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ABSTRACT 
 Sediment risk assessments have commonly employed what is known as the ‘conventional’ 

method to address risk and determine causality of toxic sediments.  The ‘conventional’ method 

compares effects (determined through bioassays) to exposure data (via analytical evaluations of the 

contaminated sediment). However, this approach has numerous limitations that make the use of 

this method in many circumstances unreliable (including biasing classification towards priority 

pollutants and a lack of understanding of issues such as bioavailability and mixtures).  In response 

to these limitations, researchers developed the ‘toxicity-based’ method, which uses the response of 

organisms to identify causal links.  Whole-sediment toxicity identification evaluations (TIEs) are 

one such, using physical and/or chemical manipulations of the sediment to enhance or decrease the 

toxicity of a given chemical or chemical class. If the manipulation affects the toxicity of the media 

this confirms that the toxicant, which was being manipulated, is causing the given effects.  This tool 

is still in its relative infancy, as guidance only became available in 2007 in the United States.  To 

date, this tool has yet to be effectively developed or implemented in Australia.  This dissertation 

provides the foundation for future whole-sediment TIE work in Australia. Additionally, this 

research expands on past work to make the technique more effective, and adapts it for various 

types of sediment contamination, such as mining sites.  This research complements Northern 

Hemisphere whole-sediment TIE work, while providing additional techniques and modifications 

that will assist in making the use of the whole-sediment TIE method more user-friendly, cost-

effective, and practical. 

 

 2



 3 

DECLARATION 
This is to certify that: 

i. The thesis comprises only my original work towards the PhD 

ii. Due acknowledgement has been made in the text to all other material used 

iii. The thesis is less than 100,000 words in length, excluding tables, maps, bibliographies, and 

appendices 

 

 

 

 

 

W. Tyler Mehler 

February 2017 

 

 3



 4 

PREFACE 
This thesis comprises four scientific papers (Chapters 2 – 4). 

 

Chapter 2 

W. Tyler Mehler, Jing You, Michael J. Keough, Michael J. Lydy, and Vincent Pettigrove. 2018. 

Improvements and cost-effective measures to the automated intermittent water renewal system for 

toxicity testing with sediments. Ecotoxicology and Environmental Safety 151: 62-67. 

 

The majority of research in this chapter is my own work. Other co-authors provided scientific 

advice, training in laboratory and data analysis techniques, and review of the manuscript before 

submission. 

 

Chapter 3 

W. Tyler Mehler, Michael J. Keough, and Vincent Pettigrove. 2017. Development of whole-sediment 

toxicity identification evaluation (TIE) techniques for two Australian freshwater species: 

Chironomus tepperi and Austrochiltonia subtenius.  Environmental Toxicology and Chemistry 36: 

2476-2484. 

 

The majority of research in this chapter is my own work. Other co-authors provided scientific 

advice and review of the manuscript before submission. 

 

Chapter 4 

W. Tyler Mehler, Michael J. Keough, and Vincent Pettigrove. 2018. Resolving the false-negative 

issues of the non-polar organic amendment in whole-sediment toxicity identification evaluations 

(TIEs).  Environmental Toxicology and Chemistry (issue and page number not yet issued). 

 

The majority of research in this chapter is my own work. Other co-authors provided scientific 

advice and review the manuscript before submission. 

 

Chapter 5 

W. Tyler Mehler, Bryant Gagliardi, Michael J. Keough, and Vincent Pettigrove (in preparation). The 

role of acidic pH in freshwater tasmanian mining sediment toxicity. 
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CHAPTER 1: INTRODUCTION 
There is growing concern regarding the environmental health of both freshwater and 

marine ecosystems worldwide.  Although much of the concern for the deterioration of these 

systems is derived from human-health implications, the importance of these systems to other 

necessary environmental functions (such as nutrient cycling, climate regulation, and production of 

oxygen) cannot be overstated [1]. One of the potential causes of this increase in degradation of 

aquatic systems (in which there are many) is the increasing level of aquatic pollution [2]. As aquatic 

systems become subjected to increased levels of contamination, one of the most susceptible 

habitats in these systems is the benthic zone, the environment at, in, and or near the bottom of the 

water body.  Detritus and other decaying matter of these aquatic systems typically settle into these 

benthic zones.  The settling matter, collectively referred to as sediments, is generally rich in organic 

matter.  This property of sediments coupled with the high hydrophobicity of many chemicals 

results in these benthic habitats (and more specifically sediments) tending to become 

“environmental sinks” for aquatic pollution [3].  Unfortunately, organisms in the benthic habitat (i.e. 

benthos) are then at risk to being exposed to increased levels of contamination.  The benthos plays 

a major role in aquatic systems in regulating the flow of energy and materials in aquatic systems, so 

understanding the implications of aquatic pollution to these organisms is of the utmost importance 

[4–8] and methods to better understand that risk are the focus of this dissertation.  

 

1.1. Risk Assessment Methodologies 

 Aquatic risk assessment frameworks can employ a variety of approaches to characterize 

risk of aquatic contaminants [9,10]. Risk from aquatic contaminants is the likelihood (i.e. exposure) 

of a contamiant causing an adverse effect ot an individual, population, or community.  Many of the 

traditional approaches or “tools” generally provide insight into the characterization of effects or 

exposure, with relatively few tools doing both [11]. Perhaps one of the commonest approaches is 

the “conventional” approach in which a ‘toxic’ medium – determined via bioassay(s) – is analyzed 

for priority or suspected pollutants.  The concentrations of each of the pollutants is then compared 

to available published literature values for toxicity or water quality criteria [9,12,13].  Although 

commonly used, the “conventional” based approach has major limitations. This approach tends to 

rely on professional judgment to understand how chemicals interact with one another (i.e. multiple 

stressors) and how they interact with the environment (i.e. bioavailability), these relationships are 

difficult to interpret as most guidelines are based on single toxicant bioassays in standard 
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laboratory settings.  Therefore, accurately characterizing risk at these sites using the “conventional” 

approach is not only difficult and costly, but also considerably flawed [12].  To resolve many of the 

drawbacks to the approach, the toxicity-based approach was developed, which uses the response of 

the organism to determine the presence of a toxicant or toxicant class.    

 

Table 1: Ecological Risk Assessment (ERA) Techniques*  

Evauation 
Characteristic 

Chemistry 
Evaluation 

Toxicity 
Bioassays 

Field 
Surveys 

Microcosms In situ 
Assays 

TIE 
Bioassays 

Evaluates 
Exposure 

+ - - - - + 

Evaluates Effects  - + + + + + 
Environmentally 

Relevant 
+/- - + + + - 

Causality - +/- - +/- +/- + 
Bioavaiability - + - + + + 

Controlled 
Variability 

+ + - - - + 

Widely Used + + + - - - 
Standardized + + + - - + 

Effects 
Assessment 

Level 

Not  
Applicable** 

Single 
Species 

Community Community Single 
Species 

Single 
Species 

TIE- Toxicity Identification Evaluation 
* Adapted from Burton et al. 2005 [11].  Bioaccumulation is not included in the above table 
although it is an endpoint that can be used as part of an ERA.  Data for bioaccumulation is 
considered an exposure endpoint.  Using this data to evaluate exposure and effects is difficult due to 
a lack of published literature, however this data can be used for food web modeling which is a 
unique feature of this endpoint. 
**Chemistry data itself does not quantify effects per se; data must be compared to available 
published literature to determine effects. 
 
1.2. Toxicity Identification Evaluations (TIEs) 

One toxicity-based technique is the toxicity identification evaluation (TIE), which combines 

toxicity testing and characterization of contamination into a single bioassay. TIEs are able to 

provides evidence as to which contaminant(s) are causing the effects in the testing media through 

experimental means, and as such eliminate a large degree of the professional judgment that is 

needed in the “conventional” based approach.  The TIE technique uses physical and/or chemical 

manipulations to enhance or decrease the toxicity of a given chemical or chemical class in a medium 

(whether that be using effluent, pore water, or sediment as the media) [14]. If the manipulation 

affects the toxicity of the media this provides evidence that the toxicant, which was being 

manipulated, is causing the given effects.  For instance, a toxic medium could be divided into two 
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samples.  One of these samples is not manipulated and is tested to show the baseline effect, while 

the other sample is manipulated in a manner that will reduce the effects of non-polar organics (e.g. 

such as being subjected to activated carbon).  If the manipulation causes no changes in toxicity of 

the sample it can be inferred that non-polar organics are not the cause of the toxicity in that sample, 

but if the manipulation alters the toxicity of the sample, non-polar organics are a source of toxicity 

in that sample [15–17].  

These TIE approaches offer many advantages over the “conventional” based approach, 

especially in a contaminated media with a suite of different contaminants. A variety of chemicals, 

pharmaceuticals, metals, herbicides, pesticides, ammonia, oxidants, etc. can be found in aquatic 

systems, and our understanding how these chemicals interact with one another is extremely 

limited.  This lack of understanding, becomes even more problematic as the probability of 

observing complex mixtures when addressing risk is one that continues to rise worldwide [18]. 

Addressing mixtures using the “conventional” approach is extremely difficult as traditionally, 

evaluations of chemical toxicity have only been on a single constituent (via spiked laboratory 

bioassays).  Thus, determining the risk that each contaminant may play could easily be under- or 

over-estimated. As the TIE bioassay works with the whole sample to draw inferences, rather than 

the chemicals within the sample, it provides more systematic evidence of toxicity. As this approach 

continues to advance, not only will it provide researchers an accurate tool to define causality, but 

could address many of the questions that currently exist regarding mixture toxicity. 

 

1.3. Expanding and improving the whole-sediment TIE 

Aquatic risk assessments have used a variety of test media as part of bioassays to evaluate 

causality of stressors in aquatic ecosystems including: overlying water, effluent, pore water and 

sediments. Recent guidelines have been developed for the use of TIEs with sediments, which some 

have argued may provide a more environmentally relevant media for assessment purposes over 

that of overlying water, pore water, or effluent [14,19, 20].  Not only are sediments more 

environmental relevant, but aspects such as bioavailability alteration, sampling issues, volume 

requirements (for pore water and effluents), and other other artifacts are commonly present in 

non-sediment bioassays.  Toxicity identification evaluation techniques with sediments have been 

developed for various classes of contaminants, such as ammonia [21,22], non-polar organics [15], 

and cationic metals [23], with additional techniques being developed for individual groups of 

contaminants such as pyrethroids [24–27].  As sediment TIEs are still a fairly new concept, the 

integration of these techniques into common aquatic risk assessment applications has been quite 
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limited, most likely due to cost, resource availability and lack of standardization. With that being 

said, the use of these techniques as part of a weight of evidence approach has been promising in 

linking exposure to effects in many watersheds of the United States [28–31].  This PhD thesis will 

aim to further improve the sediment TIE process for more accurate and cost-effective evaluations 

of sediment risk by addressing some of the limitations as discussed below. 

 

1.3.1. Managing laboratory and resource utilization for TIE purposes 

One of the difficulties with employing sediment-bioassays in many laboratories (and 

specifically for TIEs) is the large amount of time and effort that is needed to conduct water changes 

to control confounding factors that are associated with the water quality of bioassays.  In many 

laboratories, sediment bioassays are performed in incubators with parameters such as dissolved 

oxygen, pH, conductivity, ammonia, light intensity, and temperature monitored regularly.  Studies 

typically employ static (no water changes) or static renewal (infrequent changes throughout the 

assay – typically once every day or two days) due to the amount of time required to do so manually 

[1].  Automated systems have been developed for bioassay use in the past, which allow for more 

frequent water changes that are also more precise and less disruptive, but also save time and 

money [32–34].  Expanding on these previous plans and ensuring that they can be used with 

Australian test species is the first step in ensuring that TIE bioassays can be conducted more 

effectively in both a practical as well as an economic sense in Australia. 

 

1.3.2. Lack of country specific standardized sediment TIE processes 

In Australia specifically, the use of TIE techniques has been limited, with a majority of this 

work revolving around using these techniques in water, such as effluent or marine waters [35–39], 

with few applications in freshwater. Many of the principles and basic concepts of sediment TIEs are 

appropriate regardless of location, but the test species and materials used to derive these concepts 

may not be appropriate (for example the use of non-native species) or available to use in an area 

outside the United States.  Most Australian guidelines discuss the use of these techniques in a 

general sense but do not require or provide information into how to conduct such research 

[9,13,40]. The two major hurdles in Australia for building foundational freshwater sediment TIE 

methods are: (1) identifying native test organisms that are appropriate for use in TIE testing (2) 

identifying suitable and easily accessible manipulation or amending materials (known as “TIE 

amendments”).   By building these foundational freshwater TIE methods, Australian researchers 

will have a means to identify causes of aquatic degradation as part of freshwater aquatic risk 
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assessments, and the results would also add to the growing base of literature for using Australian 

native freshwater species in sediment bioassays in general. 

 

1.3.3. Secondary TIE amendment effects and lack of TIE method refinement 

Outside of developing TIE methods for Australia specifically, it is also important to 

understand the limitations for TIEs on a global scale, and one possible limitation is that the TIE 

amendments may themselves have effects.  Although the secondary effects of activated carbon (AC) 

to many different species have been well studied [17,41,42], especially regarding remediation 

activities, the implications of these secondary effects on whole-sediment TIEs are less well known. 

These secondary effects may mask toxicity reductions caused by the carbon amendment and thus 

produce a ‘false-negative’, suggesting that non-polar organics are not an issue. To remedy this issue, 

most whole-sediment TIEs employ an amendment control to better understand the implication of 

possible secondary effects caused by the use of AC.  Although this amendment control assists in 

rectifying secondary effect issues, it does not completely remedy the issue as potential for false-

negatives and false-postives still exist.  

 

1.3.4. Adapting whole-sediment TIEs 

Traditional whole-sediment TIE techniques are currently employed in complex sites 

wherein the nature of toxicity is unknown, or there is a mixture of contaminants, typically 

ammonia, non-polar organics, and cationic metals. However, various other contaminants exist in 

the environment and in many scenarios evaluating all three contaminant classes is not necessary or 

pertinent.  For instance, two of these contaminant classes, ammonia and non-polar organics, are 

generally not perceived to cause aquatic degradation at mining sites.  As such, traditional sediment 

TIEs have only been used in a limited capacity to assess risk in these areas. To our knowledge, 

whole-sediment TIE techniques have not been adapted to aquatic waterways impacted by mining 

activities even though detrimental impacts could be caused by a complex mixture of chemicals 

including: cationic (metals) and anionic (sulfate) constituents, as well as acidity.  Adapting TIE 

methods for assessing risk associated with mining contaminants would better clarify the relative 

contributions of these contaminants in mining areas and help develop better pollution reduction 

and remediation strategies. The TIE approach stands to improve our understanding of these issues, 

especially for those constituents whose contribution to mining contamination may be 

underappreciated (such as sulfate and acidity).  
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1.4. Thesis aims and overview 

This thesis aimed to further enhance and improve the sediment TIE process by addressing the 

limitations identified above. In doing so, there were four aims: 

 

- Improve the time and cost efficiency of whole-sediment TIEs, 

- Develop whole-sediment TIE procedures for use specifically in Australia, 

- Further refine existing whole-sediment TIE procedures to better improve the characterization 

of contaminants, and 

- Adapt whole-sediment TIEs beyond their traditional contaminant class use 

 

This thesis includes four experimental chapters and a discussion chapter, as outlined below. 

 

Chapter 1: Introduction 

 

Aim: Literature review of current knowledge on the state of whole-sediment TIEs and identify gaps 

in the literature. 

 

Chapter 2: Improvements and cost-effective measures to the automated intermittent water renewal 

system for toxicity testing with sediments. 

 

Aim: The first aim was to establish an automated system for conducting whole-sediment TIEs, 

which would eliminate much of the time associated with manual water changes while improving 

the water quality parameters. After the systems were built, bioassays were conducted in the system 

using Chironomus tepperi (midge) to ensure that the system provided suitable water change 

capacity when compared to manual static and static-renewal methods by evaluating mortality, 

growth, development rate, and emergence. 

 

Chapter 3: Development of whole-sediment toxicity identification and evaluation (TIE) techniques 

for two Australian freshwater species: the larvae of the non-biting midge Chironomus tepperi and 

the crustacean Austrochiltonia subtenuis. 

 

Aim: In this chapter, foundational methods for performing whole-sediment TIEs in Australia were 

developed. TIE methods were developed for three classes of contaminants including ammonia, non-
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polar organics, and cationic metals.  This method development involved identifying suitable and 

readily available amendments as well as evaluating these amendments on sediments spiked with 

the three contaminant classes and assessment with two native to Australia freshwater species C. 

tepperi and A. subtenuis. 

 

Chapter 4:  Improving the sensitivity for non-polar organics characterization in whole-sediment 

toxicity identification evaluation (TIE) bioassays with Chironomus while resolving the secondary 

effects of activated carbon.  

 

Aim: A common issue with whole-sediment TIEs are the secondary effects associated with the TIE 

amendment for non-polar organic characterization, activated carbon (AC).  This chapter aimed to 

reduce the likelihood of false-negatives of the C. tepperi TIE bioassay, while adding additional 

evidence to assess the adverse effects of sediment-bound contaminants to aquatic benthos. To do 

this, the present study (1) evaluated the use of AC in two different ‘control’ sediments to determine 

the possibility of secondary effects of AC, (2) evaluated the possible use of multiple amendment 

ratios to better understand the secondary effects of AC while also providing further evidence to 

characterize sediment toxicity, and (3) trialed the use of additional chronic endpoints (emergence 

and mean development rate).  These objectives were evaluated using both spiked sediments (using 

two commercial insecticide formulations) as well as contaminated field sediments from Victoria, 

Australia.  

 

Chapter 5: The role of acid sulfate sediments on metal toxicity in Tasmanian mining sediments 

 

Aim:  In this chapter, sediment toxicity in western Tasmania mining areas was investigated using 

modified whole-sediment TIE techniques developed specifically for mining. Rather than using 

traditional amendments (such as activated carbon for non-polar organics or zeolite for ammonia), 

cationic resins and an anion resin (for sulfate/acidity) were employed to better understand the 

toxic nature of mining sediments and provide evidences to the roles that both metals and acidity 

(via sulfate reduction, a mining contaminant whose role in sediment toxicity is poorly understood) 

play in these types of sites. 

 

Chapter 6: Conclusions 
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Aim: Provide an overview of the main findings from this dissertation and recommend further 

research. 
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CHAPTER 2: IMPROVEMENTS AND COST-EFFECTIVE MEASURES TO THE 

AUTOMATED INTERMITTENT WATER RENEWAL SYSTEM FOR TOXICITY 

TESTING WITH SEDIMENTS. 
 

W. Tyler Mehler, Jing You, Michael J. Keough, Michael J. Lydy, and Vincent Pettigrove. 2018. 

Improvements and cost-effective measures to the automated intermittent water renewal system for 

toxicity testing with sediments. Ecotoxicology and Environmental Safety 151: 62-67. 
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quality parameters (in three replicates chosen at random) for all control methods were 

evaluated daily during the acute portion of the experiment (first five days) and then 

subsequently every other day until the test terminated.  Water quality parameters 

evaluated included: dissolved oxygen, pH, conductivity and temperature. Statistical 

analysis was conducted using R [7].  Survival, growth, and emergence were analyzed 

using a single factor ANOVA.  If any significant differences were noted between the 

treatments, a Tukey’s post-hoc comparison test was employed to further understand 

which treatments were different from one another.   

 

Water Quality Trends 

 The water quality parameter trends observed in the each control method are 

shown below. As the room used to conduct the bioassay is temperature controlled, 

temperature was consistent regardless of the method used (21 ± 1°C).  The pH (Figure 

S1) was considerably consistent throughout the 30-d bioassays using the static renewal 

system, especially after day 5.  Additionally, it appears that by not changing the water 

throughout the test the pH will continue to increase over the bioassay when no aeration is 

used and decrease when aeration is used.  Similarly, the static renewal system showed the 

most consistent conductivity (Figure S2) throughout the 30-d bioassays. Not surprisingly, 

conductivity continues to increase when water changes were not performed (in aeration 

only and no aeration/manual water change methods) most likely due to evaporation.  

Dissolved oxygen for all control methods generally had a “U” shaped response this 

coincides with the growth and eventual emergence of C. tepperi (i.e. oxygen demand 

increases as the organisms growth and decreases as organisms emerge).  Aeration 

methods (aeration only and aeration and manual water change methods) had the highest 

saturation levels with oxygen generally being at or above 80% as expected. The static 

renewal system had dissolved oxygen levels that were comparable to the manual water 

change method if not a little lower (at or above 70% saturation).  The lower dissolved 

oxygen levels noted (which is still within the acceptable range of >60%; [8]) in the static 

renewal system occurred between days 10-20, which coincides with the growth of C. 

tepperi as the majority of C. tepperi emergence occurred between days 18-23. It should 

be noted that the static renewal system could be adjusted to conduct more water changes 
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if higher dissolved oxygen levels were desired – although this does mean that water 

would need to be added more regularly. 
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Figure A1. The pH trends of each control method employed over the 30-d bioassay. 

Trends lines were fitted using locally weighted scatterplot smoothing (LOESS) in R. 

Each circle is a single replicate. 
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Figure A2. The conductivity (µS/cm) trends of each control method employed over the 

30-d bioassay. Trends lines were fitted using locally weighted scatterplot smoothing 

(LOESS) in R. Each circle is a single replicate. 
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Figure A3.  The dissolved oxygen (% saturation) trends of each control method employed 

over the 30-d bioassay. Trends lines were fitted using locally weighted scatterplot 

smoothing (LOESS) in R. Each circle is a single replicate. 

 

 32



 33 

Figure A4.  Survival (%) of each control method tested after a 5-d bioassay period. Error 

bars are the standard deviation for each mean.  All control methods tested met the 

survival threshold (± 80%) as required per the C. tepperi guidelines [8].  Different letters 

indicate significant differences (p < 0 .05; single factor ANOVA) between the control 

methods tested.   
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Figure A5. Growth (mg/individual) of each control method tested after a 5-d bioassay 

period. Error bars are the standard deviation for each mean. Currently no growth 

threshold exists for C. tepperi.  No significant differences (p < 0 .05; single factor 

ANOVA) were noted between the control methods tested.  
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CHAPTER 5: THE ROLE OF ACIDIC pH IN FRESHWATER TASMANIAN 

MINING SEDIMENT TOXICITY 
 

ABSTRACT 

Mining-impacted aquatic systems could be at risk from various pollutants, including 

metals, sulfate, and acidic pH. The present study first evaluated toxicity of mining site 

sediments from western Tasmania using a conventional contaminant-based approach (i.e. 

comparing chemical concentrations (in this case metals, sulfate, and acidic pH) to published 

literature (such as sediment quality guidelines), but this provided only a limited 

understanding of causality (as all three contaminants appeared to be causing toxicity).  In 

similarly complex sediments, toxicity identification evaluation (TIE) techniques have been 

employed to provide a better understanding of causality, so a subset of these site sediments 

was evaluated using a modified whole-sediment TIE technique wherein a cationic resin (to 

characterize metals toxicity) and an anionic resin (to characterize sulfate and acidic pH 

toxicity) were utilized.  Anionic resins reduced toxicity completely in TIE bioassays while 

also reducing the target contaminants (sulfate and acidic pH). However, since metals 

bioavailability (and toxicity) is highly dependent on pH, metal toxicity could not be 

discounted. Unexpectedly, the cationic resin also removed toxicity completely, but this was 

believed to be due to a reduction of the acidic nature of the sediment rather than removing 

metals (as the resin did not reduce metals concentrations directly). These results are 

problematic because the causal role of each of these constituents could not be differentiated 

using current cationic TIE approaches.  Although the modified TIE was unsuccessful in 

pinpointing the most important pollutant, the present study shows the importance of acidic 

pH in these site sediments as well as the potential, with further refinement, of TIE 

procedures in mining sediments.   

 

Keywords: mining impact assessment, toxicity identification evaluation (TIE), metals, 

acidity, sulfate 

 

5.1. INTRODUCTION 

Australia has the some of the world’s largest deposits of lead, iron ore, rutile, zircon, 

nickel, uranium and zinc (where profitable extraction is possible; [1]). Western Tasmania is 

one such area where mining has been abundant and profitable [2,3]. In 2014 – 2015, 
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approximately 59% of Tasmania’s export income was associated with mining production 

[3]. Although many mines have closed in the area due to plummeting metal prices and 

increasing production costs, mining is still one of the central economic staples of this 

Australian state. Mining activities are not only economically important for this area, but also 

ecologically important as discharges from current mines and seepage from active and 

closed mines pose risks to aquatic local ecosystems.  

Mining activities in western Tasmania over the last 100 years have resulted in a 

large amount of sedimentation and releases of slag, mining tail waste, and acid mine 

drainage (AMD). Acid mine drainage is a problem as it contains high concentrations of 

metals and the oxidation of pyrite results in high concentrations of sulfate (which can cause 

osmoregulatory stress in organisms [4]) and sulfuric acid [5]. The combination of these 

contaminants has led to the severe deterioration of many local aquatic ecosystems, and this 

toxicity is complex to interpret [6–8]. Research to understand the risk of aquatic 

contaminants in freshwater mining systems of Tasmania has been quite limited to date [6, 

7], with a majority of research in Tasmania focusing on the presence of metals in effluents 

or overlying water.  Although the risks of metals contamination have been studied in the 

area, the risk of other contaminants caused by mining, including sulfuric acid (resulting in 

acidic pH) and sulfate, have generally been overlooked. 

Additionally, research in these Tasmanian systems (which has been mainly marine 

and estuarine focused) has investigated risk (typically of metals) to aquatic biota using the 

conventional contaminant-based approach [10,11].  The conventional approach evaluates 

risk by comparing chemical concentrations of the chosen test media to published laboratory 

studies and compares these relationships to observed effects of a chosen test species.  The 

limitations of this approach have been well discussed and include: (1) a lack of available 

threshold or effects data, (2) inability to quantify all potential contaminants (3) a lack of 

understanding of possible mixture effects, and (4) the effects of bioavailability and other 

physical factors (including issues such as acidity) on toxicity are difficult to interpolate [12].  

In response, researchers have developed an alternative approach, the toxicity identification 

evaluation (or TIE). 

Whole-sediment TIEs bioassays use manipulations of the sediment to change 

toxicity of a certain contaminant class to “define causality” (i.e. determine whether it 

contributes to sediment toxicity). Whole-sediment TIE techniques are currently employed 

in complex site sediments wherein the cause of toxicity is unknown or where there is a 
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mixture of contaminants.  To date, however, TIEs have rarely been used to assess mine-

impacted aquatic systems [13,14], and have instead been applied predominantly in urban, 

industrial and agricultural environments [15–17]. Contamination issues from mines are as 

complex as in these other environments, but chemically quite distinct (acidic pH, sulfate, 

and metal contamination; [5]). Development of TIE methods specific to mine-impacted 

systems therefore stands to improve our understanding of aquatic impacts of this major 

international land use.  

The present study first evaluated sediment toxicity in mining areas of western 

Tasmania using the conventional contaminant-based approach.  These investigations 

highlighted the current limitations with this approach and suggested that TIE techniques 

were warranted. The present study also attempted to develop a whole-sediment TIE 

technique specifically for mining-impacted sediments. Rather than using traditional 

amendments in the whole-sediment TIE (such as activated carbon for non-polar organics or 

zeolite for ammonia [18]), we used amendments specifically for mining associated 

contaminants. These were a cationic resin and an anionic resin, which would elucidate the 

roles that metals and sulfate/acidity, respectively, play in sediment of mining impacted 

systems.   

 

5.2. MATERIALS AND METHODS 

 

5.2.1. Organisms 

In conventional bioassays (i.e. non-TIE bioassays), two freshwater organisms were 

used as test species, the midge Chironomus tepperi and the amphipod Austrochiltonia 

subtenuis.  These species have been used in initial whole-sediment TIE work in Australia 

[19] and are starting to be used more broadly in ecotoxicology work in Australia [20–22].  

Midge cultures were originally acquired from temporary ponds in Yanco Agricultural 

Institute (New South Wales, Australia).  Cultures for this species were maintained in 

ethanol-sterilized tissue paper using modified Martin’s solution [23,24].  For conducting 

experiments, adult midges were collected from the cultures and allowed to breed.  Egg 

masses from adults were collected and resulting larvae were used in testing after 7 days 

(resulting in 5 - 7 day old larvae, second instar).  

Cultures of the freshwater amphipod were originally obtained from two locations in 

Victoria, Deep Creek (Bulla Rd, Victoria, Australia) and Devilbend Reservoir (Hodgins Rd, 
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Tuerong, Victoria, Australia).  The cultures were maintained in aquaria with mesh gauze (as 

a substrate) using artificial water based on on-site conditions (see Table S1 for artificial 

water recipes for both species).  Cultures were sieved using two sieves, 212 and 297 µm, 

with individuals collected on the smaller sieve being used. Organisms were held for an 

additional 24 h before use to avoid using organisms that may have been injured during the 

sieving process.   

 

5.2.2. Site sampling and sediment preparation 

Sediments from twelve sites were chosen for analysis in Tasmania based on 

accessibility and proximity to mine locations (Figure 1). Of the twelve sites, three sites 

were also chosen as controls in the area, based on their relative remoteness from mines and 

relatively low contaminant levels (sites: C2, C3, and C4). All sites were chosen from one of 

four mining areas including: Waratah (W1, C2, C3), Queenstown (Q1-Q5), Zeehan (Z1-Z2), 

and Que River (QR1, C4). Different mines were present at each location with different 

metals being mined at each: this includes the Mt. Bischoff Bluestone Mines in Waratah 

(mainly tin mining), the Mount Lyell CMT mine in Queenstown (primarily copper, silver, 

and gold mining), the Ivy Resources Helleyer Tailings, the Bass Metals Fossey Zone, the Bass 

Metals Que River along the Que River (mainly silver, zinc, gold, lead, and copper mining), 

and in Zeehan the Bluestone Mines Renison Bell (mining tin and copper) as well as Stellar 

Resources Mine (mining primarily tin and copper).  Many of these mines are still in use 

(such as those in Queenstown), but some have also been abandoned (such as those in 

Zeehan).  An additional control (C1) from the Melbourne area (Bittern Reservoir (Tuerong, 

VIC)) was also used, and although the geochemistry and sediment characteristic of this 

control would differ from Tasmanian sediments, it was also evaluated at it has been 

previously shown not to elicit sub-lethal toxic responses and has limited contamination 

[19]. 
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Sediment collection occurred in June of 2017.  In the field, sediment was sieved 

through a 500 µm net. Sediments were transported back to The University of Melbourne in 

20 L buckets and stored at 4 °C in the dark until use [25].  Before sediment was used, 

sediments were decanted and thoroughly mixed using an impact drill with a paddle mix 

rotary bit.  

 

5.2.3. Conventional bioassays  

To evaluate the toxicity of sediments, ‘conventional’ whole-sediment bioassays were 

conducted with sediments from the twelve Tasmanian sites. Bioassays were conducted for 

all 12 site sediments in 350 mL beakers with approximately 60 g wet wt. sediment and 250 

mL of artificial water [19]. Artificial waters were prepared in the same manner as culture 

water for the respective species.  Toxicity testing was conducted using a standard 

photoperiod of 16:8 light: dark and a temperature of 21 ± 1 °C. Water quality parameters 

(dissolved oxygen, pH, conductivity, and temperature) were measured every two days for 

both midge and amphipod bioassays. For all bioassays, water changes occurred twice per 

day using a static renewal system (150 - 200 mL per change). Replicates containing midges 

were fed every other day using a suspended solution of tetramin (10 mg tetramin per 

replicate), while replicates containing the amphipods were fed tetramin and yeast-

cerophyll-trout chow mixture (YCT; 0.9 mg per replicate every other day). 

Bioassays with A. subtenuis were conducted over 10 d and survival recorded using 

five replicates per treatment and ten organisms per replicate. Bioassays with midges 

evaluated four endpoints, including survival, growth, emergence, and mean development 

rate, with eight replicates used per treatment and ten organisms per replicate. Four midge 

replicates were terminated at 5 d to assess acute toxicity endpoints (i.e. survival and 

growth) and the remaining four were used to evaluate emergence and mean development 

rate.  Surviving midges from each replicate of the acute portion of the study were dried at 

90 °C to a constant temperature (using a Memmert drying oven for ~48 h) and weighed 

using a Kern ABS/ABJ Analytical Balance (reproducibility ± 0.1 mg; Kern & Sohn) to assess 

growth [26].  The remaining four replicates were covered using nylon stockings to avoid 

losing emerged adults and were subsequently evaluated for emergence and mean 

development rate over 30 d.  Emergence was evaluated daily and the date and sex recorded 

at time of emergence.  The mean development rate (MDR) calculations are discussed in 

greater detail in the supplemental section. Using this approach, larger values correspond to 
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faster emergence rates. Males and females are analyzed separately as males emerge earlier 

than females [27].   

 

5.2.4. TIE amendments and preparation 

We developed a TIE method aimed at differentiating sulfate/acidic pH and metal 

toxicity in sediments. We sourced amendments that we expected would attenuate the 

toxicity of these respective contaminant types, with minimal impacts on the toxicity of non-

target contaminants. We therefore sourced the commercial resins Lewatit MonoPlus TP 207 

and Lewatit A365 (Lanxess Deutschland GmbH). Lewatit MonoPlus TP 207 is a weakly 

acidic, macroporous cation exchange agent with chelating iminodiacetate groups, which 

preferentially binds cationic metals (and is hereby referred to as the ‘cationic resin [28]’). 

This product has been previously used in whole-sediment TIE work in Australia [19].  

Lewatit A365 (which will be referred to as the ‘anionic resin’) is a weakly basic anion 

exchange resin based on a crosslinked polyacrylate, which is able to remove large anions 

like sulfate but also acids such as sulfuric acid among others [29]. To be cost-effective and 

practical for future Australasian studies, both TIE amendments used were locally sourced 

and readily available in Australia via FilChem Australia Pty Ltd. 

Before use, both resins were altered from their original form (resins are shipped as 

sodium (TP207) or free base (A365)), as this form cannot be used for TIE purposes directly.  

To accomplish a base change, approximately 700 g of resin was stored in 1 L of 2 M CaCl2 

2H20 (for at least 24 h) at 4 °C.  This transitions the resin to a calcium and chloride form for 

the metals and anionic resin, respectively. Prior to use, the resins were removed from the 

solution and rinsed repeatedly with deionized water until the conductivity of the decanted 

overlying water was below 250 µS/cm.   

 

5.2.5. Whole-sediment TIE bioassays 

 To evaluate our whole-sediment TIE method for mining impacted sites, three 

acutely toxic sites were evaluated (W1, Q1, and Q5). These were evaluated using survival 

and growth as endpoints using the midge, C. tepperi. These three sites represented those 

which showed high toxicity of those sampled as based on screening bioassays, while also 

having differing levels and types of contaminants present. Unfortunately, additional 

bioassays with the other sites or with A. subtenuis could not be conducted due to limited 

availability of sediment. 
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Water quality, feeding, and water change frequency was run in the same manner in 

these tests as in conventional bioassays.  For each site sediment, three types of treatments 

were evaluated: ‘no amendment’, ‘anionic amended’, and ‘cationic amended’.  The relevant 

amending agent (Lewatit MonoPlus TP 207 for ‘cationic amended’ and Lewatit A365 for 

‘anionic amended’) or sand for the ‘no amendment’ (to account for any dilution effect) was 

added to sediments 3 d prior to the addition of test organisms. An amending ratio of 20% 

(via wet wt.) was used for both resins, based on previous work and published literature 

with similar metals amendments [18,19,30]. During this 3 d holding period, sediments were 

manually mixed then rolled on a Stovall low profile roller for at least two hours per day. A 

single replicate was added during this test to be used for analytical chemistry of the eluted 

resin.  This replicate had no organisms added and no water changes performed to try to 

control contaminant loss via water changes and uptake by the organism. Resins were sieved 

from the replicate after the 5-d testing regime and thoroughly rinsed using RO water before 

being placed into a 50 mL falcon tube for resin elution. 

 

5.2.6. Sediment Chemical Analysis 

Commercial laboratories accredited to ISO 17025 and ISO 9001 carried out chemical 

analyses of total organic carbon, sulfate, and a suite of metals (21 metals) for all site 

sediments (Table 1). For quantifying concentrations in sediment of sulfate and metals, 

moisture content was first determined using a gravimetric procedure (dry at ~105 °C over a 

12 h period). Afterwards, 1 g of air-dried sediment was refluxed and digested with 4 mL of 

50% nitric and 10 mL of 20% hydrochloric acids for approximately two hours (for metals) 

and with 30 mL of HCl for sulfate analysis [31]. The metals solution was cooled and 

hydrogen peroxide (30%) was added and then heated and cooled again.  Both solutions 

were then diluted to a volume of 50 mL using de-ionised water and allowed to settle prior 

to extraction for analysis. Concentrations of metals (Method 200.7; [31]) and sulfate in 

sediments were analyzed using Inductively Coupled Plasma – Atomic Emission 

Spectrometry. For quantifying concentrations in eluted resins, metals and anionic resins 

were weighed and then eluted with 20 mL of 7.5% HCL and 5% NaOH solution (by wt.), 

respectively. Resins were rolled with the eluting solution for roughly 10 hours before the 

solution was removed and analyzed using the same procedures as solutions from sediment 

samples.  Total organic carbon (TOC) was analyzed by infrared detection (Dohrmann 

Chromatograph-190 TOC analyzer) after combustion at 800 °C and an acid reaction. 
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The reporting limit for sulfate was 1 mg/L, while metals reporting limits ranged 

from 0.001 to 0.05 mg/L (Table S2).  As standard practice, method blanks, laboratory 

controls, matrix spikes and laboratory duplicates were run with each analysis and no 

outliers were observed.  Laboratory spike recoveries for sediments were 87-111% and 68-

136% for sulfate and metals, respectively. Laboratory spike recoveries of elution samples 

were 97-111% and 70-130% for sulfate and metals, respectively. 
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 ISQG-high values: Sb: 25 m
g/kg; As: 70 m

g/kg Cd: 10 m
g/kg; Cr: 370 m

g/kg; Cu: 270 m
g/kg; Pb: 220 m

g/kg; H
g: 1 m

g/kg; N
i: 52 m

g/kg; 
Ag: 3.7 m

g/kg; and Zn: 410 m
g/kg. 

 Table 1. Total recovery m
etals in sedim

ent (m
g/kg) w

ith field sites from
 Tasm

ania. Constituents below
 the double line in the table had 

available interim
 sedim

ent quality guidelines - high (ISQG – H
igh) values, w

hereas those above the double line in the table w
ere 

unavailable. Shaded values are those sites w
here the concentration for the m

etal at that site exceeded the ISQG – high values [32]. 
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5.2.7. Statistical analysis 

Statistical analyses were conducted using R [33,34]. Binomial data, survival (with 

both C. tepperi and A. subtenuis) and emergence (with C. tepperi), were first arcsine square-

root transformed before statistical analysis. In the conventional bioassays, endpoints were 

analyzed separately using a single factor ANOVA after being tested for normality and 

homogeneity of variances.  As statistical differences existed, a Tukey’s post-hoc comparison 

test was done to compare the sites to one another.  Similarly, in the TIE bioassays, the 

unamended treatments (controls and site sediments) were evaluated using a single factor 

ANOVA.  If significant differences were noted for an individual site, the unamended and 

amended sediments were further evaluated using a Tukey’s post-hoc comparison test to 

determine if the amendment significantly altered toxicity (p < 0.05).  

 

5.3. RESULTS 

 

5.3.1. Conventional bioassay – water quality  

Dissolved oxygen (DO >70%) and temperature (21 ± 1°C) were consistent among all 

sites in the conventional bioassay with C. tepperi. Differences, however, were noted between 

the sites when comparing pH and conductivity. In the midge bioassays, Tasmanian controls 

(C2 - C4) had average pH (~6.3) and conductivity values (~177 µS/cm) that although lower 

were similar to the Victorian control (C1; pH: ~6.8 and conductivity: ~204 µS/cm). Most of 

the remaining impacted sites showed consistently lower pH values and higher conductivity, 

suggesting influence from acid mine drainage (Table 2).   For instance, sites sampled in the 

Queen River at Queenstown showed pH levels as low as 3.5 during midge bioassays.  

In the amphipod bioassay, DO and temperature readings were consistent with the 

midge bioassay. However, stark differences for pH and conductivity between sites were not 

noted with the amphipod bioassays.  In these bioassays, the pH in all sites evaluated was 

between 7.1 and 7.5 and similarly, conductivity was rather consistent amongst all sites 

ranging from 1264 – 1387 µS/cm (Table 2). It is believed that the noted acidic pH values 

observed in midge bioassays were not observed in this bioassay due to the artificial water 

used (Table S1).  This amphipod requires artificial water with a much higher salt content 

(when compared to midges), which most likely generated a buffering capacity that reduced 

the acidic pH effects that we encountered in the midge bioassay.
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 Table 2. Toxicity data and w

ater quality data (pH
 and conductivity) for C. tepperi (survival, grow

th, em
ergence, and m

ean developm
ent 

rate (M
DR)) and A. subtenuis (survival) conventional bioassays. Values in parentheses represent the standard deviation of the m

ean.  
Differing letters in a single row

 indicate significant differences am
ongst the site sedim

ents for that endpoint. Shaded cells indicate those 
endpoints for a given site sedim

ent that w
ere significantly different from

 all three Tasm
ania control sedim

ents. Grow
th and M

DR could 
not be calculated for sites Q1, Q4, and Q5 due to low

 num
bers of surviving m

idges. 
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5.3.2. Conventional bioassay – toxicity  

All Tasmanian sediments, including the three potential Tasmanian controls (sites: 

C2, C3, and C4), caused a lower growth in C. tepperi when compared to the Victorian control 

site (Table 2). Although the three controls (C2 - C4) had lower growth than the Victorian 

control (C1) they were still identified as controls as metals concentrations were relatively 

low and survival of both midges and amphipods were above 80%.  Effects on growth in the 

midge could have been occurring due to moderately different contaminant levels, differing 

nutrient levels (i.e. nutrient levels are more likely to be lower in Tasmanian control 

sediments), or differences in sediment characteristics (e.g. particle size, etc.) and 

geochemistry between Tasmania and Victoria, and thus comparing Tasmanian sediments to 

Victoria sediments would be misleading.  

Of the 9 mining sites, six (W1, Q1, Q2, Q4, Q5, and Z2) showed toxicity in at least one 

test endpoint for both test species.  Site Z2 was unique in that only significant effects were 

noted for mean development rate of male midges and no other endpoint.  The remaining 

five sites showed much more pronounced toxicological effects. In three of these sites, 

growth in C. tepperi could not be assessed due to low survival. Not surprisingly, emergence 

was even more sensitive in these sites as no organisms emerged from these site sediments 

(and hence why MDR could not be evaluated). In general, sites that exhibited toxicity 

exhibited it in both species.  However, interestingly, midges and amphipods showed 

differing survival responses across sites, as in some circumstances midge survival was more 

sensitive (e.g. site: Q1) and in other sites amphipod survival was more sensitive (e.g. site 

W1 and Q2). Overall, sites closer to mining areas (Figure 1) showed greater impacts in both 

species (such as sites Q4 and Q5) when compared to sites further downstream (such as Q1-

Q3).  

 

5.3.3. Chemical analysis of metals and sulfate 

In general, control sediments had low concentrations of metals (with the exception 

of a nickel and zinc in a few control sites), while mining site sediments showed moderate to 

very high levels of metal contamination (Table 1). Concentrations of copper were highest in 

the Queen River sites (Q1-Q5), which was not surprising as these sites are below a copper 

mine.  Other metals varied significantly between the sites, with the highest concentrations 

being noted in Zeehan as well as the Que River sediments. Concentrations of sulfate ranged 

dramatically between the sites ranging from 1,560 – 1,960 and 2,860-147,000 mg/kg in 
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Tasmanian control sediments (C2-C4) and Tasmanian field sites, respectively (Table 1).  As 

expected, sediments with low pH (via midge bioassay water quality data; Table 2) had 

corresponding higher sulfate concentrations.  Interestingly, this relationship also held true 

for TOC as well, as sediment with low TOC had higher sulfate concentrations. 

 

5.3.4. Whole-sediment TIE bioassays  

Water quality data from the whole-sediment TIE are shown in Table S3. The three 

unamended acutely toxic sediments (W1, Q1, and Q5) showed similar water quality trends 

as in previous conventional bioassay results (i.e. DO: > 70%, 21 ± 1°C, pH 3.4 – 5, and 

conductivity: 192 - 435 µS/cm). Both the anionic and cationic resins increased pH levels to 

control levels in all three sites (pH range of 6.3 – 6.9).  Conductivity generally increased in 

bioassays where the cationic resin was present and decreased where the anionic resin was 

present (Table S3), a trend that has been noted in previous work [19].   

Toxicity data from the whole-sediment TIEs are shown in Figure 2. Unamended site 

sediments exhibited similar toxicity profiles as in the conventional bioassays. The anionic 

resin caused a significant decrease in growth in the Victorian control (C1), but this same 

effect was not observed in the Tasmanian control (C3). Surprisingly, nearly a 100% removal 

of toxicity (survival (for Q1 and Q5) and growth (Q1, Q5, and W1)) with both the cationic 

and anionic resins was noted for all three sites. 
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Figure 2. Whole-sediment TIE results using no amendment (sand addition), anionic resin 
amendment, and cationic resin amendment. Asterisks (*) indicate where an unamended site 
treatment was significantly different from the Tasmania control (C3). Hashtag (#) indicates 
where toxicity was significantly altered in an unamended treatment by the addition of an 
amendment. Growth in site Q5 could not be assessed due to complete mortality. 
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5.3.5. Resin elution chemistry 

The chemical analysis of the eluted resins showed that the anionic resin worked as 

expected removing sulfate and the acidic pH (as noted earlier with the pH increases) and 

only slightly reduced metal concentrations (Table 3). The resin reduced sulfate 

concentrations in these three site sediments by 24 – 55%. The cationic resin was only able 

to reduce total metal concentrations in sediments from these three sites by 0.3% - 7%. In 

fact, site W3 had similar reductions of total metal concentrations using both resins, showing 

the ineffectiveness of this resin.  It should be noted, however, that the cationic resin also did 

not reduce sulfate concentrations (reduction of <1%).  

 

 
Table 3. Concentrations of sulfate and metals from eluted resins as converted back to 
sediment concentrations (mg/kg) for three toxic sites in Western Tasmania (sites: W1, Q1, 
and Q5). BDL – below detection limit. 
 

5.4. DISCUSSION 
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5.4.1. Limitations of the conventional contaminant-based approach 

As mentioned in the introduction, one of the major limitations with the conventional 

contaminant-based approach is an overall lack of threshold guidelines.  Approximately half 

of the metals evaluated in the present study did not have associated ISQG threshold values 

and were not evaluated for risk any further. Additionally, other potential mining issues, 

such as acidic pH or sulfate, have not been focused on as intently as metals and as such are 

generally data poor. Although literature values exist for the classification of acidic pH and 

sulfate as potential toxicants, it is difficult to extrapolate.  For instance, acidic pH has been 

studied with the midge C. riparius and, in soft water, survival can be impacted at pHs as low 

as 5.8 (30-d test: 52.3% survival at a pH of 5.8 and 11% at a pH of 4.5) [35].  In the present 

study, soft water was not used and the test duration was much shorter (5-d).  However, as 

much lower pHs (as low as 3.5) was observed in these bioassays, one could speculate that 

the acidic pHs of these sediments could be causing direct toxicity.  Similarly, for sulfate, 

water only bioassays (at a pH of 7.9) with midges (Chironomus dilutus) and amphipods 

(Hyalella azteca) are currently only available. No sediment data are available.  This study 

suggests a relative high tolerance for midges as LC50 values for sulfate were 14,134 mg/L 

(48-h), while H. azteca was substantially more sensitive with LC50 values (96-h) of 502 

mg/L [4]. Although comparing sediment concentrations to water concentrations are ill 

advised, concentrations of sulfate in sediments from Tasmania exceeded these 

concentrations dramatically, with concentrations of up to 146 g SO-4/kg (Table 2), 

suggesting that sulfate could also be directly causing toxicity. Another important point, is 

that although a large suite of metals was evaluated in this study, other metals and even 

other major cations/anions (such as calcium, sodium, chloride, nitrates) could have also 

been at high or even low enough (in the case of nutrient requirements) levels to cause 

effects at these sites, but due to cost restrictions in risk assessments not all possible sources 

of contamination can be evaluated [5].  

Another issue with the conventional contaminant-based approach is that even when 

published literature is available for a given contaminant, various other environmental 

parameters (i.e. TOC, pH, conductivity, acid volatile sulfides (AVS), mixtures, etc.) can highly 

influence bioavailability and affect toxicity.  For instance, metals concentrations in most of 

the Tasmania sites sampled (10 of 12 – which includes the three controls), exceeded at least 

one available interim sediment quality guideline threshold-high (ISQG – high) value [32] 

(Table 1). The only sites to not exceed a guideline value were sites C2 and Q1, and these 
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sites still exceeded at least one of the more conservative ISQG-low threshold values [32].  

Each site would therefore be expected to induce toxicity. However, a large number of sites 

(including the controls) in fact did not exhibit toxicity. Similarly, the Zeehan site (Z2) and 

the Que River (QR1) showed the greatest number of interim sediment quality guideline 

threshold-high exceedances (5 and 6 exceedances, respectively) and the highest metal 

concentrations, but yet had relatively low toxicity. These results are perhaps even more 

surprising when the degree of exceedance is considered.  For example, site Z2 had lead 

values that were approximately 220 fold higher than the ISQG – high threshold, but again 

only showed weak signs of toxicity (Table 2).  

Comparing metals and sulfate concentrations as well as acidic pH values to available 

literature suggests that all three contaminants could be contributing to toxicity.  However, 

once effects information from these sites (i.e. conventional bioassays) is also considered, it 

becomes evident that defining causality for many of these chemicals (namely metals) would 

not be reliable. Application of the conventional contaminant-based approach in the present 

study, for example, may have led to the erroneous inference that well-studied metals (such 

as Zn, Cu, or Pb) were the only toxicants, given the relative paucity of available data on 

possible alternative toxicants (e.g. sulfate and/or acidic pH toxicity). As such, the TIE 

approach was used in hopes to better resolve toxicity from these respective contaminant 

groups, without the need for an extensive literature of data for each.  

 

5.4.2. Defining causality through the TIE 

The anionic resin directly reduced toxicity of C. tepperi in whole-sediment TIEs back 

to control levels in these three mining sediments (Figure 2).  Additionally, the resin 

removed both the acidic pH (via increases in pH; Table S3) as well as sulfate (Table 3), but 

not the metals present (Table 3).  These results, under standard TIE procedures, would 

suggest that these contaminants (sulfate or acidic pH) are therefore causing toxicity in these 

sites.  Unfortunately, these sediments are much more complex and this amendment alone 

cannot elucidate direct effects of these constituents, as cationic metals bioavailability 

decreases dramatically with increases in pH [36].  Thus, as the anionic resin increases pH it 

would indirectly reduce metal concentrations.  

As such, it is imperative that the cationic resin behave as devised, by only reducing 

metal concentrations and not affecting sulfate or acidic pH. Unfortunately this was not the 

case, as the cationic resin, rather than reducing metals concentrations (Table 3), instead 
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reduced the effects of acidic pH (as apparent in increases in pH overlying water (Table S3)).  

It should be noted, however, that sulfate concentrations were also not reduced by the 

cationic exchange resin. The reasons for this anomalous result are discussed in more detail 

in a following section. These confounding results make interpreting causality in these site 

sediments difficult and ultimately mean that characterizing the role of direct toxicity by 

acidic pH is not possible.  Additionally, as metals toxicity is driven by pH, it is hard to 

characterize how much toxicity this class of contaminants contributed as well.  The 

dynamics of the acidic environment and metals toxicity are especially complex in mining 

sediments and further work to differentiate toxicity between the two using TIE procedures 

is still needed.   

Although the TIE was not able to distinguish whether toxicity is caused directly by 

acidic pH or whether the acidic pH ‘drives’ an increase in bioavailability of metals, what it 

does show is the overall importance of acidic pHs in these site sediments. Of the 12 

Tasmanian sites sampled, five showed toxic effects with both species and these same five 

were the only ones to exhibit low pHs (i.e. below 5).  Site Q3 further distinguishes the 

importance of acidic pH.  This site was not in the Queen River itself, but was in an upstream 

tributary that may occasionally receive sediments from the river during high water events. 

As such, concentrations of copper and other metals (Table 1) were similar to other actual 

Queen River sites, but yet as it was not below the mine directly it did not exhibit the same 

acidic pH issues as the other sites (pH: 5.3). Interestingly, although this site contained high 

concentrations of metals, toxicity was not observed for this site, most likely due to the 

higher pHs observed in the bioassay. Although the whole-sediment TIE was unable to truly 

isolate causality, it was still able to provide risk assessors much needed information as to 

what is ‘driving’ causality, which is the acidic pH. 

 

5.4.3. Method and species choice importance 

Previous studies have suggested that amphipods are generally more sensitive than 

midges to most metals [43, 44]. In the present study, however, survival responses between 

the two species were quite similar (Table 1).  The similarities in sensitivities between these 

two species are again most likely a product of acidic pH.  As mentioned in the results, acidic 

pH was much less variable (ranging from 7.1 to 7.5) in amphipod bioassays than in midge 

bioassays. As such, we believe that acidic pH is not influencing toxicity in this bioassay to 

the same extent as in midge bioassays.  
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These respective midge/amphipod bioassay findings are important though, as they 

illustrate that not only does test organism choice affect the assessment of risk, but also 

could affect the determination of causality in TIE testing.  The bias posed from using either 

whole-sediment or pore water as a TIE testing media has been discussed previously [39], 

but this study shows that even aspects at a finer scale, including test species use and 

bioassay methods (e.g. salt content of laboratory artificial water used), could have major 

implications in defining TIE causality. For instance, if only amphipods were used in 

conventional and subsequent TIE bioassays, the acidic pH itself would not have been 

considered as a possible toxicant or even an issue in regards to metals toxicity, even though 

low pHs have been reported in the field [8,9].  Outside of differing sensitivities, the other 

factor that should be considered when conducting this type of bioassay work (especially in 

remote areas of Tasmania) is the suitability of the environment (sans contaminant issues) 

and whether the chosen test species would actually inhabit these areas.  Perhaps even more 

importantly is to ensure that the species reside in this area at all, as although C. tepperi are 

more commonly found in Victorian waters, they have only been observed in Tasmanian 

aquatic systems in a very limited capacity [40]. The biological needs of C. tepperi could be 

quite different then local Tasmanian Chironomus species and could explain the lower 

growth rates exhibited in controls. These factors combined illustrate that the choice of 

bioassay method and test species should be carefully considered when evaluating sediment 

risks and this is especially true for mining areas of Tasmania.  

 

5.4.4. Moving TIEs forward for mining risk assessments 

Before this TIE technique can be truly implemented as part of a mining risk 

assessment, issues with the cationic resin must be first addressed. In the current study, a 

weak base cation exchange resin was utilized with a reported operating pH range of 1.5 - 9 

[28], but when used in acidic sediments it was unable to effectively reduce metal 

concentrations and instead increased pH of the overlying water.  Reports have suggested 

that weak base cation exchange resins at lower pHs do have higher affinity for H+ ions over 

many metals cations and thus may resulted in increasing pH values [41]. Most previous 

whole-sediment TIE work has used similar cation exchange resin [15,17–19,30] that report 

similar operating ranges (such as ResinTech SIR 300 [42]), and have worked successfully in 

the past as pH was not an issue in these systems. Further work with other resins, such as 

 78



 79 

strong acid resins, may suggest better alternative cationic exchange resins for TIE mining 

procedures.  

Additionally, incorporating bioavailability aspects in the TIE procedure might 

provide additional information that could be used to determine causality.  For instance, 

studies in Macquarie Harbor (an estuarine system which is downstream of our sites (Q1 - 

Q5) in the Queen River) have also reported high concentrations of copper, but unlike its 

upstream counterparts, does not possess the same acidic pH issues (pH: 7.3 – 7.9 [10]).   In 

this system, studies have compared chemical concentrations in water to biological effects in 

algae and noted a lack of toxicity although total metals concentrations exceeded threshold 

values effects for this organism [10]. Following up on this work, a study by Eriksen et al. 

[11] reported that the cause for this lower than expected toxicity is most likely a lack of 

bioavailability of these metals, as they showed that 99.9% of freely available copper was 

bound to ligands (composed of humic compounds) and could be colloidal due to the high 

concentrations of iron and manganese.  As iron concentrations (and manganese most likely) 

were also extremely high in the freshwater sediments of the present study, it is also 

possible that these metals are largely unavailable in these freshwater systems as well.  

Evaluating the bioavailable nature of metals (via acid volatile sulfides, extractable metals, 

pore water concentrations, etc.) in these freshwater site sediments could provide additional 

information as to the role and risk that these contaminants have, but also the capabilities of 

TIE resins to remove ligands and other complexed metals.  

 

5.4.5. Tasmania mining risk assessment and mitigation 

Perhaps, the more important finding is that environmental impacts of mining in 

Tasmania (for even those mines that are closed) are apparent. Mount Lyell (Q1 - Q5 sites) is 

one of the largest mining operations in Australia and has produced over 100 million tonnes 

of waste since it initiated operations [10]. This is alarming, considering that this is only one 

mine and another nine large mines are/were in operation in Tasmania (as of 2014) with 

many of those located in the same study area (Figure 1).  Although risks have and are being 

investigated in these areas, most aquatic research has focused on the impacts in Macquarie 

Harbor and other estuarine/marine systems [6,10,11] rather than where these mines 

typically discharge into, the freshwater environments of western Tasmania.  

Additionally, these past studies have primarily focused on the toxicity of metals; the 

results presented here suggest that focusing on the acidic pH of these stream sediments 
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should also be a main priority.  Our results suggest that minimization of sediment in 

effluents, and/or treatment/removal of the acidic nature of these sediments, can improve 

environmental outcomes in receiving waters.  While this result may not be that surprising, 

it does provide additional information regarding the severity and complexity of sediments 

from these areas to risk assessors.  Further assessment of western Tasmanian freshwater 

sediments is warranted to better understand the role of metals, sulfate, and acidic pH (as 

well as the joint toxicity of these constituents) and the potential these constituents have on 

local aquatic biota.  Improving the TIE procedure and further development of toxicity-based 

approaches (rather than solely conventional contaminant-based approaches) would 

provide additional evidence to assist in future prevention, mitigation, and recovery 

assessment of these types of sites.   
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5.7. SUPPLEMENTAL INFORMATION 
Mean development rate calculation 

The mean development rate (MDR) or the reciprocal of the mean time span has 

been used in past studies [1] to assesses the rate between the introduction and the 

emergence of individuals.  The mean development rate was calculated using the following 

equation: 

𝑀𝐷𝑅 =  ∑
𝑓𝑖𝑥𝑖

𝑛𝑒

𝑚

𝑖=1

 

with i representing the index of the inspection intervals, m being the total number of 

inspection intervals, fi  the number of emerged individuals in a given time interval, xi  the 

development rate of midges emerged in a given interval (or i), ne being the sum of emerged 

individuals at the end of the experiment and xi, the development rate of midges emerged in 

a given interval (or i), calculated as: 

𝑥𝑖 =
1

𝑑𝑎𝑦𝑖 − 𝑙𝑖
2

 

with dayi being a single inspection day, and li being the duration of the inspection interval 

(in this study it is 1 day).   

 

Citations: 

Goedkoop W, Spann N, Åkerblom N. 2010. Sublethal and sex-specific cypermethrin effects 

in toxicity tests with the midge Chironomus riparius Meigen. Ecotoxicology. 19:1201–1208. 
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Table S1.  Artificial water recipes for amphipod (Austrochiltonia subtenuis) and midge 

(Chironomus tepperi) bioassays. 

Grams per 100L A. subtenuis C. tepperi 

MgCl2 6H2O 42.3 2.2 

CaCl2 2H2O 10.8 1.2 

NaHCO3 23.2 1.2 

NaBr 0.11 -- 

KCl 0.78 -- 

MgSO4 4.68 1.2 

NaCl 33.06 12 

KH2PO4 -- 1.2 

Iron Chelate --  0.24 
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Table S2.  Corresponding Limit of Reporting (LOR; mg/kg) for each of the metals evaluated 

as well as sulfate. 

Contaminant LOR 
(mg/kg) 

Beryllium 1 

Cadmium 1 

Barium 10 

Chromium 2 

Cobalt 2 

Nickel 2 

Silver 2 

Antimony 5 

Arsenic 5 

Copper 5 

Lead 5 

Manganese 5 

Selenium 5 

Tin 5 

Vanadium 5 

Zinc 5 

Aluminum 50 

Boron 50 

Sulfate 100 
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Table S3. Average conductivity (µS/cm) and pH values and the standard deviation for the 

TIE bioassay with the midge (5 d).  
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CHAPTER 6: CONCLUSIONS 
 With increasing contamination world-wide the development of methods for 

addressing causality in complex sites is needed, and TIEs are one method to address risk at 

these sites. As whole-sediment TIEs are essentially just more complex sediment bioassays, 

basic bioassay aspects, such as species choice and method conditions, should be strongly 

considered before testing and the importance of these aspects was apparent in this 

dissertation as well. Additionally, the TIE methods in this dissertation were laboratory and 

field validated and this dissertation shows the importance of doing both. The importance of 

those aspects as well as the future of TIEs and further research to advance these techniques 

moving forward is discussed below. 

  

6.1. Implications of species choice 

Standardized guidelines were recently developed for bioassays with native species 

from Australia; one of those that was developed was for the freshwater chironomid, 

Chironomus tepperi [1].  Interestingly, those methods were slightly different from those 

used in the present study, as the initiation of this dissertation preceded the standardized 

guidelines.  Perhaps the major difference between the bioassays used herein and the 

guidance document is that the guidance document suggests using first instar midges, while 

in this dissertation we chose to use second instar in a similar manner to previous research 

conducted in our lab [2–4]. Further work is needed to determine if instar choice affects 

sensitivity, especially as the toxicity results from Chapters 3 – 4 show the high tolerance of 

this instar stage of this species when exposed to a variety of contaminants, especially using 

survival. Chapters 4-5 showed that growth and emergence of C. tepperi were both more 

sensitive than survival, which was not surprising, as it would be assumed that survival 

would be one of the least sensitive endpoints.  Perhaps just as important as sensitivity is the 

ease of the use of the endpoint.  The growth endpoint is conducted in the same time frame 

as survival and does not require a significant amount of additional time or resources.  While 

emergence does take additional time (as it took up to 30 d), this endpoint was not only 

more sensitive than survival, it also provided mean development rate and sex ratios that 

could be used to better understand effects on development/fecundity (and population 

effects) and compounds that may affect sex determination (such as endocrine disruptors).  

The variety of endpoints for this species provides risk assessors with a better 
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understanding of risk, but as illustrated in this dissertation, more work is still needed to 

identify more sensitive endpoints with this species. 

The other species that was evaluated in this PhD was Austrochiltonia subtenuis, an 

amphipod species.  This species in Chapter 3, showed a higher sensitivity to three different 

contaminants including ammonia, copper (a metal), and permethrin (a non-polar organic 

pesticide) when compared to C. tepperi (when using survival as an endpoint for both). 

These results are not surprising considering that past work has suggested that amphipod 

species (such as Hyalella azteca, a native North American amphipod species) are more 

sensitive than many Chironomus sp. to a variety of contaminant including many metals and 

non-polar organics [5–8]. These results suggest that the use of this amphipod in risk 

assessments moving forward would be advantageous as it is easy to use, utilizes a unique 

niche (epi-benthic), and appears to be a relatively sensitive species (although additional 

work with other species is still needed to further confirm such sensitivity).  The sensitivity 

of this species could be further increased by evaluations of other sub-lethal endpoints, 

similar to those utilized in the chironomid assays (growth, molting time, etc.), in fact it is 

only just recently that these additional endpoints evaluations have started to be developed 

place for this species [9]. However, before additional endpoints can be fully utilized with 

this species further work to understand the ecology and biology of this species as well as 

further refinements to the methodology is needed. In this PhD (Chapters 3 and 5) and also 

other recent studies [9,10] with this amphipod species, a high degree of variation (such as 

high control mortality: ~20% mortality) was observed with a variety of test endpoints.  The 

lack of refinement with the current bioassay method was believed to be the cause of this 

higher than expected variation in both acute and sub-lethal endpoints.  The need for 

methodology refinements for bioassays with this species became even more obvious when 

working with contaminated field sediments from Tasmania (Chapter 5) and is discussed in 

more detail in the section entitled “Method choice implications” below. 

Although laboratory work with both of these species has helped to better 

understand the strengths and limitations for each, the bioassays with contaminated field 

sediment from retarding basins of Melbourne (Chapter 4) and mining sediments from 

Tasmania (Chapter 5) showed the strengths of using multiple species and multiple 

endpoints.  Using multiple endpoints (in both Chapters 4 and 5) and species (Chapter 5) 

provided a stronger weight of evidence to better understand the levels of risk associated 

with each site, which allowed for not only a more thorough assessment, but also a 
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prioritization scheme to understand the sites at most risk. The use of multiple endpoints 

and species used for Tasmanian site sediments (Chapter 5) also provided much needed 

information for subsequent TIE analysis, as it allowed the use of less sensitive techniques 

(i.e. survival and growth) that were not only effective (as most sites exhibited high toxicity) 

in addressing risk, but also that could be done in a more timely and cost-effective manner 

when compared to more sensitive species or endpoints (i.e. emergence or amphipods). 

Using multiple species and endpoints maybe cost or time prohibitive in many risk 

assessments, but the strengths and additional value of using a combination of endpoints and 

species should not be overlooked and should be strongly considered in all sediment risk 

assessments. 

 

6.2. Method choice implications 

 Although surprising, freshwater sediment bioassays are still in their infancy in 

Australia. In 2005, The Handbook for Sediment Quality, as produced by CSIRO Land & Water, 

stated that “There are few whole-sediment tests available for freshwater sediments using 

local species, largely because the demand has been not as great as for marine whole-

sediment tests.” [11]. This statement should not be misinterpreted to suggest that 

freshwater systems in Australia are not at threat to chemical contamination as many studies 

have suggested otherwise [4,12–14]. Rather, with limited resources the focus has been 

curtailed to the marine environments where the need has been far greater.  Although recent 

standardized guidelines have just become available for a few native Australian freshwater 

species, including C. tepperi and Physa acuta [1], further resources are still needed for 

refining these the aforementioned species, and especially for species that have yet to have 

standardized guidelines developed, such as the amphipod Austrochiltonia subtenuis. The 

shortcomings of current methods with C. tepperi and A. subtenuis were highlighted in many 

of the sediment bioassays of this dissertation, and two examples are discussed below. 

After considerable research, the US EPA developed growth thresholds (for quality 

control purposes) for the commonly used North American chironomid bioassay species 

(Chironomus dilutus: 0.6 mg dried or 0.48 mg ash free dry mass; United States 

Environmental Protection Agency 2000), but unfortunately these thresholds are not 

available for C. tepperi.  Bioassay test acceptability thresholds for survival and emergence 

(≥80%) were already available (and were met throughout this dissertation) and based on 

the work presented dry weights of C. tepperi after 5-d using second instar varied from 0.7 – 
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1.4 mg per individual. Although it should be noted that differences between control 

sediments from Melbourne (Glynn’s Wetland and Bittern Reservoir) and those from 

Tasmania were also observed, which makes determining a threshold difficult. Outside of 

determining a growth threshold, these differences show that the choice of control sediment 

when collecting field sediments should always be considered in sediment bioassays, to 

reduce the possibility of biasing results. 

Another example of a current shortcoming with current sediment bioassay 

techniques arose with the artificial water used for A. subtenuis.  Initial work with A. 

subtenuis used artificial water wherein the recipe was based on water chemistry from the 

collection location of this species.  Concentrations of major ions in this water recipe, 

although high, did not appear to affect laboratory contaminant-spiked bioassays when 

comparing the results to other amphipod data (Chapter 3), although the actual implications 

of using using this water source are unknown.  However, as discussed in Chapter 5, 

amphipods and midges unexpectedly showed similar sensitivities when exposed to 

Tasmanian sediments, which was most likely caused by differences in artificial water (i.e. 

higher concentrations of major ions reduced the effects of acidity in Tasmania sediment 

when compared to midge artificial water). Outside of the direct effects of acidity, this 

buffering capacity may also reduce the secondary effects of lower pHs, which affect 

contaminants such as metals and ammonia [15,16].  It is possible that this organism may 

not be able to survive in low conductivity streams, and that using this species to address 

risk of all sediments would lead to misleading results.  Before this species can be used 

further for risk assessment work (especially for mining sediment risk assessments), further 

work to understand the ecology and water constituent requirements for this species are 

needed to better understand if the artificial water can be further modified to produce 

consistent and non-biased results. 

 

6.3. Importance of field validation 

 Field validation is critical for establishing methods to prove that the developed 

techniques work. In this dissertation, field validation was conducted using contaminated 

retarding basin sediments from Melbourne (Chapter 4) and contaminated mining 

sediments from Tasmania (Chapter 5).  Field validation confirmed whether the methods 

worked sufficiently, and provided additional insight into the strengths and limitations of the 

method, which cannot be provided by simple laboratory evaluations. Perhaps just as 
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important as validating the method, field validations also provided an evaluation of risk in 

these areas.  Many of the aforementioned contaminated site sediments were toxic to midges 

and based on the sensitivity (as discussed above) of species, this is concerning, and shows 

the need for further work in these areas.  As the research (especially in the case of Chapter 4 

-- Melbourne retarding basin sediments) was focused on method development, the results 

provide only a snapshot of risk of contaminants to aquatic ecosystems.  Chapter 5 evaluated 

sediment toxicity of mining sediments with multiple species and endpoints as well as 

evaluated sediment chemistry, but even still this is only a limited evaluation of risk.  Further 

investigations evaluating spatial and temporal trends and also community and population 

effects in the field are warranted to truly understand and prioritize the risk of contaminants 

to downstream environments in these mining areas.  Overall, the use of field validation 

provided this dissertation with a means to combine a pure and an applied research aspect 

that benefited both research areas. 

 

6.4. TIE techniques moving forward and recommendations for future studies 

Not only does this dissertation focus on bringing whole-sediment TIEs to Australia, 

it also works to improve and enhance whole-sediment TIE use globally. For instance, 

Chapter 4 addressed one of the current limitations of whole-sediment TIEs, which is the 

secondary effects of the TIE amendment, activated charcoal (which would be applicable for 

powdered coconut charcoal as well– although not used in this dissertation). This work was 

needed as Ho and Burgess (2013) showed that of 30 sediment TIEs conducted (in both 

marine and freshwater over a 20 year time span (1993-2013)) that approximately 90% of 

these studies identified a non-polar organic as a source of toxicity in sediments, with 70% of 

evaluations characterizing non-polar organics as the sole source of toxicity.  As this 

contaminant is responsible (or at least partially responsible) for a majority of risk in whole-

sediment TIEs, work to enhance its effectiveness was warranted, and with the findings 

present here future TIE work using this amendment has less chance for errors.  Chapter 5 

did more than just try to improve whole-sediment TIEs, it attempted to adapt these 

methods to be used for sediments impacted by mining. Although the attempts were 

unsuccessful, it did provide valuable information as to the importance of acidic pH in these 

sites.  Overall, the results from this Tasmania work are encouraging for future work with 

mining sediment TIEs and also provided much needed freshwater chemistry and toxicity 

data for this geographical area.  As such, two of the four data chapters of this dissertation 

 92



 93 

focused on improving or adapting TIE techniques.  The other two chapters took on a 

different focus and that was making TIEs more accessible and cost-effective. 

In the sediment TIE review mentioned above, the analysis showed that whole-

sediment TIE, especially freshwater ones are still not common place in risk assessment (as 

of 67 sediments studied using TIE procedures only 15 were evaluated using freshwater 

whole-sediment TIEs [17]).  The real-world applications of TIEs are apparent as it provides 

systemic evidence as to the contaminant(s) that are causing toxicity. As the complexity of 

sediment-bound contamination continues to increase this additional evidence is imperative 

for risk assessors to accurately understand risk at aquatic sites. As such, improving TIEs to 

make not only make them more accurate and effective, but also more practical (i.e. 

inexpensive and time efficient) should be a priority.   

Chapter 2 detailed the building of an automated water change system for sediment 

bioassays to make performing bioassays (especially large bioassays such as whole-sediment 

TIEs) easier, inexpensive, and less time consuming. This system can dramatically ease the 

burden of the large bioassays that are typically required with whole-sediment TIE 

procedures. As TIEs advance, work to make even better systems, utilizing new technologies, 

that can meet multiple user needs (such as including water only exposures, etc.) should be 

considered, but for purposes of most sediment toxicology laboratories – the system as 

described in Chapter 1 will more than meet their needs.  Similarly, Chapter 3 also attempted 

to make TIE methods more user-friendly and less expensive. This was accomplished by 

adapting similar conventional North American whole-sediment TIE guidelines but also by 

providing baseline information for how to acquire and use TIE amendments that could be 

sourced locally (again saving in costs, as shipping more commonly used products such as 

ResinTech SIR 300, is cost-prohibitive). As whole-sediment TIEs continue to become more 

reliable and more user-friendly/cost-effective, the frequency of their use will continue to 

increase and so will the science behind these novel techniques. 

 The whole-sediment TIE method is still a rather novel technique (as methods only 

came out by the US EPA in 2007), especially in Australia, and is a method that is evolving to 

be quicker, more cost-effective, and use a battery of different endpoints, species, and test 

methods.  Perhaps even more exciting is to see how the techniques continue to evolve 

scientifically.  A majority of TIE studies have investigated toxicity using ‘contaminant class’ 

as the tier to be evaluated (i.e. metals, non-polar organics, etc.).  Studies have shown, 

however, that in some circumstances TIEs can be more specific.  For instance, similar mode 
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of action chemicals can be distinguished using TIE practices, such as manipulating 

temperature or adding piperonyl butoxide for pyrethroids, to characterize within a 

chemical class [18,19]. This has further progressed and now enzymes are being 

commercially manufactured that can serve the same purpose [20].  This is especially 

exciting for the mining TIEs (as discussed in Chapter 5) as recent studies have started 

evaluating and producing imprinted resins, which can reduce the toxicity of a single metal 

(such as copper;[21]).  Not only are TIE procedures expanding regarding contaminant 

evalutaion but in situ procedures are also being developed that allow for field-based 

evidence of causality that could be used in conjunction with sediment TIEs for more 

accurate characterizations of risk to aquatic benthos [22,23].  Outside of changing TIEs, 

methods are also now being devised to be run in tandem with TIE procedures, which would 

further improve the outcomes of risk assessments.  One of those techniques is effect direct 

analysis (EDA), which is used for organic toxicants and utilizes analytical techniques to 

fractionate test samples for both chemical analyses and biological tests.  In doing so, organic 

contaminants eliciting toxicity can be identified in the toxic fractions. This technique is 

considerably useful in complex urban sites as it does not depend on a specified target list 

(traditionally evaluated non-polar organics) but can screen a variety of contaminants of 

unknown identity under the guidance of the bioassay. In turn, this provides not only much 

needed information regarding causality when caused by non-polar organics, but also 

provides a means to discover toxicants that are not commonly monitored and potentially 

regulated. Although not a focus of this PhD, the usefulness of this tool and how it can 

complement TIEs was evident with collaborations with scientists from Jinan University 

[24].  Overall the future of whole-sediment TIEs is bright, and with further research 

evaluating small aspects (such as native species sensitivity) to advancing new methods to 

be used with TIEs (such as EDA analysis) can only increase whole-sediment TIE use and 

functionality not only in Australia, but world-wide. 
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