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INTRODUCTION 

BACKGROUND 

South32 are proposing to expand their existing operations at the Boddington Bauxite Mine (BBM) and the Worsley 

Alumina Refinery (the Refinery), together referred to as the Worsley Mine Expansion (WME) Project. The WME 

Project was referred to the Western Australian Environmental Protection Authority (EPA) and will undergo 

assessment as an Environmental Review Document (ERD). A key component of the WME Project is the 

Contingency Bauxite Mining Envelope (CBME) of approximately 747 hectares (ha), within the boundary of the 

Worsley Refinery Lease Area (RLA)  

The Refinery and CBME are situated at the headwaters of the Augustus River, which was dammed in 1980 to 

create an artificial freshwater lake (FWL) of approximately 62 ha to supply raw water for Refinery operations 

(Figure 1). The FWL is recharged directly and indirectly by rainfall, with drainage from the Augustus River 

headwaters diverted around the Refinery entering the lake via a series of sediment traps.  

The FWL, as well as the Augustus River downstream, are known to support historic populations of Carter’s 

freshwater mussel (Hale et al. 2000; WRM 2005), listed as Vulnerable under state, federal and international 

conservation legislation. Surveys performed in 2021 have verified presence of Carter's freshwater mussel in both 

the FWL and the Augustus River. Additionally, surveys of regional reference sites identified presence in creeklines 

supporting suitable habitat. 

Freshwater mussels are important components of freshwater ecosystems. As filter feeders, they maintain water 

quality, contribute to nutrient cycling and biodeposition, while providing a valuable food source for higher order 

organisms (Klunzinger et al. 2014; Vaughn and Hakenkamp 2001; Vaughn et al. 2008). Globally, freshwater 

mussels face a multitude of threats, including habitat loss or modification, overfishing and declining water quality 

(Walker et al. 2014). 

Carter’s freshwater mussel, Westralunio carteri, is endemic to the southwest of Western Australia, and occurs in 

slow-flowing permanent and semi-permanent riverine habitats, pools and dams between Moore River and 

Esperance (Klunzinger et al. 2015). Carter’s freshwater mussel is a long-lived and slow-growing species, reaching 

sexual maturity between four and six years, and living for at least 50 years (Klunzinger et al. 2014). 

The lifecycle of the Carter’s freshwater mussel involves an obligate parasitic larval stage (“glochidia”) on a fish 

host, appearing first as a small cyst on the fins of gills, then after a period of weeks to months, metamorphosising 

(to resemble a small adult) and detaching to begin the adult phase in the benthos (Klunzinger et al. 2014). The 

parasitic larval stage is an important dispersal mechanism for the otherwise sessile animal, with individuals being 

distributed both upstream and downstream by migrating fish (Klunzinger et al. 2014). 

Along with the presence of suitable freshwater fish hosts, Carter’s freshwater mussel requires low salinity (below 

3 g/L) and stable, fine sandy or muddy sediments, living partially to almost fully buried (Klunzinger et al. 2015). 

Threats facing the Carter’s freshwater mussel in southwest Western Australia (WA) mirror those of freshwater 

mussel species globally, including salinisation of waterways, direct and indirect habitat loss, loss of suitable host 

freshwater fish species, nutrient and metals enrichment, and sedimentation resulting in increased turbidity 

(smothering their filter feeding capability) (Klunzinger et al. 2015; Walker et al. 2014). Extent of occurrence (EOO) 

of Carter’s freshwater mussel is estimated to have declined by 49% in the last 50 years (Klunzinger et al. 2015; 

Walker et al. 2014), leading to its listing as Vulnerable.  
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OBJECTIVES 

To support environmental approvals, South32 engaged Stantec Australia Pty Ltd (Stantec) to undertake a 

baseline monitoring survey for Carter’s freshwater mussel within the FWL and Augustus River, to understand the 

current distribution and abundance of the species. The initial baseline monitoring survey was completed in late-

May 2021, with a follow-up survey undertaken in July 2021 (Figure 1 provides baseline sampling locations). To 

augment baseline monitoring and the ERD, South32 also requested Stantec provide supplementary information 

regarding Carter’s freshwater mussel in the form of a technical memorandum. Specifically, South32 require:  

• A review of mercury bioaccumulation in Carter’s freshwater mussel, following historic records of elevated 

mercury within specimens collected from the FWL and Augustus River, and; 

• An assessment FWL habitat values against the known habitat requirements of Carter’s freshwater mussel, 

and the importance of the FWL in providing critical habitat for the species in a local and regional context. 

This technical memorandum addresses the information requirements in two parts, outlined below. 

PART I: MERCURY BIOACCUMULATION 

In 1999, an investigation into metals concentrations in the tissues of Carter’s freshwater mussels was conducted, 

with elevated mercury levels reported in specimens collected from the FWL and Augustus River, relative to 

reference creeklines (Hale et al. 2000). The investigation implicated that mercury bioaccumulation was 

occurring in Carter’s freshwater mussels downstream of the Refinery, potentially associated with operations (Hale 

et al. 2000). 

In 2019, a memorandum was provided to the EPA outlining potential impacts of the WME on Carter’s freshwater 

mussel, including changes to water quality at the FWL (GHD 2019). The EPA’s response was as follows: 

“…the memo provided (GHD, 2019), notes that “Concentrations of mercury were substantially higher in mussels 

collected in the freshwater lake and Augustus River than in control streams.” However, no discussion regarding 

this has been provided within the ERD.” 

Part I of this memorandum provides a review of: 

• Bioaccumulation of mercury in freshwater mussels; 

• Mercury bioaccumulation results from Hale et al. (2000); and  

• Current FWL and Augustus River mercury levels and the likelihood of risk to Carter’s freshwater mussel from 

mercury bioaccumulation. 

PART II: FWL HABITAT VALUES ASSESSMENT 

Understanding the habitat characteristics of the FWL in relation to known habitat preferences of Carter’s 

freshwater mussel, is an important component of Environmental Impact Assessment (EIA) for South32. This 

includes the suitability of a proposed 50 metre (m) spatial separation of CBME mining activity from the FWL, as 

well as the potential historic, present, and future limiting factors for Carter’s freshwater mussel population viability 

in the FWL, in the context of regional habitat values.  

Part II of this memorandum provides assessment of: 

• Spatial and temporal variability in FWL surface water levels and quality, in relation to potential impacts to 

Carter’s freshwater mussel from environmental factors (including climate change) and Refinery operations; 

• Sedimentation and/or elevated turbidity at the FWL, and potential to reduce risk of adverse effects to 

Carter’s freshwater mussel; 

• Riparian and in-stream habitat characteristics of the FWL; 

• Likelihood of occurrence of suitable freshwater fish (native and/or exotic) in FWL to host parasitic larval stage 

(glochidia) of Carter’s freshwater mussel; 

• Suitability of the proposed 50 m spatial separation of mining activity from the FWL, with active sediment 

controls and surface water management of potential contingency bauxite mining activities under standard 

Worsley mine operation management; and  

• Whether the FWL represents critical habitat for the species at a local and regional scale. 
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Figure 1: Overview of the FWL, and Stantec baseline sampling sites.  
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PART I: MERCURY BIOACUMULATION 

FRESHWATER MUSSELS AND METALS BIOACCUMULATION 

Metals contamination has been implicated in the decline of freshwater mussels globally (Naimo 1995; Roberts 

et al. 2008), with elevated concentrations of contaminants such as cadmium, copper, mercury, lead and zinc 

known to be toxic to larval and juvenile mussels (Grabarkiewicz and Davis 2008; Jorge et al. 2013; Naimo 1995). 

Adult mussels are considered more resilient to metals, as they can often tolerate high body burdens, although 

non-lethal effects of acute exposure can include reduced shell growth, filtration and respiration rates (Jorge et 

al. 2013; Naimo 1995). For this reason, freshwater mussels are often used as bioindicators of metals pollution in 

aquatic ecosystems, with bioaccumulation in mussel tissues the focus of many studies (Grabarkiewicz and Davis 

2008; Malley et al. 1996; Naimo 1995; Suryawanshi 2017).  

Bioaccumulation describes the acquisition of contaminants (such as metals and trace elements) in an organism 

through exposure to contaminants in the environment, where the rate of uptake is greater than the rate of 

elimination or excretion (Naimo 1995). Freshwater mussels readily bioaccumulate metals in the gills, mantle, foot, 

heart and kidneys, to levels far exceeding ambient concentrations (Jorge et al. 2013; Naimo 1995). This is 

because, as benthic filter-feeders, freshwater mussels are directly exposed to metals dissolved in water and 

deposited in sediments, as well as contaminants bound to suspended particles on which they feed (Jorge et al. 

2013; Roberts et al. 2008; Suryawanshi 2017). As they are also long-lived, sedentary in nature, and relatively 

tolerant of high body burdens, they are often exposed to metals over long periods and cannot escape 

contaminant interaction (Grabarkiewicz and Davis 2008; Malley et al. 1996; Naimo 1995).  

Mercury is considered a contaminant of concern in freshwater ecosystems, as it is known to bioaccumulate 

readily in aquatic organisms, with primary toxic effects including disruption to the central nervous system, and 

damage to reproductive stages, including embryos and larvae (ANZG 2018). Numerous studies have observed 

mercury bioaccumulation in freshwater mussels, when exposed to even slight increases of mercury in water or 

sediments (Beckvar et al. 2000; Malley et al. 1996; Mierzykowski and Carr 2001; Naimo 1995). For example, 

Beckvar et al. (2000) found the significantly higher mercury content in the American species Elliptio complanata, 

related to sediment contamination from a textile dye production facility in Massachusetts (Table 1). Similarly, 

Malley et al. (1996) found mercury concentrations increased significantly in the floater mussel, Pyganodon 

grandis, following the flooding of a wetland in Ontario, Canada, and subsequent influx of waterborne mercury 

(Table 1). 

Mercury also has a high potential to biomagnify within food webs. Biomagnification refers to the process by 

which a contaminant (such as mercury) increases in concentration across successive trophic levels, such that 

apex predators attain levels disproportionate to levels in the environment (ANZG 2018; Thomas et al. 2018). 

Freshwater mussels comprise key components of aquatic food webs (Klunzinger et al. 2014; Vaughn and 

Hakenkamp 2001; Vaughn et al. 2008), with Carter’s freshwater mussel specifically known to be preyed on by 

waterbirds, turtles, mammals, including water rats (rakali), fish and crayfish. The latter two are also commonly 

consumed by humans (TSSC 2017). As such, mercury bioaccumulation (and subsequent biomagnification) in 

Carter’s freshwater mussel presents a broader risk to the ecosystem, and potentially human health.  
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Table 1. Examples of mercury bioaccumulation associated with mercury-enriched sediment and water. 

Study: Beckvar et al. (2000) - An in situ assessment of mercury contamination in the Sudbury River, 

Massachusetts, using transplanted freshwater mussels (Elliptio complanata) 

Exposure Type 
Site 

Ave Hg in 

Sediments 

(mg/kg) 

Hg Content 

(range) in 

Mussels (µg) 

Reference (5 km U/S Textile Plant) Site 2  0.11 0.44 

Impact (0 - 10 km D/S Textile Plant) Sites 3 - 4 13.80 0.55 – 0.59* 

Downstream Impact (10 - 40 km D/S Textile Plant) Sites 5 - 8  6.33 0.39 – 0.45 

Study: Malley et al. (1996) - Uptake of methyl mercury by the floater mussel, Pygandon grandis (Bivalvia, 

Unionidae), caged in a flooded wetland 

Exposure Type Date (Pre/Post 

Flooding) 

Ave total Hg in 

Water (µg/L) 

Ave Hg 

Concentration in 

Mussels (µg/g) 

Non-Flooded Lake (Lake 632) 

Oct 1992 

0.0033 (ave) 

0.59 

Oct 1993 0.51 

Flooded Lake (Lake 979)  

Oct 1992 (pre-flooding) 0.0026 0.45 

Oct 1993 (post-flooding) 0.0045 0.75* 

*bold text indicates significantly elevated mercury concentration/content in mussels. 

REVIEW OF 1999 MERCURY BIOACCUMULATION RESULTS 

Between June and October 1999, Carter’s freshwater mussel specimens were collected from two sites within the 

FWL, one site in the Augustus River, and two sites in reference creeklines (Ernest River and Brunswick River, located 

approximately 5 km to the northwest and southwest of the FWL, respectively) (Table 2). Tissue samples from the 

mussels were analysed for concentrations (mg/kg dry weight) of arsenic, iron, manganese, zinc, copper, cobalt, 

chromium, molybdenum, lead and mercury (Hale et al. 2000). 

Mercury was the only metal recorded in higher concentrations in mussels collected from the FWL and Augustus 

River, compared to reference creeklines (Hale et al. 2000). At FWL site L5, mean mercury concentration in mussel 

tissue was more than four times higher than reference sites, while at FWL site L1 and Augustus River, mean 

mercury concentration was more than three times higher than reference sites (Table 2). In a number of Augustus 

River specimens, mercury concentrations were also above Australian Food Standard (A12) guidelines of that 

time (>0.5 µg/g) (Hale et al. 2000). Hale et al. (2000) also noted that similar results were recorded during a 

previous study of Carter’s freshwater mussel from the FWL and Augustus River by Streamtec in 1993, but these 

data were not available.  

Table 2: Mean mercury (Hg) concentrations recorded in Carter’s freshwater mussel specimens from the FWL, 

Augustus River and reference streams, by Hale et al. (2000). 

System Site No. Specimens Mean Hg (±SE) µg/g 

FWL 
L1 3 0.31 (±0.03)* 

L5 3 0.40 (±0.03)* 

Augustus River S1 11 0.33 (±0.06)* 

Ernest River (Reference) S2 9 0.10 (±0.03) 

Brunswick River (Reference) S4 8 0.07 (±0.03) 

*bold text indicates elevated mercury concentration in mussels. 
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Given these findings, Hale et al. (2000) suggested mercury bioaccumulation was occurring in Carter’s freshwater 

mussel within the FWL and Augustus River. However, mercury concentrations within FWL and Augustus River 

water or sediments were not analysed, and no specific source-receptor pathway was identified, with the authors 

stating that the source of mercury was unknown (Hale et al. 2000).  

Mercury can be released into the environment through natural processes, namely, the weathering of rocks, 

which typically comprise trace amounts (Amano 2020). Increased runoff following seasonal rainfall can also 

lead to natural increases in mercury concentrations in waterbodies (Malley et al. 1996). However, the processing 

of non-ferrous metals, such as aluminium processed at the Worsley Refinery, has been identified as a major 

anthropogenic source of mercury emissions worldwide (Amano 2020; Jorge et al. 2013; Mierzykowski and Carr 

2001).  

Trace levels of mercury (typically between 0.02 and 1.5 mg/kg) occur in raw bauxite, with mercury accumulating 

within the liquor, aluminium hydrate and oxylate during aluminium refinery, and elemental mercury being 

emitted into the atmosphere throughout the refining process (Amano 2020). Although elemental mercury 

emitted to the atmosphere is known to pose a minimal direct risk to the environment due to its short residence 

time (1 to 1.5 years), there is the potential for absorption into surrounding vegetation, soils and water, with 

bioaccumulation occurring thereafter (Amano 2020; ANZG 2018). However, mismanagement of waste and 

tailings from processing poses the greatest risk to the environment, in terms of mercury emissions (Amano 2020).  

For this review, no other information relating specifically to metals bioaccumulation in Carter’s freshwater mussel, 

including mercury, could be found in the published literature. However more broadly, freshwater mussels have 

been shown to be useful indicators of mercury in freshwaters, as they tend to detect even slight changes in 

ambient concentrations from both natural and anthropogenic sources, in the form of bioaccumulation within 

body tissues (Malley et al. 1996; Mierzykowski and Carr 2001; Table 1). As such, it is considered likely that elevated 

mercury concentrations in mussels from the FWL and Augustus River in the 1999 study was associated with 

bioaccumulation, potentially related to Worsley activities. 

CURRENT AND HISTORIC FWL AND AUGUSTUS RIVER MERCURY LEVELS 

Mercury levels were analysed in surface waters at one FWL site, and three Augustus River sites, during a baseline 

monitoring survey of aquatic ecological values in 1983 and 1984, with mercury not detected above reporting 

limits (0.001 mg/L) at any site (Worsley Alumina 1984). In late-May 2021, water quality sampling of the FWL and 

Augustus River was undertaken by Stantec during the baseline Carter’s freshwater mussel survey for the WME, 

with dissolved mercury also below the limit of reporting (0.00004 mg/L) at all five FWL sites sampled, as well as 

three sites sampled on the Augustus River.  

The 2021 values are below the toxicant default guideline value (DGV) for mercury (0.00006 mg/L) recommended 

to protect 99% of species in slightly to moderately disturbed ecosystems in Australia (ANZG 2018). ANZG (2018) 

recommend that the DGV for the highest level of protection (99%) is applied for slightly to moderately disturbed 

ecosystems, to account for the bioaccumulating nature of mercury. This suggests that the source of mercury 

accumulation in Carter’s freshwater mussels may not be related to FWL and Augustus River surface waters. 

However, mercury has not been included as part of operational water quality monitoring within the FWL or 

Augustus River, so no long-term mercury data are available. Therefore, pulses of increased mercury between 

baseline and present-day monitoring, from natural or anthropogenic sources, cannot be ruled out within FWL or 

Augustus River surface waters. 

Mercury residing in sediments can also be a major source for bioaccumulation in freshwater mussels, due to their 

burrowing habit and sedentary nature (Beckvar et al. 2000; Jorge et al. 2013; Roberts et al. 2008; Suryawanshi 

2017). There are currently no data on metals in the sediments of the FWL and Augustus River. Therefore, mercury 

concentrations in the FWL and Augustus River sediments, and potential bioavailability, is considered a 

knowledge gap.  

PART I CONCLUSIONS: METALS BIOACCUMULATION IN CARTER’S FRESHWATER MUSSELS 

Freshwater mussels readily bioaccumulate metals, such as mercury, to levels far exceeding ambient 

concentrations. As benthic filter-feeders, freshwater mussels are directly exposed to metals dissolved in water 
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and deposited in sediments, as well as contaminants bound to suspended particles on which they feed. 

Freshwater mussels have been shown to be useful indicators of mercury, as they tend to detect even slight 

changes in ambient concentrations from both natural and anthropogenic sources, in the form of 

bioaccumulation within body tissues.  

Previous studies have found elevated mercury concentrations in Carter’s freshwater mussel specimens collected 

from the Worsley Alumina Refinery FWL and Augustus River downstream, suggesting mercury bioaccumulation. 

However, no specific mercury source was identified. While information is limited, it is considered likely that the 

species would readily accumulate mercury comparable to other species of freshwater mussel, with the potential 

for biomagnification along FWL and Augustus River food webs.  

Water sampling in late-May 2021 did not detect mercury at the FWL or Augustus River above sensitive reporting 

limits (0.00004 mg/L), indicating that the source of mercury may not be associated with surface waters. However, 

mercury has not been included as part of ongoing operational water quality monitoring, so no long-term data 

are available. There is also no available data on mercury levels in sediments for comparison. Therefore, it is 

possible that there have been historic, short-term pulses of increased mercury present in the environment 

between baseline and present-day monitoring. 
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PART II: FWL HABITAT VALUES ASSESSMENT 

REVIEW OF CARTER’S FRESHWATER MUSSEL HABITAT REQUIREMENTS 

A review of publicly available literature, including peer-reviewed journal articles, theses, books and reports from 

environmental consultancies and technical advisory groups were undertaken to gain an understanding of the 

habitat requirements for Carter’s freshwater mussel (Beatty et al. 2017; Klunzinger et al. 2011a; Klunzinger et al. 

2014; Klunzinger et al. 2015; Klunzinger et al. 2012b; Klunzinger et al. 2011b; Ma 2018; Morgan et al. 2011; TSSC 

2017). Broadly, Carter’s freshwater mussel habitat requirements can be summarised as follows: 

• The primary habitat of Carter’s freshwater mussels is seasonal river systems characteristic of southwest WA, 

which flow during cool wet winters, and are reduced to a series of disconnected pools during hot, dry 

summers (Ma 2018). However, the majority of river systems across the region have been altered from their 

natural state, with the species now found in a variety of other habitats, including artificial lakes, farm dams 

and water storage reservoirs (Klunzinger et al. 2015).  

• Carter’s freshwater mussels require permanent water to survive prolonged dry conditions. Although they 

have been known to survive for up to two months out of water in laboratory conditions, rapid and long-term 

reductions in water levels have led to mass mortality events in several southwest river systems and dams, 

including the Collie River and Helena Dam (Klunzinger et al. 2011a; Klunzinger et al. 2015; Ma 2018). 

• In terms of water quality, Carter’s freshwater mussel requires fresh water (mean long-term salinity below 1.6 

g/L), cool water temperatures (under 30 degrees Celsius), and low nutrient levels (total nitrogen below 0.69 

g/L) (TSSC 2017). Sedimentation and high turbidity levels can adversely affect freshwater mussels, by 

smothering filter feeding capacity, mobilising contaminants and limiting overall biological productivity 

(Beatty et al. 2017), although no turbidity threshold is currently reported for Carter’s freshwater mussel. 

• Metals toxicity studies have not been undertaken on Carter’s freshwater mussel, however, elevated 

concentrations of metals such as cadmium, copper, mercury, lead and zinc are known to be toxic to the 

larval and juvenile stages of other freshwater mussel species (Grabarkiewicz and Davis 2008; Jorge et al. 

2013; Naimo 1995), with similar acute and/or chronic toxicity effects likely applying for Carter’s freshwater 

mussel (Beatty et al. 2017).  

• At the micro-habitat scale, Carter’s freshwater mussels are commonly associated within stable, fine-grained 

sediments such as sand, silt and mud, which are soft enough for burrowing, but stable enough to provide 

support (Ma 2018; Morgan et al. 2011).  

• The species is typically associated with riparian vegetation including flooded gum, Melaleuca, Casuarina, 

Acacia and Triglochin, with relative abundance greatest amongst submerged tree roots, leaf litter, woody 

debris or root mats which are well-shaded during times of drought or low water levels (Ma 2018; Morgan et 

al. 2011; TSSC 2017).  

• For reproduction, Carter’s freshwater mussel requires the presence of suitable freshwater fish hosts for its 

parasitic larval (glochidial) stage (Klunzinger et al. 2012b; TSSC 2017) (Table 3). 

WATER LEVELS 

The FWL has a maximum capacity of 6,000 megalitres (ML), with a dead storage of 1,000 ML, giving the FWL an 

available storage capacity of approximately 5,000 ML (GRM 2020). Under Department of Water and 

Environmental Regulation (DWER) Surface Water Licence SWL6804(4), the maximum annual abstraction limit has 

been set at 5,400 ML (GRM 2020). Since 2004, annual abstraction from the FWL has ranged between 1,500 and 

3,500 ML (Figure 2A), with an average of 2,091 ML (abstraction data prior to 2004 were not available). South32 

have also been required to release an average of 0.035 ML/hour from the FWL to the Augustus River between 

15th December and 15th February each year, to maintain environmental flows within the downstream receiving 

environment (GRM 2020). Environmental releases are set to switch to spring (September to December) in 2021, 

to more accurately reflect seasonal flows in the region. 

The FWL is recharged directly and indirectly by rainfall, with drainage from the Augustus River headwaters 

diverted around the Refinery and entering the lake via sediment traps located at the eastern and southern 

extensions of the lake, comprising 6.8 ha (Cameron Smith, South32, pers. comm., July 2021) (Figure 1). Mean 

annual rainfall recorded at the Refinery (1980 to 2020) is 1,019 mm (Figure 2A). Total annual rainfall is variable, 

but has generally declined since 2000, with relatively low rainfall years (below 800 mm) recorded in 2001, 2005, 

2007, 2010, 2015 and 2019 (Figure 2A). Prior to the baseline monitoring survey in May-2021, annual rainfall had 

totaled 406 mm.  
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Water levels at the FWL fluctuate markedly with changes in annual rainfall. For example, sharp drops in surface 

water levels occurred in 2002, 2011 and 2016, reflecting very dry preceding years (<600 mm total rainfall) 

(Figure 2B). More broadly, there has been an overall reduction in water levels since 2010, related to declining 

annual rainfall. Between 1984 and 2010, water levels reached the top of the spillway (238 m Australian Height 

Datum, AHD) in most years (Figure 2B). However, between 2010 and 2020, water has reached the top of the 

spillway on two occasions (2013 and 2014), typically remaining between 236 and 230 m AHD, with a record 

low of 229 m AHD in April 2016 (Figure 2B). Although the decline in water levels within the FWL can largely be 

attributed to reductions in rainfall, a cumulative influence is water abstraction. For example, the record 

low water level recorded in 2016 corresponded with a high-abstraction year, where approximately 3,500 ML 

of surface water, or 70% of the available volume, was abstracted for operational use (Figure 2A).  

Similar patterns of lower water levels have been observed in the Harris Dam, located approximately 10 km to 

the east of the FWL (Water Corporation 2021). Notably, there have been substantial drops in water levels in 2001, 

2010 and 2015, and a general overall decline since 2010 (Figure 2C). Although at Harris Dam water levels reflect 

patterns in annual rainfall, abstraction for potable water supply and agriculture have also contributed to 

declining water levels (Water Corporation 2021), although abstraction data were not available for this review. 

Water level decline in rivers and wetlands associated with decreasing annual rainfall and abstraction is a key 

threat to Carter’s freshwater mussel, with several studies recording mass mortality events due to rapid water level 

decline. For example in 2011, unseasonably low water levels within the Collie River resulted in the death of over 

100 individuals left exposed on a sandbar (Ma 2018). Also in 2011, the Lower Helena Pipehead Dam near Perth 

was drained for scour valve maintenance, leading to the mortality of 93 out of 373 Carter’s freshwater mussels 

stranded on the dam’s banks, before the population could be translocated to a downstream refuge pool 

(Klunzinger et al. 2011a).  

A large number of Carter’s freshwater mussels were found deceased on the banks of the FWL during baseline 

surveys conducted in May and July 2021. At each of the five sampling sites (Figure 1), deceased mussel density 

was assessed within ten 1m2 quadrats along a 50 m transect running parallel with the shoreline. Deceased mussel 

density ranged from 0.4 mussels/m2 at FWL5, to 1.5 mussels/m2 at FWL2, with a total of 42 deceased mussels 

counted across all transects. Mussel mortality was likely caused by reduced water levels over the last decade, 

and particularly sharp declines in 2002, 2011 and 2016. In some areas, deceased mussels were found up to 10 m 

away from the shoreline at the time of sampling, with shells bleached and brittle, suggesting individuals had 

been emersed for several years (Plate 1). Despite these stranding events, five live Carter’s freshwater mussels 

were recorded at the FWL during the July 2021 survey, with individuals located approximately 15 to 20 m offshore 

at a depth of 5 to 6 m, likely indicative of the most recent low water mark (approximately 229 m AHD recorded 

in 2016).  

Plate 1: Deceased Carter’s freshwater mussel on the banks of the FWL, likely caused by stranding. 
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Figure 2. (A) Total annual rainfall (▬), mean annual rainfall (▬), and total annual abstraction (---) recorded at 

the Refinery, (B) FWL water level (▬) and FWL maximum capacity (▬) and (C) Harris Dam water level (▬) and 

Harris Dam maximum capacity (▬). 

A 

B 
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WATER QUALITY 

Salinity, pH, Temperature and Nutrients 

Declining water quality is afflicting many wetlands in the southwest of Western Australia, particularly those 

affected by urbanisation, agriculture and mining (Department of Environment and Conservation 2012). Altered 

water quality has been implicated in the decline of many native species, including Carter’s freshwater mussel, 

which is particularly sensitive to increasing salinity, water temperatures and total nitrogen levels (Klunzinger et al. 

2011a; Klunzinger et al. 2015; Ma 2018; TSSC 2017). 

Long-term water quality monitoring data from the FWL (1997 to 2021) shows pH in surface waters to be temporally 

variable, but generally within the typical range for lakes and reservoirs in southwest Western Australia 

(pH 6.5 to 8) (ANZG 2018), considered adequate to support Carter’s freshwater mussel. Salinity and temperature 

levels were also well below the known tolerance thresholds for Carter’s freshwater mussel (1.6 g/L TDS and 30°C, 

respectively) (Figure 3A-C). Although historic total nitrogen data are not available, levels recorded during the 

May 2021 baseline survey (0.0004 to 0.0012 g/L) were well below the known tolerance threshold for Carter’s 

freshwater mussel (0.69 g/L) across the FWL (Figure 3D). May 2021 sampling locations are provided in Figure 1. 

Suspended Sediments (Turbidity and TSS) 

Elevated suspended sediment levels can limit overall biological productivity in a waterbody, by reducing light 

and dissolved oxygen levels and subsequently limiting phytoplankton and aquatic plant growth (and trophic 

transfer to higher order consumers). In turn, benthic sediments are left unconsolidated, creating a feedback 

loop promoting turbid conditions (Department of Environment and Conservation 2012). Historic turbidity levels 

at the FWL have generally been within the range expected in lakes and reservoirs in southwest Western Australia 

(10 - 100 Nephelometric Turbidity Units, NTU) (ANZG 2018) (Figure 4A). However, there have been notable 

seasonal pulses of increased turbidity above the ANZG (2018) range between 2011 and 2016, and again in 2019 

and 2020, with very high turbidity (>2000 NTU) recorded in July 2020 (Figure 4A). 

Elevated turbidity in lakes and reservoirs is typically associated with runoff and erosion, with sediments entering 

the water during rainfall events, particularly in areas where native vegetation has been cleared (Department of 

Environment and Conservation 2012). The FWL receives runoff from the headwaters of the Augustus River, which 

are diverted around the Refinery, entering the FWL via a series of meandering drains, sediment trap ponds and 

rock filter dam walls (Plate 2). However, the original sediment trap pond on the south-eastern arm of the FWL 

has been known to overtop during large winter rainfall events (Cameron Smith, South32, pers. comm., July 2021), 

which may explain seasonal pulses of elevated FWL turbidity (Figure 4A). To rectify this issue, the pond was 

recently replaced with a deeper pond, with excavation likely contributing to the high turbidity recorded in July 

2020 (Cameron Smith, South32, pers. comm., July 2021).  

 
Plate 2: (A) FWL sediment trap pond, and (B) sediment trap pond rock filter dam wall (from FWL2).  

A B 
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Elevated turbidity and total suspended solids (TSS) at site FWL2, located directly adjacent to the sediment trap 

pond, suggests there may be some residual impacts from construction works (Figure 1;Figure 4B and D). In 

addition, lower surface water levels over the last 10 years have led to the exposure of peripheral lakebed 

sediments (Plate 3), which likely erode during rainfall events and increase localised sediment inputs to the water 

column. Suspended sediment concentrations would also be more concentrated during periods of low water 

levels, particularly following rapid drawdown events such as that which occurred in 2016. 

High suspended sediment levels can directly affect freshwater mussels, by smothering filter feeding capacity, 

reducing sediment stability, and mobilising contaminants such as nutrients and heavy metals (Beatty et al. 2017; 

Goldsmith et al. 2020). A recent review into the impacts of suspended sediments (as TSS) on freshwater mussels 

in North America found that filter feeding rates were negatively impacted at 8 mg/L, reduced reproductive 

success occurred at 15 mg/L, and respiratory stress occurred at 600 mg/L (Goldsmith et al. 2020). Applying these 

thresholds to FWL long term monitoring data, Figure 4C shows that TSS levels (2012 to 2018) have been typically 

below 8 mg/L, although short-term seasonal pulses of elevated TSS to around 16 mg/L, potentially above 

freshwater mussel feeding and reproduction tolerances, do occur. Furthermore, current (May 2021) 

measurements show that TSS was at or above the 8 mg/L threshold at three of the five FWL sites. Of note was  

high TSS levels (577 mg/L) at site FWL2 (Figure 4D), nearing the respiratory stress threshold reported by Goldsmith 

et al. (2020). As mentioned, this likely reflects localised residual impacts from sediment excavation works, as FWL2 

is located adjacent to the sediment trap pond (Figure 1).  

IN-STREAM HABITAT 

Carter’s freshwater mussels are commonly associated with stable, fine-grained sediments such as sand, silt and 

mud, which are soft enough for burrowing, but stable enough to provide support (Ma 2018; Morgan et al. 2011). 

The species is also typically found amongst riparian vegetation including flooded gum, Melaleuca, Casuarina, 

Acacia and Triglochin, with submerged tree roots, leaf litter, woody debris and root mats providing shelter during 

scouring events, and shade during periods of low water levels (Ma 2018; Morgan et al. 2011; TSSC 2017). Organic 

inputs from riparian vegetation also provide a food source for Carter’s freshwater mussel, via breakdown of leaf 

litter and other detritus into particulate organic matter on which they feed (Ma 2018).  

 

Habitat assessments undertaken as part of baseline monitoring in May and July 2021, found substrate within the 

FWL primarily comprised of sand and clay, mixed with coarser pebbles and rocks, representing suitable 

characteristics for Carter’s freshwater mussel (Plate 3A-D). However, the FWL was mostly devoid of complex in-

stream habitat such as large woody debris, leaf litter and detritus, likely due to low water levels and distance 

from the shoreline to the riparian zone, with fringing vegetation typically over 15 to 20 metres from the water at 

the time of sampling (Plate 3A-B). The FWL also lacks both submerged and emergent macrophytes (plants), 

which are important constituents of aquatic ecosystems (Gregg and Rose 1985).  

 

Despite Carter’s freshwater mussel’s preference for complex in-stream habitat, absence of these characteristics 

does not preclude occurrence, with large populations often present in reservoirs with limited in-stream habitat, 

such as the Lower Helena Pipehead Dam and Serpentine Dam (Klunzinger et al. 2012a; Klunzinger et al. 2011a; 

Ma 2018). More important variables affecting Carter’s freshwater mussel presence is permanent water, good 

water quality and occurrence of suitable freshwater fish hosts (Ma 2018). However, a broader affect of limited 

in-stream habitat may be reduced biological productivity within the FWL, with organic inputs from riparian 

vegetation, as well as presence of aquatic macrophytes and algae, known to be key drivers of aquatic 

ecosystem productivity in wetlands (Department of Water 2001).  
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Figure 3: Long-term FWL monitoring data for (A) pH, including ANZG (2018) lower (▬) and upper (---) guidelines for southwest Western Australian lakes and reservoirs, (B) 

salinity, including the average Carter’s freshwater mussel tolerance threshold (---), and (C) water temperature, including the average Carter’s freshwater mussel tolerance 

threshold (---), as well as (D) total nitrogen recorded from the FWL during the May 2021 baseline monitoring survey, including the average Carter’s freshwater mussel 

tolerance threshold (---). Note, Total Nitrogen concentrations were all below 0.012 g/L, too low to appear on the plot. 

A B 

C D 

0.004 0.012 0.004 0.004 0.003 
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Figure 4: (A) Long-term FWL turbidity, and (B) turbidity recorded during 2021 monitoring, compared to the upper limit (---) typically expected in southwest Western Australian 

lakes and reservoirs (ANZG 2018), and (C) Long-term FWL TSS, and (D) TSS recorded during 2021 monitoring, compared to thresholds for reduced feeding (▬) and 

reproduction (---) in freshwater mussels reported by Goldsmith et al. (2020). 

A B 

C D 577 mg/L 

2173 NTU 
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Plate 3: Substrate characteristics and limited in-stream habitat at the FWL. (A&D) July 2021, and (B&C) May 2021. 

OCCURRENCE OF FRESHWATER FISH HOSTS 

One of the primary impacts of the impoundment of streams to freshwater mussels is the restriction of movement 

of suitable freshwater fish hosts, rendering reproduction and dispersal impossible (Ma 2018). Carter’s freshwater 

mussel is no exception, requiring the presence of suitable freshwater fish hosts within an ecosystem to enable 

the development of its parasitic larval (glochidial) stage (Klunzinger et al. 2015; Klunzinger et al. 2012b; Morgan 

et al. 2011; TSSC 2017).  

Carter’s freshwater mussel is considered a host-generalist, utilising a variety of native and exotic fish species to 

host their larvae (Klunzinger et al. 2012b). Glochidia of Carter’s freshwater mussel have been found on at least 

seven native species, and four introduced species, within the southwest region (Klunzinger et al. 2012b; TSSC 

2017). Of these, laboratory experiments have shown at least four native species (freshwater cobbler, western 

pygmy perch, southwestern goby and Swan River goby), and one introduced species (eastern gambusia) to 

be competent hosts (i.e. able to facilitate successful metamorphosis of glochidia into juvenile mussels) 

(Klunzinger et al. 2012b). The remaining native species (western minnow, western hardyhead and nightfish) were 

also considered likely competent hosts (Klunzinger et al. 2012b; TSSC 2017).  

Previous studies have recorded five native and four exotic freshwater fish species within the Augustus River (or 

adjacent Brunswick and Ernest Rivers), three of which are confirmed, or likely, competent host species for 

Carter’s freshwater mussel (Table 3) (Hale et al. 2000; WRM 2005). However, it is unknown whether any of these 

species, or any fish, occur in the FWL. Anecdotally, the exotic redfin perch, Perca fluviatilis, has been introduced 

into the FWL (Hale et al. 2000), although its presence has not been confirmed, nor has its status as a competent 

host for Carter’s freshwater mussel glochidia. Lack of knowledge surrounding the presence of fish within the FWL 

is considered a current knowledge gap. A targeted survey would be required to determine fish species richness 

and assemblage composition, and presence of suitable species to host Carter’s freshwater mussel glochidia.  

A B 

C D 
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Table 3: Freshwater fish species known from the Augustus, Brunswick and Ernest Rivers, and their status as 

competent hosts for Carter’s freshwater mussel glochidia. 

Common Name Scientific Name Competent Host of W. carteri Glochidia? 

Native 

Freshwater Cobbler Tandanus bostocki Yes 

Western Pygmy Perch Nannoperca vittata Yes 

Nightfish Bostockia porosa Likely 

Western Minnow Galaxias occidentalis Likely 

Pouched Lamprey Geotria australis Unknown 

Introduced 

Eastern Gambusia Gambusia holbrooki Yes 

Rainbow Trout Onchorynchus mykiss Unknown 

Brown Trout Salmo trutta Unknown 

Redfin Perch* Perca fluviatilis Unknown 

*Anecdotally occurs in the FWL, unconfirmed. 

 

LOCAL AND REGIONAL DISTRIBUTION OF CARTER’S FRESHWATER MUSSEL, AND CRITICAL HABITAT 

ASSESSMENT 

Carter’s freshwater mussel appears to have a relatively disjunct distribution within the Worsley/Collie region, 

although can be locally abundant where present. In May 2021, healthy Carter’s freshwater mussel populations 

were recorded from the Augustus River (over 50 individuals across two sites) immediately downstream of the 

FWL, as well as from a tributary of the Lunenburgh River (over 10 individuals from one site). However, it was absent 

from most other regional sites (Figure 5). Historically, populations have been recorded from the Brunswick River, 

upstream and downstream of the Augustus River (Hale et al. 2000), and the Collie River, upstream and 

downstream of the Wellington Dam Reservoir (Figure 5). 

Comparatively, the Carter’s freshwater mussel population within the FWL appears to be relatively small and 

patchily distributed. During 2021 baseline monitoring, only five living individuals were recorded from a single 

location, from a total five littoral monitoring sites, and three monitoring sites within deeper lake areas (Figure 5). 

Previously, Hale et al. (2000) only recorded six living individuals from two locations (out of a total of five sampling 

sites) (Figure 5). Considering the climate and Worsley operations-influenced variation and decline in water levels, 

seasonally elevated turbidity, limited in-stream habitat and limited to no opportunity for upstream migration of 

host fish species, it is unlikely that the FWL currently provides critical habitat for Carter’s freshwater mussel at the 

regional scale. This is in comparison to the relatively pristine forested streams and rivers surrounding the RLA, 

which presently provide higher quality habitat for the species locally and regionally. 

At the local scale, however, maintenance of FWL water quality and environmental flows are important for the 

preservation of the Augustus River populations, which are reliant on seasonal releases from the FWL. In addition, 

in the context of a drying climate and widespread secondary salinisation, artificial reservoirs such as the FWL 

may play an increasingly important role in supporting Carter’s freshwater mussel populations both locally and 

regionally, if they provide permanent, low salinity refugia (Bari et al. 2005; Ma 2018; Smith et al. 2009). 
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Figure 5: Local distribution of Carter's freshwater mussel within the Worsley/Collie region.
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SPATIAL SEPARATION BETWEEN CBME ACTIVITIES AND THE FWL 

Areas of spatial separation between development activities and wetlands provide numerous benefits for 

aquatic fauna, including freshwater mussels. As well as providing a physical barrier between disturbance 

activities and a waterbody, bands of vegetation within separation areas can act as biofilters to protect surface 

waters from sedimentation, causing turbidity and nutrient-enrichment. These areas can also support bank 

stability, inhibit erosion, and provide shade, habitat and a food source for the aquatic biota, in the form of leaf 

litter (Water and Rivers Commission 2000).  

Water and Rivers Commission (2000) and Department of Water (2006) provide guidance on establishing areas 

of spatial separation between land use activities and water resources, based on wetland values, local bio-

physical factors and concurrent environmental management techniques. Where wetlands are deemed to have 

significant conservation and/or water supply value, a minimum separation area of 200 m is recommended. 

However, for wetlands with low-moderate conservation and/or water supply value, 50 m of separation is 

generally recommended, which is considered adequate to maintain water quality (alongside appropriate 

water quality management practices) and support trophic interactions within the aquatic food web. 

The FWL is an artificial water body subject to prior disturbance, and likely does not represent critical habitat for 

aquatic fauna, including Carter’s freshwater mussel, within a broader regional context, where relatively pristine 

systems including the Brunswick, Ernest and Lunenburgh Rivers are present. Therefore, 50 m of separation 

between the FWL and Refinery and CBME mining activities would be considered appropriate to maintain water 

quality and support trophic interactions within the aquatic food web, particularly if concurrent water quality 

management practices are implemented and maintained. These may include regular monitoring of water 

quality and the effectiveness of sediment trapping.   

PART II CONCLUSIONS: FWL HABITAT VALUES ASSESSMENT 

Carter’s freshwater mussel requires permanent low salinity water, with a preference for low nutrients and 

suspended solids. At the micro-habitat scale, the species is commonly associated with soft-stable substrates that 

facilitate burrowing, and complex in-stream habitat providing shelter during adverse conditions. Presence of at 

least one suitable fish host for its parasitic larval stage is also required for long-term population viability.  

The FWL has experienced variable and declining surface water levels and seasonal pulses of elevated turbidity 

over the past two decades, and in-stream habitat is limited. It is also currently unknown whether a suitable fish 

host, or any fish are present within the waterbody. However, favourable habitat characteristics for Carter’s 

freshwater mussel do exist within the FWL, including soft, relatively stable sediments and permanent water that 

is low in salinity and nutrients. Living specimens were recorded in the recent July 2021 surveys, however, the 

population was relatively small and patchily distributed. 

Carter’s freshwater mussel appears to have a relatively disjunct distribution within the Worsley/Collie region, 

although can be locally abundant where present. Healthy populations exist within the Augustus River 

immediately downstream of the FWL, with populations also known from the Brunswick, Collie and Lunenburgh 

Rivers. However, the FWL does not offer up- or downstream migratory opportunities for fish and by extension, 

Carter’s freshwater mussel. Therefore, it is unlikely that the FWL provides critical habitat for Carter’s freshwater 

mussel at the regional scale, given variation in water levels influenced by climate and abstraction for 

operational requirements, seasonally elevated turbidity, limited in-stream habitat and poor upstream and 

downstream connectivity.  

However, at the local scale, maintenance of FWL water quality and environmental flows are important for the 

preservation of the Augustus River populations, which are likely reliant on seasonal releases from the waterbody. 

In addition, in the context of a drying climate and widespread secondary salinisation, artificial reservoirs such as 

the FWL may play an increasingly important role in maintaining the persistence of Carter’s freshwater mussel 

both locally and regionally.  
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