PAHs b, f

54
16
16

8.3
2.1
2.1

<4
<4

15
53
69
49
37
19
31
78
74
81
37
83
16
44
66

1.5
41
28
49
13
34
10
7.9
30
32
17
29
33
8
25

5
85
110
150
170
1100
1200
2100
2600
4100
5100
5300
9200
9900
16000

High-MW
PAHs f

Low-MW
PAHs f

<4
<4

<4
<4

TPHs

TBT
(µg Sn/kg)
6100
18000
160000

40
55
85
95
280
560
1500
630
670
1000
1900
2300
720
2000

45
55
70
75
780
660
650
2000
3400
4100
3400
6900
9200
14000

720
1500
2800
1100
4000
3700
5900
7900
13000
11000
44000
19000
16000
26000

<63 µm is the fraction of the sediment with particle size <63 µm
Total-PAHs is the sum of 16 PAHs
c
TPHs is the sum of C10-C36 hydrocarbons
d
Concentrations determined using 1M HCl extractions (AEM)
e
Inhibition in algal enzyme activity compared to control (mean ± standard deviations, n = 4)
f
concentrations normalised to 1% total organic carbon
b

cf

TPMs

AEMs

d

Cu

Zn

Pb

Cu

Zn

Pb

220
540
1500
670
2100

3800
90
240
18000
680

850
35
55
3700
470

≤5
70
≤5
130

2,200
65
140
6100

620
15
15
3000

760
1500
500
310
130
870
340
3000
2000
1000
3000
270
880
1700

130
230
80
55
30
140
95
430
260
160
790
40
190
240

Esterase
activity
(% of control) e
86
88
72
99
5
98
85
94
90
7
2
89
5
4
6
12
9
13
7

±5
± 19
± 28
±1
±3
±2
± 15
±4
±2
±2
±1
±7
±2
±3
±2
±9
±4
± 10
±4
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5.4.4. Efficacy of treatments for identifying organic contaminants in wholesediment toxicity tests
The efficacy of 15% PCC treatments for altering toxicity of organic contaminants in
whole-sediments was investigated using six contaminated sediments collected from the
Hunter River (P, T, U, W, X, and Y). The major contaminants in these sediments were
PAHs, TPHs, Zn and Pb (Table 5.3). As indicated above, the primary contaminants for
E. cf punctulata appeared to be the HOCs.
For six sediments with total PAH concentrations of 1,100 (P), 4,100 (T), 5,100 (U),
9,200 (W), 9,900 (X), and 16,000 mg/kg (Y) (Figure 5.3), esterase activity (% of control)
in E. cf punctulata was 25 ± 12, 3 ± 2, 6 ± 3, 7 ± 2, 0 ± 0 and 3 ± 3%, respectively.
Following PCC treatment, esterase activity was 100 ± 2, 99 ± 4, 89 ± 8, 32 ± 34, 68 ± 7
and 32 ± 29%, respectively. Toxicity to E. cf punctulata esterase activity was
significantly (p<0.05) reduced following the addition of PCC to Sediments P, T, U and
X (Figure 5.3). For Sediments W and Y, containing very high levels of PAHs, the PCC
treatment did not significantly (p>0.05) reduce toxicity to E. cf punctulata, and esterase
activity was highly variable among replicate toxicity tests. For these sediments, the PCC
may have been overwhelemed by the concentration of contaminants.

Esterase activity, % of control

100

*

*

*

80
*
60
40
20
0
CTL

P

T

U

W

X

Y

Sediment

Figure 5.3 Enzyme (esterase) activity (% of control) in E. cf punctulata after 24-h exposure to
baseline sediment samples (un-treated) ( ) and sediment-15% powdered coconut charcoal
treatments ( ).* indicates significant difference (p<0.05) relative to baseline sediments. Error bars
represent the standard deviations of four replicate toxicity tests, n = 4. No bars indicate 0% enzyme
activity.
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5.4.5. Efficacy of treatments for identifying metals contaminants in wholesediment toxicity tests
Of the five sediments (A, D, E, J and K) containing elevated concentrations of metals
(Table 5.3), toxicity was only demonstrated for Sediment K (esterase activity was 5 ±
3% of control). Due to the lack of toxicity of metal-contaminated sediments to the algae,
control sediment was artificially spiked with copper at concentrations likely to cause
toxicity to E. cf punctulata (refer to Chapter 2 for methods). Both contaminated and
copper-spiked sediments were used to determine the efficacy of MCRx treatment for
reducing the toxicity to E. cf punctulata of dissolved metals in whole-sediment toxicity
tests. In addition to MCRx, PCC and ZEO treatments were also used to observe potential
interferences of other WS-TIE treatments on the bioavailability of dissolved metal
contaminants.
Sediment K

For baseline, MCRx, PCC and ZEO treatments of control sediment, esterase activity in
E. cf punctulata was 100 ± 3, 100 ± 2, 100 ± 5, and 100 ± 1% (of control), respectively.
As described in Section 5.4.3, Sediment K contained ~2100 mg Cu/kg, 680 mg Zn/kg,
470 mg Pb/kg, and 160000 µg Sn/kg (TBT), and the corresponding baseline toxicity
was 12 ± 7% (of control). The concentrations of dissolved copper and zinc in the
overlying water of the baseline sediment were 50 µg/L and 640 µg/L, respectively.
Other dissolved metals; Co, Ni, Cr, Cd were ≤5 µg/L, and Pb was <20 µg/L. Toxicity of
Sediment K was significantly (p<0.05) reduced in treatments containing MCRx and PCC
but not ZEO, and esterase activity in E. cf punctulata exposed to these treatments was
39 ± 7, 88 ± 5 and 8 ± 2% (of control), respectively (Figure 5.4).
In the MCRx treatment, where toxicity was significantly (p<0.05) reduced (39 ± 7% of
control), the concentration of zinc in the overlying water was decreased from 640 µg/L
to 150 µg/L. However, in the same treatment, the concentration of dissolved copper was
increased from 50 µg/L to 150 µg/L. Of the three treatments, toxicity was reduced most
by the PCC treatment (88 ± 5% of control). The addition of PCC to Sediment K
decreased the dissolved concentration of copper (25 µg/L), but notably increased the
concentration of dissolved zinc (1100 µg/L). The significant (p<0.05) reduction to
toxicity achieved with the MCRx and PCC treatments indicate toxicity to be due to
dissolved metals and HOCs.
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Figure 5.4 WS-TIE results from control ( ) and Sediment K ( ) using esterase activity in E. cf
punctulata as a toxicity biomarker. Error bars represent upper and lower 95% confidence limits n
= 4. * denotes a statistically significant (p<0.05) difference to control treatment.

Copper-spiked sediments

Esterase activity in E. cf punctulata exposed to baseline, MCRx, PCC and ZEO
treatments of 800 mg Cu/kg spiked-sediment was 44 ± 18, 96 ± 7, 100 ± 3 and 49 ±
13% (of control), respectively (Table 5.4). Of these treatments MCRx and PCC
significantly (p<0.05) reduced toxicity (Figure 5.5).
The 800 mg Cu/kg sediment, that resulted in 44 ± 18% (of control) esterase activity in
E. cf punctulata, had a concentration of 180 µg Cu/L in the overlying water (Table 5.4).
The concentration of dissolved copper in the overlying water of the ZEO treatment (190
µg/L) was not markedly different from the baseline sediment, but for MCRx and PCC
treatments, where esterase activities were increased, the concentrations of dissolved
copper were markedly lower at 80 and 40 µg/L, respectively. However, the dissolved
copper concentrations in these two treatments were greater than the estimated LOEC
(13 µg/L) and NOEC (15 µg/L) values for dissolved copper. Additionally, for the
baseline sediment containing 180 µg Cu/L, where dissolved esterase activity was ~44%,
dissolved copper was markedly higher than the estimated IC50 (17-43 µg Cu/L).
In water-only exposures of 75 and 110 µg Cu/L, esterase activity was 100 ± 9, 19 ± 7
and 17 ± 4%, respectively. Following the addition of MCRx to FSW and seawater
containing 75 and 110 µg Cu/L, esterase activity was 100 ± 2, 100 ± 4, and 94 ± 6%,
respectively, and the dissolved copper concentrations were decreased to ≤5 µg/L (below
detection limits).
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Figure 5.5 Results from a WS-TIE study on control sediment ( ) and sediment spiked with 800 mg
Cu/kg ( ) using esterase activity in E. cf punctulata as a toxicity biomarker. Error bars represent
upper and lower 95% confidence limits n = 4. * denotes a statistically significant (p<0.05) difference
to control treatment.

For sediment spiked with 500 mg Cu/kg, a WS-TIE study was undertaken with MCRx,
PCC, CAR, and ZEO treatments. A CAR treatment (containing Amberlite XAD2®) was
used in addition to PCC given the apparent high adsorption potential of PCC for
dissolved metals.
Esterase activity in E. cf punctulata exposed to the baseline, MCRx, PCC, CAR, and
ZEO, treatments of the 500 mg Cu/kg sediment was 61 ± 18, 95 ± 1, 96 ± 2, 67 ± 4 and
68 ± 4% (of control), respectively (Table 5.4), and toxicity was significantly (p<0.05)
reduced using MCRx and PCC treatments, but not CAR and ZEO treatments (Figure
5.6). The concentration of dissolved copper in the overlying water of these treatments
were 95 µg/L (baseline), 120 µg/L (MCRx), 20 µg/L (PCC), 90 µg/L (CAR) and 90
µg/L (ZEO). Despite a significant reduction to toxicity, concentration of dissolved
copper in the MCRx treatment (120 µg/L) was markedly higher than in the baseline
sediment (95 µg/L) (Table 5.4). For PCC treatments, esterase activity increased and the
concentration of copper was decreased compared to the baseline sediment.
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Figure 5.6 Results from a WS-TIE study on control sediment ( ) and sediment spiked with 500 mg
Cu/kg ( ) using esterase activity in E. cf punctulata as a toxicity biomarker. Error bars represent
upper and lower 95% confidence limits, n = 4. * denotes a statistically significant (p<0.05)
difference to control treatment.

Sediment spiked with 750 mg Cu/kg had a baseline toxicity of 61±7% (of control). WSTIE treatments; MCRx, PCC, CAR and ZEO resulted in 96 ± 4, 91 ± 3, 66 ± 2 and 58 ±
12% (of control) esterase activity. Significant (p<0.05) reductions to toxicity were
achieved with MCRx and PCC treatments (Figure 5.7). As observed previously for
MCRx treatments, dissolved copper was slightly higher (170 µg/L) despite a marked
reduction in toxicity, and dissolved copper was decreased in the PCC treatment (54
µg/L) (Table 5.4).

Esterase activity, % of control

100

*

*

80
60
40
20
0
Baseline

MCR

x

PCC

CAR

ZEO

Sediment (750 mg Cu/kg) treatment

Figure 5.7 Results from a WS-TIE study on control sediment ( ) and sediment spiked with 750g
Cu/kg ( ) using esterase activity in E. cf punctulata as a toxicity biomarker. Error bars represent
upper and lower 95% confidence limits, n = 4. * denotes a statistically significant (p<0.05)
difference to control treatment.
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Table 5.4 WS-TIE data for contaminated (K) and copper-spiked sediments using the 24-h E. cf
punctulata enzyme toxicity test.
Algal Toxicity
% of control ± SE
Sediment

Treatment

K

Baseline

Copper-spiked

Cu

Zn

100 ± 3

12 ± 7

50

640

MCR

100 ± 2

39 ± 7 *

150

150

PCC

100 ± 5

88 ± 5 *

25

1100

ZEO

100 ± 1

8 ± 2

90

760

100 ± 2

61 ±18

95

-

100 ± 1

95 ± 1 *

120

-

Baseline
x

MCR

750 mg Cu/kg

PCC

100 ± 1

96 ± 2 *

20

-

CAR

100 ± 2

67 ± 4

90

-

ZEO

100 ± 0

68 ± 4

90

-

100 ± 0

61 ± 7

160

-

MCR

100 ± 1

96 ± 4 *

170

-

PCC

100 ± 1

91 ± 3 *

55

-

CAR

100 ± 1

66 ± 2

150

-

ZEO

100 ± 1

58 ±12

150

-

100 ± 5

44 ±18

180

-

MCR

100 ± 2

96 ± 7 *

80

-

PCC

100 ± 2

100 ± 3 *

40

-

ZEO

100 ± 1

49 ±13

190

-

Baseline
x

800 mg Cu/kg

Overlying water b, c

Control

x

500 mg Cu/kg

Dissolved metals (µg/L)
a

Baseline
x

a

Data are mean ± standard error, n = 4
Concentrations calculated using sub-samples taken on days 1, 5 and 10
c
Dissolved metals in control sediment samples were below detection limit and are not listed.
* Significantly higher percent survival compared to the baseline treatment (p<0.05)
b

5.5.

Discussion

5.5.1. Sensitivity of E. cf punctulata to dissolved metal contaminants
The marine alga E. cf puntulata appeared to very sensitive to dissolved copper but not
to zinc by factors of approximately 50, 15 and 8 based on 24-h IC50, LOEC and NOEC
values. The 24-h copper IC50 in this study (13 µg/L), however, differed markedly from
the value of 260 ± 80 µg/L reported by Adams and Stauber (2004). Over recent years
the sensitivity of E. cf puntulata to copper has increased (i.e. lower IC50 value). Stauber
and Davies (2000) reported that the sensitivity to copper of algal species cultured in
laboratory may change with time. Increased sensitivity may be due to continued culture
in metal-deficient medium, compared with recently isolated microorganisms (Stauber
and Davies, 2000). However, there is currently limited evidence to explain changes in
sensitivity with time.
Since the development of the benthic algal whole-sediment toxicity test (2001-2006),
the 24-h IC50 has ranged from 18 to 168 µg/L, with an average IC50 of 55 ± 29 µg/L.
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During the course of this research (2005-2008) the 24-h IC50 for copper has decreased
from approximately 30 µg/L (200-2007) to approximately 18 µg/L. Recent copper
reference toxicity tests results are in agreement with the IC50 values presented in
concentration-effect relationships for E. cf punctulata and it is imperative that this is
considered when interpreting whole-sediment TIE data.
For zinc, however, the sensitivity has not altered markedly. The IC50 reported in Adams
and Stauber (2004) was 1,700 (200-3,000) µg/L compared to approximately 1,500 µg/L,
established in this study.

5.5.2. Effect of TIE treatments on esterase activity in E. cf punctulata.
In algal whole-sediment toxicity tests, the MCR treatment, using SIR300™, of control
sediment caused a significant inhibition of esterase activity. It was suspected that this
may have been due to un-measured organic chemicals that may have leached off the
resin. A Chelex 100®, (MCRx) treatment was not toxic to esterase activity, and as
demonstrated in Chapter 3, is also very effective for decreasing the dissolved
concentrations of Mn, Ni, Cu, Zn, Cd, Cu and, Ag, making it a highly suitable treatment
for reducing toxicity associated with dissolved metals.
The benthic algal bioassay was found to be amenable to PCC additions of up to 15%
(w/w). Esterase activity in control sediments with 7.5 and 15% PCC treatments was
above the acceptable control response (i.e. <20% inhibition of esterase activity).
Although the responses were promising for PCC treatments of 15% or less (inhibition of
enzyme activity, <20%), the PCC treatments with 30% PCC resulted in variable control
responses and more frequent control failures by showing toxic responses. The failed
controls in the 30% PCC treatments may be caused, in part, by the increased amount of
PCC at the sediment surface, reducing the nutrient (i.e. zinc and iron) flux from the
sediments that sustain algal health during the tests. To increase the potential efficacy of
PCC for reducing the bioavailability of organic contaminants, PCC treatments with 15%
addition of PCC were chosen for further study. Other WS-TIE treatments; CAR and
ZEO, of control sediments did not inhibit algal esterase activity. At the time of
undertaking algal whole-sediment toxicity tests and considering suitable toxicity
reducing materials, adsorption and specificity studies (such as those presented in
Chapter 3) had not commenced. Hence, the potential adsorption of dissolved metals
onto PCC had not been considered, but is discussed below.
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5.5.3. Whole-sediment toxicity screening
For sediments A, D and J containing high TPM concentrations, esterase activity was
>85%. Only for Sediments E and K, containing high metal and TBT concentrations, was
esterase activity significantly (p<0.05) inhibited (28% and 95% inhibition respectively).
Generally, these sediments contained markedly lower AEM concentrations, and
subsequently had lower dissolved metal concentrations. Given the algal species’
tolerance to metal contaminants (particularily Zn, Cd, Pb, Mn and As), toxicity was
suspected to be due to TBT, rather than dissolved metals. In general, E. cf punctulata
did not appear to be very responsive to metal contaminated sediments, even for
sediments containing up to 670, 18,000 or 3,700 mg/kg acid extractable copper, zinc
and lead, respectively.
For Sediments L – Y that contained high concentrations of PAHs, TPHs, zinc and lead,
there was an apparent trend between increasing concentrations of PAHs and increased
inhibition of esterase activity. Simpson et al. (2007) also reported a good concentration
response relationship between the 24-h inhibition of esterase activity with the algae and
the concentration of total PAHs in fifty sediments. Strong relationships were reported
for both Low- and High-MW PAHs (Simpson et al., 2007). Although these sediments
also had a high concentration of zinc and lead, a large molar excess of AVS over SEM
was found, and a relationship could not be found for inhibition of esterase activity and
the concentration of zinc or lead. Generally, E. cf punctulata was not sensitive to
sediments containing total PAH concentrations of <200 mg/kg (>85% esterase activity),
but for sediments with PAH concentrations of >1,000 mg/kg, algal sensitivity increased
considerably (<15% esterase activity).

5.5.4. Efficacy of treatments for identifying organic contaminants in wholesediment toxicity tests
In Sediments L - Y, hydrocarbons, particularly PAHs, were the major toxicants and PCC
(15%) treatment appeared to sequester hydrocarbons into non-bioavailable forms hence,
PCC treatment of contaminated sediment was an effective TIE treatment. More
specifically, the results from this study showed that the PCC (15%) treatment was
effective in significantly (p<0.05) ameliorating toxicity from sediments with total PAH
concentrations of less than 5,200 mg/kg (Sediments P, T, U), but was only partially
effective for sediments with higher PAH concentrations (Sediments W and Y), with the
exception of Sediment X (containing 9,900 mg/kg). The results observed in Sediments X
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and Y may be due to a number of factors, including: (i) the presence of PAHs with log
Kow values of less than four, (ii) TPHs not sequestered by PCC, and (iii) excess HOCs
relative to the amount of PCC (saturation of PCC material). Additionally, PCC efficacy
may be affected by a number of molecular factors related to molecular size, type of
moieties present, polarity of moieties (solubility), planarity, and conformational
freedom to assume site geometry (Ho et al., 2004). Additionally, for Sediments W and
Y, containing PAH concentrations >9,000 mg/kg, other toxicants also may be
contributing to the measured toxicity, including TPHs.
The activated carbon material provides a high surface area and high-capacity sink that
adsorbs organic toxicants released from sediment particles, particularly those with log
Kow values ranging from four to eight (Lebo et al., 2003; Ho et al., 2004). Because the
alga E. cf punctulata is believed to be exposed predominantly to toxicants via overlying
water (Adams and Stauber, 2004), a reduction in toxicity achieved by PCC treatment
can be related to a reduction in the bioavailability of hydrophobic or solubilised organic
contaminants.
However, PCC also demonstrated a high adsorption for dissolved metals. PCC
effectively decreased the concentration of copper in the overlying water of natural
contaminated and spiked-sediment by up to ~ 79% (Chapter 3). In Chapter 3 it was
observed that PCC had a strong non-selective adsorption for some metals, including
copper. PCC was extremely effective for decreasing the dissolved concentration of
various metals in solution. Results from adsorption studies presented in Chapter 3
showed that after 24-h contact time, PCC decreased the concentration of dissolved Mn,
Ni, Cu, Zn, Cd, Co and Ag by 70 to 100% (of control), respectively. Of particular
importance is that copper concentrations were decreased by 100% after being in contact
with PCC for 10 minutes. The high adsorption potential of PCC for dissolved metals
and hence, apparent lack of specificity, has significant implications on the interpretation
of WS-TIE data and identification of contaminants. PCC treatments could potentially
falsely identify organic contaminants as suspect toxicants in sediments containing
multiple contaminants if WS-TIE studies were to be used individually without analysis
of dissolved contaminants and a prior knowledge of primary contaminants.
Alternatively, the CAR treatment (using Amberlite XAD2®) did not significantly
(p>0.05) affect the toxicity of copper-spiked sediments or alter dissolved copper
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concentrations. Hence, CAR treatment (using Amberlite XAD2®) appears to be better
suited as a treatment for reducing the toxicity of organic contaminants.

5.5.5. Efficacy of treatments for identifying metal contaminants in wholesediment toxicity tests
The efficacy of Chelex 100™ (MCRx) has been demonstrated in studies such as those
undertaken by Pai (1988), Burgess et al. (1997), and Anderson (2004). However, its
performance in whole-sediments has not yet been demonstrated. A WS-TIE study on
Sediment K, containing high metal concentrations (copper, zinc and lead) and TBT,
initially showed toxicity to be due to dissolved copper and mainly organic
contaminants. However, interpretation of toxicity data was not precise. In MCRx
treatments, even though the concentration of zinc was decreased, toxicity in Sediment K
was not believed to be due to dissolved zinc, because concentrations (150µg/L) were
markedly lower than the estimeated LOEC of 188 µg Zn/L. In the same treatment, the
concentration of copper in the overlying water was increased 3-fold (150 µg Cu/L) and
was approximatey 11 times greater than the copper IC50 (~13 µg Cu/L) but inhibition of
esterase activity was less than predicted in water-only copper toxicity tests.
When WS-TIEs were undertaken on copper-spiked sediments, MCRx treatments were
very effective for ameliorating toxicity in sediments spiked with up to 800 mg Cu/kg,
and containing dissolved copper concentrations up to 180 µg/L. For some copper-spiked
sediments, the concentration of dissolved copper appeared to be increased in MCRx
treatments compared to the baseline and inhibition of esterase activity increased, and
were generally not in agreement with previously determined copper concentrationeffects data.
The increased esterase activity observed in the baseine and MCRx treatments of
sediments containing elevated dissolved copper concentrations, may be explained by the
following: (i) species of copper present in solution may not be toxic to E. cf punctulata,
(ii) copper present in non-bioavailable forms, such as bound to dissolved organic matter,
organic ligands (e.g. humic acid), or colloidal phases, such as iron (III), or (iii) algae are
primarily exposed to and therefore respond to contaminants that flux across the
sediment-water interface rather than those which are present in the overlying water, and
measured in this study. Therefore, the high copper concentration reported here may not
be representative of those at the sediment-water interface and those to which the algae
are exposed.
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The dissolved metal concentrations reported throughout are a representation of the
‘total’ dissolved form. Bioassays conducted with algae and bacteria have demonstrated
that toxicity, nutrition and uptake of trace metals, such as Zn, Cu, Mn, Cd and Fe are
primarily a function of the free-ion concentration (or activity) of metal in solution (e.g.
Sunda and Guillard, 1976; Anderson and Morel, 1982). This is the basis for the ‘freeion activity model’ (Tessier et al., 1994; Campbell, 1995). According to this model the
physiological effect on an alga is proportional to the free-ion activity rather than to the
total dissolved metal concentration, or to the complexed metal concentration.
Most copper (98-100%) occurring in natural waters is complexed to unidentified
organic ligands with high conditional stability constants (Stauber and Davies, 2000).
These ligands may include humic acid, fulvic acid, tannic acid, cell exudates, and
organics adsorbed to inorganic particles (i.e. iron and manganese oxides) (SteemanNielsen and Kamp-Nielsen, 1970; Stauber and Florence, 1985a; Van den Berg et al.,
1987; Sunda and Hunstman, 1998). In most estuarine and marine waters, the
concentrations of these available dissolved organic complexing ligands (coppercomplexing capacity) are greatly in excess of natural dissolved copper concentrations
and this ensures that inorganic copper concentrations are well below concentrations
likely to be toxic to aquatic biota (Stauber and Davies, 2000).
Colloidal manganese and iron oxyhydroxides have been shown to ameliorate copper
toxicity to marine microalagae, by preventing copper binding at the cell surface
(Stauber and Florence, 1985a; 1985b). Stauber and Florence (1985a; 1985b) showed
that the toxicity of ionic copper to Nitzschia closterium was reduced in the presence of
manganese (III) and iron (III) hydroxides, which coated the algal cells, effectively
adsorbed copper, and reduced its penetration into the cell. Other metals capable of
forming insoluble metal (III) hydroxides in seawater, for example cobalt, chromium and
aluminium, have also been reported to be effective in reducing copper toxicity (Stauber
and Florence, 1987).
Studies have also shown that dissolved organic matter (DOM) reduces metal toxicity
and bioavailability, by either complexing metal in solution (Sunda and Gillespie, 1979;
Meador, 1991) or by binding at the cell surface (Parent et al., 1996; Roy and Campbell,
1997).
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In a study investigating the bioavailability of copper in Macquarie Harbour, Stauber et
al. (2000) reported that all measured total copper concentration in Macquarie Harbour
water samples exceeded the ANZECC water quality value for copper of 5 µg/L
(ANZECC, 1992). Despite these copper values, no toxicity was found in the microalga
N. closterium growth-inhibition tests, although the test being sensitive enough to detect
bioavailable copper at concentrations as low as 5 µg/L. The possible mechanisms for
amelioration of copper toxicity to algae in Macquarie Harbour waters may have been
due to; (i) complexation by DOM or adsorption to colloidal metal oyhydroxides, (ii)
effects at the algal cell surface, such as copper adsorption to metal (III) hydroxides
around the cell or competitive binding by DOM or metals for copper binding sites at the
cell surface, and (iii) intracellular detoxification of copper, e.g. binding to
phytochelatins. In this case, Stauber et al. (2000) suggested that the likely mechanism
for amelioration was interaction of copper with other constituents at the cell surface.
Colloidal iron, manganese and aluminium hydroxides have previously been shown to
form a coating around N. closterium cell, adsorbing copper and preventing uptake into
the cells (Stauber and Florence, 1985a; 1985b; 1987). Negatively charged DOM in the
waters may have also bound to the algal cell surface, preventing copper binding and
uptake.

5.5.6. Efficacy of treatments for reducing ammonia in whole-sediment
toxicity tests
Ammonia was not a significant contaminant in the sediments evaluated in this study. In
addition to this, E. cf punctulata does not exhibit a high sensitivity to ammonia and has
an IC50 of >86 mg NH3-N/L (Adams and Stauber, 2004). Therefore, the efficacy of this
treatment for reducing ammonia-related toxicity to E. cf punctulata was not
demonstrated. However, the ZEO treatment was suitable for algal WS-TIE and should
be used alongside MCRx and CAR treatments in algal WS-TIE studies.

5.6.

Conclusions

Whole-sediment toxicity testing using the marine microalga, E. cf punctulata, based on
esterase activity is a rapid 24-h bioassay conducted using small volumes of sediment
and solution. Benthic algal tests were well suited for WS-TIE applications and required
minor adjustments to the methods used for the epibenthic amphipod M. plumulosa. This
test will complement studies conducted with M. plumulosa, and add to the knowledge/
evidence used to assess sediment toxicity.
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WS-TIE treatments are now available in the form of MCRх, CAR and ZEO treatments
to identify toxicity due to dissolved metals, hydrocarbons and dissolved ammonia using
the whole-sediment toxicity test that measures esterase activity in E. cf punctulata. For
enhanced interpretation of WS-TIE data, the contaminant concentration-effect data for
dissolved copper and zinc generated in this study, alongside knowledge of their relative
sensitivity to other contaminants (i.e. PAHs and other dissolved metals) can be used. As
discussed in Chapter 4, these should form part of a lines-of-evidence approach to
strengthen WS-TIE findings.
With this in mind, it is imperative that the limitations of the subsequent TIE results be
considered. Results obtained with these WS-TIE tests will not necessarily be relevant
for other organisms, as the microalga appears to be very sensitive to hydrocarbons but
not for metals associated with the dissolved phases in sediments. Additionally, the
primary contaminant exposure route appears to be the diffusion of dissolved
contaminants across the cell wall occurring at the sediment-water interface. As a
supplementary method to amphipod WS-TIE studies, results from algal WS-TIE tests
can

potentially

enhance

the

knowledge

of

causality

in

whole-sediments.

Recommendations regarding the application of WS-TIE methods using E. cf punctulata
are explored in more detail in Chapter 7.

6.
CHAPTER 6
DEVELOPMENT OF A SUB-LETHAL
TOXICITY INDICATOR FOR WHOLESEDIMENT TOXICITY TESTS WITH THE
AMPHIPOD MELITA PLUMULOSA
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Introduction

The survival of organisms in 10-d exposures is the most commonly reported endpoint
for assessing the toxicity of contaminants associated with sediments. Short-term
exposures, which only measure effects on the organism’s survival, can be used to
identify high levels of contamination, but not may be able to identify marginally
contaminated sediments. Sub-lethal endpoints (e.g. growth, reproduction) can be used in
toxicity tests to determine subtle toxic effects, otherwise not detected by more
commonly used acute endpoints such as lethality/survival (i.e. the exposure period may
be too short to cause detectable mortality to the individuals or population) (Kemble et
al., 1994; Kubitz et al., 1995).
For measuring the sub-lethal toxic effects of contaminants associated with sediments to
the amphipod Hyalella azteca, body length and weight are commonly used (Steevens
and Benson, 1998). Studies conducted by Ingersoll and Nelson (1990), Kemble et al.
(1994), and Schlekat et al. (1994) demonstrated that an organism’s length could be used
as a measurable endpoint of H. azteca growth. Length is usually determined using a
calibrated image analyser or digitilizer microscope in which preserved organisms are
magnified and measured (Steevens and Benson, 1998).
The epibenthic deposit-feeding amphipod M. plumulosa, commonly found in estuarine
tidal mudflats ranging from silty to sandy sediments in freshwater, estuarine, and marine
environments throughout south-eastern Australia (Hyne et al., 2005; Simpson et al.,
2005), is routinely used to assess the toxicity of contaminated sediments (King et al.,
2004; 2005; 2006; Simpson and King, 2005; Spadaro et al., 2008). The 10-d acute
survival of juvenile M. plumulosa (~11 ± 3-d organisms) is the most frequently used test
endpoint (Spadaro et al., 2008), however, 10-d adult survival (King et al., 2006) and the
42-d assessment of chronic reproduction and growth (Gale et al., 2006) have also been
used as test endpoints. Adult male M. plumulosa grow to an approximate length of 7
mm and females grow to a length of 5 mm (King et al., 2006). M. plumulosa reach
maturity and produce their first brood after 28 to 42 d (Hyne et al., 2005), and juvenile
M. plumulosa (11 ± 3-d old organisms) most commonly used in sediment toxicity tests
are approximately 1.3 mm in length.
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Specific Objectives

The objective of the present study was to (i) develop a method for determining the
potential sub-lethal effects of sediment contaminants on the growth of amphipod M.
plumulosa and (ii) explore the application of the sub-lethal effects endpoint with WSTIEs, i.e. identifying the causes of reduced growth to M. plumulosa when exposed to
contaminated sediments, and (iii) identify the effectiveness of WS-TIE treatments for
identifying toxicants and sub-lethal stressors. Specific aims of the study presented in
this chapter were to:


Identify whether significant growth of 11 ± 3-d M. plumulosa occurs during 10d whole-sediment toxicity tests,



Investigate and identify the physico-chemical characteristics (i.e. silt, TOC) of
sediment that could potentially affect amphipod growth,



Assess the effects of the availability and type of food in sediments to the growth
of M. plumulosa in 10-d whole-sediments toxicity tests,



Evaluate whether the effects of contaminants in sediments on M. plumulosa
growth are measurable, and



Evaluate the potential of using WS-TIE methods to identify factors/stressors
associated with reduced growth of M. plumulosa.

6.3.

Materials and Methods

6.3.1. Sub-lethal endpoint for M. plumulosa
Size, as a sub-lethal indicator of toxicity to the juvenile amphipod M. plumulosa, was
determined in addition to the lethality (mortality) endpoint upon completion of 10-d
(acute) toxicity tests. At the termination of toxicity tests, the surviving amphipods from
each treatment were counted for the mortality endpoint and then pooled together into
glass beakers containing clean filtered seawater (FSW). The amphipods from a
treatment were then placed into a shallow plastic Petri dish containing seawater and
scanned in duplicate using a conventional flat-bed scanner. Image analysis software was
then used to determine the size of the amphipods.

6.3.2. Data analysis
At least four replicates were used for toxicity and sub-lethal (size) tests. All data
analysis for the sub-lethal endpoint was carried out using SPSS analytical software
(SPSS Inc. Chicago, IL, US). Of the duplicate scans, the largest group was selected.
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Data were natural log transformed if required and tested for normality (Shapiro-Wilk’s
test) and homogeneity of variance (Bartlett’s test) before analysis. After testing for
normality and homogeneity of variance, Dunnett’s multiple comparison test was used to
determine which treatments were significantly different from the controls for parametric
data. Statistically significant (p<0.05) differences in size between treatments were
determined by one-way analysis of variance (ANOVA), with post hoc analysis using
REGW-Q for parametric data, or Games-Howell for data with normal distribution but
un-equal variances. Tests for the significance between two treatments were determined
using homoscedastic or heteroscedastic t tests. Significance levels for all tests were at
the p<0.05 level.

6.3.3. Sizing of amphipods
The amphipods were sized by scanning on conventional flat-bed scanner. The scanned
images were then used for undertaking image analysis. The image analysis technique
was initially calibrated using images of known area and dimension. Shaded images
measuring 5 × 5, 5 × 1, 1 × 5, 1 × 1 and 0.5 × 0.5 mm were created using Microsoft
Word™. Each size image was replicated 10 times on a single page and the images
printed. The printed images were then scanned as five separate groups (i.e. 5 × 5, 5 × 1,
1 × 5, 1 × 1 and 0.5 × 0.5 mm images). Image analysis was performed using a
conventional flat-bed scanner (Epson Perfection 1670) and Epson Perfection software,
with an output resolution of 300 dpi on a true colour scale. The digital images were then
saved in tagged image file format (TIFF) and converted to an 8-bit greyscale producing
256 shades from white (0) to black (255). The size of each group of images (with
known measurements) were then determined using the Scion imaging analysis software
(Scion Corporation, Frederick, MD; http://www.scioncorp.com). The PC version of
NIH Image was used (public domain image analysis software program that was
developed for MacIntosh systems at the U.S. National Institutes of Health). The
program allows greyscale areas to be selected and measured in pixels which are then
converted to millimetres. Area and perimeter measurements for the calibration images
were determined using the Scion imaging technique, and average and standard errors for
the duplicate images were then reported and compared against the known size. The
amphipods were sized using the same technique.
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6.3.4. Factors affecting amphipod size in whole-sediment toxicity tests
Nutrition (naturally occurring)

The role and effect of nutrition in the form of silt to M. plumulosa was investigated by
adding increasing amounts of clean silty Bonnet Bay (BB) control sediment to clean
sand. BB sediment is comprised of approximately 95% of particles <63 µm (silt),
therefore, the addition of 0, 0.1, 1, 5, 10, 50 and 100% BB sediment to sand resulted in a
silt (<63 µm) fraction of approximately 0, 0.10, 0.95, 4.8, 9.5, 48 and 95%. The
treatment containing 95% silt was comprised of 100% BB sediment (i.e. no sand
added).
Feeding

Powdered fish food was obtained from Sera Micron (Sera Fishtamins®). For all tests,
Sera Micron was mixed with seawater (~35‰) to obtain a fish food suspension of 0.03,
0.06, 0.13 or 0.25 mg fish food/amphipod, and was added to the overlying water of each
beaker. The concentration of food suspension was adjusted proportionally for changes
in the number of amphipods per beaker, the number of treatments requiring additions of
food, or if a different amount of food was required. Due to the greater density of the fish
food suspension (35‰ versus ~30‰ of overlying test seawater), the food-suspension
settled on the surface of the sediments. Food was added to beakers on days 3 and 7
during 10-d toxicity tests, or as otherwise stated.

6.3.5. Toxicity tests
Whole-sediment toxicity tests were carried out with the epibenthic, deposit feeding
amphipod M. plumulosa. This amphipod is used routinely as a species for wholesediment toxicity tests with 10-d acute survival of juveniles (11 ± 3-d old) as the
toxicity endpoint. Toxicity tests were carried out according to standard protocols
(Simpson et al., 2005; King et al., 2006) outlined in Chapter 2. All toxicity tests were
undertaken at a temperature of 21 ± 1ºC in an environmental chamber (Labec
Refrigerated cycling Incubator) on a 12-h light / 12-h dark cycle (light intensity = 3.5
µmol photons/s/m2) for the test duration.
Whole-sediment toxicity tests were conducted over 10 d, with 4 replicate treatments in
100 mL glass beakers containing 20 g test sediment, 90 mL seawater and 15 amphipods
per treatment. The homogenised sediments were added 24-h before toxicity tests were
started and seawater was added slowly to minimise sediment resuspending. Immediately
before the commencement of the tests, the overlying water from each test was removed

Chapter 6.

Sub-lethal Amphipod Toxicity

195

by gently siphoning and replacing with clean seawater. Juvenile amphipods were
isolated from holding culture trays after 7 d, yielding 11 ± 3-d old amphipods. The
uncertainty associated with the age range of the amphipods relates both to the initial
identification/isolation of gravid amphipods (i.e. the stage of gravidity) and the selection
of juveniles released (Mann and Hyne, 2008). As a result, the age range may be larger
for older juveniles. The juvenile amphipods were then added to each treatment.
Test beakers were capped with plastic lids that had an aeration tube inserted to
continuously oxygenate the waters. Salinity of 30 ± 1‰ and pH of 8.0-8.2 was
maintained in waters throughout the test by the addition of deionised water to beakers
where evaporation had occurred. When amphipod survival was less than 80% and
significantly different (p<0.05) to the control, the sediments were considered to be
toxic, or to cause acutely toxic effects to M. plumulosa. Water from test beakers was
sub-sampled on days 1, 5 and 10. Dissolved metal concentrations in sub-samples were
analysed using ICP-AES (Spectroflame EOP).

6.3.6. Amphipod age versus size
Gravid female amphipods were separated from stock cultures 7 d before the first age
group of amphipods were determined. The gravid females of 5-10 mm, that can
identified by the yellow-orange colour under their abdomen, which occurs due to the
yolk of the eggs (Mann and Hyne, 2008), were separated from the cultures and placed
into plastic containers (~40 × 20 × 10 cm) with a thin layer of sediment (~1-2 cm) and
~8 cm of gently aerated overlying water. Amphipods were fed Sera Micron™ (Sera,
Heinsberg, Germany), fry food (0.5 mg/amphipod) enhanced with vitamins and the
diatom Phaeodactylum tricornutum (1 x 105 cells/animal) twice weekly. The brood of
3-6 juveniles/ female was dropped 2 ± 1 d later. The juvenile amphipods were isolated
from the culture tray using a 210 µm mesh sieve immediately prior to size
determination. The size of the amphipods were measured 7, 14, 21, 28, 42, 49 and 56 d
after gravid females were isolated, yielding M. plumulosa of 5 ± 2, 11 ± 3, 18 ± 3, 24 ±
4, 38 ± 4, 45 ± 4 and 52 ± 4-d old.

6.4.

Results

6.4.1. Calibration of image analysis
The calibration of image analyses using shaded squares resulted in an over-estimation of
both area and perimeter data using the Scion Imaging software (Appendix 2). These
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errors were size dependent, and greater for area than for perimeter, ranging from 160%
and 60%, respectively, for the smallest area (0.5 × 0.5 mm) to 6 and 7% for 5 × 5 mm.
These errors of measurement may have been attributable to the laser jet printing and
scanning of the images.
Amphipod scans were taken in duplicate or triplicate. Because amphipods for each
treatment were pooled and scanned alive it was not possible to get an average
measurement for the same individual amphipod. Therefore, the largest data set was
selected and used. To determine whether this data set was representative of the
amphipod size, paired t-tests were carried out on replicate data sets from the same
treatments for seven sediments. With the exception of one sediment sample, where the p
value was 0.04, there was no significant difference between the replicate data sets for
these sediment samples using a 0.05 significance level (Appendix 2).

6.4.2. Amphipod age versus size
The growth of the amphipod M. plumulosa over a period of 7- to 56 d of age was
detectable using an imaging analysis software technique. Juvenile amphipods 5 ± 2, 11
± 3, 18 ± 3, 24 ± 4, 38 ± 4, 45 ± 4 and 52 ± 4-d old (i.e. 7, 14, 21, 28, 42, 49 and 56 d
after isolation from gravid trays) were 0.24 ± 0.01, 0.36 ± 0.06, 0.53 ± 0.02, 0.69 ±
0.03, 0.91 ± 0.09, 1.10 ± 0.09 and 1.52 ± 0.07 mm2 in size (area), respectively,
increasing exponentially with amphipod age (Figure 6.1). The relationship between
amphipod age and increasing amphipod size was strong, producing an R2 value of 0.99.
Significant (p<0.05) increases in amphipod size could also be detected using the
imaging analysis technique. Amphipod size was observed to increase significantly
(p<0.05) between each of the age groups, except between 38 ± 4-d old (0.91 ± 0.09
mm2) and 45 ± 4- d old (1.10 ± 0.09 mm2) juveniles, where amphipods did not appear to
grow significantly (p>0.05).
For the purpose of developing a measure of sub-lethal effects to M. plumulosa, it was
important to note that there was a significant difference in amphipod size, hence growth,
over the test exposure period. For acute toxicity tests with 11 ± 3-d old M. plumulosa,
the test exposure period was 10 d, and thus, the difference in size between 11 ± 3-d and
21 ± 3-d old amphipods. Figure 6.1 shows the significant (p <0.05) growth/ difference
in size between 11 ± 3-d old (~0.36 mm2) and 21 ± 3-d old (~0.53-0.69 mm2)
amphipods.
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Figure 6.1 The size of the amphipod M. plumulosa ranging from 5 ± 2-d to 52 ± 4-d old. Y error
bars represent upper and lower 95% confidence limits and X error bars represent the amphipod
age range. Lowercase letters (a, b, c) denote a statistically significant (p<0.05) differences in
amphipod size between treatments.

6.4.3. Factors affecting amphipod size in whole-sediment toxicity tests
Of the number of factors that could potentially affect amphipod size/growth in wholesediment toxicity tests using M. plumulosa, the following were considered: (i) naturally
occurring nutrition such as silt (<63 µm), detritus and total organic carbon (TOC), (ii)
added food in the form of a fish food suspension, (iii) sediment particle size, and (iv)
dissolved and/or particulate-associated contaminants (PACs).
Sediment particle size (silt) and total organic carbon

The availability of nutrition in the form of organic carbon-rich silt (<63 µm fraction) to
juvenile M. plumulosa in 10-d whole-sediment toxicity tests significantly (p<0.05)
affected both survival and size. Decreasing nutrition by mixing clean silt (BB) with sand
significantly (p<0.05) decreased the 10-d survival of M. plumulosa when the silt
fraction comprised ≤10% of the sediment substrate, compared to sediment containing
~95% silt (Figure 6.2). However, amphipod survival in the 10% silt treatment was
>90%. It was only when the silt fraction comprised ≤5% of the substrate that amphipod
survival was significantly (p<0.05) decreased and <80% (of control).
Amphipod size, at the termination of 10-d toxicity tests, was significantly (p<0.05)
affected by the nutritional content of the treatment. Amphipods exposed to sediment
containing ~95, 86, 76, 67, 57, 48, 38, 9.5, 4.8, 0.95, 0.1 and 0% silt (particles <63 µm)
were approximately 0.92 ± 0.05, 0.77 ± 0.03, 0.73 ± 0.03, 0.73 ± 0.03, 0.70 ± 0.04, 0.76
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± 0.04, 0.69 ± 0.04, 0.49 ± 0.02, 0.54 ± 0.03, 0.55 ± 0.04, 0.48 ± 0.03 and 0.51 ± 0.04
mm2 in size, respectively. Although the effect of silt content was obvious using survival
and size endpoints, amphipod size appeared to be more sensitive to the availability of
silt in sediment. Significant (p<0.05) changes in size were observed in treatments
containing ≥9.5% silt, where M. plumulosa were approximately 2 fold smaller in size
than those in sediment containing approximately 95% silt ( 100% Bonnet Bay sediment)
(Figure 6.2).
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Figure 6.2 Effect of nutrition added to sand in the form of silt (0 to 95% w/w) on the 10-d survival
( -bar) and size ( -line) of juvenile M. plumulosa in whole-sediment toxicity tests. Error bars
represent upper and lower 95% confidence limits. Uppercase letters (A, B, C, D) denote statistically
significant (p<0.05) differences in amphipod survival between treatments. Lowercase letters (a, b, c)
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Data from the above studies using control sediments with varying silt and TOC content
were used to consider the influence of silt and TOC on amphipod size (Figure 6.3). For
the purpose of reducing factors that may potentially influence results, sediments that
had food added were excluded from this analysis.
Generally, amphipod size appeared to increase when exposed to sediments containing
increasing amounts of silt. For sediments containing 0 to 30% silt, amphipods were
between 0.48 mm2 and 0.63 mm2 in size, and were generally not significantly different
(p>0.05) to each other. Amphipods exposed to sediments with >30% silt were, however,
significantly larger in size than amphipods exposed to <30% silt. Amphipods exposed to
~30% silt were more variable in size and appear to be significantly (p<0.05) different to
those amphipods exposed to sediment with less than or greater than 30% silt.
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Amphipods exposed to sediments containing <0.5% TOC were ≤0.55 mm2 in size. The
size of amphipods exposed to sediment containing 1.9% to 4.3% TOC ranged from 0.48
mm2 to 9.82 mm2. For sediment containing 4.8% TOC, amphipods were >9.1 mm2 in
size. Generally, the data show that amphipod size tends to increase when amphipods are
exposed to sediment with high silt and/or TOC content.
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Figure 6.3 Influence of ( ) sediment particle size and ( ) total organic carbon (TOC) content in
clean un-contaminated control sediments on amphipod size (mm2). Error bars represent upper and
lower 95% confidence limits.

Feeding

The influence of adding fish food suspension to whole-sediment toxicity tests on the
survival and size of M. plumulosa was investigated for four control sediments with
properties ranging from 0% (sand) to 95% silt. For sand, that has no silt content, the
addition of 0.03, 0.06, 0.13 and 0.25 mg fish food/amphipod twice during a 10-d
toxicity test significantly (p<0.05) increased amphipod survival from 33 ± 4 to 89 ± 6,
84 ± 2, 91 ± 4 and 91 ± 2%, respectively. Although amphipod survival in sand was
significantly (p <0.05) increased by the addition of food, amphipod size did not appear
to be affected (Figure 6.4). Regardless of the amount of food added to sand, amphipods
ranged between 0.48 mm2 to 0.55 mm2, and were not significantly (p>0.05) different in
size compared to sand that received no food.
For the BB control sediment, that generally contained ~95% silt (4.8% TOC), the
addition of 0, 0.03, 0.06 and 0.13 mg food/amphipod twice during 10-d tests did not
significantly (p>0.05) affect amphipod survival (Figure 6.5). Amphipod survival was
≥98% regardless of whether food was added and of the amount of added. Addition of a
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food supplement did however, significantly (p<0.05) increase amphipod size. The size
of amphipods exposed to BB sediment containing 0, 0.03, 0.06, and 0.13 mg fish
food/amphipod were 0.91 ± 0.04, 1.08 ± 0.05, 1.19 ± 0.05, and 1.42 ± 0.08 mm2 in size,
respectively. Amphipods fed 0.03, 0.06 and 0.13 mg fish food/amphipod were slightly
larger than amphipods receiving no food. They were also larger than amphipods
receiving the equivalent amount of food in sand.
These results were obtained for toxicity tests undertaken with relatively new BB
sediment (i.e. tested within one week of collection from the field). However, prior to
conducting tests on new BB sediment, the effect of food addition on the size of juvenile
M. plumulosa was determined on BB sediment that had been stored (4º C) for greater
than or approximately four weeks (i.e. old BB sediment). Amphipod survival was >98%
regardless of the age of the sediment or the amount of food added. The size of
amphipods exposed to old BB sediment with the addition of 0, 0.03, 0.06, and 0.13 mg
fish food/amphipod were 0.58 ± 0.02, 0.69 ± 0.04, 0.70 ± 0.02 and 0.77 ± 0.04 mm2,
respectively. Amphipod size was significantly (p<0.05) increased by the addition of
food, but the amount of food added did not significantly (p>0.05) affect amphipod size
for these stored sediments (Figure 6.6). Interestingly, the size of amphipods exposed to
new BB sediment were significantly (p<0.05) larger than those exposed to old BB
sediment. Additionally, amphipods exposed to new BB sediment and fed with 0.03,
0.06, and 0.13 mg fish food/amphipod were also significantly (p<0.05) larger than those
fed the same amount of food in toxicity tests carried out with old BB sediment.
Grays Point (GP) sediment is sandy-silt containing approximately 30% silt (3.5% TOC
content). Exposure of juvenile M. plumulosa to GP sediment resulted in 91 ± 2%
survival. Additions of 0.03 and 0.06 mg of fish food/amphipod did not significantly
increase the 10-d survival of M. plumulosa (84 ± 3 and 98 ± 2% survival respectively),
however, survival was significantly increased in sediment receiving 0.13 mg of fish
food/amphipod (100 ± 0% survival) (Figure 6.5). The size of M. plumulosa exposed to
sediment with additions of 0, 0.03, 0.06, and 0.13 mg fish food/amphipod were 0.63 ±
0.05, 0.75 ± 0.05, 0.70 ± 0.03 and 0.81 ± 0.05 mm2, respectively. Only for GP sediment
with the addition of 0.13 mg fish food/amphipod were M. plumulosa significantly
(p<0.05) increased in size compared to sediment with no added food.
Boronia Park (BP) sediment can also be classified as sandy-silt (~30% silt, 2.7% TOC
content). Amphipod survival in this sediment was >93%, regardless of whether food
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was added or the amount of food added. Although the addition of food did not appear to
affect amphipod survival, there did appear to be stimulating effect on size. For Boronia
Park sediment that had additions of 0.03, 0.06 and 0.13 mg fish food/amphipod,
amphipod size was increased from 0.48 ± 0.03 (no food) to 0.65 ± 0.04, 0.69 ± 0.04 and
0.74 ± 0.04 mm2, respectively (Figure 6.5). Although the addition of food to BP
sediment resulted in significant (p<0.05) amphipod growth compared to sediment
without food, amphipod size was not influence by the amount of food added.
Juvenile M. plumulosa exposed to BB sediment were significantly (p<0.05) larger than
amphipods exposed to GP and BP sediment, while M. plumulosa exposed to GP
sediment were significantly (p<0.05) larger than those in BP sediment in the absence of
added food.
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Contaminants

Copper sulfide-spiked sediments
For this study, CuS-spiked sediments were prepared and toxicity determined using the
survival endpoint (Ward et al., under prep). BB sediment was spiked with synthesised
CuS to give sediment copper concentrations of ~160, 320, 480, 640, 1300, and 1900 mg
Cu/kg. These concentrations were equivalent to 2.5, 5.0, 7.5, 10, 20, and 30 µmol
CuS/g, respectively.
Amphipod survival and size was determined for two control sediments, BB (unmodified, but stored as per spiked sediments) and BB spiked with sulfide (i.e. sulfide
control), alongside CuS spiked-sediments. The survival of M. plumulosa in both the
control and sulfide-control sediment was 100 ± 2% and 100 ± 0%, respectively. For
sediments containing approximately 2.5, 5.0, 7.5, 10, 20 and 30 µmol CuS/g, toxicity to
M. plumulosa survival was 98 ± 3, 98 ± 3, 88 ± 3, 58 ± 2, 29 ± 2 and 24 ± 4% (of
control), respectively (Figure 6.7). Spiked-sediments of increasing concentrations of
CuS generally caused increasing toxicity to M plumulosa. A significant (p<0.05)
decrease in the 10-d survival of M. plumulosa was detected in sediment containing ≥7.5
µmol CuS/g, and the LOEC, based on amphipod survival, was 7.5 µmol CuS/g.
Similarly, the size of M. plumulosa exposed to CuS-spiked sediments generally
decreased as concentrations of CuS in sediments increased (Figure 6.7). The size of
amphipods exposed to control and sulfide-control sediments were 0.83 ± 0.03 mm2 and
0.68 ± 0.02 mm2, respectively. M. plumulosa exposed to sulfide controls were
significantly (p<0.05) smaller than those from BB controls, suggesting that the
amphipods may have been stressed when exposed to sulfidic anoxic sediment. M.
plumulosa exposed to sediments containing 2.5, 5.0, 7.5, 10, 20 and 30 µmol CuS/g
were 0.67 ± 0.03, 0.54 ± 0.02, 0.47 ± 0.02, 0.41 ± 0.01, 0.35 ± 0.02 and 0.35 ± 0.02
mm2 in size, respectively. As observed with the M. plumulosa survival endpoint,
amphipod size generally decreased as the concentration of copper sulfide in sediments
increased, and amphipods were significantly (p<0.05) different to the control sediment.
Based on amphipod size, the LOEC appeared to be 2.5 µmol CuS/g, although the size of
amphipods in this treatment were significantly (p<0.05) smaller than the control
sediment they were not significantly (p>0.05) different in size from those amphipods
exposed to the sulfide control. Amphipods exposed to sediment spiked with 5 µmol
CuS/g were, however, significantly (p<0.05) smaller in size compared to both control
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and sulfide-control sediments, and hence, the LOEC using amphipod size was 5 µmol
CuS/g.

80

0.8
*
*

60

#

0.6

*
*

40

#

*

#
*

*

20

0.2

0
Co

0.4

2

1

#

Amphipod size (area), mm

Amphipod survival, % of control

100

0
ol
ntr

HS

Cu

S

2 .5

Cu

S5

Cu

S

7. 5

Cu

S

10

Cu

S

20

Cu

S

30

Sediment treatment (µmol CuS/g))
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Toxicity tests to determine the effects of CuS in sediment on M. plumulosa were
repeated with and without the addition of food. For this study, BB control sediment was
also spiked with synthesised CuS to give sediment copper concentrations of 160, 320,
480, 640, 1300, and 1900 mg Cu/kg, equivalent to 2.5, 5.0, 7.5, 10, 20, and 30 µmol
CuS/g, respectively. For 10-d whole-sediment toxicity tests conducted with added food,
amphipods were fed on days 3 and 7.
The 10-d survival of juvenile M. plumulosa in Bonnet Bay control and sulfide-control
sediments without food was 98 ± 2 and 95 ± 2%, respectively. For sediments containing
approximately 2.5, 5.0, 7.5, 10, 20 and 30 µmol CuS/g, M. plumulosa survival was 98 ±
3, 90 ± 2, 68 ± 3, 42 ± 4, 27 ± 5 and 18 ± 5% (of control), respectively (Figure 6.8). The
LOEC for M. plumulosa in CuS-spiked sediments was 7.5 µmol CuS/g, and was similar
to the results in the previous study.
The size of juvenile M. plumulosa exposed to control and sulfide-control sediments for
a period of 10-d without food was 0.49 ± 0.02 and 0.57 ± 0.03 mm2, respectively
(Figure 6.8). The size of amphipods removed from control sediments (0.49 mm2) was
small relative to the size of amphipods previously exposed to new BB sediment (0.91
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mm2), but were of a similar size to amphipods exposed to old BB sediment (~0.58
mm2). The size of amphipods in this test may be because the BB sediment used for this
series of control and CuS-spiked sediments had been stored at 4ºC in the dark for
several months before the sediments were prepared, compared to BB sediment used in
the previous study (Ward, pers. comm). Additionally, these sediments were allowed to
equilibrate in an anoxic environment (nitrogen glove box) for 6 to 8 weeks, which was
greater than the 1 to 2 weeks allowed for previous CuS-spiked sediments.
Amphipods exposed to sediment spiked with 2.5, 5.0, 7.5, 10, 20 and 30 µmol CuS/g
without food were 0.53 ± 0.02, 0.48 ± 0.02, 0.45 ± 0.03, 0.46 ± 0.03, 0.35 ± 0.03 and
0.44 ± 0.03 mm2 in size, respectively. With the exception of the sediment containing 20
µmol CuS/g, the size of amphipods exposed to sediments with increasing amounts of
copper sulfide were not significantly (p>0.05) different to the control sediment, and
thus, did not appear to be affected by copper sulfide.
For spiked-sediments, containing 2.5, 5.0, 7.5, 10, 20, and 30 µmol CuS/g, tested with
the addition of food, both amphipod survival and size were markedly increased for some
sediment treatments. Survival of M. plumulosa exposed to control and sulfide-control
sediments with added food were both 97 ± 2%, and for sediments containing
approximately 2.5, 5.0, 7.5, 10, 20 and 30 µmol CuS/g, toxicity to M. plumulosa
survival was 97 ± 2, 97 ± 2, 95 ± 3, 92 ± 2, 55 ± 6 and 52 ± 3 % (of control),
respectively. Sediments spiked with 7.5, 10, 20 and 30 µmol CuS/g, where amphipod
survival was significantly (p<0.05) reduced compared to the control and <80%, the
addition of food significantly reduced toxicity to amphipod survival. However, a toxic
effect was still observed for sediments containing ≥20 µmol CuS/g, and the LOEC was
20 µmol CuS/g.
M. plumulosa exposed to control and sulfide-control treatments that received food were
1.19 ± 0.05 mm2 and 0.99 ± 0.05 mm2 in size, respectively. The addition of food had a
marked effect on amphipod size. Amphipods exposed to control and sulfide-control
sediments with the addition of food were significantly (p<0.05) larger in size than those
amphipods exposed to the same sediment without added food (0.49 ± 0.02 and 0.57 ±
0.03 mm2, respectively), while those exposed to sulfide-control sediments were also
significantly (p<0.05) smaller compared to control sediments, as reported earlier.
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Amphipods exposed to 2.5, 5.0, 7.5, 10, 20 and 30 µmol CuS/g spiked sediments with
the addition of food were 1.10 ± 0.04, 0.70 ± 0.03, 0.61 ± 0.03, 0.57 ± 0.03, 0.56 ± 0.03
and 0.42 ± 0.03 mm2 in size, respectively (Figure 6.8). Amphipods in these sediment
treatments (with added food) were generally larger compared to M. plumulosa without
food additions.
For amphipods exposed to CuS-spiked sediment with added food, there was an apparent
trend of decreasing amphipod size with increasing CuS concentration. Amphipods
exposed to sediments spiked with ≥5 µmol CuS/g were significantly (p<0.05) smaller
than amphipods exposed to control sediments, and the LOEC was 5 µmol CuS/g.
In conclusion, based on the results for the toxicity of CuS-spiked sediments to M.
plumulosa, amphipod size appears to be more a slightly more sensitive indicator of
toxicity than survival.
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treatments. # denotes significant differences (p<0.05) in amphipod survival between control and
treatments.
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Ammonia spiked sediments
For sediments spiked with 0, 100, 200, 300, 400 and 600 mg NH3-N/kg, the
concentration of dissolved total ammonia (NH3-N) in the overlying water was
approximately 2, 8, 15, 23, 31 and 43 mg NH3-N/L, respectively, and un-ionised
ammonia (NH3) was 0.06, 0.32, 0.63, 0.84, 1.2 and 1.8 mg NH3/L, respectively.
Toxicity to M. plumulosa survival in sediments spiked with 0, 100, 200, 300, 400 and
600 mg NH3-N/kg was 100 ± 0, 88 ± 4, 70 ± 6, 52 ± 12, 52 ± 5, and 17 ± 4% (of
control), respectively (Figure 6.9). M. plumulosa survival significantly (p<0.05)
decreased for sediments with increasing concentrations of dissolved ammonia. There
was no apparent relationship between increasing dissolved ammonia and amphipod size.
Amphipods exposed to sediments spiked with 0, 100, 200, 300, 400 and 600 mg NH3N/kg were approximately 0.48 ± 0.03, 0.43 ± 0.03, 0.45 ± 0.03, 0.49 ± 0.04, 0.46 ± 0.03
and 0.43 ± 0.04 mm2, respectively (Figure 6.9). In this case amphipod survival and not
size was the more sensitive indicator of toxicity.
As observed previously, the size of amphipods exposed to control BB sediment were
markedly smaller than expected (<0.80 mm2). In this case, the control sediment, and
spiked sediments, were adjusted to a pH of ~7.5 with NaOH as required, purged with
nitrogen and stored under anoxic conditions for approximately four weeks.
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Figure 6.9 Effect of ammonia (NH3-N and NH3) in ammonia spiked-sediments on the 10-d survival
( -bar) and size ( -line) of M. plumulosa in whole-sediment toxicity tests. Error bars represent
upper and lower 95% confidence limits. Upper case letters (A, B, C, D) denote significant
differences (p<0.05) in amphipod survival between sediments. Lower case letters (a) denote
significant differences (p<0.05) in amphipod size between sediments.
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Other factors (i.e. TIE materials)

It was established previously (Section 3.4.3) that the addition of powdered coconut
charcoal (PCC), having a particle size of <45 µm, to clean control sediments causes a
significant (p<0.05) reduction to the 10-d survival of M. pumulosa, whereas the addition
of granular coconut charcoal (GCC) did not significantly (p>0.05) affect amphipod
survival. The effect on M. plumulosa of adding PCC was also reflected in their size at
the termination of the toxicity tests. The average size of amphipods exposed to control
sediment was 0.54 ± 0.02 mm2. For sediments that had the addition of <45, 63-180,
180-250 and 250-500 µm coconut charcoal, amphipods were 0.42 ± 0.03, 0.65 ± 0.03,
0.61 ± 0.04 and 0.66 ± 0.03 mm2 in size, respectively (Figure 6.10). Amphipods
exposed to sediment with <45 µm PCC treatment were significantly (p<0.05) smaller
than amphipods exposed to control sediment alone. The size of amphipods in the 180250 µm PCC treatments were not significantly (p>0.05) different to the control. The
amphipods’ from 63-180 µm and 250-500 µm treatments were significantly larger than
those in the control sediment. It was suggested (Section 3.4.3) that amphipod mortality
in PCC may have been a result of the amphipods inability to distinguish the PCC
particles from more nutritionally important sediment particles.
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Figure 6.10 The 10-d survival ( -bar) and size ( -line) of M. plumulosa exposed to control
sediments containing additions of CC of varying particle size. Error bars represent upper and
lower 95% confidence limits. * denotes significant differences (p<0.05) in amphipod size between
the control and sediment treatments.
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Key findings
M. plumulosa size as a sub-lethal endpoint in acute 10-d whole-sediment toxicity tests
appears to be sensitive to a number of factors associated with the physical and chemical
composition of the test sediment, to the manner in which the sediment is handled and
whole-sediment toxicity tests are carried out. Specific factors that may significantly
affect the size of juvenile M. plumulosa in 10-d whole-sediment toxicity tests may
include: (i) silt fraction, and or TOC content, (ii) age of the sediment (i.e. period of time
elapsed between toxicity testing and collection), (iii) storage and handling of the
sediment (i.e. stored at 4ºC in the dark), (iv) physico-chemical manipulation of the
sediment, such as artificially spiking, pH adjustments, purging with nitrogen, and
storage in a anoxic environment, (v) addition of food during 10-d whole-sediment
toxicity tests, (vi) addition of some toxicity altering (TIE) materials, such as PCC, and
(vi) the presence of contaminants and corresponding dissolved and total particulate
concentrations
Given the influence of these factors of amphipod size and survival in some cases, many
may significantly affect the outcome of toxicity tests and, therefore, the validity of using
organism growth data for sediment quality assessment purposes.

6.4.4. Application of a growth indicator to WS-TIE studies
Sediment A

Using the 10-d growth of M. plumulosa, there was no obvious reduction to toxicity in
WS-TIE treatments of Sediment A. The size of M. plumulosa exposed to the baseline
sediment was 0.39 ± 0.02 mm2, and significantly (p<0.05) smaller than amphipods
exposed to control sediment (0.99 ± 0.04 mm2). The size of amphipods in MCR, CAR,
ZEO and FOOD treatments were 0.47 ± 0.04, 0.44 ± 0.04, 0.45 ± 0.05 and 0.50 ± 0.04
mm2, respectively (Figure 6.11). These results were unlike M. plumulosa survival data (

Table 4.4, Section 4.4.1) for WS-TIE treatments to Sediment A, where toxicity was
significantly (p<0.05) reduced by the MCR treatment, hence, indicating that observed
toxic effects were due to dissolved metals in the overlying water.
The decreased size of M. plumulosa in Sediment A, regardless of the WS-TIE treatment,
suggests the occurrence of subtle toxic effects which are not detected by the survival
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endpoint. Even for the MCR treatment, where toxicity to amphipod survival was
ameliorated, growth data indicates that amphipod health is impaired.
Based on the silt and TOC content of the sediment alone (~8.3% TOC and 54% silt),
amphipod size would be expected to be ≥0.8 mm2. These results strongly suggest that
nutrition was not a contributing factor of the observed toxicity rather that the sub-lethal
effects may be occurring due to the presence of an unidentified contaminant. These
results differ from WS-TIE tests using the survival endpoint, which showed toxicity due
to dissolved zinc.
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Figure 6.11 The 10-d survival (bars) and size (lines) of M. plumulosa exposed to standard WS-TIE
treatments of control sediments ( -bar, -line) and Sediment A ( -bar, -line). Error bars
represent upper and lower 95% confidence limits. # denotes significant differences (p<0.05) in
amphipod survival between control and treatments.

Sediment B

For Sediment B, M. plumulosa were 0.43 ± 0.03 mm2 in size after 10-days exposure to
the baseline sediment, and significantly (p<0.05) smaller than amphipods in the control
sediment. M. plumulosa exposed to MCR, CAR, ZEO and FOOD treatments of
Sediment B in 10-d whole-sediment toxicity tests were 0.46 ± 0.04, 0.35 ± 0.05, 0.43 ±
0.02, and 0.52 ± 0.05 mm2, respectively (Figure 6.12). Sediment B had a silt content of
~42%, and based on control sediment data, amphipods exposed to clean sediment with
equivalent silt content are expected to be ≥0.8 mm2 in size. Although there appeared to
be a slight increase in size of amphipods exposed to the FOOD treatment, WS-TIE
treatments did not have a significant (p>0.05) effect on amphipod size. This generally
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was in agreement with survival data for Sediment B (Table 4.6, Section 4.4.2). WS-TIE
treatments of Sediment B did slightly increase amphipod size, but not amphipod size.
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Figure 6.12 The 10-d survival (bars) and size (lines) of M. plumulosa exposed to standard WS-TIE
treatments of control sediments ( -bar, -line) and Sediment B ( -bar, -line). Error bars
represent upper and lower 95% confidence limits.

Sediment D

Unlike amphipod survival, where toxicity was reduced in MCR and FOOD treatments
of Sediment D (Table 4.10, Section 4.4.4), the size of M. plumulosa was not affected by
the standard WS-TIE treatments. The size of amphipods exposed to baseline, MCR,
CAR, ZEO and FOOD treatments of Sediment D were 0.38 ± 0.06, 0.32 ± 0.03, 0.39 ±
0.05, 0.32 ± 0.02 and 0.42 ± 0.03 mm2, respectively (Figure 6.13).
The size of M. plumulosa exposed to Sediment D (baseline) (0.38 ± 0.06 mm2) was
similar to the control sediment (0.44 ± 0.02 mm2). However, the size of M. plumulosa in
the control sediment was less than previously observed, and may have been due to the
age and storage of the sediment (discussed earlier). The increased growth of amphipods
in the FOOD treatment of the control also suggests that decreased amphipod size and
integrity of the sediment may have been affected.
For Sediment D, however, the FOOD treatment, as with the other treatments, did not
increase growth. Sediment D was relatively coarse and had a low TOC content (Section
4.4.4). Based on earlier results, amphipods exposed to clean sediment with a similar silt
content would be expected to be >0.5 mm2 in size. The average sizes of amphipods
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observed in Sediment D were less than this, and hence, effects to size may have been
due to exposure to dissolved contaminants and/or PACs, rather than a lack of nutrition.
For the second WS-TIE study of Sediment D, where new treatments were applied, the
size of M. plumulosa was significantly (p<0.05) increased in FOOD (0.97 ± 0.05 mm2)
and MCR-Top+F (1.04 ± 0.06 mm2) treatments of the control sediment, and slightly
decreased in the MEC treatment (0.58 ± 0.04mm2) (Figure 6.14). In this case, the
addition of food was observed to increase amphipod growth. Decreased growth in the
MEC treatment was not unusual, as amphipods were isolated in the overlying water and
had no added food, hence, no source of nutrition for the 10-d exposure.
For Sediment D, the size of amphipods exposed to the baseline, FOOD, MEC, MEC+F,
MCR, MCR+F, MCR-Top and MCR-Top+F treatments were 0.46 ± 0.04, 0.49 ± 0.04,
0.48 ± 0.03, 0.49 ± 0.03, 0.51 ± 0.03, 0.54 ± 0.03, 0.46 ± 0.02, and 0.78 ± 0.03 mm2,
respectively (Figure 6.14). Amphipods exposed to Sediment D were significantly
(p<0.05) smaller than those in the control sediments, and were similar in size to those in
the initial WS-TIE study (0.38 ± 0.06 mm2). Unlike the survival data where toxicity was
significantly (p<0.05) reduced in MEC+F, MCR+F and MCR-Top+F, only amphipods
in MCR-Top+F treatment were significantly (p<0.05) larger than those in the baseline
treatment. Interestingly, amphipods in the MCR-Top+F treatment (0.78 ± 0.03 mm2) of
Sediment D were similar in size to amphipods exposed to the clean control sediment
(0.70 ± 0.02 mm2). This result suggests that toxicity to amphipod survival and sub-lethal
effects to amphipod size were ameliorated in the MCR-Top+F treatment. Because
amphipod size was not increased in the FOOD treatment, the data suggest that sublethal effects were primarily caused by the ingestion of PACs, as the MCR-Top+F
treatment was designed to reduce the amphipods exposure to PACs. This finding is also
in good agreement with survival data, where it was demonstrated that toxicity was most
likely due to the ingestion of PACs. However, compared to results using the acute
survival endpoint where toxicity to amphipod survival was significantly reduced in
MEC+F, MCR+F and MCR-Top+F treatments, amphipod size was less affected by
WS-TIE treatments.
For the third WS-TIE (III) study of Sediment D, both amphipod survival and size data
were similar to those observed in WS-TIE (II) for Sediment D (Figure 6.15), and agree
with the earlier conclusion that PACs were primarily responsible for the observed
toxicity to amphipod survival and sub-lethal effects to amphipod size in Sediment D.
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Figure 6.13 The survival (bars) and size (lines) of M. plumulosa exposed to standard WS-TIE (I)
treatments of control sediments ( -bar, -line) and Sediment D ( -bar, -line) in 10-d toxicity
tests. Error bars represent upper and lower 95% confidence limits. * denotes significant differences
(p<0.05) in amphipod size between control and treatments. # denotes significant differences
(p<0.05) in amphipod survival between control and treatments.
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Figure 6.15 The survival (bars) and size (lines) of M. plumulosa exposed to new WS-TIE (III)
treatments of control sediments ( -bar, -line) and Sediment D ( -bar, -line) in 10-d toxicity
tests. Error bars represent upper and lower 95% confidence limits. # denotes significant differences
(p<0.05) in amphipod survival between control and treatments. * denotes significant differences
(p<0.05) in amphipod size between control and treatments.

Sediment F

For Sediment F (Table 4.14, Section 4.4.6), amphipods survived only in MCR, MCRTop, MCR-Top+F, CAR, CAR-Top and CAR-Top+F treatments. Surviving amphipods
in these treatments were 0.49 ± 0.02, 0.88 ± 0.04, 0.79 ± 0.03, 0.50 ± 0.06, 0.33 ± 0.08
and 0.45 ± 0.02 mm2, respectively, in size (Figure 6.16). Although the size of
amphipods could not be compared to the baseline sediment (no survival), the amphipods
retrieved from the MCR-Top+F treatment were significantly (p<0.05) larger than those
exposed to other WS-TIE treatments of Sediment F, and were also comparable in size to
those exposed to the MCR-Top+F treatment of the control sediment. Toxicity to M.
plumulosa (survival) was also ameliorated in this treatment. The size of amphipods was
not however, increased in WS-TIE treatments MCR, MCR-Top and CAR-Top+F,
where toxicity to M. plumulosa was partially reduced. Increased survival and size in the
MCR-Top+F treatment both demonstrate the contribution of dissolved metals and PACs
to the toxicity of Sediment F to M. plumulosa and agree with earlier findings.
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Figure 6.16 The survival (bars) and size (lines) of M. plumulosa exposed to standard and new WSTIE (II) treatments of control sediments ( -bar, -line) and Sediment F ( -bar, -line) in 10-d
toxicity tests. Error bars represent upper and lower 95% confidence limits. * denotes significant
differences (p<0.05) in amphipod size between control and treatments. # denotes significant
differences (p<0.05) in amphipod survival between control and treatments.

Sediment G

Treatments used for the WS-TIE study on Sediment G (Table 4.16, Section 4.4.7)
included MCR, CAR, ZEO, FOOD, MEC and MEC+F (see Section 4.3.6). Amphipods
exposed to the FOOD treatment of the control sediment were significant (p<0.05)
increased in size compared to the baseline, while amphipods in the MEC treatment were
significantly (p<0.05) smaller in size (Figure 6.17). Reasons for these results were
discussed earlier.
For sediment F, which was characterised by a very high silt (82%) and TOC content
(~4%), and contained high concentrations of hydrocarbons (i.e. TPHs) and metals (zinc,
lead and chromium) (refer to Section 4.4.7), amphipods exposed to the baseline
sediment in 10-d toxicity tests were 0.53 ± 0.04 mm2 in size. MCR, CAR, ZEO, FOOD,
MEC and MEC+F treatments did not alter the size of amphipods compared to the
baseline sediment and were 0.62 ± 0.04, 0.56 ± 0.04, 0.50 ± 0.05, 0.53 ± 0.03, 0.53 ±
0.02 and 0.55 ± 0.03 mm2, respectively (Figure 6.17). Amphipod survival data differed
markedly. Toxicity of Sediment F was significantly (p<0.05) reduced in CAR, FOOD,
MEC and MEC+F treatments.
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The lack of increase in amphipod size in the CAR and MEC+F treatments may be due
to the presence of contaminants which may have been decreased enough as not to cause
marked effects to amphipod survival, but present at concentrations that can cause
adverse sub-lethal effects to the amphipod. As previously mentioned (Section 4.5.3), the
FOOD treatment appears to mask the toxicity of hydrophobic organic contaminants
(HOCs). Sediment G was naturally high in food sources (silt and TOC) and effects to
survival were not believed to be due to a lack of nutrition. However, the FOOD
treatment increased survival. This was not observed for amphipod size.
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Figure 6.17 The survival (bars) and size (lines) of M. plumulosa exposed to standard and new WSTIE treatments of control sediments ( -bar, -line) and Sediment G ( -bar, -line) in 10-d toxicity
tests. Error bars represent upper and lower 95% confidence limits. * denotes significant differences
(p<0.05) in amphipod size between control and treatments. # denotes significant differences
(p<0.05) in amphipod survival between control and treatments.
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Sediment H

Amphipods exposed to WS-TIE treatments of the control sediment, run concurrently to
Sediment H, were similar in size, with the exception of the significant increase in the
FOOD treatment and significant decrease in the MEC treatment.
For Sediment H (Table 4.16, Section 4.4.7), characterised by a high silt (82% particles
<63 µm) and TOC (4.1%) fractions, and a high concentration of hydrocarbons (i.e.
TPHs) and metals (zinc, lead and chromium) (refer to Section 4.3.6), amphipod size was
0.51 ± 0.06 mm2, and did not appear to be affected when exposed WS-TIE treatments
MCR (0.49 ± 0.05 mm2), CAR (0.56 ± 0.03 mm2), ZEO (0.43 ± 0.02 mm2), FOOD
(0.46 ± 0.02 mm2), MEC (0.47 ± 0.03 mm2), and MEC+F (0.47 ± 0.03 mm2) (Figure
6.18).
For the second WS-TIE study of Sediment H, the size of amphipods exposed to the
baseline sediment were 0.47 ± 0.02 mm2 in size. A slight but significant increase in
growth was observed in CAR-Top (0.64 ± 0.03 mm2) and CAR-Top+F (0.88 ± 0.05
mm2) treatments. With the exception of the FOOD treatment, these findings were in
good agreement with survival data, which showed a significant decrease in toxicity to
amphipod survival in CAR-Top and CAR-Top+F treatments (Figure 6.19). The
significant (p<0.05) decrease in toxicity to amphipod survival in the FOOD treatment
was believed to be due to decreased sensitivity to HOCs (Section 4.4.7). The lack of
growth of surviving amphipods in the FOOD treatment may indicate the presence of
sub-lethal effects caused by contaminants that cannot be masked by adding food.
Similar patterns of toxicity (survival and growth) in CAR-Top and CAR-Top+F
treatments were a good indicator that hydrocarbons are contributing to toxicity in
Sediment H.
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Figure 6.18 The survival (bars) and size (lines) of M. plumulosa exposed to standard and new WSTIE treatments of control sediments ( -bar, -line) and Sediment H ( -bar, -line) in 10-d toxicity
tests. Error bars represent upper and lower 95% confidence limits. * denotes significant differences
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(p<0.05) in amphipod survival between control and treatments.
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Figure 6.19 The survival (bars) and size (lines) of M. plumulosa exposed to new WS-TIE (II)
treatments of control sediments ( -bar, -line) and Sediment H ( -bar, -line) in 10-d toxicity
tests. Error bars represent upper and lower 95% confidence limits. * denotes significant differences
(p<0.05) in amphipod size between control and treatments. # denotes significant differences
(p<0.05) in amphipod survival between control and treatments.

Sediment I

Previously (Table 4.16, Section 4.4.7), it was demonstrated that toxicity of Sediment I
to amphipod survival was significantly (p<0.05) reduced by FOOD, CAR, CAR-Top
and CAR-Top+F treatments. Results for WS-TIEs on Sediment I using amphipod size
as an indicator of toxicity were dissimilar to those for amphipod survival. For baseline,
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FOOD, CAR, CAR-Top and CAR-Top+F treatments amphipod size was 0.63 ± 0.10,
0.50 ± 0.03, 0.63 ± 0.04 and 0.71 ± 0.03 mm2, respectively, with no significant (p>0.05)
increase to amphipod size recorded in the treatments (Figure 6.20).
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Figure 6.20 The survival (bars) and size (lines) of M. plumulosa exposed to new WS-TIE (II)
treatments of control sediments ( -bar, -line) and Sediment I ( -bar, -line) in 10-d toxicity tests.
Error bars represent upper and lower 95% confidence limits. * denotes significant differences
(p<0.05) in amphipod size between control and treatments. # denotes significant differences
(p<0.05) in amphipod survival between control and treatments.

6.5.

Discussion

Most commonly used sub-lethal endpoints are those related to growth performance
(Sibly and Hone, 2002). Growth can be defined as a net difference between the
catabolic and anabolic metabolism (Becker et al., 2000), and is usually expressed as a
change in body size or reproductive output (Winberg, 1971). It has been reported that
the body size of an organism can correlate with many ecological as well as life-history
traits and may thus influence the abundance of the species as well a population structure
and dynamics (Gaston et al., 2001), and it is an important stressor endpoint that is
commonly used for growth assessment (Dahl et al., 2006).
Hyalella azteca, is a freshwater amphipod, that is routinely used to assess the toxicity of
sediments with survival (as the predominately measured endpoint), growth and
reproduction endpoints (Burton, 1991; McGee et al., 1993). Evaluation of sub-lethal
effects, such as growth is often found to be a more sensitive biological endpoint
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(Kemble et al., 1994; Kubitz et al., 1995; Steevens and Benson, 1998). One method
commonly used to determine growth for this amphipod during sediment exposures is
length (Ingersoll and Nelson, 1990; Kemble et al., 1994; Schlekat et al., 1994;
Anderson et al., 2001). For H. azteca, length is determined using a calibrated image
analyser or digitiliser microscope in which preserved organisms are magnified and
measured along the dorsal side from the base of the antenna to the end of the third
uropod (Ingersoll and Nelson, 1990).

6.5.1. Imaging analysis technique for measuring amphipod growth
Specialised image analysis equipment or a digital microscope, generally used for
measuring growth, was not available for this study, so an alternative technique
measuring the area of the organisms, instead of length, was adopted using publicly
available software and existing equipment. One of the limitations to measuring
amphipod size in length, as adopted elsewhere, related to the limitations of the
equipment use to make these measurements. The accuracy of this technique for
measuring size and growth was validated using a series of images of known
measurement. This technique was more accurate for larger images (~25 mm2), but was
less so for images <5 mm2 (≥30% error). The error associated with these measurements
was partially due to the laser jet printing and scanning of these images. The large error
associated with these measurements was of concern, as the amphipods used in toxicity
testing are generally <5 mm2 in length (Spadaro et al., 2008). Despite these apparent
limitations, this technique could still be used as an indicator of growth. Treatments were
compared to the control, which is tested concurrently, to get a relative measure of
growth, rather than an accurate measurement.

6.5.2. Amphipod age versus size
Using the area of the organisms as a measure of size with the imaging analysis
technique described here, was successfully used to detect the growth of M. plumulosa
over a period of 7 to 56 weeks from the isolation of gravid females. Over this period,
there was significant growth/increase in the size of amphipods aged 5 ± 2 to 52 ± 4-d
old. Moreover, a significant increase in amphipod size was detectable between 11 ± 3-d
and 21 ± 3-d old M. plumulosa, which was important for measuring growth in 10-d
whole-sediment toxicity tests using 11 ± 3-d old amphipods. The ability to detect and
measure this increase in size meant that a growth indicator for identifying subtle toxic
effects could be further explored using M. plumulosa.
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6.5.3. Factors affecting amphipod size in whole-sediment toxicity tests
There are a number of variables in sediments such as silt content, TOC content,
availability of food, handling and storage of the sediment that may affect amphipod size
and confound results in whole-sediment toxicity tests. The availability of nutrition in the
form of silt-sized detritus particles to juvenile M. plumulosa in 10-d whole-sediment
toxicity tests significantly (p<0.05) affected both the survival and size of amphipods
when silt comprised <10% of the sediment substrate.
Feeding

Food is often added to whole-sediment tests to reduce effects occurring due to
malnutrition/starvation (false positive result or Type I error) which may potentially
confound results. To determine the effects of added food, fish food in the form of a Sera
Micron suspension was added to clean sand twice during 10-d toxicity tests, so that the
food suspension was the only source of nutrition. The addition of fish food to sand
significantly (p<0.05) increased amphipod survival but not size, regardless of the
amount of food added. For sediment that contained approximately 95% silt and 4%
TOC (BB control sediment), the addition of food had a stimulus effect and amphipod
size was increased in sediments receiving increasing amounts of added food. This may
have potentially confounding effects in WS-TIE studies on contaminated sediments. For
relatively silty sediment containing a high concentration of contaminants, the addition
of food may increase amphipod growth. This increased growth may potentially mask
toxicity and be identified as a factor of poor nutrition.
The addition of food to two sediments that was comprised of approximately 30% silt
(GP and BP) resulted in markedly larger amphipods. However, for one of the sediments
(BP), a smaller quantity of food (0.03 mg/amphipod) was required to increase amphipod
size compared to the GP sediment which required 0.13 mg food/amphipod
(approximately four times the amount). This difference may be due to the TOC content.
The GP sediment contained a slightly higher TOC content (3%), compared to BP
(approximately 2%). Amphipod size was slighty but significantly increased when food
was added to clean sediment. Given this, the addition of food has the potential to mask
toxicity. However, the degree to which toxicity is decreased can vary depending on the
physical composition of the sediment. Hence, the ability to distinguish decreased size
occurring due to toxicity of contaminants and poor nutrition maybe confounded by
feeding.
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For sand, representing sandy or coarse sediments, the addition of varied amounts of
food increased amphipod survival. The increase in the survival of amphipods exposed to
sand allows the identification of effects occurring due to poor nutrition. However, this
result was not reflected for amphipod growth. The growth of amphipods exposed to
sand was not altered by the addition of food. Hence, the ability to detect sediments of
poor nutritional content is limited using amphipod growth.
Sediment particle size (silt) and total organic carbon

M. plumulosa exposed to BB sediment were significantly (p<0.05) larger than
amphipods exposed to GP and BP sediment. This was not unexpected as the BB
sediment contained the highest silt and TOC content. Based on the <63 µm fraction, the
BB sediment contained approximately 4.5% TOC (4.8% TOC in the total sediment).
Amphipods exposed to the GP sediment were significantly larger than those in BP
sediment. GP and BP sediment both contained ~30% silt, but the GP sediment
contained a slightly higher TOC content for the total sediment. The Grays Point
sediment also contained a much higher TOC content (10-11%) for the <63 µm sediment
fraction, compared to BP (4% for <63 µm fraction). These results would indicate that
not only does silt content influence amphipod size, but TOC, particularly TOC on the
<63 µm fraction, is an important factor affecting amphipod size in 10-d whole-sediment
toxicity tests. The <63 µm fraction is consumed by M. plumulosa (Simpson and King,
2005), and therefore, appears to be an important influencing factor on amphipod
survival and size in whole-sediment toxicity tests. However, naturally-present food
sources, such as algae, bacteria and essential nutrients (i.e. nitrates, metals etc.) in these
sediments may also be important nutritional factors potentially affecting amphipod
growth and hence, size.
Generally amphipod size appeared to increase when exposed to sediments containing
increasing amounts of silt. Amphipods exposed to >30% silt were significantly larger in
size than those exposed to <30% silt. This was also similar for the sediments TOC
content, where sediments containing ≥3% TOC content were larger than those exposed
to sediment <3% TOC content. For sediments where silt content was ~30%, the
difference in amphipod size may be due to the varying TOC content. In this case,
amphipods exposed to sediment containing the higher TOC content were larger in size.
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Storage and handling

Interestingly, for BB sediment that had been stored for ≥4 weeks (i.e. old BB) the size
of juvenile M. plumulosa were significantly smaller than those exposed to new BB
sediment (stored for <4 weeks) by approximately 1.6 fold. Even with the addition of
food, amphipods in ‘new’ BB were larger than those in ‘old’ BB sediment. The storage
of sediments (depending on the sediment type), even under recommended conditions
(i.e. 4ºC and in the dark), may alter the bacterial activity, which will cause changes to
the concentrations of ammonia, sulfide, Fe(II) and biologically-active sediment
components (Simpson et al., 2005). The longer storage time may have resulted in an
increase in the bioavailable fraction of sulfide or Fe(II), or the degradation of viable
bacteria and algae used as a food source by the amphipods. The alteration of factors
such as these may have confounded sub-lethal growth results. These results demonstrate
the importance of testing sediment shortly after collection and understanding how the
storage and handling may affect results from toxicity tests using sub-lethal endpoints,
which in this case are influenced by stressors other than those directly related to the
toxicity of the sediment.
Contaminants

Amphipod survival and size following exposure to sediments spiked with single
contaminants such as CuS was decreased. However, the size of M. plumulosa as an
indicator for toxicity was more sensitive than changes to amphipod survival. As a
comparison, the LOEC for CuS based upon amphipod survival was 7.5 µmol CuS/g,
whereas the LOEC for CuS using M. plumulosa size was 5 µmol CuS/g. In the same
study, it was demonstrated that the amphipods may have been stressed resulting in
smaller size when exposed to sulfidic sediment, an effect that was not detectable with
the acute survival endpoint.
In a replicate study, the 10-d survival of M. plumulosa and estimated LOEC was similar
to that determined in the earlier study. However, surviving M. plumulosa were markedly
smaller in size and similar to amphipods exposed to ‘old’ Bonnet Bay sediment. Storage
time was the reason suspected for the decreased size. The original Bonnet Bay sediment
used to create spiked-sediments in this study was not used immediately after collection
but had been stored at 4ºC and in the dark for a longer period of time (> 4 weeks).
Additionally, the spiked sediments were allowed to equilibrate under anoxic conditions
for up to two weeks longer than sediments prepared previously. The addition of food to
these CuS-spiked sediments had a marked effect on the survival and size of M.
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plumulosa. Amphipods exposed to control and spiked sediments were significantly
(p<0.05) larger in size than those receiving no food. Nonetheless, both sulfide and CuS
appeared to negatively affect amphipod size, and there was a clear trend between
increasing CuS concentrations and decreased amphipod size. Even with the addition of
food, the LOEC for CuS based on the size of M. plumulosa remained 5 µmol CuS/g.
For ammonia spiked-sediments, there appeared to be a trend between increasing
dissolved ammonia and decreased survival, but no apparent trend between dissolved
ammonia and amphipod size. The lack of a trend may have been masked by the small
size of amphipods in the control sediment, which were markedly smaller than those
previously observed in BB sediment. The conditions under which the sediments were
handled and stored are believed to be the factors resulting in decreased growth of M.
plumulosa. The addition of NaOH for adjusting sediment pH and prolonged storage of
sediment under anoxic conditions may have affected the health of the naturally
occurring algae and bacteria in the sediment, believed to be a source of nutrition for M.
plumulosa.
Other factors

The size of M. plumulosa following 10-d whole-sediment toxicity tests appears to be
sensitive to variables associated with the physical and chemical composition of the
sediment. Factors include silt and TOC content, contaminants and concentration of
these contaminants, the age of the sediment which may affect the integrity of
viable/healthy algae and bacteria (potential food source for amphipods), storage and
handling (i.e. pH manipulation, storage under anoxic conditions), and the addition of
food during whole-sediment toxicity tests. In addition to these factors, TIE treatments
that involved the addition of materials to sediments were found to influence not only
amphipod survival but also the size of surviving amphipods. Compared to the average
size of amphipods in the control sediment, the addition of PCC with a particle size <45
µm to clean sediment resulted in significantly smaller amphipods, whereas added CC
materials with particle size >63 µm did not appear to effect amphipod size. Rather than
PCC particles directly causing toxicity, it is believed that effects to amphipod survival
and size of was due to starvation. The PCC particles do not have a nutritional content
and the amphipods were observed to be consuming the particles which may have
affected the normal feeding behaviour (i.e. consumption of algae and organic matter
associated with the sediment). These results support the theory that M. plumulosa ingest
sediment particles and rely on the sediment for food. The influence of some of these
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factors may mask the presence and therefore detection of sub-lethal effects caused by
contaminants.
The growth of M. plumulosa following 10-d whole-sediment toxicity tests appears to be
sensitive to a number of variables associated with the physical and chemical
composition of the sediment. Factors include silt and TOC content, the presence of
contaminants and their respective concentrations, the age of the sediment which may
affect the integrity of viable/healthy algae and bacteria (potential food source for
amphipods), storage and handling after collection (i.e. pH manipulation, storage under
anoxic conditions), and the addition of food during whole-sediment toxicity tests.
Theoretically, the influence of these factors may be overcome by exposing organisms to
control sediment of identical physical characteristics (but with no toxicity) and
recording the organism’s growth after the 10-d exposure period. The growth of the
organism in this sediment can then be used as standard for ‘normal’ or ‘acceptable’
growth and compared to amphipod growth observed in the contaminated sediment of
concern. However, locating relatively control sediment to match the physical
characteristics of the sediment of concern may be challenging. This is because factors
such as silt content, TOC content (including TOC on the <63 µm fraction), detritus and
naturally occurring viable bacteria and algae, which may influence amphipod growth, in
sediments vary greatly. So for some sediments, ‘normal’ or ‘acceptable’ growth may be
unknown making it difficult to determine the toxicity, and if WS-TIE treatments are
applied, whether toxicity has been reduced or ameliorated.

6.5.4. Application of a growth indicator in WS-TIE studies
The ability to determine the cause of toxicity in relation to growth effects to surviving
amphipods in 10-d whole-sediment toxicity tests was investigated for a number of
contaminated sediments (for which the survival data is reported in Chapter 4). For
Sediments A and B, G and I, both survival and size data indicated toxicity to M.
plumulosa. However, there was no obvious increase in amphipod size in any of the WSTIE treatments, even when amphipod survival was significantly ameliorated by the
same WS-TIE treatments. The small size of M. plumulosa in WS-TIE treatments of
Sediment A and B suggested that contaminants may have been present at concentrations
that did not affect survival but still caused sub-lethal effects.
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However, for Sediments D, H and F, an increase in amphipod size was detected in WSTIE treatments. The size of M. plumulosa exposed to Sediment D also demonstrated
toxicity. Although the silt and TOC content of Sediment D was low, the FOOD
treatment did not increase amphipod size, and thus was indicative of contaminantinduced toxicity. Unlike the survival endpoint, where toxicity was reduced in MCR,
FOOD, MEC+F, MCR+F, MCR-Top+F treatments, suggesting toxicity was due to
dissolved metals and possibly PACs, the size of M. plumulosa was only increased when
exposed to MCR-Top+F treatment of Sediment D. Moreover, the size of M. plumulosa
in this treatment was not dissimilar to amphipods exposed to the control sediment.
Results were in agreement with survival data, in that toxicity was suspected to be due to
dissolved metals and PACs. M. plumulosa exposed to CAR-Top and CAR-Top+F
treatments of Sediment H resulted in significantly larger amphipods and similar in size
to amphipods exposed to the control sediment, and were in agreement with amphipod
survival data demonstrating toxicity to be due to HOCs.
Although the size of amphipods exposed to WS-TIE treatments of Sediment F could not
be compared to the baseline sediment (due to 100% mortality), the size of amphipods
exposed to MCR-Top+F treatment of Sediment F was increased markedly compared to
the size of amphipods exposed to other WS-TIE treatments, and were also similar in
size to those in the same WS-TIE treatment of the control sediment. Unlike amphipod
survival data, the size of M. plumulosa exposed to MCR, MCR-Top and CAR-Top+F
treatments of Sediment F did not demonstrate a reduction of toxicity.
The application of a sub-lethal endpoint (growth) for detecting toxicity to M. plumulosa
in seven contaminated sediments exhibited varied results. Decreased size,
demonstrating toxicity, was observed in all seven sediments, which was in agreement
with amphipod survival data. However, for three of these sediments where survival data
from WS-TIE treatments showed decreased toxicity, the size of amphipods was
unaffected. Amphipod size was, however, increased in some WS-TIE treatments of
three sediments. Even in these sediments, amphipod size appeared to be less affected by
WS-TIE treatments in comparison to amphipod survival. Results from these sediments
combined with those for sediments spiked with single contaminants under controlled
laboratory conditions demonstrate that the growth, measured as amphipod size (area) is
a more sensitive endpoint and measure of toxicity than acute survival.
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Growth of juvenile M. plumulosa, as a measure of sub-lethal toxicity of wholesediments, was demonstrated to have limited application for sediment quality
assessment. Despite being able to detect significant growth during 10-d toxicity tests,
growth was affected by a number of factors including the sediments silt and TOC
content, food, amount of time sediments are stored before testing, treatment of
sediments (i.e. pH manipulation) and storage under anoxic conditions. These factors
resulted in variable growth data in a number of control sediments having different silt
and TOC composition, those that were stored for a longer period of time before being
tested and others which were stored under anoxic conditions. The variability of these
data made it difficult to determine an expected healthy growth range for M. plumulosa
(such as the ≥80% survival used for the acute mortality endpoint). Even for sediments
spiked with a single known contaminant; storage, handling and manipulation affected
amphipod growth in some sediments, confounding, and in some cases making worse,
the sub-lethal effects of contaminants (i.e. for ammonia). Although decreased growth
(size) was observed in contaminated sediments, for which survival was affected, the
physico-chemical composition and other additional variables discussed above may have
influenced M. plumulosa growth.
The application of WS-TIE treatments to the growth endpoint revealed limited
information regarding the toxicants or stressors in contaminated sediments. For
sediments where WS-TIE treatments did reveal improved growth, sub-lethal effects
were still observed. Overall WS-TIE methods that were developed for the mortality
endpoint may be less useful for identifying the cause of impaired growth of M.
plumulosa exposed to contaminated sediments. This may be because the growth may be
a more sensitive measure of sub-lethal toxicity, and may be influenced by the presence
of contaminants or stressors at markedly lower concentrations. Alternatively, the sublethal endpoint may be too sensitive to contaminants/ stressors, physico-chemical
characteristics of the sediment and other factors rendering it not suitable for use as a
sub-lethal indicator of toxicity for sediment toxicity screening or WS-TIE studies.
Despite demonstrating limited potential as an indicator of toxicity in whole-sediment
toxicity tests and use in WS-TIEs, amphipod growth was useful for revealing the
importance of factors such as silt, TOC, nutrition, sediment storage and handling, to the
health and survival of the amphipod M. plumulosa.
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Conclusions

The growth of M. plumulosa could be measured in whole-sediment toxicity tests, and
appeared to be a sensitive measure of toxicity for the amphipod M. plumulosa.
However, toxicity results using growth appeared to be confounded by a number of other
variables. For M. plumulosa, decreased growth in whole-sediment exposures was found
to be attributed to sediment properties such as silt (% of particles <63 µm) and TOC
content, the addition of food, age/storage time of sediment, handling and storage under
anoxic conditions. Even though reduced amphipod growth was demonstrated in a
number of cases, toxicity results using the amphipod growth as an indicator of toxicity
were variable, and toxic effects were often masked or confounded by the physical
characteristics of the sediment.
The WS-TIE methods, which were developed for the M. plumulosa survival endpoint,
were less useful for demonstrating the cause of impaired amphipod growth. This was
due to either the sensitivity of the growth endpoint to contaminants or the influence of
factors such as silt, TOC, nutrition, storage and handling.
Overall, amphipod growth showed limited potential for use as an additional indicator of
toxicity. It is not recommended that M. plumulosa growth be used alongside the acute
10-d survival endpoint in whole-sediment toxicity tests, or for use in WS-TIEs. Despite
the limited potential of growth as a sub-lethal indicator of toxicity in whole-sediments,
the growth data for M. plumulosa in various whole-sediments was useful for identifying
those factors that play a crucial role in the health and ultimately survival of the
amphipod M. plumulosa.

7. CHAPTER 7
GENERAL DISCUSSION
Over recent years there has been increased attention to the means by which the
toxicological and ecological risks posed by contaminated sediments can be examined.
Because thousands of different chemical contaminants are discharged into waterways,
determining the contribution of a specific chemical to the toxicity observed in wholesediment toxicity tests is very challenging. Whole-sediment toxicity identification and
evaluation (WS-TIE) is one of the methods used to meet this challenge. The basis of the
technique is that the bioavailability of specific classes of contaminants, such as metals
and hydrophobic organic contaminants (HOCs), can be manipulated separately, thereby
allowing the identification of the class of chemical stressor that is responsible for the
toxic effects. The knowledge of concentrations of specific chemicals within each class
of contaminants may then be used to estimate the contribution of specific chemicals to
the toxic effect. While standardised WS-TIE methods have been developed, many
contaminated sediments exist for which the methods can not adequately identify the
individual, or even class of stressors causing the toxicity. We are now aware that the
standard WS-TIE methods do not address the dominant contaminant exposure routes of
all organisms. The standard methods specifically target dissolved contaminants, i.e.
stressors acting via the dissolved exposure route, and have minimal effect on particulate
contaminants that may cause effects via dietary exposure.
This study has developed new WS-TIE methods to address toxic effects of those
chemicals that act through dietary exposure routes. The new methods were developed
for use with the epibenthic amphipod Melita plumulosa; a deposit feeding species, for
which previous research has demonstrated, can display acute toxicity from dietary
exposure to contaminated sediments (Simpson and King, 2005, Spadaro et al., 2008,
Mann and Hyne, 2008). The extensive approach, described here in detail, utilises
multiple lines-of-evidence to identify toxicity that may be caused by dissolved metals,
hydrophobic

organic

contaminants,

dissolved

ammonia,

particulate-associated

contaminants (PACs) and/or poor nutrition. The research highlighted the need to
carefully consider when a toxic response may be due to poor nutrition in the sediment,
rather than a response to chemical stressors. In addition to the development of WS-TIE
methods for use with the amphipod M. plumulosa, the standard WS-TIE methods were
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modified for application to algal whole-sediment toxicity tests with the microalga E. cf
punctulata. The only significant exposure route for algae is via the dissolved phase. The
following discussion highlights the major developments from this thesis, and evaluates
the effectiveness of new WS-TIE treatments in terms of their ability to identify causality
in whole-sediment toxicity tests. The availability of multiple WS-TIE methods allows
an improved understanding of the causality in whole-sediment toxicity tests for
organisms with differing exposure-pathways, contaminant-response mechanisms,
sensitivities and environmental importance/relevance.

7.1. Whole-Sediment TIE Methods for Identifying Causality in
Whole-Sediment Toxicity Tests Using the Amphipod M. plumulosa
WS-TIE treatments were developed as a means for identifying causality in sediment
toxicity tests using the amphipod M. plumulosa. Treatments for reducing the
bioavailability and thus, toxicity of the dissolved fraction of various metals, HOCs and
ammonia were investigated based on findings from Ho et al. (2002), where it was
reported that there were three main contaminants of concern in sediments; dissolved
metals, HOCs and ammonia (Chapter 3). Of the materials investigated for reducing the
toxicity caused by these dissolved contaminants, the metal chelating resin SIR300™,
carbonaceous adsorbent resin Amberlite XAD2®, and zeolite SIR600™ were selected as
most suitable. The materials used for MCR (SIR300™), CAR (Amberlite XAD2®),
ZEO (SIR600™) WS-TIE treatments displayed the highest efficacy and sorption
potential for reducing dissolved metals, HOCs and dissolved ammonia, respectively.
These materials also generally displayed good adsorption specificity for the targeted
toxicants. More specifically, Amberlite XAD2®, and SIR600™ demonstrated low to
negligible adsorption of dissolved metals. SIR300™ and Amberlite XAD2® did adsorb
ammonia (total ammonia-N), but only in sediments containing high ammonia
concentrations in the overlying and pore water. Other materials described in Chapter 3
for WS-TIEs, demonstrated a lower efficacy/adsorption potential, low specificity for
targeted contaminants or were less cost effective for TIE purposes. For example,
although the metal-chelating resin Chelex 100® was equally effective as SIR300™ for
reducing the concentrations of various dissolved metals, the use of Chelex 100® for
WS-TIE studies would be less cost-effective. PCC initially appeared to be highly
effective for reducing the bioavailability of hydrocarbons; however, PCC demonstrated
a lack of specificity for these contaminants and was very effective for decreasing the
concentration and toxicity of various dissolved metals. A high adsorption of dissolved
metals was also observed for Ambersorb 572®.
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As discussed earlier, the above mentioned WS-TIE treatments were specifically
designed to target and identify those contaminants that cause toxic effects via dissolved
exposure pathways. However, various sediment-dwelling organisms, such as depositfeeding amphipods, polychaetes etc, may be exposed to contaminants via multiple
pathways, including: respiration of dissolved contaminants in the interstitial or
overlying water; dissolved contaminants crossing the integument (external covering of
the body); ingestion of sediment particles with high contaminant concentrations (Ahrens
et al., 2001; Lee et al., 2000a; Simpson and King 2005) and/or ingestion of
contaminants associated with food (i.e. algae or bacteria) (Chapman et al., 2002). It is
now well recognised that the toxicity to the epibenthic amphipod M. plumulosa can
occur through dietary exposure (Simpson and King, 2005, Spadaro et al., 2008), and
numerous studies have also documented the importance of the particulate phase in the
uptake of contaminants from sediments (Schlekat et al., 2000; Weston et al., 2000;
Eriksson and Sundelin, 2002). It has been reported that exposure to PACs contributes
significantly to the bioaccumulation and toxicity of various metals in the deposit feeding
amphipod L. plumulosus (Schlekat et al., 2000), the benthic amphipod M. affinis
(Eriksson and Sundelin, 2002), the filter-feeding clam P. amurensis, the facultative
deposit feeding clam M. baltica, the deposit feeding polychaetes N. arenaceodentata,
and H. filiformis (Lee et al., 2000a).
In Chapter 4, new WS-TIE treatments were described that were developed to address
the limitation of standard WS-TIE methods being only able to modify the bioavailability
and exposure of dissolved contaminants. For the amphipod M. plumulosa, reducing, or
eliminating, the dissolved exposure route of known stressors often did not remove the
toxicity. For some of the sediments, none of the toxicity could be accounted for by the
standard TIE methods, and for these sediments, dissolved concentrations of measurable
stressors were below known water-only effects thresholds. The treatments designed to
identify toxicity due to dietary exposure to PACs, incorporated as new WS-TIE
methods, were: the addition of food (FOOD); mesh exposure chambers (MEC) and
metal-chelating resin top (MCR-Top) treatments. The MEC and MCR-Top treatments
were applied with and without the addition of food (MEC+F and MCR-Top+F) to
account for nutritional effects arising from their application. The new WS-TIE methods
were always used alongside the standard WS-TIE methods.
For MEC treatments (with and without added food), the amphipods were isolated from
the sediment within a small glass chamber fitted with a mesh bottom in the overlying
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water of whole-sediment toxicity tests. For the epibenthic amphipod M. plumulosa,
which inhabits the sediment surface, the overlying water near the sediment-water
interface, rather than the pore water, is believed to be the primary exposure pathway for
dissolved contaminants. The design of the MEC allowed the amphipods to be exposed
to the relevant dissolved phase, but restricted from directly interacting with the
sediment. Effectively, the mesh of the MEC acted as a physical barrier to ingestion of
particles and eliminated the dietary exposure route. Because the organism’s exposure is
altered (rather than altering the concentration of contaminants) the concentration of
dissolved contaminants should be similar to those in the baseline treatments (un-treated
sediment). Thus, if toxicity is decreased in MEC treatments compared to the baseline
and FOOD treatments, the toxicity may be assigned, in part, to dietary exposure to
PACs. No change in toxicity would suggest that toxicity may be a result of exposure to
dissolved contaminants.
The selective placement of a metal-chelating resin on the sediment surface (MCR-Top)
was designed to modify the toxicity of both dissolved toxicantas nd PACs. Because the
bulk of the resin was in direct contact with contaminants in the overlying water,
dissolved metals in the overlying water were lower than those concentrations observed
in MCR treatments, where the resin was mixed into the sediment. Also, by placing the
resin on the sediment surface, the amphipods’ interaction, and hence, dietary exposure
to the sediment was physically reduced. Therefore, decreased toxicity using MCR-Top
treatments may indicate that either dissolved metals and/or PACs are suspect toxicants.
However, if there is a significant reduction of toxicity in MCR-Top+F treatments
compared to MCR-Top and FOOD treatments (and the concentration of metals is
similar), that portion of dietary toxicity may be assigned to PACs.
To sediments where new WS-TIE treatments were applied, incorporating treatments
that identify PACs, the cause of greater than 90% of toxicity was characterised. For
almost half of the sediments investigated, PACs were considered to have significantly
contributed to toxicity, with contributions of 50-100% often observed. Moreover, new
WS-TIE treatments enhanced the identification of dissolved metals and HOCs,
compared to standard WS-TIE methods.
Overall, the primary toxicants to M. plumulosa in the sediments studied appeared to be
dissolved metals, HOCs and PACs. In many cases, PACs, in addition to dissolved
contaminants, were suspected of causing toxicity. For a number of sediments, toxicity
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was attributed to multiple contaminants. For the sediments presented in this study, 14%
or toxicity was due to dissolved metals, while 29% was attributed to exposure to HOCs.
In 14% of sediments, toxicity was observed to be due to a mixture of HOCs or dissolved
metals and PACs, and the remaining 29% was a factor of dissolved metals, HOCs and
PACs. In summary, the majority of toxicity observed for M. plumulosa was due to
multiple contaminants; in particular PACs appeared to be an important contributing
factor to acute toxicity.
New WS-TIE methods highlighted the importance of understanding the exposure
pathways of an organism to different contaminants. For many organisms, information
on exposure pathways will be vital in understanding the causality in whole-sediment
toxicity tests. For a number of sediments it was demonstrated that by not addressing
dietary exposure pathways (i.e. PACs), toxicity may be un-accounted for and hence,
toxicants may subsequently be overlooked or incorrectly identified.
For the epibenthic amphipod M. plumulosa, a more comprehensive evaluation of
chemical toxicants and bio-physical stressors, such as nutrition, in sediments can be
achieved using a combination of the standard and new WS-TIE methods. Using a
multiple lines-of-evidence (LOE) approach proved to be essential for interpreting WSTIE data and identifying suspect toxicants and/or stressors with higher accuracy and
confidence.
The lines-of-evidence used to enhance the understanding of toxicants in the sediments
of this study included: (i) chemical analyses of the test waters, (ii) analyses of
physical/chemical properties of the sediment (i.e. total particulate metals and acid
extractable metals, organic contaminants, sediment fractionation, total TOC, etc), (iii)
understanding of the organisms contaminant-exposure pathways, (iv) quantifying the
role of nutrition to sediment toxicity (i.e. silt and TOC content), (v) measuring the
effects of added food on organism sensitivity, contaminant bioavailability, feeding
behaviour or physiology (i.e. depuration and detoxification processes), and (vi)
understanding the physiology and behaviour of the organism, and the factors that may
have significant effects.
In addition to these lines-of-evidence, biological data in the form of contaminant
concentration-effect relationships were developed. The toxicity of ammonia to the
amphipod M. plumulosa in whole-sediments was determined and used as a line-of-
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evidence for delineating the causality in whole-sediment toxicity tests. It was
demonstrated that concentration-effect curves for both total ammonia and un-ionised
ammonia, were useful for describing and explaining toxicity in sediments where ZEO
treatments do not appear to alter toxicity (Chapter 3). Concentration-effects data for
dissolved zinc from water-only exposures were also used as a line-of-evidence to
explain causality in whole-sediment exposures. For many of the sediments studied, zinc
was a major contaminant and the effects threshold for dissolved zinc was used to
facilitate the explanation of causality in sediments where zinc is present individually or
as component in a mixture of contaminants.
In Chapter 4, where WS-TIE methods were used to identify toxicity to M. plumulosa,
various lines-of-evidence were used to assist the identification of toxicants for a number
of contaminated sediments. For all sediments, physical and chemical properties of the
sediment, chemical analysis of test waters, knowledge of the organism’s contaminantexposure pathways, and concentration-effects data were used for delineating the causes
of toxicity. More specifically, for Sediment A, in addition to WS-TIE treatments,
analysis of dissolved metals in the overlying water and zinc concentration-effects data
were used. Chemical analysis of dissolved metals in the sediments overlying and pore
water, concentration-effect data (particularly for copper and zinc), and knowledge of the
organisms contaminant-exposure pathways (i.e. dietary uptake) were very useful for
identifying copper, or copper and zinc and/or zinc and PACs as the primary toxicants in
Sediments D, E and F. For Sediments G and H, the physical properties of the sediment,
such as the silt and TOC content, showed that decreased toxicity in FOOD treatments
was not due to poor nutrition but rather decreased sensitivity to HOCs.

7.1.1. Role of food in whole-sediment toxicity tests
In Chapter 4 it was described that food was added to WS-TIE tests as a treatment
(FOOD) to assist with discerning when toxicity is caused by starvation due to
inadequate nutrition or the presence of contaminants. For sandy sediments that have
little organic matter or sources of nutrition, the growth of M. plumulosa can be impaired
and mortality can occur as a result of malnutrition (Spadaro et al., 2008). Ankley et al.
(1994) has previously reported that the 10-d survival of the amphipod H. azteca in
‘clean’ sediments increased from 32%, when not fed, to 83% when fed.
However, feeding organisms in whole-sediment toxicity tests may also influence an
organism’s sensitivity, physiology, and feeding behaviour in sediment toxicity tests. For
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example, contaminants may be adsorbed by added food, thereby decreasing dissolved
exposure and modifying the dietary exposure of the contaminant to the organism.
Greater availability of food may increase the rate of growth resulting in increased
tolerance of the organism to contaminants, or added food may affect an organism’s
feeding behaviour (selectivity) and physiology (body fat composition, metabolic rate,
detoxification and depuration processes) (Ankley and Blazer, 1988; Lanno et al., 1989;
Klüttgen and Ratte, 1994). In the present study, a ‘minimal’ feeding regime of 0.063 mg
fish-food (SeraMicron suspension) per amphipod on days 3 and 7 of 10-d tests ensured
that lack of nutrition did not cause toxic effects in sediments containing poor nutrition
(e.g. sandy sediments with low TOC), but was found to have a minimal effect the
toxicity of contaminated sediments (Spadaro et al., 2008). Therefore, a FOOD treatment
was incorporated into WS-TIE studies. Sediments that contained ≥10% silt, and >2%
TOC were determined to have adequate nutrition and FOOD treatments were
unnecessary (Spadaro et al., 2008).
The FOOD treatment does not identify any one specific stressor or contaminant.
However, the toxicity and physical/chemical data from this treatment can be used to
better understand the factors contributing to toxicity. For example, lower toxicity
achieved by a FOOD treatment to sediment containing a low percentage of silt, low
TOC, and low levels of contaminants would indicate toxicity to be attributed to poor
nutrition. Lower toxicity in FOOD treatments could suggest that toxicity is due to (ii)
the greater availability of food resulting in less energy expenditure by the juvenile
amphipods in foraging for food, and the faster growth resulting in increased tolerance to
contaminants, (iii) change in the amphipods’ feeding behaviour, i.e. the selective
ingestion of added food rather than contaminated sediment particles resulting in
decreased exposure to dietary contaminants, or (iv) alteration of the organisms
physiology, such as changes to detoxification or depuration mechanisms.
The addition of a FOOD treatment in WS-TIEs was a useful tool for indicating when
toxicity to M. plumulosa may be attributed to poor nutrition rather than contamination.
For some contaminated sediments the FOOD treatment reduced toxicity to M.
plumulosa survival, initially suggesting that poor nutrition in the sediment was a
significant contributing factor to toxicity. However, a closer examination of physicochemical properties of the sediment (i.e. silt and TOC content) revealed that the addition
of food may have masked toxic effects due to exposure to contaminants. Based on the
sediment physical, chemical and baseline toxicological properties, it was suspected that

Chapter 7.

General Discussion

236

the additional food decreased M. plumulosa’s sensitivity to HOCs associated with the
sediment, and thus reduced the toxicity of the sediment. In addition to this, the addition
of food also appeared to encourage the organism’s selective ingestion of ‘clean’ added
food rather than sediment particles loaded with contaminants. This was a case of where
a multiple lines-of-evidence approach was required to interpret the TIE results.
The results obtained in these studies demonstrate the importance of the addition of food
to whole-sediment toxicity tests, depending on the test organisms, and also highlight the
need to better understand the potential effects that feeding may have on an organism’s
behaviour, sensitivity to contaminants and ultimately the toxicity of a sediment sample.
Consideration of the sediment physico-chemical properties in addition to toxicological
data for the cases presented here showed that there may be cases where poor nutrition
may be mistaken for toxicity (i.e. avoid type I errors, concluding toxicity where it is not
occurring).
While the potential effects of poor nutrition were considered for selected wholesediment toxicity tests and organisms in the literature, the amount and type of food
added during these tests varied (Pesch et al., 1991; McGee et al., 1993; Bridges and
Farrar, 1997; Bridges et al., 1997). It is therefore unknown whether consideration has
been given to the possible subsequent effects on the organisms’ interaction with or
sensitivity to contaminants in other studies. Hence, consideration of such confounding
factors is imperative to making correct conclusions on the contributions of various
contaminants to the toxicity of a sediment sample.
New WS-TIE methods demonstrated that a significant fraction of sediment toxicity to
the amphipod M. plumulosa occurs via dietary exposure pathways and that for many
contaminated sediments, PACs are at least as important as dissolved contaminants.
Hence, for deposit feeding, epibenthic or benthic organisms which are known to ingest
sediment particles, WS-TIE treatments that address dietary exposure to PACs are
necessary. Thus, as indicated above, the feeding regimes used in TIE tests need to be
carefully considered.

7.1.2. Proposed model for conducting WS-TIE studies using M. plumulosa
The scheme proposed for conducting WS-TIEs on contaminated sediments using the
amphipod M. plumulosa is shown in Figure 7.1.
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Initially the sediment is screened for toxicity to determine whether the sediment of
interest is toxic to the test organism. The sediment screening step is performed on
sediment both without and with the addition of food (FOOD treatment). Results from
the screening steps determine whether the sediment is toxic to, or nutritionally poor for,
M. plumulosa. Sandy sediments that have little organic matter or sources of food/
nutrition, may result in poor growth of M. plumulosa over the test duration,
subsequently M. plumulosa can die as a result of malnutrition (Spadaro et al., 2008).
More specifically, sediment containing a low percentage of fine particles (<10% of
particles <63 µm fraction) and low TOC content (Spadaro et al., 2008), were most
likely to result in decreased amphipod survival caused by starvation. However, for
sediments that contain adequate nutrition (e.g. ≥10% particles <63 µm and >2% TOC),
amelioration or reduction of toxicity by FOOD was not considered to be definitive
evidence of nutrition deficiency. Reduced toxicity in sediments containing sufficient
levels of silt and TOC may suggest that toxicity is due to a number of factors including;
increased tolerance to contaminants (i.e. hydrocarbons), a change in the amphipods’
feeding behaviour, or alteration of the organisms’ physiology. Therefore, WS-TIE may
be required for selected sediments showing lower toxicity in the presence of food. If the
sediment sample is toxic without and with the addition of food, a WS-TIE is carried out.
For sediments that require WS-TIE, baseline-tests (not amended) and baseline
treatments of ZEO, MCR and CAR are applied concurrently. The baseline test and
treatments should also be applied to control sediment with similar physical properties.
These control-treatments are used to determine whether toxicity reducing materials may
be affecting the organism’s survival. If toxicity is ameliorated in ZEO, MCR or CAR
treatments, dissolved ammonia, dissolved metals or hydrocarbons, respectively, would
be considered as causative toxicants. Partially reduced toxicity in the above treatments
would indicate that toxicity is only partially attributed to dissolved ammonia, dissolved
metals or hydrocarbons. If toxicity is partially reduced by more than one of the above
mentioned treatments, the total reduction of toxicity occurring in these treatments is
combined to determine whether toxicity is still present before proceeding with
additional WS-TIE treatments (as indicated by orange lines in Figure 7.1). The percent
reduction of toxicity from each of the treatments is used to determine the proportion
toxicity ameliorated from each class of contaminants.
The new WS-TIE treatments are applied to determine if PACs can explain the toxicity is
partially reduced or not accounted for by the standard WS-TIE methods. The MEC,
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MEC+F, MCR-Top and MCR-Top+F treatments are applied to the sediment
concurrently with the ZEO, MCR or CAR treatments (dissolved contaminants) and
control-tests for all treatments. A reduction to toxicity in MEC and MEC+F treatments
would most likely be due to the mitigation of the ingestion of PACs. Partially reduced
toxicity suggests a combination of dissolved contaminants and PACs. Amelioration of
toxicity in MCR-Top and MCR-Top+F treatments may indicate toxicity due to PACs or
combination of dissolved contaminants and PACs. The concentration of dissolved
metals in the overlying water of these treatments should be compared to the MCR
treatment, and to each other, to determine whether there are significant differences in
the concentration of dissolved metals, and whether any disparity in dissolved metal
concentrations may have caused decreased toxicity in MCR-Top and MCR-Top+F
treatments. However, if the concentration of dissolved metals is similar in MCR, MCRTop and MCR-Top+F treatments, but toxicity is only ameliorated in MCR-Top and
MCR-Top+F treatments, PACs are considered as the cause of toxicity. This was a case
of where a multiple lines-of-evidence approach was required to interpret the TIE results.
Alternatively, if toxicity is reduced in the MCR-Top+F treatment but only partially
reduced in the MCR-Top treatment, PACs are considered as the toxicants, especially if
the FOOD treatment alone is not observed to alter toxicity. Results from the MCRTop+F treatment should be compared with the FOOD treatment to determine whether
the addition of a clean food source may have affected toxicity. This is used as a
cautionary step even though previous work has demonstrated that the FOOD treatment
does not markedly affect toxicity of most contaminated sediments (Spadaro et al.,
2008).. However, decreased toxicity in the presence of food may not necessarily be
indicative of poor nutrition and toxicity data should be compared between related
treatments and the sediments physical characteristics.
If toxicity is still persistent after all WS-TIE treatments have been applied, other
contaminants or stressors, not identified by the treatments selected in this study, are
suspected. As mentioned earlier, it is crucial that a multiple lines-of-evidence approach
is used to assist in interpreting toxicity data from WS-TIE studies. Useful lines-ofevidence include physico-chemical properties (silt, TOC), additional chemical
measurements (overlying water contaminant concentrations), and concentration-effects
data for specific chemicals. For example, ECх values may assist to reveal the
contribution of specific metal contaminants in a sediment containing a mixture of metals
where toxicity is reduced using the MCR treatment.

Sediment

No FOOD
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Not toxic

Toxic

No TIE

WS-TIE

ZEO
Not toxic

Toxicity reduced

Ammonia

Ammonia
**
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Figure 7.1 Schematic figure for undertaking WS-TIE studies with the amphipod M. plumulosa. ** denotes that toxicity is partially reduced; results from treatments
performed simultaneously should be considered to account for toxicity. Continue on to treatments for particulate-associated contaminants if toxicity remains un-accounted.
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7.2. Whole-Sediment TIE Methods for Identifying Causality in
Whole-Sediment Toxicity Tests Using the Marine alga Entomoneis cf
punctulata
Few toxicity tests for assessing sediment quality have been developed with microalgae,
despite their ecological importance within the food chain (Stauber and Davies, 2000,
Simpson et al., 2007). In water quality assessments, freshwater and marine algae
represent some of the most sensitive species for assessing toxicity and can be applied
rapidly and effectively for assessing adverse toxic effects caused by contaminated
samples (Stauber and Davies, 2000). While TIE methods have been developed for both
pore water and whole-sediments using benthic invertebrates, TIE methods for wholesediments, have not been developed and applied for tests using algae.
Toxicity tests using sediment-dwelling invertebrates, such as amphipods, generally
require large sediment volumes, and greater than 10 d to complete. Toxicity tests using
microorganisms such as algae, however, are rapid, simple, require small amounts of
samples and materials are less labour intensive and results can be obtained within a few
days. These factors are important considering the number of samples/treatments in a
TIE.
The microalga Entomoneis cf punctulata is frequently used to assess the toxicity of
whole-sediments in Australia; therefore, WS-TIE methods were developed for this
marine microalga. Whole-sediment toxicity tests using E. cf punctulata, as developed
by Adams and Stauber (2004), is based on the inhibition of esterase activity within the
algae measured by fluorescein diacetate (FDA) fluorescence using flow cytometry. The
benthic algal toxicity test comprises of a rapid 24-h bioassay conducted using small
volumes of sediment and solution and results can be obtained within a few days.
Analysis of the enzyme inhibition endpoint using flow cytometry offers better precision
of counting microalgae and background sediment particles interfere less with algal cell
counts compared to time consuming microscopic methods. Additionally, enzyme
inhibition is not influenced by nutrients, such as ammonia released by sediments, unlike
growth rate endpoints, which are commonly used for testing sediment pore waters and
aqueous samples.
The only significant contaminant exposure pathway for benthic alga E. cf punctulata is
believed to be the passive diffusion of dissolved contaminants or their free ions across
the cell surface. For this reason, a rapid WS-TIE method based on FDA fluorescence
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inhibition in E. cf punctulata using flow cytometry was developed for dissolved metals,
HOCs, and ammonia (Chapter 5). The MCRx (Chelex 100®), CAR and ZEO treatments
using the metal-chelating resin Chelex 100®, carbonaceous adsorbent resin Amberlite
XAD2®, and the zeolite SIR600™, respectively. The process of selecting suitable
materials for WS-TIE treatments for E. cf punctulata was gradual, and required testing
of a number of similar materials. This was due to the alga’s heightened sensitivity to the
addition of materials to the substrate or the high affinity of materials for more than one
contaminant class. For example, enzyme activity in E. cf punctulata was inhibited in the
presence of the metal-chelating resin SIR300™ (MCR) but not Chelex 100®, and was
suspected to be due to the fact that the Chelex 100® resin was of analytical grade
whereas the SIR300™ resin was not, and may have subsequently contained organic
artifacts. The materials used for MCRx (Chelex 100®), CAR (Amberlite XAD2®), and
ZEO (SIR600™) WS-TIE treatments exhibited a high efficacy and sorption potential
for reducing dissolved metals, hydrocarbons and dissolved ammonia, respectively (as
previously discussed in Chapter 3), and good specificity for the targeted toxicants.
For metal-contaminated sediments, the MCRx treatment was very effective for reducing,
and thereby identifying toxicity associated with dissolved metals. Although PCC
initially appeared to be very effective for ameliorating toxicity to E. cf punctulata of
hydrocarbon contaminated sediments, later studies revealed that PCC was as effective
for reducing the concentration and toxicity of dissolved metals. Therefore, based on
studies conducted with M. plumulosa, an alternative CAR treatment with Amberlite
XAD2® was employed.
While WS-TIEs using E. cf punctulata may be used as a useful approach for identifying
dissolved toxicants associated with contaminated sediments, like the WS-TIE approach
for M. plumulosa, it is imperative that a lines-of-evidence approach is used. This
includes physico-chemical measurements, chemical analyses of contaminants in the
sediments overlying water, contaminant concentration-effect relationships, and other
biological data.
In Chapter 5, the toxicity of copper and zinc to E. cf punctulata was investigated.
Results obtained for E. cf punctulata showed that toxicity to these two metals varied by
as much as 100-fold, with copper being the more toxic of the two metals. In previous
studies conducted by Adams and Stauber (2004) the toxicity of other metals, such as
cadmium, lead manganese and arsenic were reported. Based on the water-only and
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whole-sediment data presented in this study and that reported in Adams and Stauber
(2004), E. cf punctulata appears to be more sensitive to copper followed by arsenic,
lead, zinc, manganese and cadmium. The difference in sensitivity/toxicity to these
metals was ~250-fold.
In contrast, E. cf punctulata was less sensitive to dissolved copper present in the pore
water or overlying water in whole-sediment toxicity tests. For copper-spiked sediments
that exhibited dissolved copper concentrations (in the overlying water) up to 12 times
greater than the IC50 determined in water-only copper toxicity tests, toxicity to E. cf
punctulata was markedly less than predicted. The differences observed between wateronly and whole-sediment exposures may be explained by the inhibitory role of
dissolved ligands, dissolved organic matter, or oxyhydroxides on dissolved metal
concentrations. The dissolved metal concentrations reported in this study are based on
filterable (<0.45 µm) concentrations and do not take into account the free-ion activity or
complexed metal concentration (Sunda and Guillard, 1976; Anderson and Morel, 1982;
Tessier et al., 1994; Campbell, 1995).
Recently, Simpson et al. (2007) developed concentration-effect relationships for
hydrocarbons using E. cf punctulata, and 20 and 50% effect concentrations for total
polycyclic aromatic hydrocarbons (PAHs) of 60 mg/kg and 205 mg/kg normalised to
1% TOC were calculated. Such concentration-effects data in water-only and wholesediment exposures are valuable lines-of-evidence.
Even with many additional lines-of-evidence, there were significant limitations to the E.
cf punctulata TIE data that should be considered. Results obtained from WS-TIE tests
with microalgae will not necessarily be relevant for other sediment dwelling organisms.
This is because, unlike other epibenthic and benthic organisms that live in close
association with the sediment, the alga’s primary contaminant exposure pathway is
believed to occur across the cell surface. For other sediment dwelling organisms,
contaminant exposure pathways can be much more complex and occur via uptake of
contaminants adsorbed onto food, assimilation from the dissolved pathways, passive
diffusion across the integument, and /or ingestion of PACs. Hence, the toxicants
identified using algal WS-TIE methods, although relevant for other algal species, may
not be representative of the contaminants that may be causing adverse toxic effects.
Additionally, poor nutrition does not appear to be a factor in algal whole-sediment
toxicity, another issue which is essential in whole-sediment tests with larger

Chapter 7.

General Discussion

243

invertebrates (For example, Ankley and Blazer, 1988; Lanno et al., 1989; McGee et al.,
1993; Ankley et al., 1994; Klüttgen and Ratte, 1994; Spadaro et al., 2008). However,
Algae are an important part of an ecosystem and the results from WS-TIEs with agae
may provide important information regarding toxicants associated with sediments.
Metals and HOCs appeared to be the most dominant contaminants in sediments during
the course of this study. Additionally, E. cf punctulata displayed a heightened
sensitivity to some metals and HOCs; therefore, greater importance was placed on the
development of treatments to identify these toxicants in whole-sediments. However,
given the number of contaminants that may be present in sediments, there are numerous
other contaminants that may cause adverse toxic effects to E. cf punctulata.
Due to the combination of contaminant/chemical sensitivity and differing contaminantexposure routes, it does not appear feasible to employ standard WS-TIE methods that
are appropriate for all species exhibiting toxic effects in whole-sediments. For example,
for particular sediments, dietary effects may occur for one organism, but not another, or
an organism may be more sensitive to a particular contaminant compared to another.
The use of organisms with a range of exposure pathways provides a more
comprehensive method for sediment quality assessment. WS-TIE studies using E cf.
punctulata would compliment and enhance WS-TIE data obtained for the amphipod M.
plumulosa and assist in a more comprehensive study of sediment quality.

7.2.1. Proposed model for conducting WS-TIE studies using E cf punctulata
The model proposed in this study for conducting WS-TIEs on contaminated sediments
using the marine alga E cf punctulata is shown in Figure 7.2. The procedure for
conducting WS-TIE studies using E. cf punctulata is comprised of fewer steps and is
less complicated than that for M. plumulosa.
Once the toxicity of the sediment to E. cf punctulata has been established, WS-TIE is
conducted using ZEO, MCR and CAR treatments for the identification of dissolved
ammonia, dissolved metals and hydrocarbons, respectively. WS-TIE treatments are run
concurrently with baseline treatments with the same sediment samples to determine the
relative reductions to toxicity and, for control treatments, whether toxicity reducing
materials may be affecting the algae’s enzyme activity. As mentioned previously
(Section 7.1.2), partially reduced toxicity in the above treatments would indicate that
toxicity is only partially attributed to dissolved ammonia, dissolved metals or
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hydrocarbons. If a partial reduction to toxicity is observed in more than one of the
treatments (i.e. ZEO, MCR or CAR), toxicity data from each of the treatments should be
compared, and the precent reduction achieved in each of these treatments is used to
determine whether toxicity has been ameliorated using a combination of treatments.
MCR and CAR treatments have been shown to be very effective for decreasing the
toxicity associated with dissolved metals and HOCs, respectively. However, ZEO
treatments have been shown to be less effective for decreasing ammonia-related toxicity
in this study. Therefore, it is imperative that overlying waters from the baseline and
ZEO treatments of the sediment be screened for dissolved ammonia and compared
against ammonia concentration-effect relationships and ECx values determined in this
study (Chapter 5).
If toxicity is partially reduced by more than one of the above mentioned treatments, the
total reduction of toxicity occurring in these treatments is combined to determine
whether toxicity is still present (indicated by orange lines in Figure 7.2). Alternatively,
if the WS-TIE treatments shown in Figure 7.2 fail to reduce toxicity and therefore, do
not assist in identifying toxicants, toxicity would be assumed to be due to other
contaminants not considered in the current study.
Overall, the chemical properties of the sediment and contaminant concentration-effect
data should be used to enhance the interpretation of toxicity data from WS-TIE studies.

Toxic sediment

WS-TIE
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Not toxic

Toxicity reduced

Ammonia

Ammonia
**

Toxic
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Toxicity reduced

Dissolved metals

Dissolved metals
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CAR
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Not toxic

Toxicity reduced

Hydrocarbons

Hydrocarbons
**
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Figure 7.2 Schematic figure for undertaking WS-TIE studies with the alga E. cf punctulata. ** denotes that toxicity is partially reduced; results from treatments performed
simultaneously should be considered to account for toxicity. Continue on to treatments for particulate-associated contaminants if toxicity remains un-accounted.
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7.3. Alternative Toxicity Endpoints/Indicators for WS-TIE Studies
Using M. plumulosa
In addition to the acute survival endpoint, sub-lethal endpoints such as growth may be
exploited as potential supplementary endpoints for acute toxicity tests or an
intermediate between chronic endpoints. It has been reported that the body size of an
organism can correlate with many ecological as well as life-history traits and can thus
influence the abundance of the species as well a population structure and dynamics
(Gaston et al., 2001). It is considered to be an important stressor endpoint that is
commonly used for assessment of effects to organism growth (Dahl et al., 2006). In
situations where lethality effect to M. plumulosa were not observed (after treatment),
there is the possibility that sub-lethal effects to growth may occur and be quantifiable.
The effect of contaminants on the growth M. plumulosa and the ability of WS-TIE
methods to determine which stressors were the cause of any growth effects was
assessed. The size of M. plumulosa (measured as the area of the body) was quantified
using imaging analysis technique. The growth of the M. plumulosa was assessed for
organisms from 5 ± 2 to 52 ± 4-d of age. Between the commencement and termination
of 10-d whole-sediment toxicity tests, the organism age changes from 11 ± 3 to 21 ± 3d old, and the size is almost doubled. The ability to detect and measure this growth
indicated that a growth indicator using amphipod size could be further explored for
identifying subtle toxic effects to M. plumulosa.
Although growth endpoints may suggest the presence of sub-lethal concentrations of
sediment-associated contamination, the results may also be confounded by the physical
and chemical composition of the sediment. For M. plumulosa, decreased growth in
whole-sediment exposures may be attributed to sediment properties (silt and TOC
content) which affect nutrition, the addition of food, handling and storage (i.e. pH
treatment, storage under anoxic conditions), and the age of the sediment which may
affect the integrity of viable/healthy algae and bacteria (potential food source for
amphipods). Other factors which may affect an organism’s growth, but not considered
during this study, may also include temperature, light, competition for food among
surviving organisms and population density in the exposure chamber (Steevens and
Benson, 1998).
Food, for example, is often added to whole-sediment tests to reduce effects occurring
due to malnutrition/starvation (false positive result or Type I error) which may
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potentially confound results. However, it is also important to consider the effects
feeding may have on an organism’s sensitivity to contaminants and how this may
influence the toxicity of the sediment. In Chapter 3 and 4 and using the survival
endpoint, a suitable amount of food for increasing survival in nutritionally poor and
water-only exposures, which was demonstrated to have little effect on the sensitivity of
M. plumulosa’s to contaminated sediments or contaminants such as copper, was
reported. The addition of food to whole-sediments (Chapters 3 and 4), in most cases,
was effective for reducing these types of errors and consequently potentially incorrectly
identifying causality. The addition of food to whole-sediment toxicity tests did not have
the desired effect on amphipod growth. For relatively silty sediment, where poor
nutrition does not generally affect amphipod survival or growth, the addition of food
may increase amphipod growth. This increased growth may potentially mask the
toxicity of a silty sediment containing a high concentration of contaminants, and be
identified as a factor of poor nutrition. For sediments comprising ~30% silt, amphipod
growth was generally not markedly different to amphipods exposed to the same
sediment without the addition of food. Therefore, the ability to distinguish poor
nutrition from toxicity is not confounded by feeding. However, the addition of food to
sand significantly increased amphipod survival but not growth. This allows for the
identification of effects occurring due to poor nutrition using the survival endpoint but
not for growth. Hence, for sandy sediments a lack of growth may be due to either the
sediments poor nutritional content or the presence of contaminants.
Results in Chapter 6 also demonstrated the importance of testing sediment shortly after
collection and understanding how the storage and handling may affect results from
toxicity tests using sub-lethal endpoints, as they are readily influenced by stressors other
than those directly related to the toxicity of the sediment, such as poor nutrition.
Reduced amphipod growth, thus sub-lethal toxicity, was demonstrated in a number of
sediments spiked with single contaminants. However, the application of WS-TIE
methods to explain growth effects to M. plumulosa in seven contaminated sediments
exhibited varied results; most being poor or moderately useful. Decreased growth,
demonstrating toxicity, was observed in all of the seven sediments investigated, which
was in agreement with amphipod survival data. However, for three of the sediments,
where WS-TIE treatments increased survival (decreased toxicity), the amphipod growth
was un-affected by WS-TIE treatments. Amphipod growth was, however, increased in
some WS-TIE treatments (MCR-Top+F, CARTop and CAR-Top+F treatments) of three
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sediments, indicating that toxicity was due to dissolved metals, PACs and
hydrocarbons.
Results from the natural contaminated sediments and the spiked sediments demonstrate
that the growth, measured as amphipod size (area) is a more sensitive endpoint and
measure of toxicity than acute survival. Despite this, the WS-TIE methods treatments
were generally far less effective for the amphipod growth than the survival endpoint.
Difficulties with applying a growth toxicity indicator using M. plumulosa are the
significant influence of sediment physico-chemical properties, storage and handling of
sediment following collection and feeding regime during whole-sediment toxicity tests.

7.4.

Limitations of WS-TIE Methods

Treatments for WS-TIEs using M. plumulosa consider the contribution of toxicants,
more specifically for dissolved exposure pathways for ammonia, metals and
hydrocarbons, occurring via dissolved and dietary exposure pathways, in addition to the
potential effects of poor nutrition. Although metals and organic contaminants appear to
be the dominant contaminants in the sediments used in this study, sediments often exist
where other contaminant classes dominate. Such contaminants include; pesticides, other
organic compounds, metalloids such as arsenic and chromium.
Although the WS-TIE treatments presented in this study were able to identify
particulate-associated toxicants, the specific PACs are not distinguished solely via the
use of the proposed WS-TIE treatments. Sediment is complex and there are a number of
factors which need to be considered in terms of contaminant bioavailability and toxicity.
Such factors may include; the speciation of the contaminant, association with iron or
manganese oxyhydroxides, sulfide, TOC content, to name a few. Generally, the
identification of specific contaminants would require the chemical or physical treatment
or alteration of one or more of these factors. The modification of such factors may have
subsequent significant effects to the original integrity of the sediment sample. For
example, the extraction of particulate associated contaminants using reagents such as
the EDTA or nitric or hydrochloric acids may result in the over extraction of metals that
may not have been available to the organism in the original sediment. The organism’s
physiology (i.e. regulation, detoxification) and behaviour will also determine its
exposure to particulate associated contaminants. Sediment extraction is also not
recommended as it may also have marked effects on other potentially toxic
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contaminants, or they may destroy algae or bacteria in the sediment which may be an
important food source for the organism.
Severe chemical treatments or extractions of sediments are not desirable due to the
numerous factors that may potentially confound or interfere with toxicity, relative to the
original sediment. The profound effect of such chemical treatments was evident when
EDTA was investigated as a potential treatment for contaminated sediments. When
copper-spiked sediments were treated with EDTA, large amounts of various metals,
such as Fe, Cu, Zn and Pb were released into the overlying water of whole-sediment
toxicity tests. The concentration of these metals, which were low in the un-treated
sediment, were increased by 50- to 8300- fold in the overlying water of the EDTAtreated sediment. In addition to increasing the partitioning of metals from the sediment
to the overlying water in spiked sediments, EDTA when added to clean sediments
resulted in high mortality of M. plumulosa. The high mortality observed in these clean
EDTA-treated sediments was not caused by direct toxicity of the reagent, but rather the
increased concentration of metals in the overlying water of these sediments (e.g. the
concentration of Fe, Cu, Zn and Pb were between 70-12,000 µg/L compared to 0-10
µg/L in the overlying water of the baseline sediments) caused by adding EDTA.
The inadequacies of methods that can remove PACs led to the development and use of
the methods that exclude the organism’s access to a specific contaminant exposure
route, for example, reducing or removing the organism’s bioaccessibility to
contaminants taken up via dietary pathways. The physical barriers achieved by the
MECs appeared suitable for excluding the amphipods exposure to PACs. In order to
characterise and identify the specific PACs, the TPM concentrations, contaminant
concentration-effect relationships and knowledge of the organism’s physiology and
behaviour, can be used to evaluate or assess the specific contaminants which may be
contributing to or causing toxicity.
For WS-TIE using E cf. punctulata, the treatments presented in this study are limited to
identifying toxicity due to dissolved metals, dissolved ammonia and hydrocarbons.
Toxicity due to other contaminants has not yet been explored.

7.5.

Conclusions

The use of organisms with a range of exposure pathways provides a more
comprehensive method for sediment quality assessment, but developing WS-TIE
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methods that can be applied universally to all test organisms and methods is not
feasible. Specific WS-TIE methods need to be developed for assessing the effects of
contaminants to epibenthic and benthic organisms, and consider all of the major
contaminant exposure routes. WS-TIE methodologies need to better utilise multiple
lines-of evidence, and for many situations, only through the use of weight-of-evidence
frameworks will particular stressors be able to be proportioned according to their
contribution to toxicity. The use of multiple lines of evidence appears necessary for
WS-TIE procedures. Often, only through knowledge of an organism’s sensitivity to a
specific stressor (e.g. the LOEC for dissolved ammonia or zinc) can causality be
assigned.

7.6.

Future Work/Application of WS-TIE Methods

While this study has substantially added to techniques and approaches for assessing
sediment quality, further work to enhance WS-TIE methods may include the following;


Enhancing techniques for delineating toxicity due to dissolved and particulateassociated toxicity using M. plumulosa. The WS-TIE treatments for the
identification of dissolved contaminants and PACs presented in this study may
overlap in some cases. A definitive identification of PACs for M. plumulosa is
difficult as both the dissolved and particulate exposure pathways have been
shown to contribute to toxicity. The development of new treatments that better
identify PACs would provide an enhanced ability to identify the fraction of
toxicity occurring due to dissolved contaminants and PACs.



Developing treatments/methods for identifying specific classes of PACs causing
toxicity to M. plumulosa. The ability to identify specific contaminants or classes
of contaminants is problematic. The manipulation, washing, extraction of
sediment or isolation of specific particulate phases changes the original chemical
composition and integrity of the sediment. The excessive treatment of sediment,
such as extraction, may potentially make bioavailable those contaminants that
may not be toxic in the original sample. However, further development and
research may reveal treatments suitable for identifying specific classes of PACs.



Determining concentration-effect relationships for a range of chemicals with
both M. plumulosa and E cf. punctulata. There are numerous contaminants that
occur in sediments; however, for both M. plumulosa and E. cf puntulata, there
are currently limited concentration-effect relationships. Effect concentrations,
such as ECx and NOEC values, may be valuable tools for supporting the
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presence of particular toxicant in a sample containing a mixture of contaminants.
Although more time-consuming and complex, concentration-effect relationships
using whole-sediments are favoured, especially for those organisms which are
exposed to contaminants via multiple pathways. For M. plumulosa, the
development of contaminant concentration-effect relationships based on
dissolved and particulate-associated concentrations is particularly important.


Development of WS-TIE treatments for a range of contaminants using both M.
plumulosa and E. cf punctulata. As mentioned above, sediments may contain a
number of different contaminants, and some that are not targeted by the WS-TIE
treatments described in this study. There is significant potential for the
development of additional WS-TIE treatments for contaminants or contaminant
classes not examined in this study. A history of contaminants occurring in
sediments and environments previously studied, should be used to
determine/identify those contaminants or contaminant classes for which WS-TIE
treatments are required.



Application and modification (if necessary) of WS-TIE methods for chronic
toxicity endpoints using M. plumulosa. The importance of chronic toxicity
endpoints is increasing in ecotoxicology. With increased attention to chronic
toxicity, it makes sense that WS-TIE methods should be available for chronic
toxicity studies. The methods proposed in this study may potentially be suitable
for not only acute, but also chronic WS-TIE studies.

Clearly there are potentially numerous toxicants in sediments, and a diversity of
organisms that may be affected. Sediment ecotoxicology is expanding and there is
further potential for advancing toxicant identification treatments and expanding the
application of WS-TIE for a range of sediment-dwelling organisms.
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9. GLOSSARY OF TERMS
Acute toxicity: Effects resulting from shortterm exposure (small part o the organism’s
life span) e.g. mortality, enzyme inhibition,
mobility.

exchange refers to the exchange of positively
charged ions (cations), and anion exchange is
the exchange of negatively charged ions
(anions).

Adsorption: the accumulation of a substance
(atoms or molecules) on the surface of a
material.

Kd: Is the sediment-partition coefficient. A
calculation of the rate at which
substances/chemicals partition between
sediment and water.

ANOVA: Analysis of variance. Generally a
statistical procedure to test whether the means
of several groups as equal.
Bioavailable / Bioaccessible: Ability to be
taken up by the organism.
Chelation: the binding or complexation of a
metal ion to an organic ligand (e.g. MetalEDTA complexes).
Control sediment: Sediment that generally has
similar physio-chemical properties to the test
sediment, is relatively free of contaminants
and will not cause toxic effects to the test
organism.
Contaminated sediment: Sediment containing
chemical substances at concentrations above
the ANZECC/ARMANZ guideline values.

Kow: Is the octanol-water partition coefficient.
The ratio of the chemical in octanol (e.g.
organic matter) and in water at equilibrium
and a defined temperature.
LOEC: is the lowest observable effect
concentration. This represents the lowest
concentration of a material at which a
statistically significant effect to organisms is
observed compared to the control.
NOEC: is the no observable effect
concentration. This represents the lowest
concentration of a material at which no
statistically significantly effect to organisms is
observed compared to the control.
Overlying water: The water above the
sediment in a test chamber.

ECx: The toxicant concentration that is
expected to have a prescribed effect to a
percentage of the test organisms (e.g. EC50 =
50% population effects).

Particulate-associated: Attachment of
substances (e.g. Chemicals) to the surface of
particles via processes such as adsorption,
complexation, bonding, etc.

Enzyme inhibition: Enzymes are biomolecules
that catalyse (increase the rate) of chemical
reactions. Enzyme inhibition refers to the
decrease in the rate of these reactions.

Pore water: The water that occupies the space
between and surrounds the sediment particles
(also referred to as interstitial water).

Exposure pathway: the routes via which an
organism is exposed to a material.
Hydrophobic: Refers to the property of the
molecule, incapable of dissolving in water or
other polar substances (also referred to as
non-polar).
ICx: The point estimate of a toxicant
concentration that causes a designated
inhibition compared to the control (e.g. IC50 =
50% inhibition).
Ion exchange: Is the exchange of ions
between a solution and a complex. Cation

Resin: An insoluble matrix generally In the
form of small beads and fabricated from
organic polymer substrate.
Spiked-sediment: Sediment to which a
material has been added for experimental
purposes.
Sub-lethal: An effect below the level that
causes mortality.
Toxicant: A chemical capable of causing an
adverse effect to an organism or biological
system (e.g. mortality, immobilisation,
inhibition of growth)
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10. APPENDICIES
APPENDIX 1
CALCULATION OF IONISED AND UN-IONISED
AMMONIA
2.1 Fraction of toxic un-ionised ammonia in aqueous solutions at different pH values and
temperature. Calculated from data in Emerson et al. (1975).
Temperatures (°C)
pH

20

22

24

26

28

30

7.0

.0039

.0046

.0052

.0060

.0069

.0080

7.2

.0062

.0072

.0083

.0096

.0110

.0126

7.4

.0098

.0114

.0131

.0150

.0173

.0198

7.6

.0155

.0179

.0206

.0236

.0271

.0310

7.8

.0244

.0281

.0322

.0370

.0423

.0482

8.0

.0381

.0438

.0502

.0574

.0654

.0743

8.2

.0590

.0676

.0772

.0880

.0998

.1129

8.4

.0904

.1031

.1171

.1326

.1495

.1678

8.6

.1361

.1541

.1737

.1950

.2178

.2422

8.8

.1998

.2241

.2500

.2774

.3062

.3362

9.0

.2836

.3140

.3456

.3783

.4116

.4453
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APPENDIX 2
SUB-LETHAL INDICATOR OF TOXICITY TO M.
PLUMULOSA
(ADDITIONA DATA)

2.1 Significant p-values derived using t-test for duplicate data sets for the average size of juvenile M.
plumulosa taken from seven sediment toxicity tests
Sediment sample
1
2
3
4
5
6
7

p values
0.398
0.578
0.332
0.044
0.124
0.273
0.621

2.2 Area and perimeter measurements for shaded images 5 × 5 mm, 5 × 1 mm, 1 × 5 mm, 1 × 1 mm and 0.5 × 0.5 mm using an imaging analysis
technique.

Predicted
1
2
3
4
5
6
7
8
9
10
Mean
SE

5 mm × 5 mm
Area
Perimeter
(mm2)
(mm)
25
20
27.77
20.78
27.77
21.38
27.69
21.42
27.92
21.88
27.13
22.44
27.71
21.49
26.87
21.81
27.1
20.53
27.76
20.78
27.1
22.05
27.48
21.46
0.12
0.19

5 mm × 1 mm
Area
Perimeter
(mm2)
(mm)
5
12
6.77
12.91
6.77
12.91
6.77
12.91
6.73
13.23
6.4
13.47
6.11
12.87
6.37
13.75
6.77
12.91
6.06
13.36
6.11
12.84
6.49
13.12
0.10
0.10

1 mm × 5 mm
Area
Perimeter
(mm2)
(mm)
5
12
6.61
12.66
6.61
12.66
6.61
12.66
6.61
12.66
6.61
12.66
6.61
12.66
6.39
13.81
6.56
13.86
6.61
12.66
6.61
12.66
6.58
12.90
0.02
0.16

1 mm × 1 mm
Area
Perimeter
(mm2)
(mm)
1
4
1.73
4.99
1.58
4.63
1.6
4.71
1.76
5.14
1.52
4.92
1.77
5.04
1.6
4.71
1.77
5.04
1.58
4.99
1.6
4.71
1.65
4.89
0.03
0.06

0.5 mm × 0.5 mm
Area
Perimeter
(mm2)
(mm)
0.25
2
0.58
2.75
0.61
2.86
0.66
2.93
0.71
3.07
0.71
3.14
0.69
3.21
0.68
3.00
0.66
2.93
0.69
3.11
0.63
3.04
0.66
3.00
0.01
0.04

