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Abstract

Inland salt lakes in Western Australia have beead Uy the mining industry for the
disposal of excess water generated during the gipiocess. However, the impact
of these operations on the salt lakes is poorlyewstdod. This is mainly due to the
lack of information on the biota and chemistry foe lakes. The main aim of this
project was to develop a classification system ifdand salt lakes of Western
Australia based on abiotic and biotic factors sashsediment and water quality,

invertebrates and algae to determine lakes withuenor significant features.

Water and sediments collected from the salt lake®wgenerally characterised by an
alkaline pH, high salinity and the majority of lakbeing dominated by sodium and
chloride. Concentrations of some metals were &igh, particularly in surface
water. A high degree of variation in water andiseuht quality was demonstrated
both within and between the study lakes. In addjtthese parameters were shown
to be influenced by geography, geology, stage efhidrocycle within which the

lake was sampled and the occurrence of dewateischalge.

Biota in the salt lakes must be able to cope inaeshh environment, adjusting to
temporary water regime, high temperature, and bajmity. As such, the species
richness of these systems is generally low. Diatq@a group of algae) and
invertebrates were investigated among the biotaot&l of 56 diatom species were
recorded from 24 lakes. The most common species Amphora coffeaeformis,

Hantzschia aff. baltica and Navicula aff. incertata. These species were shown to
have broad tolerances to environmental variatioBgdiment chemistry explained
variations in diatom community structure, with zirmoisture content and cobalt

having the greatest and negative influence.

In terms of invertebrates, a total of 101 inveréeédrtaxa were recorded from 13 lakes
in this study. Crustacea dominated and the greatesber of taxa was from the
genusParartemia. There were some differences in invertebrate comiy structure
between lakes, most likely reflecting the high @egrof speciation, and poor
dispersal mechanisms of certain key species. Cantynstructure was influenced
by water quality, with phosphorus, bicarbonate armabjnesium contributing to the

variations in community structure.
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Among the 43 lakes chosen for this study a total bflakes had received, or are
currently receiving dewatering discharge. Siteseigng dewatering discharge
generally reported higher concentrations of saligtients and some metals in both
water and sediments compared to natural lakes.ci&pe&chness of biota such as
diatoms and invertebrates was lower at the lakesivieg dewatering discharge.
However, the impact was generally localized witthie pooled area of dewatering
discharge. Also, despite these impacts, thereaappe be signs of amelioration by

flushing events.

Currently there are no guidelines for water andrsedt chemistry for inland salt
lakes in Western Australia. Australian and New |Zed Environment and
Conservation Council (ANZECC) guidelines are the smoelevant available.
Concentrations of cadmium, cobalt, chromium, coppead, nickel and zinc in
surface water of the natural inland salt lakes wsnewn to exceed ANZECC
guideline values. Comparison with the relevant ACC sediment guidelines
showed that they were applicable to the salt lakét$, the exception of nickel and

chromium which were naturally high in the salt |segliments.

Classification of data using multivariate analygias done for both dry and wet
phases of the hydroperiod. Six groups were deiukfor the sediment and diatom
data, and four groups were defined for the watatitguand invertebrate data. It was
common for sites from particular lakes to fall im than one group as a result of
the variability in these systems. There are a rarolb practical applications of this
system for the mining industry and it may be used aa predictive tool for
determining the impact of dewatering discharge higthlighting unique salt lakes
within the Goldfields of Western Australia.
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1 INTRODUCTION

In Western Australia most of the inland salt lakesur in association with rich
mineral deposits (De Deckker 1983). The need tecoand compile information
on both the biotic and abiotic components of sates in inland Western Australia
has become increasingly urgent in recent years, tdughe level of mining
development in the vicinity and the potential threfthese activities to the lakes. In
addition, a number of companies use the salt |dkeshe disposal of saline to
hypersaline water from their mining operations {&éering discharge’), and little is
known about the impact of dewatering discharge han darrying capacity of the
receiving lakes. While most of these operationgitoo the impact of their activities
on a regular basis, results are often stored irublighed company reports. As a
result, our knowledge of the salt lake systems aghale has been compromised.
The main aim of this project was to develop a d@sdion system for inland salt
lakes of Western Australia based on data colleitethte. It was envisaged that this
would contribute to management objectives, aid etednining the significance of
specific water bodies and further clarify the imigaof dewatering discharge on the

lakes.

This thesis consists of a total of eight chapterduiding this introduction and
literature review. Chapter 2 describes the locattharacteristics, land use and brief
history of the lakes addressed in the study. Th&ewchemistry of the lakes is
described in detail in Chapter 3. Chapter 4 cosisifa discussion of the sediment
quality including salinity, pH and metal concenitvas. Chapters 5 and 6 address the
biota in terms of algae and invertebrates in thkeda In addition to describing the
condition and biota of the inland salt lakes, cbepB — 6 also focus on the impacts
of dewatering discharge to these factors. Chapfaoposes a classification system
for the study lakes based on the results of theegliag four chapters and Chapter 8
presents the major conclusions of the study. Tathads used in each chapter were
combined and a sampling protocol for field datdeation is presented in Appendix
A.

1.1 Inland Salt lakes
Salt lakes are extensive throughout the world, witicurrences of these lakes on

most continents (Williams 1981a). As a rule, mast shallow and temporary
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systems in areas subject to high evaporation rétsnmer 1986). While
numerous, these lakes have been shown to be dsdymilar throughout the world
in terms of chemistry and biota (Williams 1981a; Deckker 1983; Hammer 1986).
The biota occurring in these systems must haveabilty to survive the ‘harsh’
conditions of salt lakes such as temporary watginte and high salinity. In
addition, most of the biota have the ability towsue long periods without freshwater
inputs when the lakes are dry (Williams 2002). Treduction of desiccation
resistant cysts, as seen in the anostracans, @d#acladocerans, notostracans and

conchostracans are common in these lake typesidvigl 1985).

1.2 Inland Salt Lakesin Australia
De Deckker (1983) has described four main salt lgkes in Australia, including;
large and small closed inland basins, crater |aes coastal lakes. This study is
concerned with the inland salt lakes which arecooinected with the sea and for the
most part are defined as large closed basins (&kee 1983). Inland salt lakes in
Australia are widespread, with high concentratiohlsikes occurring in the semi arid
areas of Western Australia, South Australia anddvia (Hammer 1986; Hart and
McKelvie 1986). The semi arid zone of Western Aaist has the greatest
concentration of salt lakes on the Australian awnit (Gentilli 1979), with most
located in what is known as the “Salinaland” (Jnt$834; Gentilli 1979). These are
remnants of the palaeodrainage systems forming rtvige drainage to the
surrounding areas (Mann 1983; Commander 1999; aifii 2002). Most of the
Western Australian salt lakes are therefore endorhethat is internally draining
(Williams 1998b). In addition, they are characted by flat playas, generally in
areas which have little topographic relief. Theg ahallow when filled, with most

lakes rarely exceeding a metre in depth (John 1999)

1.2.1 Water Quality of Inland Salt Lakes in Western Australia
While elevated salinity is not the only distingurgl feature of the inland salt lakes
of Western Australia, it is widely accepted thalt $akes are water bodies with
surface water salinity of 3 g/L or greater (Geddesl. 1981; Williams 1998b;
2002). These lakes fill infrequently, usually iesponse to heavy rainfall events
(Timmset al. 2006) and it is possible for salt lakes to rentinfor long periods of
time, even decades (Roshier and Rumbachs 2004; §2d®6a). When they do fill,
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the drying period is relatively rapid due to thghievaporation rates in these semi
arid areas, lasting a couple of months at the iffastmset al. 2006).

Typically, salt lakes exhibit a high degree of afion in water quality over their
hydrocycle (Williams 1985; Roshier and Rumbachs4300~or example the salinity
range of the salt lakes in the Goldfields has besported to be 5 to 300 g/L
(Williams and Buckney 1976). Sodium (Na) and cider(Cl) tend to dominate the
salts (Williams and Buckney 1976), and generally tationic balance of surface
water remains seasonally constant and follows aligma of Na>magnesium
(Mg)>calcium (Ca)> potassium (K), while the aniorgcadient typically follows
Cl>bicarbonate (HCg)>sulphate (S@ (Williams 1985). The pH of the waters is
usually alkaline, exceeding eight (Wiliams and Buey 1976). Owing to the
shallow nature of the salt lakes, levels of oxygemw light are generally high in
surface water and do not hinder productivity (Veitis 1985). However, high
salinity can reduce the solubility of oxygen (Bortaka 1981). Stratification in the
water column does not usually occur, as mixing reqdiently a result of wind
movement, partly facilitated by the shallow natafethe lakes (Williams 1985).
While there is a considerable amount of informatmn the salt load and basic
chemistry of these systems, there is little pulelisinformation on the concentrations
of metals in surface water of Western Australidblaies and this will be addressed
in this study.

1.2.2 Biota of Inland Salt Lakes in Western Australia

Salt lakes in Western Australia display one of tighest levels of endemism and
biodiversity in Australia (Hebert and Wilson 200false and McRae 2001; Remegio
et al. 2001). The primary producers of the salt laketuihe bacteria, cyanobacteria
(blue green algae) and eukaryotic algae (Borowii®®&1). Most of the major algal

groups present in saline waters are also reprasamteeshwater systems (Williams
1998b). Cyanobacteria that are common to saltslakeNestern Australia include

Phormidium, Oscillatoria, Microcoleus and Schizothrix species (Borowitzka 1981;

Williams 1985). These species often form thick snah the lake sediments in
combination with the diatoms (Bauld 1981). Thetalias are the most numerous
primary producers in these systems, with commorcispeincluding Navicula,

Nitzschia and Amphora (Wiliams 1998b). One charophyte species,
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Lamprothamnium, also occurs in salt lakes (Williams 1985). Whitecrophytes
can be uncommon in the lakes, bedsRappia are quite often observed during
filing events and are known to survive in saliegtigreater than 100 g/L (Williams
1985).

In terms of algae this study focuses primarily lo@ diatoms for a number of reasons.
They are unicellular and are composed of silica amdrelatively easy to identify,
hence their extensive use in limnological studigsh 2007). Diatoms occur in a
wide range of habitats and can be used to indecateange in water quality within a
system (Gell and Gasse 1990; Blinn and Bailey 2Q&ilok and Coleman 2007; John
2007). Also, they are particularly sensitive ardpond to changes in pH, salinity
and nutrients (Biggs 1995; Cook and Coleman 20Udhyiet al. 2007). In addition,
they have been expansively studied for the purpadfepaleolimnological and
climate change studies (Gassal. 1995; Gell 1997).

Invertebrate communities occurring in the inlant kskes of Western Australia are
poorly studied (Timms 2007). Adding to the lackkmiowledge, generally the salt
lake invertebrates present in the West Australalh lakes have a fairly restricted
distribution and there are numerous species whiehuadescribed (Halse 1999).
Early studies indicate that the most commonly fognolips include the Crustacea,
Gastropoda, and Rotifera (Brock and Shiel 1983;02ekker 1983). Individuals
from the genudParartemia are often the most common species encountereah (Joh
2001), with some of the larger playas supportingrge biomass of these species
(Colemaret al. 2004; McMasteet al. 2007).

The salt lakes support large numbers of waterbittish utilize the lakes for feeding
when full. Chapman and Lane (1997) identified 3% species during a filling
event of salt lakes of the Goldfields in the e®@#3s. The most common species
recorded included the Black Swa@yfnus atratus), Australian ShelduckTadorna
tadornoides), Grey Teal Anas gracilis) and the Hoary-Headed Greli#oljocephalus
poliocephalus) (Chapman and Lane 1997).
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1.3 Threatsto Inland Salt Lakes

The inland salt lakes of Western Australia aredteeed by a number of processes
including salinisation, climate change, pastordivées, invasion by exotic species
and mining (Williams 2002; Timms 2005a; McMasttral. 2007). Salinisation,
particularly in the Wheatbelt of Western Austrdiias contributed to an increase in
salinity in most of the water bodies in this reg{@trehlowet al. 2005). This in turn
has had major implications for the biota which &xis these lakes (Halset al.
2003). Another threat to the salt lake ecosystertheé effects of climate change.
While the impact of this phenomenon on these systismelatively unknown, early
studies indicate that substantial changes in watgme are likely (Williams 2002;
Timms 2005a). An example of the invasion by exspecies to inland salt lakes in
Western Australia has been presented by McMastalr (2007). The authors have
noted the spread oArtemia parthenogenetica into inland salt lakes in Western
Australia. It is most likely that this species wasoduced to coastal salt lakes and
are spreading by vectors such as avian fauna. imipact of mining to the salt lake

ecosystem is known to be substantial and is thexeéfe major focus of this study.

Mining in and around Western Australian salt lakes resulted in considerable
impact to the hydrology of the lakes. The congtamcof causeways onto the lake is
common during exploration activities (Williams 2Q0&hd can result in changes in
surface hydrology and prevention of the movemenbiota throughout the lake
(Timms 2005a). Also, the construction of pits hmetlakes is becoming more
common and occurs in some of the larger lakes asdtake Way, Lake Carey and
Lake Lefroy. Pit dewatering, which is required foining pits that intercept the
water table, results in a ‘cone of depression’ mwdiown of groundwater in the
vicinity of the pit (Datson 2007). Drawdown ofteauses significant drying of the
playa (personal observation). In association, evagtk landforms and bund walls
are also constructed on the side and within thedakhich results in altered drainage

and in some cases increased erosion.

Excess surface water generated from mine dewat&inged in the processing of
minerals and in some instances the volume of wat@o great, and/or the quality is
not suitable for re-use. In these circumstandesetis a need for disposal of excess

water. There are a number of options for dispo$aurplus water. On occasion,
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and if feasible, old mine voids are used for waterage. This option is limited by
the occurrence of mine voids close to the actival what is being dewatered.
Aquifer re-injection is another possible method #lisposing of the excess water,
however this may be cost prohibitive. Traditiopalbalt lakes have been the
preferable disposal option for excess water produtteging mining. Their large flat
surfaces optimize evaporation, and in the pass, was probably seen as the most
‘environmentally friendly’ option for dischargen that sense the playas are usually
not vegetated and are devoid of fauna during dnditmns. Also it is often the

cheapest and most effective disposal method.

Currently, discharge to salt lakes occurs withimensalt lakes within the Goldfields
(OES unpublished data), however an additional dajtés have received dewatering
discharge. The lakes currently receiving dewagedischarge include Lake Way,
Lake Carey, White Flag Lake, Lake Lefroy, Lake Hdperth, Lake Cowan, Lake
Wownaminya, Yarra Yarra Lakes and Lake Raeside MNortakes historically
receiving dewatering discharge include Lake Mirantdake Austin, Kurrawang
White Lake, Banker Lake, Southern Star Lake, LakeeFLake Tee and Lake
Koorkoordine. This disposal of surplus water (‘@eving discharge’) is controlled
by a site licence issued by the Department of EBmvirent and Conservation (DEC).
The licence usually specifies the maximum volumevafer that can be discharged
per annum, the water quality parameters to bedettite sampling frequency and the
reporting requirements. Parameters to be tesmdatly include pH, total dissolved
solids (TDS) and electrical conductivity (EC). $ome cases, concentrations of
metals are also required to be tested. While theyserts are being prepared on an

annual basis, the impact of these operations dwéevis poorly known.

1.4 Gapsin knowledge
There have been numerous studies of wetlands o8wiae Coastal Plain and south-
west, while in comparison, little focus has beeacptl on the wetlands of the
Goldfields region of Western Australia (WilliamsdaBuckney 1976; Geddes al.
1981). Recently threats to Goldfields wetlandshsas impacts from mining have
led to an increase in research on salt lakes (UBR3;2Caleet al. 2004; Vellekoop
and van Etten 2004). Despite this, the uniquenessecology of the salt lakes in

Western Australia is poorly understood (Timms 200The lakes as a whole have
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never been compared or examined and little is knabout the significance of each
of the water bodies. Obtaining data for these ystess is also hampered by the
frequency with which the lakes fill. Due to thisformation on water quality, algae

and invertebrates which are present in the lakpsasly known.

While approximately 17 lakes in Western Australiavé received dewatering
discharge from nearby mining activities, the impafcthese operations has not been
defined (Timms 2005a). In addition it is not knoikithe lakes receiving dewatering
discharge are unique or contain attributes disamd other inland salt lakes. This
has identified the need for a classification systenthe inland salt lakes in Western
Australia. This need has been raised on numerocasmons at recent conferences
relating to salt lakes (Jasper 1999; John 2001lasg@ication systems are used to
simplify large data sets, and allow groups of datae formed according to similar
attributes (Semeniuk and Semeniuk 1997). Most mapdly, they allow informed
decisions to be made for the protection, recogmit@d unique attributes and
management of aquatic systems (Department of Emwviemt 2005). Classification
systems can be based on numerous attributes suchvater permanence,

geomorphology, water quality, biota and size.

One of the most widely accepted classificationeayst world wide is that defined by
the Ramsar Convention (Semeniuk and Semeniuk 19B[¢. Ramsar classification
system recognizes three main types of wetlands;jndé&toastal wetlands, Inland
Wetlands and Human-made Wetlands. These are fudivided in 42 types
according to parameters such as salinity, watev, fkize and water regime (Ramsar
2006). This system is loosely based on the claatibn system presented by
Cowardinet al. (1998) (Semeniuk and Semeniuk 1997). Cowardaystem is
widely used throughout the United States and rezegnfive main system types;
estuarine, marine lacustrine, riverine and palost{Cowardiret al. 1998). Within
the five system types, further classification oscaccording to water regime and
sediment type. A number of other descriptors sagBalinity, pH and soil type can
also be added. While efficient for the wide ramdavetland types worldwide, the
Ramsar classification system is too broad for thepgses of this study, in that all
salt lakes considered in this study are definedSaasonal/Intermittent Lakes

(Category R).
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A number of Western Australian classification sysdehave been described for
freshwater systems to date but their use is limitedetlands of the Swan Coastal
Plain, South-west and the Wheatbelt (Dastisal. 1993; Semeniuk and Semeniuk
1997; Caleet al. 2004). The Department of Environment (2005) (nD&EC)
supports the use of the geomorphic classificati@tesn proposed by Semeniuk and
Semeniuk (1995), however they also state that systeased on biological data are
acceptable. The classification system propose8dmeniuk and Semeniuk (1995)
is primarily based on the landform setting and bpeériod of a particular wetland.
Other factors or ‘descriptors’ such as vegetatrater chemistry, size and landforms
can be added to the system for greater definitidfithin the vegetation descriptor,
further classification is possible according torpldistribution patterns, for example
Zoniform (zones of vegetation on the peripheryBarcataform (vegetation types in
no particular pattern but on the periphery) clasaiions can be applied. According
to Semeniuk’s classification system, the lakes le## Goldfields are considered
similar.  However, this system does not consideua#iq biota, including
invertebrates and algae. In that context, thegmes of unique, ubiquitous and
important species, and the management measureseeda protect them, is not

addressed.

1.5 Significance of this study
The need to combine all available data on the lakapparent and the importance of
a classification system for practical use, partidylwithin the mining industry, was
a major concern raised at the close of the 2003trAlien Centre for Minerals
Extension and Research (ACMER) workshop on WatealiQulssues in Final
Voids, Salt Lakes and Ephemeral Streams (John 2003bhe need for the
accumulation and integration of data for a rangelifierent water bodies was also
expressed by Batlest al. (2003) in their review of the current ANZECC guides
(Batleyet al. 2003).

The regulation of water disposal to the salt lakes been inadequate, because
current licence and guidelines are not based ostiegi knowledge. Currently the
Australian and New Zealand Environment Conservatioauncil (ANZECC)

guidelines (2000) are applied to some of theseslakEhe ANZECC guidelines are
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inadequate for salt lake systems and do not helgetatify impacts associated with
the mining that occurs in Western Australia. Thisre need for regulators and

users of the lakes to have a set of guidelinesaiotain and follow.

The use of inland salt lakes should be viewed agdlated from the perspective of
the resilience of the lakes and the impact of #neatering discharge practices to the
lakes.. The data collected and compiled in thislystwill significantly contribute to
the understanding of salt lake ecology in Westeunstrlia, while also considering

the impacts of dewatering discharge, and the aksgiwa capacity of the lakes.

1.6 Objectives
The primary objectives of the project were;
1. To gather and validate data on inland salt lakét weference to water and
sediment quality and aquatic biota
2. To identify the gaps in knowledge related to inlaatt lakes
3. To develop a field protocol for sampling salt laa@systems
4. To develop a classification system of inland salkek with predictive

capability, taking into consideration their ecolmjisustainability.




Classification of inland salt lakes in Western Aabé Study Lakes

2 STUDY LAKES

2.1 Introduction
The majority of the lakes in this study are locaiedthe Goldfields of Western
Australia and fall in the Murchison, Coolgardie, [y@ and Avon Wheatbelt
Bioregions (Figure 1). Of the 43 lakes in thisdstul7 are currently or have in the
past received dewatering discharge. The lakeserénogn Lake Hope in the south-
west, Lake Cowan in the south east, Lake Way imtirth and Lake Wownaminya
in the north-west. All lakes in the current stutve been grouped according to the
Interim Biogeographic Regionalisation for AustrgliBRA) Bioregion in which they
occur (Figure 1). The IBRA regions are groupedoating to major ecosystem
characteristics such as vegetation, geology andafg’hackway and Cresswall
1995).

The climate of the Goldfields region is describedsami-arid, characterized by hot
dry summers and mild winters. The annual averag#ail for the region is around
270 mm per year with evaporation far exceeding, ttasging between 2000 and
3000 mm per year (BOM 2007). Most of the heavnfedi events occurring in this
region are as a result of cyclonic activity on tleast. There has been a considerable
level of variability in rainfall at Kalgoorlie padularly since 2000 (Figure 2). For
example, during tropical cyclone John, 169 mm oihfedl was recorded in
Kalgoorlie during January 2000 (BOM. 2000).

A large proportion of the salt lakes in this stumlyerlay the Yilgarn Craton. The
Yilgarn block consists of highly weathered graniggmeisses and greenstone belts
(Lyonset al. 1990). Lacustrine sediments present in the lakesbe up to 100 m
thick, particularly in the larger playas (McArtheral. 1991). These lakes provide
drainage to the surrounding areas and are remwdritee palaeodrainage systems
(Mann 1983; Turneet al. 1993; Commander 1999). In terms of groundwates, t
high salinities in the Goldfields are primarily dieeevapo-concentration in salt lake
waters (Turneet al. 1993; Commander 1999). The ground waters ofélgeon are

typically hypersaline, recording values exceedi@ g/L.
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Figure 1. Major IBRA Bioregions in Western Austrdia, with study area represented by the
black square. Map extracted from CALM, 2002.
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Figure 2. Total monthly rainfall (mm) recorded atthe Kalgoorlie Airport from 2000 to May
2007.

Vegetation surrounding the lakes is dominated bm@ares, such ablalosarcia
species, close to the playa, with other chenopogdd sisAtriplex and Frankenia
being recorded further up the dune. It is faifdymmon forHalosarcia to encroach
the playa, depending on the dampness and thetgalinihe playa. Often, they tend
to form distinct zones around the lake, dependimgeach particular species
preference for certain conditions such as saliaitg moisture (Engliskt al. 1999;
Datson 2002). For example species suchHatosarcia halocnemoides and
H. peltata are common on the fringes of the playa preferringisinconditions
(Datson 2002).

The sampling effort in each lake differed with sotakes being sampled over a
range of seasons in both the wet and dry phasteediydrocycle in comparison to
some lakes which were only sampled once. This nekded to the lack of filling
events, the length of the project and the occugefcmonitoring programs within
specific lakes. In addition the sites were groupedording to the influence of
dewatering discharge. Those not impacted by deimgtelischarge were named
natural lakes (or sites). It should be noted thatome of the larger lakes it was
possible for portions of the lakes to remain frearf dewatering discharge and retain

the classification of ‘natural site.’
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2.2 Murchison Bioregion

A total of eight salt lakes in this study occur hiiit the eastern portion Murchison
Bioregion (Table 1, Figure 3 and Plate 1). Thecluwaents of these lakes are
generally endorheic (internally draining) and thekds follow the major
palaeodrainages in the region, namely the Raed@drey and Yindarlgooda
Palaeorivers (Timms 1992). Soils of the bioregia classified as red-brown soils,
red sand plains or breakaways (Beard 1990). Thyeta&on of this region is
characterized as ‘Mulga shrubland’ (CALM 200Z)alosarcia, Atriplex, Maireana
and Frankenia species are all common surrounding the low dunasacé the salt
lakes. Of the eight lakes within this study fiviee @r have received dewatering
discharge. With the exceptions of Lake Maitland &ake Penny, the majority of
lakes in this region exceeded 200%imsize.

Table 1. Area, catchment size and land use of sddtkes included in this study which occur in

the Murchison Bioregion. The lakes are arranged fom largest to smallest lake.

Lake Size (knf) Catchment size Major Land Use
Lake Carey 1000 9000 Pastoral, mining, dewatering discharge
Lake Austirf 770 - Dewatering discharge
Lake Raeside 300 km long - Dewatering discharge
North*
270 - Dewatering discharge, mining,
Lake Waf/1 : )
exploration and pastoral
Lake Rebecca 270 2500 Pastoral, exploration
Lake Mirand§' 200 1400 Pastoral, dewatering discharge
Lake Maitland" 60 - Pastoral and exploration
Lake Penn§ 7.9 - Pastoral

L(John 19995 (Vellekoop and van Etten 2003{Outback Ecology 20068)(Outback Ecology
2006d5(Turner 1999f (URS 2003)" (Outback Ecology 2007 (Campagna and John 2003)

13
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Plate 1. Lakes of the Murchison Bioregion, specifally a. and b. Lake Carey, c. Lake Way, d.
Lake Maitland, e. Lake Raeside, f. Lake Rebecca.
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2.3 Coolgardie Bioregion

There are 30 salt lakes included in this study whace located in the Coolgardie
Bioregion (Figure 4, Table 2 and Plate 2). Sinhjlan the Murchison this Bioregion
is underlain by the Yilgarn Craton (CALM 2002). d&ICoolgardie Bioregion
consists of three sub regions; the Southern Crisstern Goldfields and the
Mardabilla. The vegetation of this district is cheterized by eucalypt woodland,
with a chenopod understorey. The soils are desdrds brown calcareous soils.
Large playas are a characteristic of soils in tiea #Beard 1990). Of the 30 lakes in
this study, 11 have received or are receiving desgg discharge.

Table 2. Area, catchment size and land use of s#dikes in the Coolgardie Bioregion, arranged

from largest to smallest in terms of size.

Lake Size Cfatchment Major Land Use
(km?) size (k)

Lake Cowan 1780 4460 Dewatering discharge, mining , causeway
construction

Lake Lefroy? 570 4560 Dewatering discharge, mining , causeway
construction

Lake Yindarlgooda 420 3864 Pastoral, mining on fringes, mining-rediat
evaporations ponds

Lake Hope 382 - Recreation

Lake Johnstch 175 - Recreation

Lake Hope North 175 400 Mining, receives dewatedisgharge

Baladjie Laké& 89 - Recreation

Black Flag Lak& 7 730 Pastoral, some exploration on fringes of lak

White Flag Laké& 32 200 Mining to the south, has received dewagerin
discharge

Lake Zot 21 - Mining in the vicinity of the shore

Lake Koorkoording 4.5 - Mining, Tailings Storage Facility located on
the shore

Lake Eaton North 3.4 - Pastoral

Lake Teé& 3.3 0.16 Dewatering discharge

Binneridgie Road 3.2 - Causeway constructions

Marsh

Kurrawang White 1.75 - Received dewatering discharge

Lake”

Lake Foré& 1.2 3.35 Dewatering discharge

Lake Josh 0.85 0.15 Pastoral

16
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Lake Size Catchment Major Land Use
(km?) size (knf)

Greta Laké 0.75 - Mining activities south of the lake

Kopai Laké 0.5 - Mining activities south of the lake

Southern Star LaRe 0.5 450 Mining, has received dewatering discharge
historically.

Victory Lake <0.5 - Mining in the vicinity of thehsre

Lake Polarig. <0.5 1207 Recreation, township

Swan Refuge <0.5 - Pastoral

Lake Why <0.5 - Pastoral, used for stock watering

Golf Lake <0.5 - Pastoral

Airstrip Lake <0.5 - No direct mining impacts

Creek Lake <0.5 - No direct mining impacts

South West Lake <0.5 - No direct mining impacts

Un-named Lake <0.5 - No direct mining impacts

I (Aquaterra. 2006)(Turner 1999¥(Cowanet a. 2001)* (Department of Environment and Heritage
1999)*.(Coleman 2003 (Foster 2004)"(Outback Ecology 20064)(Barrett 2003)
NB — where no source was given, lake size was agtiinusing specific mapping tools.

Note — the last four lakes names are not formaitypgnized and have been named by site personnel.
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Plate 2. Selected lakes within the Coolgardie Biegion, including; a. White Flag Lake, b. Black
Flag Lake, c. Lake Lefroy, d. Baladjie Lake, e. Lak Hope, F. Lake Johnston.
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2.4 Avon Wheatbelt Bioregion

The Yarra Yarra Lakes are situated within the AV@heatbelt Bioregion of Western
Australia (Figure 5). This Bioregion consists wfot subregions, the eastern and
western, and the Yarra Yarra lakes are situateitiéneastern subregion. This is a
region of ancient drainage, underlain by the Yigatraton (CALM 2002).
Vegetation surrounding the clay pans typically ¢stssof Halosarcia doleiformis
and H. halocnemoides. The Yarra Yarra catchment covers approximat&y6a0
km? with a predominantly agricultural land use (Boggyal. 2006). The Yarra
Yarra lakes encompass almost 300 km and contairozipmately 4 500 lakes and
clay pans (Boggst al. 2006). The three lakes included in this studylacated in
the northern sections of the Yarra Yarra drainggtesn, and are unnamed (Outback
Ecology 2005). The lakes are small, less than kthbin size (Plate 3). One of the
lakes receives dewatering discharge, however tier ¢tdkes are located immediately
upstream and downstream. While not impacted bghdige it is likely that they are

impacted by pastoral activities.

Plate 3. Lakes of the Yarra Yarra Lakes catchment.
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2.5 Yalgoo Bioregion
One lake, Lake Wownaminya is situated in the YalBomegion (Figure 6 and Plate
4). This Bioregion is the transition zone betwé®® Murchison and the South west
Bioregions. Eucalyptus salubris and Acacia aneura are common over-story
vegetation. Pastoral activities are common inrdgon and are thought to impact
the lake. Lake Wownaminya is located approxima2ay km east of Geraldton. At
approximately 150 kfin size, it is one of a series of lakes locatedaitarge
drainage system with a catchment in excess of P0O(®utback Ecology 2006d).
Copper, zinc gold and silver are mined near the.ldRewatering discharge has been
deposited on the playa since 1997 and unlike mémgr alischarges occurring in the
Goldfields, this discharge ranges from meso to hgglne. Lake Wownaminya is
characteristically dry for most of the year (Outb&rology 2006d).

Plate 4. Lake Wownaminya during the dry phase oft§ hydrocycle.

22



Drawn: CAD Resources ~ Tel: +61 8 9246 3242 ~ Fax: +61 8 9246 3202 ~ www.cadresources.com.au ~ A4 ~ CAD Job No: 159607 ~ CAD Ref: g1596 Y01.dgn ~ Rev: A ~ Date: Nov 2007

L

CARLAMINDAC

WV ESTERN '
AUSTRAUA i = OVAlce®

A

UREHISON
BIOREGION

6840000mN
i
1

VALGOO BIORESION - F 1

% d
»

Figure 6
| CLASSIFICATION OF INLAND SALT LAKES
IN WESTERN AUSTRALIA

. YALGOO BIOREGION
Athor: S. Gregory . Scale: 1:400,000 }




Classification of inland salt lakes in Western Aabka Surface Water Chemistry

3 SURFACE WATER CHEMISTRY
3.1 Abstract

Sporadic rainfall in recent times has contributedthe lack of knowledge with
regards to water chemistry of the inland salt lakesVestern Australia. This was
mainly due to limited opportunities to sample thesmsystems. The principal
objectives of this chapter were to describe theewquality of the lakes, assess the
differences in water quality between both lakes Bimtegions and to determine the
potential impacts of dewatering discharge to watelity. In addition a comparison
was made between water quality of the lakes andigjnes considered most relevant
to these systems. The results indicated that yighkiable water quality was
characteristic of the lakes sampled and this wide@ to a combination of factors
including the stage of the hydrocycle sampled, llapeology and the input of
dewatering discharge. Lakes such as Carey, Wayarashda showed the greatest
variation in most parameters and this was attribute greater sampling effort at
these particular lakes combined with the input @ivdtering discharge. Differences
in water quality between Bioregions were appareatticularly in regards to metals.
In terms of the impact of dewatering discharge oatew quality, most lakes
influenced by dewatering discharge have shown dmnmp pH and higher
concentrations of salts, nutrients and some metalmpared to natural lakes.
Comparison of concentrations of metals in natuskle$ and relevant ANZECC
guidelines showed that cadmium, cobalt, chromiuapper, lead, nickel and zinc
exceeded ANZECC guidelines indicating that conedittins of most metals are

naturally high in surface waters of these lakes.

3.2 Introduction

The opportunity to collect surface water from thé lEkes of the study area has been
limited due to sporadic rainfall and subsequenk lakcfilling events. In particular,
the majority of studies conducted since the 1990stheen funded by the mining
industry, with data being predominantly publishesl iaternal company reports,
which are generally not publicly available. Thegmse of this chapter is to compare
and contrast the current water quality in termldf salts, nutrients and dissolved
metals of salt lakes in Western Australia. In ltst@face water data was available

for 24 of the 42 lakes considered in this studyisTepresents the largest data set of
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its kind for water quality of inland salt lakes\Western Australia, and will contribute

greatly to the knowledge of the water quality atites of these systems.

The quality of surface water in these temporarytesys is influenced by climate,
geology and changes over the hydrocycle (Bayly ®itdiams 1966; Hammer
1986). The climate or rainfall patterns of theioegdetermine how often the lakes
fill and are important in the context of water dqtyalBiggs 1995). Upon filling
catchment inputs such as salts from weatheringaoér rock and input of organic
material can influence the water quality of theelaKDe Deckker 1983). Internally
as the lakes fill a pulse of nutrients occurs i@ Water column as they are released
from the sediments (McComb and Qui 1998; Boultod Brock 1999). As the lake
completes the hydrocycle and starts to dry mosharpaters evapo-concentrate,
resulting in increased concentrations of most patam, particularly the salts (Khan
2003b). This results in a considerable variatrowater quality over the hydrocycle,

much greater than would be expected in permaneterwadies.

The earliest, most-comprehensive studies of surfater in the salt lakes occurred
in the 1980s and compared the lakes of the Gotiffi@lVilliams and Buckney 1976;
Geddest al. 1981), however these wetlands as a group havéewt considered.
Since these initial studies, most limnological stgchave been restricted to lakes that
have been impacted by mining, either in the lagelfit or on the periphery (Finucane
2004; van Etten 2004; Timms 2005a). This has ¢ed paucity of information for
water quality given the large amount of work congde In comparison, water
guality of wetlands in other regions of Western #haléa has been comprehensively
studied particularly in response to impacts by msdaoy salinisation and urban
development (Davist al. 1993; Pindeet al. 2005; Bogg<t al. 2007).

A number of the salt lakes included in this stu@dyeén received inputs of saline to
hypersaline groundwater, produced by the dewatesfngearby mines. While the
influence of dewatering discharge to salt lakesralatively unknown, it is thought
that this activity contributes to the salt, metatl anutrient loads of these wetlands
(van Etteret al. 2000; URS 2003; Timms 2005a; Outback Ecology 2D0ét some
cases, dewatering discharge may be the only suwater present in these lakes for

the majority of any given year. Therefore, white tresults of this study reflect the
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water chemistry of these lakes, a number of theve l@en impacted by dewatering

discharge and this is reflected in the water cheyndata.

The majority of studies tended to focus on saliratyd concentrations of major
anions and cations in the lake (Williams and Bugkb@76; Geddest al. 1981). To
date little information exists for metals, howewarecdotal evidence suggest that
because these lakes are located in naturally niinedazones it would be expected
that concentrations of some metals would be higburiace waters (Mann 1983).
However, this has not been confirmed. This lackradwledge has posed problems
to both the mining industry and regulators of thegstems, particularly in response
to determining the impacts of dewatering dischaagd mining operations on the

water quality of these lakes.

In addition to the lack of knowledge with regardthe impacts of these activities
there are no specific guidelines for assessmerth@de impacts to salt lakes in
Western Australia. Traditionally, the ANZECC guides have been used in impact
assessment to determine concentrations of parasnstéch may negatively impact
the biota (ANZECC. 2000b). Although water qualitysalt lakes in the Goldfields
is not fully understood, the suitability of the dalines in regards to these systems

has been questioned in recent times (Setitdh. 2004).

The specific objectives of this chapter were to;
» describe the water quality of the salt lakes withi& study area
» determine the similarities and differences betwBeregions and Lakes in
terms of water chemistry
« comment on the impact of dewatering discharge te sarface water
chemistry of the lakes
» compare and contrast the water quality of the lake®mparison to relevant

guideline values
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3.3 Materials and Methods
Surface water samples for this study have beeraell from 24 salt lakes in the
period from 1998 and 2007. Due to the lack oiniijlevents during the study water
chemistry results were obtained from a number gfubtished sources. While the
majority of data was collected by the author analfffsand students of Curtin
University, data collected for Lake Austin was digg by Edith Cowan University
(van Etteret al. 2000).

Each of the lakes was grouped according to Bioregiod whether the lakes had
received dewatering discharge. For the purposeki®fstudy those lakes receiving
dewatering discharge were represented by a D, winige not receiving dewatering
discharge were named natural lakes (N). It is omkn if natural lakes were

impacted by another source, and generally this m@squantified in this study.

Also, even though some of the larger lakes aresified as discharge (D), given the
size of the lakes it is likely that some of theesithad not been impacted by the
dewatering discharge. Those lakes with only basdliata collected, but have been

impacted by discharge since were classified agaldakes.

3.3.1 Field Methods

Surface water grab samples were taken in thedit@mme, using sampling containers
relevant to the different analyses. Samples tartsysed for major cations, anions,
pH and salinity were collected in 1 L plastic be¢tlwith no preservative added.
Samples to be analysed for nutrients such as pbaspland nitrogen were collected
in 250 mL plastic bottles and preserved. Samptesyaed for dissolved metals were
filtered within a water filter unit through 0.45 pMillipore glass filter paper, and
placed in a 125 mL plastic vessel with nitric aeidided. Samples were stored in
insulated containers with ice and sent to a NATAradited laboratory as soon as
possible after sampling. Analysis of metals by keoratory was conducted by
Inductively Couple Plasma Mass Spectrometry (ICP-Appendix B).

In most cases field measurements of pH, electdoaluctivity, dissolved oxygen
and temperature were taken using a hand held nggagrally however most data
used in this study are laboratory based. Watethdeps measured using a standard

ruler.
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3.3.2 Data Compilation and Statistical Analysis
Results for water quality parameters were tabuldatedexcel spreadsheets and
analysed using the PRIMER (Plymouth Routines in tMaliate Ecological
Research) (version 6) and Minitab (version 14) wgafé packages (Minitab
Incorporated 2003; Clarke and Gorley 2006).

Ordination of the data was performed using PRIMERncipal Components

Analysis (PCA) to assess similarities between #ties in terms of concentrations of
certain parameters in surface water. When congpilire data, results that were
below detection were altered to absolute valueshatekd (Limet al. 2005). PCA

produces a plot on which sites with similar watealgy are located close together,
while those with different chemistries are locatexdher apart. Vectors on the plot
represent the influence of the different parametergshe data set. The longer the
vectors the greater influence on the data set. stiength of the PCA results are
explained in terms of percentage variation, a véha¢ should exceed 60 % over the

first two axes, in order to adequately represeadidita set (Clarke and Gorley 2006).

Minitab was used to perform a One-way Analysis afignce (ANOVA) on data to
determine if selected water quality parameters veggaificantly different between
the lakes and for comparison natural and dischaiigs (p values of <0.05 were

considered significant, at a confidence intervat ef0.05).

Additionally, to determine the salinity range ofl g@he wetlands, electrical
conductivity (EC) data were converted to g/L (Thims completed using the

conversion factor presented in Williams, 1998a).

For the compilation of the dissolved metal concaians in surface water, the table
of ranges details the maximum and minimum concéatrdor each parameter. This
was due to at least 80% of the data being belowctienh values. This limited the
statistical analysis which could be performed oa tlata. The current ANZECC
guidelines were also included in this table andséheepresent the level for which
80% of species are protected in a moderately distumarine ecosystem (ANZECC.
2000a). These guidelines were chosen for compasothe basis that the study

lakes are saline, and slightly too moderately a#fgdy human activity.
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3.4 Results
The collated water quality data for 24 inland watshowed that the parameters
tested were not always consistent between lakelépabetween sites. Therefore the
data sets for each of the parameters tested diffi@rsize, which limited statistical

analysis in some cases.

3.4.1 pH

The pH of the lakes ranged between 4.6 and 10.@ever the majority of sites

exceeded 7 (Appendix C — Table 1). Some laked) agdBinneridgie Road Marsh
and Lake Why, were alkaline recording pH valueggiag between 9 and 10. In
contrast, Lake Yindarlgooda recorded the most eddiface water at 4.6. Lakes
Austin, Yindarlgooda and Wownaminya showed the tgsavariation in pH over

time. Surface water pH was significantly differdogtween Bioregions (p<0.05),
with those lakes situated in the Coolgardie Biavagiending to be more acidic,
while those situated in the Avon Wheatbelt Bioregicere more alkaline. While pH
was not significantly different between the disgfgaand natural lakes within the
Avon Wheatbelt Bioregion, it was within the Cooldi& and Murchison lakes (Table
3). In the Coolgardie Bioregion pH was signifidgritigher in the discharge lakes in
comparison to the natural lakes. In the MurchiBaregion, this trend was reversed

with the natural lakes reporting a significantlgimer pH than the discharge lakes.

Table 3. Results of the ANOVA analysis showing thdifferences between pH in the natural and

discharge lakes in each of the Bioregions. * repsents a significant relationship.

Code Avon Wheatbelt Coolgardie Murchison
Mean SD n Mean SD n Mean SD n
Discharge 7.77 0.33 43 7.65 0.64 300 6.76 0.64 32
Natural 7.93 0.38 3 6.71 0.97 46 7.48 1.28 76
P value 0.405 0.000* 0.003*
3.4.2 Salinity

In terms of salinity (measured as TDS), a wide eawnd values were recorded
(Appendix C — Table 2). The salinity of the lakesiged from 1 to 390 g/L. The
lakes with the highest salinity included Lakes Cow&ee and Fore, and those with

the lowest salinity were Binneridgie, Lake Why &an Refuge. The data set for
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each of these lakes was small, which may haveenfiad results. Salinity was
significantly different between Bioregions, witretsalt lakes of the Avon Wheatbelt
recording a significantly higher salinity than teasf the Coolgardie and Murchison
(p<0.05) (Appendix D). The salinity of the lakeghin the Coolgardie Bioregion

was intermediate to the Avon Wheatbelt and MurahBmregions.

Salinity was significantly different between thetural lakes and those lakes
receiving dewatering discharge in both the Murchismd Coolgardie Bioregions
(p<0.05 respectively) (Table 4). In both these r&gons, lakes receiving
dewatering discharge recorded significantly highi®S values. There was no
relationship between discharge and natural sitethirwithe Avon Wheatbelt

Bioregion.

Table 4. Results of ANOVA analysis including Meanstandard deviation and number of
records for TDS (g/L) in surface water from each Biregion. Significantly different

relationships between discharge and natural lakesra highlighted by a *.

Code Avon Wheatbelt Coolgardie Murchison
Mean SD n Mean SD n Mean SD n
Discharge 191 100 40 272 65 26 140 122 320
Natural 227 107 6 85 74 41 27 9 40
P value 0.421 0.000* 0.000*

3.4.3 Anions and Cations
Nine different cationic sequences were reportethftbe surface water of the lakes
in this study (from 311 records). The most commeguence was Na>Mg>K>Ca,
followed by Na>Ca>Mg>K and Na>Mg>Ca>K. The perea# of sites reporting
each sequence was 46%, 24% and 22% respectivelsultR of a one-way ANOVA
using salinity of each of these sequences showadthiey reported significantly
different salinity (p=0.000) and was highest for>IN&y>K>Ca and lowest for

Na>Mg>Ca>K, indicating the possibility that ionialance was related to salinity.

For the cationic sequences, most sites in Lake ridaa Lake Lefroy, Lake Fore,
Creek Lake, Yarra Yarra Lakes, Lake Way, Lake Rieeand Lake Carey generally
recorded an ionic balance of Na>Mg>K>Ca. MostssiteWhite Flag Lake, South-

west Lake, Lake Zot, Lake Austin and Black Flag ¢ a&ported a cationic sequence
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of Na>Mg>Ca>K. The cationic sequence Na>Ca>Mg>Ksvadso reported at a
number of sites in both Lake Carey and Lake Miranda

The number of ionic patterns for each lake wasutaled and ANOVA performed to

determine whether there were any differences betwedural and discharge lakes
(Table 5). The number of different ionic balaneess significantly higher (p<0.05)

in lakes receiving dewatering discharge (mean @f B&x comparison to the natural
lakes (mean of 1.1).

Table 5. Results of the ANOVA for number of diffeent ionic balances in either the discharge or

natural lakes. Mean, standard deviation (SD) and wmber of records for each group are

presented.
Code Mean SD n
Discharge 2.70 1.95 10
Natural 1.13 0.35 8
P value 0.039

The size of the lake and the number of differentdgatterns was also investigated
using ANOVA analysis (Table 6). The lakes greatean 50 ki in size had a
significantly higher (p<0.05 number of ionic balascthan the lakes less than 50

km?.

Table 6. Results of the ANOVA for number of diffeent ionic balances in each size group.

Mean, standard deviation (SD) and number of record$or each group are presented.

Size Mean SD n
<10 kn? 1.40 0.70 10
10 — 50 knt 1.00 0.00

>50 kn? 3.33 2.25

P value 0.038

Of the 295 records of anionic sequences, 293 repoain anionic sequence of
CI>SQ>HCQO;, while two lakes reported a sequence of CI>HEED,. These two
lakes were Lake Eaton North and Lake Why, whicly ¢vald data from one sampling

date. Itis therefore unknown whether this resutepresentative of these lakes.
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3.4.4 Dissolved Metals and Metalloids

The range of values for most metals and metalleedsrded in the Goldfields was
large, however there were a high number of belotead®n values within the data
set (Table 7). Two sets of ranges are presentsaset from lakes receiving
dewatering discharge and natural lakes. Concéorisabf beryllium, tellurium, tin,
tungsten, hydrocarbons (C10-14, C15-28, C29-36G619) and vanadium remained
below detection in both lake types and are noteuesl in Table 7. Data sets were
small for each of these parameters (10 record$)eadth the exception of

vanadium (32 records).

Generally the upper range of dissolved metalsendischarge lakes was higher than
that recorded in the natural lakes (Table 7). Mws not able to be statistically
proven given the high number of below detectionugal in the data set. The
exceptions to this were the upper range of alumingohd and iron at the natural

lakes.

The upper range of concentrations of cadmium, chmom cobalt, copper, lead,
nickel and zinc in the natural lakes all exceedesl ANZECC guideline value for
protection of 80% of species in marine water (Table For the lakes receiving

discharge the upper range of values, exceeded\HELC guideline values.
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Table 7. Range of metal concentrations recorded ithe salt lakes included in this study.

Parameter Discharge Lakes Natural Lakes ANZECC

Min Max n Min Max n Guidelines

Aluminum BD 4.7 107 BD 44 48

Antimony BD 25 149 NT

Arsenic BD 2.8 294 BD 0.1 50

Barium BD 2 37 0.1 0.1 1

Boron 0.1 37.2 130 0.8 4.4 5

Bromine 14.3 83.4 8 NT

Cadmium BD 3.6 298 BD 0.4 50 0.04

Chromium BD 0.5 283 BD 0.5 10 0.09

Cobalt BD 25 252 BD 0.5 9 0.15

Copper BD 1 299 BD 0.8 54 0.008

Gold BD 0.003 73 BD 0.004 30

Iron BD 99 143 BD 120 19

Lead BD 13 294 BD 1.9 53 0.01

Mercury BD 0.002 262 BD 46 0.001

Nickel BD 4.4 259 BD 3 50 0.56

Selenium BD 1.7 230 BD 8

Silica BD 54 41 1.4 1

Silver BD 0.01 9 BD 5 0.003

Strontium 0.16 21 18 14 21 2

Titanium BD 2.8 8 NT

Uranium 0.015 0.023 9 NT

Zinc BD 6.7 279 BD 0.6 50 0.04

All values reported in mg/L
BD = below detection, NT= not tested

*ANZECC guidelines are trigger values for protection of 80% of species in marine water.

The PCA plot of metals in surface water was limibgdan incomplete data set, with
many lakes not tested for the full suite of pararef{Figure 7). Available data
shows that there was a high degree of variatiohivéome salt lakes, as shown by
the spread of points on the plot, particularlylfake Way and Lake Carey. In terms
of between-lake differences, Lake Way generally hagh concentrations of most
metals in comparison to the other inland salt lakds contrast, Lake Miranda
reported the lowest concentrations of mercury asdrac in comparison to the other

lakes. South West Lake and Creek Lake reportedehigoncentrations of nickel,
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zinc and copper in comparison to the other lak€sncentrations of most of these
metals were comparatively low in Lake Raeside, Blalag Lake, Lake Lefroy and
White Flag Lake.

6 Lake
Black Flag Lake
v Lake Carey
a4l Lake Lefroy
¢ Lake Miranda
@ Lake Raeside North
+ Lake Way
2+ X Airstrip Lake
%k Creek Lake
South West Lake
D) ol v Creek Entrance
o O White Flag Lake
-2+
4L
-6 T | | | | | |
I 1 1 1 1 1 1
-6 -4 -2 0 2 4 6

PC1
Figure 7. PCA plot of dissolved metal concentratins in surface water. A total of 68.4% of

variation in the plot was explained by first two axes.

3.4.5 Nutrients
Total nitrogen ranged from 0.27 to 136 mg/L withine lake waters. The highest
average concentrations was recorded in Creek Lakie the lowest average total
nitrogen concentrations was recorded in Swan Refagd Black Flag Lake
(Appendix C — Table 3). All lakes displayed a hidbgree of variation in total
nitrogen values. With the exception of Creek Lak®gse lakes impacted by
dewatering discharge generally recorded higher eainations of total nitrogen.
Total phosphorus values were generally much lowan tthat of total nitrogen
ranging from below detection to 42.3 mg/L. On ager the highest concentrations
of total phosphorus were recoded in White Flag leeke Carey. However, both of

these lakes recorded a high degree of variatioimendata sets. The average N:P
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ratios ranged from 7:1 to 1000:1, with most sitemdnstrating phosphorus limiting
conditions within the surface waters. Total nigngand total phosphorus were not
significantly different between natural lakes andose receiving dewatering

discharge, or between Bioregions.

3.4.6 Combined Water Quality
The PCA plot of water quality for selected parametiemonstrated the high degree
of variability between the lakes particularly Lakéiranda, Lake Way and Lake
Carey (Figure 8). In terms of differences betwtenlakes, Lake Cowan recorded
higher concentrations of calcium in comparisonltéh& other lakes and Creek Lake

recorded high concentrations of total nitrogen lameer acidity than the other lakes.

6+ Lake
Black Flag Lake

v Lake Carey
Lake Cowan

¢ Lake Lefroy

® Lake Miranda

+ Lake Raeside North

X Lake Way

%k White Flag Lake
Yarra Yarra

v Airstrip Lake

O Creek Lake

<& South West Lake
Creek Entrance

-6 -3

|

1

0
PC1
Figure 8. PCA plot of pH, TDS, major anions and ations and total nitrogen (TN) in the salt

lakes of Western Australia. A total of 66.8% of vaation is explained by the first two axes.
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3.4 Discussion

Water quality of these salt lakes is highly dependm the stage of the hydro-period
(the cycle of wetting and drying) that the lakesempled in (Boulton and Brock
1999). This, along with other factors results imgh degree of within-lake variation
of water chemistry within these lakes. Samplingdifferent stages of this cycle
results in a high variation in water quality (Walins and Buckney 1976; Williams
1998b; Boggst al. 2007). Other factors which have the potentiainftuence the
water chemistry of these systems include local agglinputs from groundwater,
and the potential of impact from mining (BoultordaBrock 1999).

3.4.1 pH
The pH of inland waters is generally alkaline (Veiths and Buckney 1976; Geddes
et al. 1981; Hammer 1986), as was the case for most eflakes in this study.
Overall, differences in pH of surface water occdraecording to a combination of
variables including geographic location, dewaterirtischarge inputs and
groundwater chemistry. Within some of the largekels, such as Austin,
Yindarlgooda and Wownaminya pH ranges were up te pH unit, showing a
considerable degree of variation within these lak&his within lake variation was
considered to be a result of the distance betwies which resulted in differences
in geology and different catchment inputs at eatsh Between lakes, the pH of the
lakes appeared to be related to geographical totatis pH was significantly
different between the Bioregions, with the Coolgar8ioregion lakes reporting
significantly lower pH than all other regions. Aw surface waters are common
within the lakes of this region (Mann 1983; Douglaml Degens 2006). On average,

lakes in the Yalgoo Bioregion recorded the moralaile pH.

Within each Bioregion comparison of pH data betwaatural and discharge lakes
showed some interesting trends. While in the AVWdheatbelt Bioregion pH was
similar between the two lake types, within the @aotlie Bioregion discharge was
significantly higher while in the Murchison discharlakes reported significantly
lower pH. Low pH values for surface waters are cmn within the Coolgardie

region, which may explain the trend within thisiceg(Douglas and Degens 2006).
The trend of changing pH within lakes affected leyveltering discharge is common

and is dependant on the quality of the dewateriaghdrge water entering the lake
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(URS. 2001; Foster 2004). The implications of tuisthe mining industry is that
changes in pH while directly affecting biota maysalresult in some metals
becoming more soluble (ANZECC. 2000b).

3.4.2 Salinity

Surface water salinity (measured as TDS) of thedalanged from 3 to 390 g/L.
This corresponds with results from other studiesctvhinclude data from West
Australian salt lakes, however the top end of thege recorded in this study is
higher than other reported ranges (290 g/L) (Whikaand Buckney 1976; Geddets
al. 1981; Boggset al. 2007). Salinity was most likely related to thesipion in each
of the lakes hydrocycle that was sampled (Brock @iniél 1983; John 2003b; Boggs
et al. 2007) and the occurrence of dewatering discharfiee lakes recording the
highest salinities were those that had been imgaxyedewatering discharge such as
Lake Cowan and Tee. In contrast natural lakes ascBwan Refuge and Lake Why
reported much lower salinities. It should be ndteat these lakes were only sampled

once, most likely corresponding with the startreff hydrocycle.

Salinity within the Avon Wheatbelt Bioregion wagher than that of the Coolgardie
and Murchison Bioregions. While the source of ssaltithin these lakes is
contentious (De Deckker 1983), the Avon Wheatbeltclosest to the coast and

oceanic salts may be the origin and therefore caflsgher salt loads in this region.

3.4.3 Major anions and cations

In terms of salinity, surface water in most lakesrevdominated by Na and Cl, as
commonly occurs in salt lakes in other regions aéthalia (De Deckker 1983). The
most common pattern of ionic dominance for theoretiwas Na>Mg>K>Ca and
CI>SO>HCO; for the anions in the lakes of this study. Adsira salt lakes
typically follow this sequence for both cations amgions however Ca and K are
often interchangeable (Williams and Buckney 197é6d@Geset al. 1981; Radket al.
2003). These two cationic balances accounted gpraximately 68% of all sites
tested. Itis likely that the change in Ca and &welated to salinity as sites with the
K>Ca balance reported significantly higher saliniban those with Ca>K. This
trend has also been described in studies of othstrélian inland waters (Hart and
McKelvie 1986; Williams 1998b). The ionic sequerafeNa>Ca>Mg>K was also
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relatively common in some lakes (24% of sites rdedrthis balance) indicating that
the concentration of Ca was sometimes higher inesoimthe Western Australian
lakes. This trend is common in water of low sais (Williams and Buckney
1976). The concentrations of each particular ®rgoverned by inputs from the
atmosphere by precipitation, the presence of mat@rared salts and leaching from
minerals in the area and typically displays ligeEasonal variation (Williams 1998b).
Geddes et al. (1981) reported a typical anionic idante of CI>S@>HCO; in

inland salt lakes and this trend was also repartékde majority of lakes in this study

(only two sites recorded a different anionic bainc

Three lakes reported five different ionic balandesing the course of this study.
These were some of the larger lakes and includ&d Raistin, Lake Carey and Lake
Miranda. Having such variation in ionic balancesyrbe due in part to the large size
of the lake and therefore the number of differeattitat and geological types present
(Geddest al. 1981; Williams 1998b). However it is also likelyat the inputs of
dewatering discharge may have contributed to thengh in ionic dominance of
some sites. In Lake Austin the sites classifiedatsral sites reported a unigue ionic
balance, which indicated that Ca was of greateceotmnation in the water than both
Mg and Ca (i.e. Na>Ca>Mg>K). This trend was alesoorded at Lake Miranda
where K was of greater concentration in compartsamoth Mg and Ca and the ionic
balance Na>Mg>K>Ca was unique to the sites whictevirfluenced by dewatering
discharge. The displacement of Mg and Ca usualtyis in freshwaters (Geddets
al. 1981), and this may explain why the sites thatewsst impacted by dewatering
discharge (which tend to be of lower salinity) netaml different ionic balances than

the dewatering discharge sites.

3.4.4 Metals and metalloids
Assessment of dissolved metal and metalloid conagoms of surface waters in salt
lakes in Western Australia has been limited overetito site-specific studies and
generally, most of the data has been collected fuematering discharge outfalls.
Very little dissolved metals data has been colttdtem natural salt lakes. It has
been reported that concentrations of lead, uraniewpper, and zinc are high in
groundwaters within the Yilgarn Block (Mann 1983)daas a rule these parameters

were higher in the lakes which received the dewaedischarge (sourced from
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groundwater), the exception being uranium which maisbeen tested in the natural
lakes surface water. There were no clear trendenms of differences in metal
concentrations in surface water between Bioregamthe majority of data collected

was from the Murchison Bioregion.

The use of the ANZECC guidelines for comparisonhwitata from discharge-
affected salt lakes is a common occurrence in Westestralia due to the lack of
guidelines for metal concentrations within saltdaURS 2003). Concentrations of
cadmium, cobalt, chromium, copper, lead, nickel aimd in natural lakes exceeded
ANZECC guidelines for protection of 80% of maringesies. This indicates that
concentrations of most metals are naturally highurface waters of salt lakes in the

Goldfields, regardless of dewatering dischargeuaritce.

3.4.5 Nutrients
Concentrations of nitrogen were high in salt lakéghe Goldfields, a trend also
reported in Victorian salt lakes (Khan 2003b). Mihe exception of one of the
natural lakes (Creek Lake) total nitrogen remaibetbw 2.5 mg/L. At the lakes
impacted by discharge total nitrogen ranged frorm 10 mg/L and the general trend
was for these lakes to have greater concentratbngrogen. This trend has been
reported in individual lakes receiving dischargeg@dry in press) and anecdotal
evidence suggests that blast chemicals used ipitmeay be the source of nitrogen

in the dewatering discharge water (L. Hill pers oo

Concentrations of total phosphorus within the lakessistently remained below
total nitrogen, a trend also common in other regjiand freshwater systems (Boulton
and Brock 1999; John 2003b). There were no diffegs in total phosphorus values
between dewatering discharge and natural lakesove@ons.
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3.5 Conclusions
Water quality in salt lakes of Western Australiaswaghly variable both within and
between lakes. In addition, water quality was delpat on the stage of the
hydrocycle, local geology and the input of dewaigrdischarge. The larger lakes
such as Lake Carey, Way and Miranda showed a cenadit® degree of variation in
water quality in comparison to the smaller lakestipularly in regards to metals and
major anions and cations. This was most likely tlugreater monitoring effort at
these lakes and greater variability in geology tlgiwout the lake. These lakes have
also received dewatering discharge which also appeahave affected the water
quality of these lakes. Generally, those lakegiveng dewatering discharge have
shown differences in pH, higher concentrations aifss nutrients and some metals
compared to natural lakes. Concentrations of canmiobalt, chromium, copper,
lead, nickel and zinc in natural lakes were eledatésnd exceeded ANZECC
guidelines. This indicated that concentrationsnaist metals are naturally high in
surface waters, regardless of dewatering dischafyence. In terms of differences
between Bioregions, while some parameters suchuégsemts and salinity were
apparent, particularly in the Avon Wheatbelt, hoamrethere were insufficient data

for metals within regions to determine differencethese parameters.
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4 SEDIMENT CHEMISTRY
4.1 Abstract

Sediment parameters of salt lakes in terms of @ainig, metals, major salts and
nutrients as a whole is poorly known in Western thalg. Within this chapter

particular focus was placed on the impact of des@dedischarge on the sediments
and the differences in sediment chemistry betwesth lakes and Bioregions. As
shown in the surface water chapter, there was la degree of variation in sediment
chemistry both within and between salt lakes. Thisation was generally related to
geological features of the lakes and in some cabes,additional influence of

dewatering discharge. The sediments of the MuochiBioregion reported high

concentrations of zinc, arsenic and copper, whike €oolgardie region sediments
were typified by higher concentrations of lead,madn, chromium and nickel. The
use of ANZECC Interim Sediment Quality Guidelines impact assessment of
dewatering discharge was also investigated. GHyesadiment values recorded in
the natural lakes were lower than guideline valugfe only exceptions were the
trigger values of nickel and chromium which wereceeded. In regards to the
uniqueness of the lakes, Lakes Maitland, Black Flag Miranda were relatively

distinctive in terms of the concentrations of metadl sediment, compared to the

other lakes in this study.

4.2 Introduction
While water quality of the salt lakes was presentethe previous chapter, it was
common for sediment to be the only media availablee sampled within the salt
lakes of semi-arid regions, due to their episoditure. Despite the fact that they are
the media most often sampled, the level of publishéormation on the sediments of
the Western Australian salt lakes is minimal, gattirly in regard to metals and
nutrients. Published information to date is lirdite early studies based on one-off
sampling events, conducted in 1977 and 1990 (Férst@77; Arakelet al. 1990;
Lyonset al. 1990). A number of mining companies sample sedimef the lakes on
a regular basis, both due to the lack of water, anch means of determining the
impact of their operations on the lakes given sediment chemistry can directly
influence water chemistry (ANZECC. 2000b; Simpsbal. 2005).
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Sedimentary processes are both complex and numeiithis the inland salt lakes.

Sediments of the lakes are composed of particlasced from the weathering of

materials and matter produced from organic prosesseh as decay within the lakes
(Clark and Wasson 1986). The bedrock or underlg@glogy is the main influence

on sediment chemistry within the natural salt lakevironment (Forstner 1977,

Lyons et al. 1990). Groundwater quality also has a consideratlluence on

sediment quality in many lakes (De Deckker 1988).

In addition to groundwater and weathering inputs thetting and drying of the

water-body can result in profound changes to tlagnsent properties and chemistry
(McComb and Qui 1998). For example, when sedimar@submerged the levels of
oxygen in the sediment are drastically reducedultiag in several changes

(Ponnamperuma 1972). As sediments are wettedsulface layer (<2 mm) is

oxygenated, and overlies an anoxic layer (Ponnamperl972). In this layer, the

solubility of metals can change, either bindingéaiment or releasing them into the
overlying water (Boulton and Brock 1999). Uponidgy sediments of the salt lakes
are influenced by erosion and depositional forcesnip as a result of windblown

movement (Clarke 1991).

The sedimentary processes in Western Australiah lakés are poorly known,
particularly in response to dewatering dischargénéoplayas. This chapter serves to
compare and contrast the data collected in regar@$l, salinity, major anions and
cations, nutrients and metals between lakes ande@mns. The effects of
dewatering discharge on these sedimentary parasnatet the effectiveness of the
ANZECC interim sediment quality guidelines in impaxssessment will also be

discussed.

4.3 Materials and Methods

4.3.1 Field Methods
Sediment samples were collected using 250 mL &iedilglass jars on the fringes of
each lake. The top 1-5 cm of sediment was scrapgedhe sample vessel. Samples
were stored in insulated containers with ice briaksl transferred to the laboratory

for analysis. Except where specifically mentionemtal metal values have been
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presented as mg/kg. Laboratory methods for sedirapalysis are presented in

Appendix B.

While the parameters tested differed between sieserally sediments were tested
for the following;
» Basic parameters — pH, total soluble salts (TS#) brganic carbon (TOC),
total nitrogen (TN), total phosphorus (TP)
« Major Cations and Anions — sodium (Na calcium (Cé*), magnesium
(Mg?"), potassium (K), chloride (CJ), sulphate (S§), bicarbonate (HC®)
* Total Metals — aluminum (Al), arsenic (As), bariu(Ba), boron (B),
cadmium (Cd), chromium (Cr), cobalt (Co), coppeun)Gron (Fe), lead (Pb),
manganese (Mn), mercury (Hg), nickel (Ni), seleni(fée), strontium (Sr),

sulfur (S), uranium (U), vanadium (V) and zinc (Zn)

For data comparison, lakes receiving dewateringhdige were separated from lakes
not receiving discharge (referred to as naturaddakereafter). The lakes were also

grouped according to the Bioregion in which thegwcas described in Chapter 2.

Sediments were additionally classified accordingetdure (McDonaldt al. 1998).
Generally the three types of sediments were presihin these lakes, falling into

three categories; sand, sandy clay and clay.

Sediments collected from lakes within the Avon Wthel region were only tested
for basic parameters, and have not been assessedajor anions and cations or

metals during this study.

4.3.2 Data Compilation and Statistical Analysis
Results for sediment quality parameters were tabdlin Excel spreadsheets and

analysed using the PRIMER (version 6) and Minitargion 14) software packages.

PRIMER’s Principal Components Analysis (PCA) wagdido assess similarities
between the lakes in terms of concentrations @il toetals in sediment (Clarke and
Gorley 2006). When compiling the data, results thvare below detection were

altered to absolute values and halved (lanal. 2005). PCA analysis produces a
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plot on which sites with similar sediment qualitse docated close together, while
those with different chemistries are located furtiygart. Vectors were also included
on the plot and they represent the influence of different parameters. Longer
vectors indicate a greater influence on the data Ske strength of the PCA results
are explained in terms of percentage variatiorglaesthat should exceed 60 % over
the first two axes, in order to adequately repretlem data set (Clarke and Gorley
2006). Sites included in the PCA plot were groumestording to lake and

Bioregion.

Minitab was used to perform a One-way Analysis ddrighce (ANOVA) to
determine if sediment parameters were significadifferent between the lakes (p

values of <0.05 were considered significant, abr&idence interval ofi = 0.05).

For total metal concentrations within sedimentse thaximum and minimum
concentration for each parameter was calculateue third quartile value was also
included and represents the value that 75% of idetelow. The current Australian
and New Zealand Environment Conservation CoundNZECC) Interim Sediment
Quality Guidelines were also incorporated for corrgmn with natural lake values
(ANZECC. 2000a).
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4.4 Results
4.4.1 pH
The pH of sediments within the salt lakes rangechfd.0 — 9.4, however most lakes
exceeded 7 (Appendix E —Table 1). The exceptiornbis were Creek Lake, Lake
Rebecca and South-West Lake which generally redoadpH value below 7. The
pH of sediments was significantly different betweBioregions (p<0.05) with
sediments of lakes in the Coolgardie Bioregion réicy a more acidic pH while
those of the Yalgoo recording a more alkaline pfhere was a high degree of
within-lake variation in sediment pH in a number lakes, particularly Lake
Rebecca, Lake Miranda and Lake Johnston, whichrdedoup to 1 pH unit variation

between sites.

Comparison of pH in sediments between natural laked those receiving
dewatering discharge between Bioregions showedithabth the Coolgardie and
Murchison regions pH was significantly higher inkda receiving dewatering
discharge (p<0.05) (Table 8). This was not thes cashin the lakes of the Avon

Wheatbelt bioregion with sediment being similamxtn lake types.

Table 8. Results of the ANOVA, including mean, stadard deviation (SD), number of records

(n) and p value of pH within sediments of the Biorgions. Significant values are represented by

a*
Avon Wheatbelt Coolgardie Murchison
Code
Mean SD n Mean SD n Mean SD n
Discharge 8.1 0.4 38 7.7 0.5 139 7.8 0.6 391
Natural 8.1 0.5 29 7.4 0.9 71 7.5 0.9 43
P value 0.688 0.004* 0.008*
4.4.2 Salinity

Salinity (measured as TSS) in sediments displayadyla degree of variation both
within and between lakes (Appendix E — Table 2ediBient salinity in all lakes
ranged from 1.6 to 514 g/kg. Salinity was sigrifidy different between Bioregions
with the Yalgoo recording the lowest salinity irdsaents (p<0.05). In contrast, the
sediments of the Avon Wheatbelt region recordechigbest salinity in comparison
to the other Bioregions. In terms of mean sedinsaiinity the Un-named Lake

recorded the highest mean salinity while Lake Wawinga reported the lowest
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mean sediment salinity. Lakes which recorded asidemable range of sediment
salinity included Lake Cowan, Lake Carey and Laké&dy.

In the Coolgardie Bioregion sediment salinity ofethdischarge lakes was
significantly higher than that of the natural lakgs<0.05) (Table 9). In the

Murchison Bioregion while the mean value of sajinit sediments was higher in the
discharge, this was not significant (p>0.05). Huw lakes of the Avon Wheatbelt,
sediment salinity was significantly lower at th&da receiving dewatering discharge
(p<0.05).

Table 9. Results of ANOVA including, mean, standat deviation of TSS (g/kg) in salt lake

sediments from each bioregion. Significant relatioships are highlighted by a *.

Code Avon Wheatbelt Coolgardie Murchison
Mean SD n Mean SD n Mean SD n
Discharge 125 95 36 112 84 314 124 101 131
Natural 192 121 27 89 50 217 96 67 50
P value 0.021* 0.152 0.034*

4.4.3 Major Anions and Cations
A PCA plot of major cations and anions in sedimé&f&, C&£*, Mg®*, K*, CI', SO,
HCOs; showed some differences between the lakes (Figlre CQ® was not
included in this assessment as the majority ofdakeorded concentrations of less
than 1 mg/kg. Lakes Maitland and Way reported gh hilegree of within-lake
variation in comparison to the other lakes as shbythe spread of sites on the plot.
Also higher concentrations of €aMg*and HCQ were reported in these lakes in
contrast to the other lakes. Lakes Raeside Narththe Un-named Lake reported
higher concentrations of Nand Cl in comparison to the others. Concentrations of
most parameters in Kopai Lake and Southern Stag Woer compared to other lakes.
Lakes such as Lake Rebecca, Lake Johnston and Wihite Lake showed little
within-lake variation, and were also similar to leasther as indicated by their
position on the plot.
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Figure 9. PCA plot of major anions and cations inVA salt lake sediments (all Bioregions). A

total of 70% of variation explained by the first two axes.

For the cations within the sediments, the majoofysites were dominated by

sodium, however there were some lakes dominatedabgium and magnesium
(Table 10). In contrast anions, recorded the idrdtance of CI>SE@>HCO;, in all

but two sites.

Table 10. The ionic gradient of major anions andations recorded in Western Australian salt

lake sediments.

lonic Balance Proportion of Sites (%)
Na>Ca>Mg>K 33
Na>Mg>Ca>K 26
Ca>Na>Mg>K 15
Na>Mg>K>Ca 14
Na>Ca>K>Mg 5
Ca>Mg>Na>K 4
Mg>Ca>Na>K 2
Mg>Ca>K>Na 1

4.4.4 Total Metals and Metalloids

The mean total metal value at the discharge laies &ll Bioregions was generally

higher in comparison to the mean concentrationsrdeal in the natural lakes (Table
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11). The exceptions to this were boron, strontamd uranium which were higher in
the natural lakes. Minimum and maximum ranges etals within the lakes are
presented in Appendix E. Maximum concentrationglogbmium and nickel in the
natural lake sediments exceeded the ANZECC inteaiment quality guideline
values (Table 5 - Appendix E).

Concentrations of tellurium, tin, tungsten and eilwvere consistently below

detection in both discharge and natural lakes asa @ere not included in Table 11.

Table 11. Mean, standard deviation (Std dev) andumber of records (n) for total metal and
metalloid concentrations recorded in Western Austrédan salt lake sediments of natural and

discharge lakes.

Discharge Lakes Natural Lakes ANZECC
Parameter Std Guidelines
Mean Std Dev n Mean n
Dev

Aluminum 9843 5587 182 | 5744 3809 25
Arsenic 52 101 553 3 2 49
Barium 41 48 148 35 39 42
Boron 106 95 209 | 159 105 17
Cadmium 2 10 563 05 05 49 10
Chromium 132 172 563 | 118 140 51 350
Cobalt 22 45 392 7 7 44
Copper 59 147 574 16 14 51 210
Iron 34855 30591 146 | 12437 9631 26
Lead 10 17 562 7 10 49 220
Manganese 368 471 483 179 171 42
Mercury 0.1 0.1 515 0.1 0.1 42 L
Nickel 46 136 521 31 39 51 52
Selenium 3 4 251 1.2 09 25
Strontium 496 347 18 886 985 17
Sulfur 8055 2555 20 4110 4231 3
Uranium 5 5 10 16 14 17
Vanadium 64 38 138 62 55 25

Zinc 36 36 550 17 15 51

All values reported in mg/kg, BD = below detectionNT= not tested

*ANZECC guidelines are ISQG-High Values
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The PCA plot of total metal concentrations showeat some lakes, such as Lake
Maitland, Lake Miranda and Black Flag Lake, repdrtistinct concentrations of

total metals in comparison to the other lakes ibetuin this study (Figure 10). For

example, concentrations of chromium, nickel andl legre highest in Black Flag

Lake in comparison to the other salt lakes. Coma&ons of arsenic, copper and
zinc were highest in Lake Miranda and Lake Raekidegh. Concentrations of most

other metals in sediment were low in Lake Maitlamdl Lake Rebecca in association
to the other lakes.

6 Lake
Airstrip Lake

v Baladjie Lake

@ Black Flag lake

® Creek Lake

+ Greta Lake

X Kopai Lake

%k Kurrawang White Lake
Lake Carey

v Lake Cowan

& Lake Hope
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Figure 10. PCA plot of total metal concentrationsn sediment (all Bioregions). A total of 67.6%

of variation was explained by first two axes.

There were some clear differences in terms of aunagons of metals between the
Bioregions (Figure 11). For example the lakes he Coolgardie region were
characterized by higher concentrations of cadmicimomium, nickel and lead. In
contrast lakes in the Murchison Bioregion were gaihe characterized by higher
concentrations of zinc, arsenic and copper and dowcentrations of chromium,

cadmium, nickel and lead.
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6 Bioregion
Coolgardie
w Murchison

PC1
Figure 11. PCA plot of metals in Western Australia salt lake sediments, grouped according to

Bioregion. A total of 67.6% of variation was expléned by first two axes.

4.4.5 Nutrients
Of all the lakes, sediments at Lake Hope reportedl@west average concentration
of total nitrogen (Appendix E — Table 3). In casr total nitrogen concentrations
were highest in Kopai North. While total nitrogeas high in Kopai North, the lake
recorded the lowest mean value for total phosphoitise highest total phosphorus

average value was recorded in the Un-named Lake.

In terms of differences in nutrients between nataral lakes receiving dewatering
discharge in Bioregions, total nitrogen was siguifitly higher in natural lakes in the
Coolgardie Bioregion (p<0.05). There were no otlkanificant relationships
between the nutrients and their concentrations atural lakes or those lakes

receiving dewatering discharge.

Total nitrogen was also significantly different ween Bioregions, with the lakes of
the Avon Wheatbelt reporting significantly highetal nitrogen in sediments than
the other regions (p<0.05). Lakes of the Yalgoor&gion reported the lowest total

nitrogen concentrations. Total phosphorus cona&otrs were also significantly
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different between Bioregions and were significamtigher in the Yalgoo sediments
and lowest in the sediments of the Coolgardie |4gke®.05). These trends differed
from that recorded in the surface water of thekedatherefore may not be related to

dewatering discharge.

4.4.6 Total Organic Carbon
Total Organic Carbon (TOC) in sediments ranged froetow detection to 6.9
mg/kg. Creek Lake, Un-named Lake, South-west laaia: Lake Johnston recorded
high average concentrations of TOC (Appendix E -blda4). In contrast,
concentrations of TOC in sediments of Lakes Kopal Aake Wownaminya were
below detection. TOC was significantly higher lre tsediments of the natural lakes
within the Coolgardie and the Avon Wheatbelt Bidoeg (p<0.05) (Table 12).
TOC in sediments of the natural lakes of the CadligaBioregion was significantly

higher than that of the lakes receiving dewatedisgharge.

Table 12. Mean, standard deviation and number ofecords used in the ANOVA analysis for

TOC (%) between discharge and natural lakes withireach Bioregion.

Code Avon Wheatbelt Coolgardie Murchison
Mean SD n Mean SD n Mean SD n
Discharge | 0.38 0.18 26 1.05 1.32 156 0.56 0.59 96
Natural 0.27 0.14 15 1.28 1.12 28 1.36 1.72 35
P value 0.027* 0.397 0.000*

4.4.7 Sediment type

Three sediment types were present the in the lak#é® study; sandy clay, clay and
sand. The majority of sites were sandy clay oy,akdth only a couple of sand sites
occurring within the lakes. The following parametevere significantly higher in the
clay sediments; aluminum, antimony, moisture conteitrite, potassium, sulphate,
tin and total soluble salts. The following paraenstwere significantly higher in the
sandy clay sediments; boron, nitrate + nitrite &oil nitrogen. The following

parameters were significantly higher in the sanelgiraents; beryllium, cadmium,

copper, iron, lead, total organic carbon and zinc.
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4.5 Discussion

The analysis of sediments in the absence of surater may allow assumptions to
be made with regard to both water chemistry antbgioal communities that may be
present in the particular water body (Clark and $@as1986). This is particularly
useful given the extended length of time in whicbse systems remain dry. Mining
companies using salt lakes in Western Australilecbmost of their data during the
dry phase of the hydrocycle and it is common pecactn Western Australia for salt
lake sediments to be sampled to determine the imgdatewatering discharge. Also
numerous baseline studies occur when the lakeis ai the likelihood of wet

sampling for the purposes of baseline or impaadistuis low due to the episodic
nature of the lakes (Gregoeyal. 2006).

Like water quality, the sediments of salt lakesNestern Australia showed a large
degree of variation in terms of chemistry both wittand between the lakes.
Sediment quality appeared to be related to the $ieation, its associated geology
and the occurrence of dewatering discharge. Whatespecifically addressed in this
study, there are a number of changes in sedimeptagesses which occur over the
wetting or drying cycle which may have also conitéd to differences in sediment
chemistry between lakes (Boulton and Brock 19990, in aquatic systems there is

a considerable degree of heterogeneity within sedisn(Simpsoset al. 2005).

45.1 pH
Within the sediments of these lakes, pH ranged foim 10.6, however most of the
sediments exceeded pH seven. The pH of sedimen&sriporary systems such as
these are controlled by a number of factors inclgdhe hydrocycle, inputs from
groundwater recharge, redox reactions, carbonateoeganic matter concentrations
(Ponnamperuma 1972; Commander 1999). The lakéseoCoolgardie Bioregion,
such as Creek Lake, South-west Lake were the neaditan this study and this may
be related to the influence of acidic groundwatethie south western section of the
Yilgarn block (Mann 1983). It is common for lak&s this region to receive
discharges of acidic groundwater on the periphérthe water body (Commander
1999). In addition a number of lakes in this regieported high concentrations of

organic matter which may have contributed to thdiaconditions.
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Sediment pH was significantly higher in sedimenfstlte discharge lakes in
comparison to the natural lakes. Changes in sedipkl are important in the
context of determining impact of dewatering disgeaas pH plays an important role
in the availability of some metals (Miabal. 2006). Metals likely to be made more
soluble and toxic by a higher sediment pH includetals such as aluminum. In
contrast, the toxicity of lead, zinc and nickel ananerous other metals decreases as
pH increases (ANZECC. 2000b).

4.5.2 Salinity
The sources of salts in sediments of salt lakesreaunlt from the weathering of
minerals, marine sources and rainfall (Araéiedl. 1990; Chivaset al. 1991; Clarke
1994). In conjunction to these sources, dewatediisgharge in a number of the
Western Australian salt lakes has contributed t® $hlt load of the sediment
(Finucane 2004; Foster 2004). Sediment salinity significantly different between
Bioregions, with the lakes of the Murchison recogiihe highest salinities, followed
by Coolgardie, and then the lakes of the Yalgote Tower salinity of the Yalgoo
Bioregion was most likely related to the fresh dimsiag discharge received by the
solitary lake studied in the region, which moselik contributed to flushing salts
from the sediment of these lakes (Outback Ecolo@96d8). The higher salinity
recorded in sediments of the Murchison may be edl&b greater proportion of sites
receiving discharge in that region in comparisothtt of the Coolgardie region (i.e.
75% of sites received discharge in the Coolgarmligon compared to 92% of sites in
the Murchison region). In the Coolgardie regiore teediment salinity was
significantly higher in the discharge lakes in camgon to the natural lakes. This
was not the case in the Murchison, where the digehlakes recorded a larger range
of sediment salinities. This was particularly @kent in the larger lakes such as
Carey, Miranda and Way where the dewatering digghdid not impact the whole
lake (Outback Ecology 2006c; e).

4.5.2 Major anions and cations
In terms of major anions and cations, the sedimehntie salt lakes included in this
study were dominated by sodium and chloride in Vi other studies in the region
(Mann and Deutscher 1978; Aralatlal. 1990). Generally, the cations followed the

order of dominance of Na>Ca>Mg>K at the majoritysités. For the anions GVas
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dominant, followed by S§ and HCQ. The majority of lakes sediments in this
study were characterised by low concentrations ®°C similarly to other lakes in
the region (Forstner 1977). There were howeveresdeviations from this trend.
For example, higher concentrations of calcium araymesium within Lakes Way
and Maitland may be related to the presence ofe@avithin the vicinity of these
lakes (Mann and Deutscher 1978).

4.5.3 Total metals and metalloids

The acidic waters in the south western sectionhef Yilgarn block contain high
concentrations of lead (Forstner 1977; Mann 1988)was observed within the lake
sediments of the Coolgardie Bioregion. It has b&aygested that the source of the
lead in these systems is most likely related tooitwurrence of granite within these
regions (Mann 1983). Mann (1983) indicates that thore acidic and saline
groundwater conditions in the south west of thegdiih plateau contributes to the
remobilization of lead. Other studies indicatet lead concentrations are highest in
lakes receiving discharge from acid groundwatey®(iset al. 1990). In relation to
this, the more acidic sediments in this study vadse reported within the Coolgardie
bioregion. Concentrations of cadmium, chromium aiekel were also higher in
lakes of this Bioregion, a characteristic reporbgdFoérstner (1977). In contrast,
lakes within the Murchison region generally recardiégher concentrations of zinc,

arsenic and copper.

It appears that dewatering discharge has been ecesaf arsenic, cadmium,
chromium, cobalt, copper, iron, lead, mercury, alcknd zinc, with elevated levels
of these parameters being recorded in some ofatkes] In contrast in the natural
lakes concentrations of most metals were lower tidAECC guidelines except for
concentrations of nickel and chromium. It appdaheg sediments of the study area
are characteristically high in these parametershis as particularly prevalent

within sediments of the Coolgardie Bioregion.

Lakes Maitland, Black Flag and Miranda all reportedrly unique sediment
chemistry in terms of metals. Sediments of Laketlsiad were characterized by
low concentration of parameters such as arsemic, and copper in comparison to

the other lakes in this study. Higher concentratiof cadmium and chromium
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reported at Black Flag may be related to local ggpl Concentrations of arsenic,
zinc and copper were high in the Lake Miranda sedis1in comparison to the other
lakes and this was related to the presence of d@omthin sediments of this lake
(Arakelet al. 1990).

While some studies have reported high concentsitdruranium in salt lakes in the
northern Yilgarn (Mann 1983), only two lakes ingthétudy have been tested for
uranium. Lakes Way and Maitland are in areas whichtain uranium bearing

calcrete and are therefore expected to have higlcerrations of this parameter
(Mann 1983; White 2000). Uranium concentrationshiese lakes ranged from 1 to
45 mg/kg.

In terms of metals concentrations of cobalt, nickedl chromium are relatively high
in sediments of Western Australian salt lakes imparison to other Australian salt
lakes (Forstner 1977). Also there is some evideriaelatively high lead levels in

sediments of in Wheatbelt salt lakes (Lyasisal. 1990). While concentrations of
some metals may be high in these systems, theikiyl#nd therefore the impact of
most metals on biota is affected by pH and redoterg@l (Boulton and Brock

1999).

4.5.4 Nutrients
Concentrations of nutrients such as total nitroganged from below detection to
4 300 mg/kg in the salt lakes sediments of thidystuThe availability of nitrogen is
governed by a number of processes such as reweftsediments which results in a
pulse of nutrients (McComb and Qui 1998) and nirogfixing bacteria
(Ponnamperuma 1972). There were no relationshgie/den natural lakes and
discharge lakes, indicating little influence of dgering discharge to total nitrogen in
sediments. In terms of differences in Bioregiotie Avon Wheatbelt generally
recorded the highest total nitrogen values in sedinand this is most likely related
to the farming activities and use of fertilizerseyalent in the Bioregion in

comparison to the other regions (Boggsal. 2007).

Total phosphorus in sediment ranged from below dfiete to 970 mg/kg, with

concentrations being recorded lower than total oggn in all sediments.
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Concentrations of phosphorus in sediments aredanfiad by the concentration of
organic matter and interactions with iron hydrosid8arbantiet al. 1995). There
appeared to be no influence by dewatering disch&ogeoncentrations of total
phosphorus. Sediments of the Yalgoo Bioregion nteplothe highest concentrations
of total phosphorus within sediments, however datdhis region was only reported

from one lake and this most likely influenced tesults within this Bioregion.

4.5.5 Total Organic Carbon
The concentration of organic matter can controlueniper of processes within the
sediments such as concentrations of phosphoruageblan pH and availability of
some metals (Golterman 2004). Also, total orgar@icbon (TOC) can be used to
indicate primary production (Wang and Williams 2p01The lakes recording the
highest TOC values were located in close proxirttyeach other and were in the
Johnston lakes system. The high level of orgaratten present in these lakes may
be related to the much denser riparian vegetatystess of these lake and the

presence of thick microbial mats in some of thaked$ (Chaplin 1998).

4.6 Conclusions
There was a high degree of variation in sedimeatrastry both within and between
salt lakes included in this study. This variativas generally related to geological
features of the lakes and in some cases, the adalitinfluence of dewatering
discharge. The impact of dewatering discharge Vidsed to local geology.
Generally impacts were different between Bioregiasith changes in sediment pH,
salt load and metals noted at lakes receiving demwwat discharge. Within the
Murchison Bioregion, sediments had characteridjidaigh concentrations of zinc,
arsenic and copper. In contrast sediments of ttigardie Bioregion were typified
by high concentrations of lead, cadmium, chromiund anickel. In terms of
comparison with ANZECC guidelines, generally thegefim Sediment Quality
Guidelines for protection of biota were applicalde the salt lakes. The only
exceptions were the trigger values of nickel angetium which were exceeded by
concentrations in the natural lakes. Lakes MaitJadBlack Flag and Miranda were
relatively unique in terms of the concentrationsyadtals in sediment, compared to

the other lakes in this study, most likely relateé unique local geology.
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5 ALGAE

5.1 Abstract
Biota present in the inland salt lakes of Westemmstfalia is controlled by the
changing water regime as the lake dries. Diatoragtee only biota present during
all stages of the hydrocycle and are the focusisfdhapter. The objectives of this
chapter were to describe the diatom community 8iraaf the lakes, with particular
emphasis on the relationship to the physico-chdnpeaameters and dewatering
discharge. Community structure of diatom speciesegally differed between
Bioregions, however there was a considerable degfe@verlap in species.
Dominant species included common and salt toletara such as;Amphora
coffeaeformis, Hantzschia aff. baltica and Navicula aff. incertata. Being indicators
of environmental change the relationship betweatingnt chemistry and diatom
community structure was explored due to the lackwface water. Concentrations
of zinc, moisture content and cobalt in sedimergpldyed the greatest influence on
the diatom data set. In terms of the impact of ateving discharge on diatom
community structure, sites receiving dewateringcligsge reported significantly
lower species richness. Despite this, there apgedse a capacity for impacts to be
ameliorated by flushing events. This was highkghtoy historical dewatering

discharge sites showing little impact comparedutment dewatering discharge sites.

5.2 Introduction

The previous two chapters established the phydieoaical condition of the salt
lakes in Western Australia in terms of sediment aater chemistry. These chapters
described a considerable variability both withird dretween salt lakes in this study
in terms of environmental variables. This chaéoduces the primary producers
of the lakes, with particular emphasis on the dieto The primary producers of
inland salt lakes commonly includes bacteria, cpacteria and algae (Borowitzka
1981; Lewis 2007). For the most part, the prinangducers in salt lakes are usually
limited to benthic mats, which are composed of oyatteria and diatoms (Williams
1998b; John 2003b). However, cyanobacteria ar@lm@tys present and diatoms are
often the only biota present, particularly as thkek enter the dry phase of the
hydrocycle (Saros and Fritz 2000). Biota suchlgaeapresent in these systems must

have the ability to cope with extreme conditionehswas a lack of water, high
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temperature, high salinity and high levels of ligftechtner 2007). These conditions
tend to limit photosynthesis and growth of algaar@fenet al. 2007).

The use of diatoms for monitoring change in aquaystems has occurred
extensively throughout Australia (Gell al. 2002; Philibertet al. 2006; Tibbyet al.
2007). Diatoms are highly sensitive to changesnwronmental variables and have
been used in a number of studies throughout Wegtestralian in baseline studies
and investigations on inland salt lakes (Breadegl. 1999; URS 2003). Previous
studies have investigated diatom distribution ilatien to secondary salinity within
the Wheatbelt (Blinret al. 2004; Taukulis and John 2006). They have alsm bee
used to determine the impacts of catchment dedoadawithin the northern
Wheatbelt region (Boggst al. 2007). In addition, in the Goldfields of Western
Australia, diatoms have been used to indicatertipact of dewatering discharge on
salt lakes located in close vicinities of miningeogtions (Batleyt al. 2003). While
numerous studies have been carried out, the contynsinucture of the inland salt
lakes of the Goldfields as a collective has nomnbaealysed. Also, this study will
identify changes in community structure within tlekes and the tolerances of

species to certain environmental variables withanlakes.

The impacts of dewatering discharge to this comtyguwill also be investigated.
Frequently, these are the only biota present witthia lakes and given their
sensitivity to changes in environmental conditiomere considered likely to be
useful indicators of impact from these activitied\s the lakes were mostly dry,
diatom community structure was examined in respottsechanging sediment
chemistry within the lakes. During the dry phadetlte hydrocycle the lake
sediments provide a medium for periphytic and bientiatoms (Krejci and Lowe
1986). Therefore the composition of sediments gdluence the community
structure and result in considerable spatial vailwithin diatoms in the benthos
of the saline lakes (Chessman 1986; Herbst 1988).

Specifically, the objectives of this chapter werp t
» describe the diatom communities from salt laketha&n Murchison, Yalgoo,

Coolgardie and Avon Wheatbelt Bioregions of Westeustralia
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» determine the likely impacts of dewatering discleargn the diatom
communities
» explore the environmental preferences of diatomcisgein relation to

sediment chemistry

5.3 Materials and Methods
5.3.1 Diatom identification and analysis
Sediment cores were taken for digestion of diatamd observation of microbial
mats (John 2000b). Plastic vials (70 mL in volumeye pushed into the sediment
to a depth of approximately 2 cm. The cores when tfrozen and transferred to
laboratory for analysis. On return to the labamatthe top 5 mm of the sample was
removed from the core surface. This was boile@0f6 nitric acid for four to six
hours to clean the silicon frustules and removeditganic matter from the sample
(John 2000b). These samples were then washedirfies with distilled water and

centrifuged.

Permanent slides were made with the resultant sanpoverslips were placed on a
hotplate with between 50 and 100 uL of sample armligh distilled water to equate
to a total of 1000 pL. The amount of sample addad dependant on the density of
the sample. The coverslip was allowed to dry, @uesh inverted onto a slide which
contained Napthrax. These slides were then hdatedpproximately 30 minutes

until all the air bubbles had been excluded and\iyethrax has set.

The slides were then examined under a compoundsadope at (1000 x) using oil

immersion. Transects of the slide were observetti awny diatoms recorded and
identified. The number of diatoms counted varietiween 100 and 300 frustules
depending on the density of diatoms within theeslidhe percentage composition of

each species was then calculated for each speitlés @ach sample.
The majority of diatoms in this study were idemrtifiby a specialist taxonomist.
5.3.2 Statistical Analysis

Minitab (version 14) was used to run an AnalysisMafiance (ANOVA) (Minitab

Incorporated 2003) on the data to determine whethere were any significant
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differences between species richness in sitesviagetlewatering discharge and the
natural lakes. Data was tested to determine wa$ normally distributed and the

difference between the sites was considered sigmifiat p<0.05.

Ordination of the data was performed using PRIMERBrgion 6) (Clarke 1993).
Multi-dimensional scaling (MDS) was analysed on fak data set to determine if
there were any differences between Bioregion anakserve the differences in
community structure of diatoms between lakes. M also completed on each
Bioregion to analysis the differences between lakithin each region. On all
occasions data was transformed using a squaretrariformation. Resemblance
was calculated using the Bray Curtis similarity heet and the MDS was considered
a useful indication of community structure when Badimensional stress of the plot
was <0.2 (Clarke 1993; Clarletal. 2006) .

ANOSIM (Analysis Of Similarities) was performed tletermine if there were any
significant differences in community structure beén the Bioregions. Data was
averaged over time to produce one result per samglite. One-way design was
chosen, with Bioregion used as the factor. For AN® R statistic values close to
one indicated that the groups were different, wthitese with values centered around
0 were considered to be similar (Platllal. 1998; Clarke and Gorley 2006). To
determine which species contributed to the avesagéarity within each Bioregion,

SIMPER (Similarity Percentages) analysis was used.

CANOCO (version 4.5) was used to complete detrerm@despondence analysis
(DCA) and canonical correspondence analysis (C@X)RBraak and Smilauer 2002).
Prior to the analysis in CANOCO, rare data (i.e%<dbundance) was identified and
deleted using PC-ORD (Version 4). DCA analysis e@®pleted to determine if the
data set had a unimodal response. CCA was useekamine the effects of
environmental parameters on diatom community sirect Monte carlo permutation

tests were used to determine the significanceeo0GA.
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5.4 Results
A total of 56 diatom species were recorded witthia salt lakes included this study
(Appendix F — species list, including authoritiesf)he most commonly occurring
species in order weidavicula aff. incertata, Amphora coffeaeformis andHantzschia
aff. baltica (Table 13). The number of diatom species (i.ecigerichness) recorded
from each site ranged from O to 14 species.

Table 13. The ten most commonly occurring diatompecies within the salt lakes of this study.

Species Number of Occurrences
Navicula aff. incertata 152
Amphora coffeaeformis 143
Hantzschia aff. baltica 135
Luticola mutica 57
Navicella pusilla 52
Hantzschia amphioxys 50
Navicula aff. salinicola 47
Nitzschia punctata 28
Navicula elegans 22
Pinnularia borealis 21

5.4.1 Comparison of diatom community structure between Biregions
The MDS plot of diatom community structure showsmsoslight differences
between the three Bioregions (Figure 12). Commyusiitucture of the Murchison
Bioregion showed some affinities to both the Coalgaand the Yalgoo Bioregions.
In contrast the Coolgardie and Yalgoo Bioregionsenfairly dissimilar as depicted
by the distance of sites on the plot.
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Figure 12. 2-dimensional MDS plot of percentage aimdance of diatoms within each Bioregion.

The ANOSIM analysis showed that community structwess significantly different
between Bioregions, however there was a considerabkrlap in species as
indicated by the low global R statistic (R=0.2331g¥0.001). In particular there
was a high degree of overlap in community structimethe Coolgardie and
Murchison (R=0.145), and the Coolgardie and Yalgmvegions (R=0.286) (Table
14). In contrast, community structure between Mhechison and Yalgoo regions
was significantly different with less species oserlas indicated by the higher R
statistic value (0.476).

Table 14. Results of ANOSIM analysis between Biogions based on percentage abundance

diatom data.
Bioregion R statistic Significance level
Coolgardie, Murchison 0.145 0.002
Coolgardie, Yalgoo 0.286 0.006
Murchison Yalgoo 0.476 0.001

Comparison between the Coolgardie and Murchisome§ions showed that the first
two dominant species in these regioidgvicula aff incertata and Amphora
coffeaeformis were the same (Table 15). However, wiNeicula aff incertata was
the most dominant within these Bioregions it wassldominant within the Yalgoo

Bioregion which was dominated Bynphora coffeaeformis andSynedra cf. acus.

62



Classification of inland salt lakes in Western Aaba Algae

Table 15. SIMPER analysis of percentage abundanad diatoms within each Bioregion. Only
the species which made up 60% of the cumulative conunity structure were included.

Species Mean Abundance Consis.tency Percent Cum.
Region 1 Region 2 Ratio %
Coolgardie Murchison Mean Dissimilarity = 70.6
Navicula aff. incertata 4.5 4.6 12 17.4 17.4
Amphora coffeaeformis 3.0 35 11 15.3 32.7
Hantzschia aff. baltica 1.2 34 11 13.5 46.2
Luticola mutica 15 0.6 0.6 7.0 53.2
Navicula aff. salinicola 0.5 1.2 0.6 5.9 59.1
Coolgardie Yalgoo Mean Dissimilarity = 84.8
Navicula aff. incertata 4.5 11 12 14.8 14.8
Amphora coffeaeformis 3.0 4.1 1.2 14.0 28.8
Luticola mutica 15 0.8 0.6 7.7 36.5
Synedra cf. acus 0.0 1.9 0.6 6.5 42.9
Navicella pusilla 0.5 1.4 0.8 5.7 48.6
Hantzschia aff. baltica 1.2 0.9 0.8 5.6 54.2
Amphora sp. 2 0.0 15 0.7 5.0 59.2
Murchison Yalgoo Mean Dissimilarity = 82.1
Navicula aff. incertata 4.6 11 1.2 15.1 15.1
Amphora coffeaeformis 3.5 4.1 1.2 13.4 28.6
Hantzschia aff. baltica 34 0.9 11 11.2 39.8
Synedra cf. acus 0.0 1.9 0.6 6.3 46.1
Navicella pusilla 0.7 1.4 0.9 5.3 51.4
Luticola mutica 0.6 0.8 0.4 5.1 56.5

5.4.2 Comparison of diatom community structure between laes
MDS plots were used to analyse the differences dmtwlakes in each of the
Bioregions (Figure 13 and Figure 14). It shouldrtmed that sites recording no
diatoms were excluded from this analysis. The Mi)& of diatoms within the
Coolgardie Bioregion shows that most sites reposietlar species as depicted by
the grouping on the plot (Figure 13). Most lakesl 0% similarity in terms of
species. A number of sites in Banker Lake, Lakidye White Flag, Lake Cowan
and Greta Lake were located proximal to the maguping of sites indicating some

differences in community structure.
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Figure 13. 2 dimensional MDS plot of diatoms wittm the Coolgardie region based on
percentage abundance data.

Diatom community structure within the Murchisonéakalso appeared to be similar,
with most lakes reporting at least 40% of speaiesoimmon to all lakes (Figure 14).
With the exception of sites in Lake Carey, mostssiormed groups, indicating some
differences in community structure between lakdsake Carey, showed a high

degree of variation in community structure.
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Figure 14. 2-dimensional MDS plot of diatoms witm the Murchison Bioregion based on

percentage abundance data. Sites recording no spegwere removed.
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5.4.3 Impact of dewatering discharge on diatoms
Diatom species richness was significantly lower sées receiving dewatering
discharge in comparison to natural sites or thbaeltad been subjected historically
to discharge (p<0.05) for the lakes as a group l€TaB). However there were no
significant trends between Bioregion and site d@sgion (i.e. Natural, Discharge
and Historical Discharge). The general trend veaigte lakes receiving dewatering
discharge to have lower species richness in cosgario natural lakes and lakes

historically receiving dewatering discharge (FiglE).

Table 16. Results of ANOVA for species richness tveeen sites impacted by discharge
(Discharge), sites not impacted by discharge (Natal) and sites historically impacted by

dewatering discharge (Historical Discharge).

Code Mean SD n
Discharge 3.24 251 131
Natural 3.96 2.22 184
Historical Discharge 4.63 2.56 16
P value 0.015
8
7 -

26 T

(0]

[

S 5 T

o mD

8

8 4 @ HD

8 EN

(%)

c 3 )

©

(]

=

Coolgardie Murchison

Figure 15. Mean species richness with sites recigig dewatering discharge (D), historically
impacted dewatering sites (HD) and natural sites (Nwithin the Coolgardie and Murchison

Bioregions.
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5.4.4 Diatom community structure versus sediment chemisir

CCA axes 1 (0.44) and 2 (0.37) explained 18.9%awfation in diatom community
structure. A low value such as this is commonairgé data sets with lots of zero
values as was the case in this instance (Gasde1995). Even so the Monte Carlo
permutation test indicated that the axes 1 and & w@nificant (p=0.03 in both
cases, 999 permutations). The first CCA axis vaaeetated with nickel (r=0.45), in
contrast the second axis was negatively correlatgkd zinc (r=-0.58), moisture
content (r=-0.53) and cobalt (r=-0.52).

Species such &haetoceros muelleri (chamue), Entomoneis paludosa (entpal) were
associated with higher concentrations of total migaarbon (Figure 16). In contrast
Hantzschia virgata (hanvir), Caloneis aff bacillum (calaba), Pinnularia borealis
(pinbor) and Luticola mutica (lutmut) were common in sediments containing high
concentrations of nickel, chromium and lead. Sgeecsuch asNitzschia aff
rostellata, Proschkinia aff complanata were associated with higher concentrations of

most salts, copper, moisture content and cobalt.

The most commonly recorded species in this stAdyhora coffeaeformis and
Hantzschia aff. baltica were located in a similar location to each othertlee CCA
plot (Figure 16). They were situated in the midtiem of the plot, and were
commonly associated with moderate concentrationsllodf the parameters tested.
Navicula aff. incertata was common in sediments with higher concentratiohs

barium and total organic carbon and lower concénotra of most other parameters.
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Figure 16. CCA of diatom species versus sedimena@meters, based on 121 samples. Only

species with a relative abundance of 1% were incledl. Species codes are presented in

Appendix G.
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5.5 Discussion

Inland salt lakes are considered to be extremer@mwients for the biota which
exists in them (Gilmour 1990). They must cope vaittange of conditions including
high salinity and heat, temporary water regime ashpo-concentration of
parameters as the lakes dry (Gilmour 1990). Al tot®6 diatom species from 24
salt lakes has been recorded in this study witttieperichness of sites ranging
between zero and 14 species. This figures areistens with other studies of
benthic algae in salt lakes of Western Australieeé@Bleyet al. 1999; URS. 2001).
Common salt tolerant species were dominant throughite study and included,;
Amphora coffeaeformis, Hantzschia aff. baltica andNavicula aff. incertata (Gell and
Gasse 1990; Blinat al. 2004; Taukulis and John 2006).

5.5.1 Community structure between Bioregions
While diatom community structure was significantljferent between Bioregions,
there was a considerable degree of overlap, withreBions reporting similar
dominant species. Given the degree in variatiggonted in the chemistry of the
lakes this indicates that the diatoms present @sdhextreme environments can
tolerate a varying range conditions (Philibertal. 2006; John 2007). While the
Murchison and Coolgardie Bioregions reported sinmd@tom community structure,
the diatom community structure between the Murahiaond Yalgoo Bioregions was
fairly dissimilar. This may be due in part to thmall data set from the Yalgoo
Bioregion (i.e. one lake). In addition, the lake this region receives a fresher
dewatering discharge unlike most of the other lakdsch receive hypersaline
dewatering discharges. This has most likely resulh the differing community
structure, with species preferring lower salinitieoming more dominant as diatom
species can be highly sensitive to changes iniga(idashima 2003; Philibewt al.
2006; Taukulis and John 2006).

Three speciesNavicula aff. incertata, Amphora coffeaeformis and Hantzschia aff.
baltica) were common in the salt lakes of the Coolgardie Mndchison Bioregions,
however onlyAmphora coffeaeformis was dominant within the samples from the

Yalgoo bioregion. In addition to this specidsavicella pusilla and Cocconeis
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placentula were apparent in that region. These two specieteptower salinity

(Blinn 1993) hence their increased dominance aY#igoo sites.

5.5.2 Community structure between Lakes
Within the Coolgardie region diatom community stcuwe was fairly similar between
lakes, the exceptions being Banker Lake, Lake hefi&white Flag Lake, Lake
Cowan and Greta Lake. This was mainly associattédlow species richness within
the sites of these lakes. With the exception oft&iake, these lakes receive
dewatering discharge, with salt crusts in sectiofisthe lakes indicating high
salinities. It is likely that the extreme saliniynd unfavorable conditions at these

sites has resulted in the low species richnesaifBIP93; Gasset al. 1995).

The diatom community structure of each lake witthia Murchison Bioregion was
fairly unique with the exception of Lake Carey. ighake showed a community
structure at particular sites, similar to that lué bther lakes. The occurrence of the
three dominant speciedNavicula aff. incertata, Amphora coffeaeformis and
Hantzschia aff. baltica within the lake may explain the similarities betweleake
Carey and the other lakes. A combination of facteuch as a greater sampling
effort, the large number of habitat types and tlaiation in environmental
parameters within this lake may have resulted endbcurrence of a wide range of
species reported (Jolehal. 2002; Saros and Fritz 2002; Townsend and Gell 2005

5.5.3 Impact of dewatering discharge on diatoms

Sites that were directly influenced by dewateringcklarge reported significantly
lower species richness than sites historically ivértg dewatering discharge and
natural lakes. This was most likely related to éixéreme salinity, increased water
flow, thick salt crust and high concentrations adtals at these sites. In addition the
trend of lower diatom abundances is common and been reported in areas
impacted by heavy metals contamination (Pé&téal. 1997). The impact of the
dewatering discharge appeared to be localized restdcted to the footprint of the
discharge. This was particularly the case in drgdr lakes where the dewatering
discharge footprint was small compared to the lauggmpacted areas (Jolehal.
2002). In contrast, the smaller lakes which wetely impacted by dewatering

discharge tended to show poor species diversigutitrout the lake, a trend reported

69



Classification of inland salt lakes in Western Aaba Algae

in other studies (Timms 2005a). Those sites whidd received historical
dewatering discharge that had ceased at leastearepyior to assessment showed a
significantly higher species richness than curdistharge sites, indicating that the
impacts of dewatering discharge can be ameliorBjedonsiderable rainfall events
(URS 2003; Gregorgt al. 2006).

Once surface water salinity exceeded 50 g/L insidé lakes it would be expected
that there will be little variation in communityrgtture due to the narrow range of
species which can inhabit the lakes in these cmomdit(Hammeret al. 1983;

Williams 1998b). This was demonstrated by the d@mce of only three species
across all Bioregions, even thought the sedimemmisiry of these sites was
markedly different. However, the absence of spefriem the dewatering discharge
sites, and the low species richness at these sithsates that the dewatering

discharge is having some impact on the diatom conityu

5.5.4 Diatom community structure versus sediment chemisir

Owing to the absence of surface water, diatom conitystructure was correlated
with sediment chemistry. The effect of sedimen¢ralstry on diatom community
structure has been scarcely studied, althoughithiéed studies have found some
correlation (van Kerckvoordet al. 2000; Zalat and Vildary 2005). Of the 22
parameters investigated in this study, the threarpaters with an apparent negative
influence on diatom community structure were zimickel and moisture content. In
addition, a number of species such @sloneis aff. bacillum, Proschkinia aff
complanata and Hantzschia virgata showed an affinity for concentrations of metals
such as nickel, chromium, zinc, lead and cobalthil®Vthe effects of metals on
diatom community structure is poorly understoodnscstudies indicate tolerance of
certain species to some metals (Moeh al. 2007b), however there was no
information available on the effects of these n®etalsediment on these particular
species (Hirset al. 2002). Some studies of periphyton have shown sbef@mity

in structure and reduced size related to high aunagons of certain metals in water
and this may be used as an indicator of metal ityxiMorin and Coste 2006; Morin
et al. 2007a). Although beyond the scope of this sttig, is something that should

be considered in future sampling of these systems.
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While the influence of major anions and cationd@atom community structure has
been reported in a number of other studies this waaevident in this study (Blinn
1993; Gasset al. 1995; Gell 1997; Laing and Smol 2000). This maydioe to the
high concentrations of salts within these lakes, sgpecies living here are adapted to
these conditions, in this regard, other paramestigch as metals and moisture content
were more likely to influence diatom community stiwe as was shown in these

results.

Moisture is considered to be a controlling factotie growth of algae in temporary
lakes (Flechtner 2007). However, in this studyshoie content was shown to have
a negative impact of the diatom community. ltkely that this was associated with
the presence of dewatering discharge, in that séesiving dewatering discharge
recorded higher moisture content than natural .sifdse effects of moisture content
on diatoms has been considered in a number ofegtudlith relationships between
moisture content and certain species suchiagzschia amphioxys and Pinnularia

borealis being reported (Van de Vijver and Beyens 1997; Kanckvoordeet al.

2000). Moisture content has been correlated wilver size in these particular
species, with low moisture content resulting inueetl valve size (Van de Vijver and
Beyens 1997). It is likely that the diatoms at diecharge site would be impacted in

a similar way to sites with low moisture content.

5.6 Conclusions

Community structure of diatom species differed leetw Bioregions, however there
was a considerable degree of overlap. Speciesasshoverall was low, with three
species being dominantAmphora coffeaeformis, Hantzschia aff. baltica and
Navicula aff. incertata. Sediment chemistry explained some variationoimmunity
structure with zinc, moisture content and cobadpliiying the greatest and negative
influence on the diatom data set. Sites receidegatering discharge reported
significantly lower species richness, although ¢heppears to be capacity for
impacts to be ameliorated by flushing events. Mws highlighted by historical
dewatering discharge sites showing little impacmnpared to current dewatering

discharge sites.
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6 AQUATIC INVERTEBRATES
6.1 Abstract

The invertebrate fauna of the Western Australiait Ekes has been poorly
documented to date, most likely related to thetBhiopportunities to collect live
invertebrates during the filing events. The relaship between invertebrates and
water quality in relation to Bioregion and dewatgrdischarge within the salt lakes
of Western Australia was considered in this chapligre Crustacea dominated, with
the most taxa recorded from tRarartemia genus. There were some differences in
community structure between Bioregions, indicatitigat invertebrates species
presence was somewhat related to geography arefdaheispeciation. Community
structure was found to be influenced by water dqualarameters, with phosphorus
and bicarbonate contributing mostly to variatioBpecies richness was minimal at
dewatering discharge lakes, which reported sigamfily lower species richness in

comparison to the natural lakes.

6.2 I ntroduction

The diatom community structure of salt lakes in WasAustralia was discussed in
the previous chapter with an emphasis on the inflaeof sediment chemistry and
dewatering discharge. The current chapter expldhes relationship between
invertebrates and water quality in Bioregions aheé influence of dewatering
discharge within the salt lakes of Western AusdraWhile not as diverse in taxa as
their freshwater counterparts, typically salt lakasch as those situated in the
Goldfields of Western Australia can be rich in inebrate fauna (Timms 2007). In
Australia, the invertebrate communities of saltelkvithin some regions have been
extensively studied, providing an insight into ffwential diversity and speciation of
taxa within these salt lakes (Timms 2007). In castt the invertebrate fauna of the
Western Australian salt lakes to date has beenlpamwcumented, most likely
related to the limited opportunities to collecteliinvertebrates during the filing
events (Roshier and Rumbachs 2004; Timms 2005490, Avhen the lakes do fill,
access is often difficult and the studies are Ugdimhited to one-off opportunistic
sampling strategies, with no consideration of tlious changes in community
structure over the hydrocycle (De Deckker and Ged@®80; Timmst al. 2006).
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Studies to date indicate that invertebrate comnemitf the Western Australian salt
lakes are dominated by the Crustacea, typicallgisting of taxa from the following
orders: Anostraca, Ostracoda, Cladocera and Copefideddest al. 1981; Brock
and Shiel 1983; De Deckker 1983). In addition,respntatives from the Insecta,
Rotifera and Gastropoda are also common withinlékes (Geddest al. 1981;
Brock and Shiel 1983; John 2003b).

It is widely accepted that species richness ofritelaeates is inversely proportional to
surface water salinity. However at the high stési (over 150 g/L), typically
reported within the Western Australian salt lakes expected that species richness
will be low, given the limited numbers and typesasganisms which can survive
these conditions (Williams 1981b; Willianesal. 1990; Timms 2007). For example,
in lakes where salinity exceeds 150 g/L it is fkehly species oParartemia and
Ostracoda will be present (Timms 2007). While rgsli can influence certain
species, the survival of some invertebrates cao &ls related to pH, ionic
composition, light, temperature, dissolved oxyged autrients (Bayly and Williams
1966; De Deckker 1983; Timmst al. 2006). In addition to water quality
parameters, geographic location appears to haveorsiderable influence on

invertebrate communities and speciation withinghk lakes (Geddes al. 1981).

Dispersal mechanisms within the salt lake faunagareerally poor, accounting for
the large amount of speciation between regions wstrilia (Finston 2002; Timms
2007). In addition, a number of survival mechanises present in salt lake fauna to
ensure the species remain within the lakes evetheg dry (Williams 1981a;
Williams 1998b). One such method is observe@amiella which are able to seal
their shells to protect them from the surroundingi®nment. They can survive for
a number of months in this state (Williams 1986ther species such Rsrartemia,
ostracod andDaphniopsis produce desiccation-resistant eggs or cysts. Topgsis,
particularly those of th®arartemia may resist desiccation and remain viable for a

number of years (Thiéry 1997).

The impact of dewatering discharge on invertebratenmunities has been
considered in some internal consultant reports, evew there is little published

information on the impact of dewatering dischargetwe invertebrate fauna of these
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lakes (Timms 2005a). While a number of studiesshiadicated that the effects of
dewatering discharge are minimal, some have foumgdine in species richness
(Chaplin et al. 1999; van Etteret al. 2000; Johnet al. 2002). The lack of a

hydrocycle during the study period has hamperedi#termination of the impacts of
dewatering discharge.

Given the lack of published information, this chlapserves as a comparison of
invertebrate community structure between the sdied in this study. Specifically
the objectives are to;

» describe the invertebrate communities present @ g$hlt lakes of the
Murchison, Yalgoo, Coolgardie and Avon WheatbelbrBgions in Western
Australia

» explore the environmental preferences of invertiebspecies in relation to
water chemistry

» determine the potential impacts of dewatering disgé on the invertebrate
communities

» determine lakes which have unique invertebrate conities

6.3 Materials and Methods
A considerable portion of the data for this studgswcollected from unpublished
sources such as unpublished company reports, dtietlack of filling events and
therefore opportunity to collect live invertebrateta from the Goldfields since 2000.
Generally most of the data was in presence/abskEmo®at. The identification of
specimens has occurred using a variety of sourbesjever the majority of

identification occurred prior to specialist keysrigeavailable.

In all cases, methods were similar a known volurhevater was isolated by a
Perspex tube. All invertebrates were removed ftioenwater column using a 0n
zooplankton net and fixed in ethanol.

6.3.1 Statistical Analysis
Analysis Of variance (ANOVA) was conducted usingiab (version 14) (Minitab
Incorporated 2003). The primary aim of this anialygs to determine whether there
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were any significant differences between invertebrapecies richness in sites
receiving dewatering discharge and ‘natural sitd3ata was tested to determine if it
was normally distributed and the difference betweka sites was considered

significant at p<0.05.

Ordination of the presence/absence data was pertbusing PRIMER (version 6)
(Clarke 1993). Multi-dimensional scaling (MDS) wased to determine if there
were any differences between Bioregions in termsinviertebrate community
structure for presence/absence data. Resemblaasecalculated using the Bray
Curtis similarity method and the MDS was considesedseful indication of actual
community structure when the stress of the plot #@a2 (Clarke 1993; Clarket al.
2006).

To ascertain if there were any significant diffezesin community structure between
the Bioregions, ANOSIM (analysis of similaritiesps/performed. The mean of the
data over time at each site was calculated foramh&lysis to produce only one
replicate for each site. One-way design was chosith Bioregion chosen as factor.
For ANOSIM, R statistic values close to one indéc#itat groups were different.
Those with values centered around 0 were considierdze similar (Platelkt al.

1998; Clarke and Gorley 2006). To determine whsplecies contributed to the
average similarity within each Bioregion SIMPERn{8arity percentages) analysis

was used.

CANOCO (version 4.5) was used to complete detrerm@despondence analysis
(DCA) and canonical correspondence analysis (CCA) the invertebrate
presence/absence data and water quality datar@ekBnd Smilauer 2002). Prior to
analysis using CANOCO, rare data (i.e. <1% abunelanas identified and deleted
using PC-ORD (Version 4). DCA analysis was congdeto determine if the data
set had a unimodal response. CCA was then useekdamine the effects of
environmental parameters in surface water on contsnstructure. Monte carlo
permutation tests (999 permutations) were useceterchine the significance of the
CCA. Water data that was used to understand oektiips with macro-

invertebrates, was transformed and normalisedr pyianalysis of CCA.
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6.4 Results
6.4.1 Invertebrate taxa
A total of 101 taxa have been recorded within e lakes of this study (13 lakes in
total) since 1998 (Appendix H). This frequencyganparable to species recorded in
the Western Victorian regions, and is higher thaat documented from the Paroo,
Eyre and Coorong regions (Table 17). Within thesWm Australian salt lakes,
individuals were recorded from a total of six ckssrepresenting the Crustacea,

Arachnida, Rotifera, Insecta, Gastropoda and Nedaato

Table 17. Number of invertebrate taxa recorded innland regions of Australia.

Region No. of species No. of wetlands
Western Victoria * 89 18
Paroo Regioh 25 74
Eyre Peninsufa 84 40
Wheatbelt of WA 957 230
Coorong 38 23
Goldfields of WA 101 13

! (Timms 2007)? (Williams 1981b)®.(Timms 1993 (Timms 2005b)® (Pinderet al. 2005) * (De
Deckker and Geddes 1980)

The Crustacea were the most commonly occurringhef six classes. The most
commonly reported species throughout the lakesaM@iironomidae species, which
was recorded on 34 occasions (Table 15). Othenuanty occurring taxa were the

Ostracoda with genera suchRiscypris andReticypris being recorded.

Table 18. The ten most commonly occurring invertetate taxa recorded within this study.

Taxa No. of Occurrences
Chironomidae 34
Reticypris sp. 33
Cyclopoida 30
Daphniopsis sp. 21
Diacypris whitei 20
Coxiella giles 16
Diacypris dictyote 14
Branchionus sp. 13
Diacypris sp. 12
Parartemia sp. 11

76



Classification of inland salt lakes in Western Aaba Aguatic Invertebrates

6.4.2 Comparison of community structure between Bioregioa
The global R statistic for observing differencescommunity structure between
Bioregion was 0.328 at a significance level of @.00This signifies that while the
community structure of invertebrates was signiftbadifferent between Bioregions,
there is some overlap in species. Invertebratenoomity structure between the
Avon Wheatbelt and Yalgoo Bioregions was most thiar, recording a R statistic
value of 0.749 (Table 19). In contrast the comnyustructure of the Yalgoo and

Murchison Bioregions was similar and not signifitamlifferent.

Table 19. Results of the ANOSIM analysis of presep/absence data for invertebrates between

Bioregions, including the R statistic and significace level.

Bioregions R Statistic Significance Level
Avon Wheatbelt, Yalgoo 0.749 0.002
Avon Wheatbelt, Coolgardie 0.233 0.001
Avon Wheatbelt, Murchison 0.444 0.001
Yalgoo, Coolgardie 0.208 0.001
Yalgoo, Murchison 0.125 0.063
Coolgardie, Murchison 0.363 0.001

For the SIMPER analysis, the mean dissimilarity Woagest between the Yalgoo and
Murchison Bioregions (85.3%), indicating that thesere the most similar for the
community structure of invertebrates (Table 20). hi/ both Bioregions were
dominated by Cyclopoida, the proportion of othee@es differed. In contrast the
most dissimilar Bioregions were the Coolgardie awbn Wheatbelt Bioregions
(99.7%). Parartemia nova sp and the Ceratopogonidae species were most commo
within the Coolgardie Bioregion and were not reprged in the Avon Wheatbelt

Bioregion.
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Table 20. SIMPER analysis of invertebrate taxa wihin each Bioregion based on

presence/absence data. Only the top five speciesre included (where applicable).

] Frequency Consistency
Species ) % Cum. %
Region 1 Region 2 Ratio
Coolgardie Avon Mean Dissimilarity = 99.7
Parartemia informis 0.0 1.0 2.2 26.1 26.1
Parartemia nova sp. 0.2 0.0 0.5 6.8 329
Ceratopogonidae sp. 1 0.2 0.0 0.5 6.8 39.6
Cyclopoida 0.03 0.2 0.5 4.7 44.3
Coolgardie Yalgoo Mean Dissimilarity = 98.4
Cyclopoida 0.03 0.8 1.2 11.6 11.6
Diacyprissp 0.0 0.6 1.2 8.8 20.3
Cyprinotus sp 0.0 0.5 0.9 7.4 27.7
Tanypodinae sp. 0.0 0.4 0.7 6.0 33.7
Avon Yalgoo Mean Dissimilarity = 94.5
Parartemia informis 1.0 0.0 21 24.5 24.5
Cyclopoida 0.2 0.8 1.0 15.9 40.4
Diacypris sp 0.0 0.6 1.2 12.3 52.7
Cyprinotus sp 0.0 0.5 1.0 104 63.1
Coolgardie Murchison Mean Dissimilarity = 97.1
Cyclopoida 0.03 0.5 0.9 6.8 6.8
Reticypris sp. 0.1 0.4 0.8 6.3 13.0
Daphniopsis sp. 0.0 0.5 0.7 4.0 17.1
Chironomidae sp. 0.1 0.5 0.8 3.8 20.9
Avon Murchison Mean Dissimilarity = 93.0
Parartemia informis 1.0 0.1 1.2 14.8 14.8
Cyclopoida 0.2 0.5 0.8 9.3 24.1
Reticypris sp. 0.0 0.4 0.8 8.9 33.0
Daphniopsis sp. 0.0 0.5 0.7 5.3 38.3
Yalgoo Murchison Mean Dissimilarity = 85.3
Diacypris sp 0.6 0.1 1.0 6.9 6.9
Reticypris sp. 0.0 0.4 0.8 6.7 13.6
Cyprinotus sp 0.5 0.0 0.9 6.0 19.5
Cyclopoida 0.8 0.5 0.7 5.9 25.5

6.4.3 Comparison of community structure between lakes
An MDS plot of invertebrate presence/absence datavs that there is some
variation in the study lakes in terms of the spea@emposition (Figure 17). For

example, the invertebrate community structure dhlcake Lefroy and Lake Zot
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was fairly unique in comparison to the other lakeBhe community structure of
White Flag Lake was also fairly dissimilar to thiher lakes, however this lake was
only sampled on one occasion. Species richnessnwtite lakes ranged from two
species at Black Flag Lake and the Yarra Yarra &ake25 species within Lake
Lefroy (Table 21). There was a high degree in amiity between sites in Lake
Austin, as depicted by the tight cluster of sitagtte MDS plot in comparison to the

other lakes.
Transform: Presence/absence
Resemblance: S17 Bray Curtis similarjty
2D Stress: 0.0 Lake
Black Flag Lake
x v Lake Lefroy
Yarra Yarra
& Lake Zot
® Lake Wownaminya
-+ Kopai Lake
X White Flag
4 %k Lake Austin
s W Lake Hope North
v Lake Wa!
v A\ 74 v y
v v * 4 Ty € v Vo O Lake Cowan
v v v . v B & <& Lake Carey
v * # x VO S0 L Lake Miranda
>
v o [ 2PY Q.
a 1 :
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Figure 17. 2-dimensional MDS plot of invertebratecommunities within lakes of this study. This
plot is based on presence/absence data. Data wesnsformed and the resemblance calculated
using the Bray Curtis method.
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Table 21. Number of invertebrate taxa recorded ireach of the lakes from 2000 to 2007.

Lake Bioregion No. Species Recorded

Black Flag Lake Coolgardie 2
Kopai Lake Coolgardie 10
Lake Austin Murchison 24
Lake Carey Murchison 12
Lake Cowan Coolgardie 14
Lake Hope North Coolgardie 3
Lake Lefroy Coolgardie 25
Lake Miranda Murchison 18
Lake Way Murchison 7

Lake Wownaminya Yalgoo 11
Lake Zot Coolgardie 4

White Flag Lake Coolgardie 3
Yarra Yarra Lakes Avon Wheatbelt 2

6.4.4 Impact of dewatering discharge on invertebrates
Species richness at the dewatering dischargevs#esignificantly lower than that of
the ‘natural’ sites overall (p=0.037) (Table 22Also, differences between the
species richness at discharge and natural siteg wpparent in each of the
Bioregions (Figure 18). Within the Avon Wheatbedgion mean species richness
was slightly lower at the natural sites. In costraean species richness was lower at
the discharge sites within the Coolgardie and Yaldgioregions. Within the

Murchison Bioregion mean species richness was airhétween both site types.

Table 22 Results of ANOVA for species richness afivertebrates between sites impacted

by discharge (Discharge), sites not impacted by disarge (Natural).

Code Mean SD n
Discharge 2.72 1.93 57
Natural 3.59 2.24 46
P value 0.037

8C



Classification of inland salt lakes in Western Aaba Aguatic Invertebrates

| Discharge

m Natural

Inv. Species Richness

Avon Wheatbelt Coolgardie Murchison Yalgoo

Figure 18. Mean species richness of invertebratesgithin sites receiving dewatering discharge

and natural sites within the four Bioregions.

6.4.5 Invertebrate community structure versus water chemstry

The environmental variables; electrical conducfivipH, total nitrogen, total
phosphorus and major anions and cations were vsadimparison with invertebrate
community for the CCA analysis. CCA axes 1 (0.8l 2 (0.61) explain a total of
44.6% of variation in invertebrate community storet Also, the Monte Carlo
permutation test indicated that the axes 1 and & vegynificant (p=0.012 and
p=0.001 respectively in both cases, 999 permuts)ionThe first CCA axis was
correlated with total phosphorus (TP) (r=0.66), levlthe second axis was correlated
with bicarbonate (HC¢) (r=0.55). Total phosphorus and bicarbonate Hasl t
greatest influence on the invertebrate communégesepicted by the longer vectors
on the CCA plot in comparison to the other paransefBigure 19). Taxa such as
Parartemia informis and Chironomidae species were associated with high
concentrations of bicarbonate and subsequentlyehigH in comparison to the other
taxa. In contrastParartemia species 2 and@aphniopsis species were related to

higher concentrations of potassium (K).
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Figure 19. CCA of invertebrate species for water gality and invertebrates based on presence

absence data. Only species with a relative abundem greater than 1% were included in the

analysis. Species codes are presented in Appendix
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6.5 Discussion
6.5.1 Invertebrate taxa

A total of 101 taxa have been reported in the 18ands investigated in this chapter.
The Crustacea were the most commonly representegbga trend reported in other
Australian salt lakes (De Deckker and Geddes 1B@0Deckker 1988; Halset al.
1998). This is a similar frequency to the numbkinvertebrates recorded in the
Western Victorian region and greater than recoritedther salt lakes studies in
Australia, particularly from the Coorong (South #fmatia), Paroo (north western
New South Wales), Eyre peninsula and the Tasmaidtands (Timms 2007). In
this study, the Chironomid specid3aphniopsis species andiacypris whitei were
most abundant. The most commonly occurring genitsirwthe lakes was the
Parartemia with 10 species recorded. Most of the taxa remtrdre commonly
represented within salt lakes of Australia (Timn#93; Williams 1998b; Timms
2007).

6.5.2 Comparison of community structure between Bioregioa
The data from this study indicated that the ocaweeof certain species in the lakes
was related to geographic location, with significalifferences reported between
Bioregions. This may be explained by the high degof speciation in Australian
salt lakes, attributed to the large distances betvibe lakes (Williams and Kokkinn
1988; Williams 1998b; Timms 2002; Timms 2007). Tdpeciation between these
lakes is most likely related to the poor dispemsathanisms of some species such as

the Parartemia whose eggs tend to stay where deposited (Willia85).

In terms of dominant species in each Bioregiarartemia informis was the only
species reported from the lakes in the Avon Whd@aieregion. This species is
widespread throughout the Wheatbelt of Western raliat preferring a salinity of
less than 100 g/L (Timms 2004). In contrast lakethe Coolgardie Bioregion were
dominated byParartemia species and a Ceratopogonidae species. Bothespeere
recorded within Lake Lefroy and its associated areds (Brearleyet al. 1999).
Specimens from the group Ceratopogonidae have beported historically in
studies of the Western Australian salt lakes, ardairly salt tolerant (Geddes al.
1981; Pinderet al. 2005). Representatives from the Cyclopoida wemidant in

both the Murchison and Yalgoo Bioregions. Sevegcies of Cyclopoida have
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been reported from Western Australian salt lakes ianlude representatives from
the generaMicrocyclops and Apocyclops (Geddeset al. 1981; Halseet al. 1998).
Two ostracods specieReticypris and Diacypris were also common within these
Bioregions. Both of these species are common addspread throughout Western
Australia, reporting wide salinity tolerances (Gesl al. 1981).

In addition to geographical affinities of certaipesies, changes in invertebrate
communities are highly dependant on the stage ehtidrocycle, with community
structure changing greatly over this cycle (Willert998a; John 2003b). Most of
the sampling events in this study are one off evamtich may have skewed the data
sets as has been reported in other studies (DekBPeekd Geddes 1980; Timms
1998). For exampl8ranchinella are often present upon filling when the salingy i
low, but were rarely observed in this study. As thkes dry, and the salinity
increasesParartemia species tend to become more prevalent (Timms 1D938).
This is important as some species present in #esleay have been missed due to

the stage of the hydrocycle which was sampled.

Another limitation of the study is that some di#faces between lakes and
Bioregions may be related to differences in opiniegarding the identification of

taxa. For example while some sources may idesfiigcies as Ostracoda, others
identified to species level i.deticypris. Also, Parartemia species reported as a
separate species, may actually be the same, dimited description of this group

when the species were identified. It is impossihl¢hese cases to verify the data,
and for the purposes of this study, the species haen separated. Therefore it is

possible that Bioregions are actually more sintlan reported in this study.

6.5.3 Comparison of community structure between lakes
Lakes Zot, Lefroy and White Flag lakes recordedaalyf unique community
structure in terms of invertebrates. Data colié@tLefroy and Zot was collected in
a baseline study in 1999 during a considerabledilevent (Brearlewt al. 1999).
Data from White Flag Lake was collected in 2006 ewlthe lake was only partly
inundated. This lake had been impacted by dewafatischarge, with very high

salinities recorded during the assessment. Assaltref conditions at the time of
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sampling, samples collected from the White Flagsswere fairly sparse, consisting

of oneParartemia species, hence the difference in community stractu

In terms of species richness, Lakes Austin and Lbe&Boy have reported the
greatest species richness over time, with 24 andpEgies respectively recorded
from each lake. Lakes such as Black Flag and theaYYarra have reported low
species richness, however this is most likely eelato poor sampling effort
compared to other lakes. Also the lack of filliegents, particularly at Black Flag
Lake, has resulted in minimal opportunities to sknipvertebrate fauna at these

lakes.

6.5.4 Impact of dewatering discharge on invertebrates

Dewatering discharge appears to be contributingoteer invertebrate species
richness, within the immediate vicinity of the disege location. Even so,
community structure between discharge and natited & similar, with comparable
species dominating. In the larger lakes, the ihpadewatering discharge during
filling events is not as noticeable in the dry gha$the hydrocycle, as the salt crust
and other contaminants are diluted and mixed througthe lakes (Gregorst al.
2006). However in the smaller lakes and clay pahe, impacts of dewatering
discharge on the invertebrate community are likelyoe much greater, due to the
smaller dilution factor and therefore greater coticgions of metals and salts likely
in these lakes (Foster 2004). In some cases this prevent certain species from
hatching due to the optimum thresholds not beirghed, particularly in relation to

salinity (Timms 2005a).

6.5.5 Invertebrate community structure versus water chemstry
While salinity has been widely reported as influegcdiversity of invertebrates
(Williams 1998b), total phosphorus and bicarborfze the greatest influence on
community structure in this study. The influenégarameters other than salinity on
community structure is common in the hypersalinesaas the biota present in salt
lakes are able to tolerate a wide range of samyitand it is therefore likely that other
parameters are going to have more of an influenosoonmunity structure (Williams
et al. 1990; Williams 1998a). Taxa such Rarartemia informis and Chironomidae

species were associated with high concentrationsicairbonate and higher pH in
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comparison to the other taxa. Bicarbonate has Heand to play a role in
community structure of invertebrates in numerouslists (Halseet al. 1998; Radke
et al. 2003; Zhanget al. 2007). The contribution of phosphorus to communit
structure is probably related to the link betwelea growth of algae and levels of
phosphorus (Boulton and Brock 1999), with the algmeviding a food source

applicable to certain types of species (Khan 2003a)

6.6 Conclusions

The species richness of invertebrates in the s#tkksl of this study was high in
comparison to other regions in Australia. The @eosa were dominant, with the
most number of taxa recorded from fParartemia genus. This was a reflection of
the broad salinity tolerance and proliferationto$tgroup compared to others. There
were some differences in community structure betwBmregions, indicating that
invertebrates species presence was somewhat rd@tgdography. Community
structure was also influenced by water quality peeters, with phosphorus and
bicarbonate contributing mostly to variation betwead within Bioregions. Species
richness was lower at dewatering discharge siteporting significantly lower
species richness in comparison to ‘natural lakeBiere was a strong relationship
between water quality and invertebrate communitycstire within this study. This
indicates that invertebrate communities within ¢hdskes are fairly sensitive to

change in environmental parameters within surfaagem
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7 CLASSIFICATION SYSTEM
7.1 Abstract

Classification and ordination of the data presemete preceding four chapters was
considered necessary to simplify the large data 3éie objectives of this chapter
were firstly to combine and classify data for watprality, sediment chemistry,
invertebrates and diatom community structure. Belgp was to discuss the
practical application of the classification systanthin the mining industry. Two
classifications were completed using LINKTREE asa@y one for sediment and
diatoms and one for water quality and invertebrateShis was to take into
consideration the temporary nature of the waterdsoith this study. Six groups were
delineated for the sediment and diatom data, edithdiffering community structure
and sediment characteristics. In contrast foumugsowere distinguished for the
water quality and invertebrate data. One of th@onfendings of the study was that
lakes often have sites which fall into more thae gnouping, further displaying the
high level of heterogeneity within the lakes. #& possible that the resultant
groupings may be used to predict the likely impaictdewatering discharge to a

specific lake and to determine lakes which contaiigjue characteristics.

7.2 Introduction
The chemistry and biological characteristics of &es in Western Australia have
been described in the previous four chapters af tiimesis. This chapter serves to
apply these characteristics to develop a classibicasystem for salt lakes in Western
Australia. Classification is a tool used to sirfiplarge data sets, grouping objects
with similar characteristics (Leps and Smilauer 200 Worldwide, the most
commonly known classification system for wetlands defined by the Ramsar
Convention (Kimet al. 2006). In this system, attributes of the wetlasdsh as
water regime, wetland size, vegetation and salimfy be used. This system was

considered too coarse for delineating the saltdakehe study region.

The development of a classification system for &ales in the Goldfields was
considered critical given the large amount of datt had been collected, but not
compiled. The completed classification system khallow for identification of
lakes with unique characteristics (Department oviEemment 2005). In turn, this

has implications for the management objectivestiier lakes, which can then be
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targeted towards the preservation of the lakesuen@iparacteristics (Leathwiek al.
2003; Sneldeet al. 2007).

In Western Australia, classification of wetlands lggomorphic attributes as
described by Semeniuk and Semeniuk (1995) is thefeped method of
classification (Department of Environment 2005).hil& this system has been used
successfully within the Swan Coastal Plain and3beth-West of Western Australia
(V. & C. Semeniuk Research Group 1997), it has shbmited application to the
lakes in this study (Gregost al. 2006). Using the Semeniuk system, all lakes én th
study were classified as playas (Semeniuk and Seknd895). Even the addition
of descriptors to the lakes did little to distingjuiparticular lakes. While systems
such as this are important in classifying wetlamslarge regions, the use of
geomorphic systems can result in wetlands contgisensitive and unique biotic
assemblages to be overlooked (Sneétlat. 2006).

As a group, the lakes in this study share similaoding regime and vegetation
characteristics, features which are used to deknéa both the Semeniuk and
Ramsar classification systems (Semeniuk and Sekd®if7; Ramsar 2006). For
this study, it is proposed that these featuresuaesl as broad filters to classify the
lakes, and that lake classification will be furtltivided on the basis of chemistry
and ecological parameters such as algae and ibvatts as discussed in the
previous chapters. While most classification systere based on qualitative data,
classification using multivariate statistics is teing more commonplace (Snelder
et al. 2007) and is proposed for this chapter. Clasdifin systems using these
methods are repeatable, and not based on quaitatdgments and are therefore
easily replicated (Hargrove and Hoffman 2005). ulniber of classification systems
have been designed using biological data for aetyanf different aquatic systems
using multivariate statistics (Marchagital. 1994; John 2000a; Sneldetral. 2006).
John (2000) used diatoms and water quality paraméteclassify urban streams on
the Swan Coastal Plain to determine the impact rbBnization. The use of
macroinvertebrates for classification has also oecu extensively throughout
Australia (Marchant 1990; Marchagital. 1994; Newalkt al. 2006).
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The primary objective of this chapter was to dewsgassification system based on
data collected for surface water, sediment chewidimvertebrate and diatom
communities within salt lakes of Western Australiehe practical application of the

classification system within the mining industrylvaiso be discussed.

7.3 Materials and Methods
Multivariate analysis of the data was performechgdPRIMER (Version 6). The
analysis LINKTREE (Linkage Tree’'s) was used to el classification and
regression trees (Clarke and Gorley 2006). Thesks tare useful for classifying
complex ecological and environmental data (De'aith Babricius 2000). Two data
sets were compiled for the classification analysi$ie diatoms and sediment were
combined as was the water quality and invertebdata. LINKTREE analysis
produces a tree like structure, which groups siteshe basis of abiotic and biotic
parameters (Clarke and Gorley 2006). The analgaisulates an Analysis of
Similarities (ANOSIM) R value which indicates howuoh overlap the groups have
in terms of species, a B% value which represergsdifference between groups.
Similarity Profiles (SIMPROF) were also calculatix test whether the resultant
groups should be further divided. The results ealisplays environmental
parameters which contribute the most to the aplihé data. Within the LINKTREE
table produced, the first value is for the grouptia left of the tree. The values

within parenthesis describe the parameters fogtbeps on the right side of the tree.

Once LINKTREE produced groups based on the two skiis Principal Components
Analysis (PCA), Analysis of Variance (ANOVA), ANOMI and Similarity

Percentages (SIMPER) were used to test the diffesebetween the groups.

PCA was used to assess similarities between gralgserved in LINKTREE
analysis in terms of sediment and water chemisbigrke and Gorley 2006). The
PCA analysis produces a plot on which sites withilar chemistry are located close
together, while those with different chemistriee &cated further apart. Vectors
represent the influence of the different parametershe data set. The strength of
the PCA is explained in terms of percentage vanata value that should exceed
60 % over the first two axes, in order to adeqyatepresent the data set (Clarke and
Gorley 2006).
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Minitab (Version 14) was used to perform a ANOVAdetermine if environmental
parameters were significantly different betweernugsofor both water and sediment
quality (p values of <0.050 were considered sigaiii, at a confidence interval of
a = 0.05) (Minitab Incorporated 2003).

ANOSIM was performed to determine if there were significant differences in
community structure between groups. One-way desam chosen, with group used
as the factor. For ANOSIM, R statistic values elts one indicated that the groups
were different, while those close to zero were maTed to be similar (Platedt al.
1998; Clarke and Gorley 2006). Groups were comsdisignificantly different at
p<0.05. To determine which species contributedht average similarity within
each group SIMPER analysis was used. The dissitgilaetween each group was
presented as percentage dissimilarity. Valuesecdosl00% were considered to be
completely different with lower values recording maimilar species abundances

between groups.
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7.4 Results
Two classification analyses were completed for ibi@nd abiotic data, one for
diatoms and sediment data and one for live aquisvertebrates and water
chemistry. The data sets for each varied in smkveere defined by the amount of

‘complete’ data available for the environmentalgraeters.

7.4.1 Classification of sites based on sediment and diatodata

The LINKTREE analysis for diatom and sediment clangi was based on 22
environmental parameters and diatom data from @68 ¢Figure 20). This analysis
produced 6 groups based on these properties. rélipg were significantly different

from each other. Group 1 was characterized froenrést of the sites by calcium
values lower than 270 mg/kg (Figure 20 and Table 2&Ithough this group was

significantly different from the rest of the grouplsere was some overlap in diatom
community structure with other groups as depictgdhe low R statistic (R=0.36)

(Table 23).

70—
A
B
Group 1 59,64,66,67,84
Group 21,2,8,71,72
C
Group 330-32,36-38
D
X
o Group 4 -3,40,43,46,4
E
Group 5 4-7,10,26,56-58,60-63,65,73 9,11-25,27-29,33-35,39,41,42,44,45,48-55,68-70 3 8B 86
Group 6
50+

Figure 20. Results of LINKTREE analysis using sedient data and diatom data. Note site
names are presented in Appendix J. Diatom data wasansformed using a square root

transformation and similarity calculated using theBray Curtis method.
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Table 23. Data produced from the LINKTREE analysisof sediment (mg/kg) and diatom

community structure, parameters are listed accordig to the in descending influence that they
had on the splits in the data. The concentrationfqarameters is each group is presented along
with the SIMPROF = and p values, the ANOSIM R value and the differere of the groups as a
% (B).

Group Variable LHS (RHS) split T S|gn(:‘/|0(;ance R B%
1-2 Calcium <270 (> 370) 2.34 0.1 0.36 69.9
2—3 Magnesium > 1120 (< 960) 2.51 0.1 0.38 68.8
3—-4 Lead <16(>1.7) 2.22 0.2 0.4 66.2
4—-5 Arsenic < 38 (> 50) 2.16 0.2 0.39 61.9
5—6  Potassium < 420 (> 430) 2.35 0.2 0.41 56.3

Group 2 differed from group 1, with sites charaetst by a calcium value exceeding
370 mg/kg and magnesium concentrations greater tht20 mg/kg (Table 23 and
Figure 20). Like group 1, this group was signifitg different from the rest

however there was a considerable degree of ovarlapecies (R=0.38). Group 3
was separated on the plot, recording values ofiwale 370 mg/kg, magnesium
<960 mg/kg and lead < 1.6 mg/kg. The R stat($li¢) was slightly higher than the
other groups indicating less overlap with otherupsa Group 4, recorded calcium
> 370 mg/kg, magnesium < 960 mg/kg, lead > 1.7 m@lhkd arsenic > 38 mg/kg,
with a R statistic of 0.39 and a group differen€&b.9% (Table 23). Group 5 was
characterised by calcium > 370 mg/kg, magnesiundé®rag/kg, lead > 1.7 mg/kg,

arsenic > 50 mg/kg and potassium < 420 mg/kg, amdparatively less overlap in
species with the other groups (R=0.41). The ldrgesup was group 6, in terms of
the number of sites, it recorded calcium > 370 mgrkagnesium < 960 mg/kg, lead
> 1.7 mg/kg, arsenic > 50 mg/kg and potassium >mgtkg. Groups 5 and 6 were

most dissimilar in terms of species (R=0.41).

It was common for some lakes such as Lake Careyte\WHag Lake and Lake Way
to have sites in more than one group (Table 24).cdntrast sites within Lake
Maitland all fell within group 3. Lakes Johnstdsn-named Lake, South-west Lake,
Creek Lake, Lake Hope North, Baladjie Lake, Lakeokkoordine, Southern Star
Lake also fell into one group, however there wdyg one sampling event for each of

these lakes in contrast to the other lakes.
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Table 24. Lakes occurring in each of the specifigroups as defined by the LINKTREE analysis.

Group Lakes

Group 1 White Flag Lake, Lake Rebecca, Lake Polaris

Group 2 Banker Lake, Lake Carey, Kurrawang Whitkd_a

Group 3 Lake Maitland,

Group 4 Banker Lake, Lake Raeside, Lake Way,

Group 5 Black Flag, Kurrawang White Lake, Lake Qaihite Flag Lake, Lake Rebecca
Lake Carey, Lake Cowan, Lake Lefroy, Lake Way, Wiilag Lake, Lake Rebecca,

Group 6 Lake Johnston, Un-named Lake, South-west Lake, ICtexke, Lake Hope North,
Baladjie Lake, Lake Koorkoordine, Southern Stard.ak

7.4.2 Testing of diatom/sediment classification
Groups produced using LINKTREE were overlaid on B@A plot of sediment
chemistry for metals, salts, nutrients and pH (Feg@l). Although there was
considerable variation between some of groupsrmsef sediment chemistry, some
differences between groups were obvious. For elarmgmup 6 sites generally
reported the greatest concentrations of salinitgjom anions and cations and
nutrients. A large proportion of group 5 sites evecharacterised by high
concentrations of most metals in comparison tather groups. Group 3 sites were
characterised by low concentrations of most meaald higher concentrations of
calcium. Groups 2 and 1 had similar chemistry wd concentrations of salts and
nutrients and intermediate concentrations of masthia were a feature of this group
in comparison to the other groups (although groupatl comparatively lower
calcium). Group 4 was characterised by high comagans of most metals,
particularly arsenic, zinc, manganese, nickel asatllin comparison to the other

groups.
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8 Group
G2
v G4
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PC1
Figure 21. PCA analysis of sediment according torgup. 55.4% of variation explained by the
first two PCA axes. Concentrations of metals suckas arsenic, cobalt and chromium were
removed from the analysis as they were collinear Wi zinc. Also the following parameters were
collinear with TSS and were removed; bicarbonate, wisture content and magnesium. All

sediment data was transformed and normalized prioto analysis.

The mean and standard deviation of each sedimeaingder within each group was
calculated (Table 25). While there was some opeiaparameters, in most cases
each parameter was significantly different betwgerups (p<0.050 — Appendix K).

The exceptions were concentrations of lead, TOCtatad phosphorus, which were

not significantly different between groups.
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Table 25. Mean and standard deviation (SD) of saleed sediment parameters of each group. All valueme in mg/kg except where stated.

Parameter G1 G2 G3 G4 G5 G6

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Arsenic 16.6 16.0 16.2 26.8 1.2 2.2 111.4 63.8 6.9 3.1 6.0 7.1
Barium 50.0 255 20.8 145 12.7 25.1 27.0 30.1 60.0 455 24.8 24.2
Bicarbonate 11 0.8 21.8 355 7.8 4.7 25.0 2316 6.8 7.2 18.7 40.7
Calcium 198 66 5,490 1,782 145,933 53,125 45,716 ,0989 4,624 2,392 28,320 52,861
Chloride 34,120 14,247, 29,184 34,063 47,417 18,468 77,940 26,939 54,347 21,067 78,646 45,777
Chromium 115.0 52.9 61.6 53.0 15.5 5.2 88.4 59/0 7.92 70.4 63.4 51.9
Cobalt 6.8 4.1 6.9 51 13 0.4 95.0 87.1 14.6 14 7.8 5.8
Copper 19.2 15.2 13.1 9.2 4.0 1.6 27.1 246 22.9 .6 10 14.2 12.5
Lead 5.4 2.7 10.3 6.7 11 0.3 5.3 2.0 10.0 10 5.6 6.2
Magnesium 3,886 1,874 696 307 16,205 15,191 10,974 9,223 4,131 2,300 8,700 7,124
Manganese 191.2 94.6 212.6 148.0 61.7 33|12 895.2 69.40 442.5 330.9 306.6 387.2
Moisture 10.6 5.7 18.4 9.2 21.4 7.4 38.1 8.1 17.2 5.9 23.7 9.2
Nickel 274 17.6 55.2 83.9 2.6 11 77.4 55.1 59.3 6.93 22.9 20.7
pH (pH units) 7.3 0.4 7.4 0.4 8.3 0.2 7.8 0.5 7.6 0.6 7.5 0.9
Potassium 224 172 190 120 3,520 1,674 2,792 2,406 49 2 119 2,697 2,792
Sodium 21,138 9,249 16,844 19,745 35,833 21,744 4049, 15,506 29,700 10,569 57,356 40,815
Sulphate 7,248 3,452 15,310 4,401 31,767 12,437 1088, 12,193 17,643 7,537 28,266 14,690
Total Nitrogen 134.0 87.3 558.0 566.1 611.7 496(6 2.61 569.8 229.3 287.5 544.8 570.7
TOC (%) 0.37 0.24 0.64 0.49 1.73 1.13 0.69 0.16 111 0.96 151 1.54
Phosphorus 90.8 31.2 64.6 23.5 107.8 840 107.6 4 75. 101.7 53.6 106.5 90.2
TSS 59,500 17,898 50,240 35,527 83,533 23,330 006,6 29,021 82,100 24,003 118,410 40,308
zZinc 28.0 27.8 15.3 14.3 8.7 3.8 55.4 45.(1) 22.9 814 14.8 14.7
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ANOSIM analysis according to group for the diatomtadresulted in a global R
statistic of 0.527 at p=0.001, indicating that éhgroups are significantly different
from each. Further interpretation of the relatidpsbetween groups, showed that
some groups were fairly similar and not signifidardifferent (Table 26). For
example groups 1 and 2, and groups 1 and 5, wdrsignficantly different from
each other. In contrast groups 1 and 6 were $ogmifly different with a high R
statistic (0.701) indicating that there was liteerlap in species occurring in these

groups.

Table 26. Results of ANOSIM analysis between grospbased on percentage composition of

diatoms.
Group R statistic Significance Level
G2,G4 0.028 0.365
G2,G5 0.041 0.332
G2,G6 0.642 0.001
G2,G3 0.452 0.006
G2,G1 -0.216 0.944
G4,G5 0.024 0.364
G4,G6 0.598 0.001
G4,G3 0.336 0.004
G4,G1 0.264 0.127
G5,G6 0.408 0.001
G5,G3 0.222 0.032
G5,G1 -0.029 0.561
G6,G3 0.605 0.002
G6,G1 0.701 0.001
G3,G1 0.608 0.002

In terms of the species contributing to the diffees between groups, groups 3 and
1 reported the most dissimilar species abundande/¥8 dissimilar) (Table 27).
This is illustrated by a difference in the most mtbant species in each group;
Hantzschia aff. baltica was highest in group JFlantzschia amphioxys was most
abundant in group 1, but did not occur in groupli3.contrast abundance of species
in groups 5 and 6 were most similar, witlavicula aff. incertata being dominant in
both groups. In addition other abundant specig¢isinvthe groups included.uticola

mutica in group 2 andhmphora coffeaeforms was in group 4.

96



Classification of inland salt lakes in Western Aaba Classification System

Table 27. Results of SIMPER analysis for diatomscaording to group.

Species Mean Abundance  Consistency Percent Cum. %
Region 1 Region 2 Ratio
G2 G4 Mean Dissimilarity= 74.7
Amphora coffeaeformis 2.4 5.4 1.3 18.5 18.5
Hantzschia aff. baltica 2.4 4.1 15 16.0 34.5
Luticola mutica 2.9 2.0 1.2 13 47.4
G2 G5 Mean Dissimilarity = 77.0
Navicula aff. incertata 2.6 3.7 1.2 14.4 14.4
Amphora coffeaeformis 2.4 3.1 1.0 14.3 28.7
Hantzschia aff. baltica 2.4 1.6 0.8 12.3 41
G4 G5 Mean Dissimilarity = 74.6
Amphora coffeaeformis 5.4 3.1 1.2 19.1 19.1
Hantzschia aff. baltica 4.1 1.6 15 14.3 334
Navicula aff. incertata 1.2 3.7 11 14.0 47.4
G2 G6 Mean Dissimilarity = 73.5
Navicula aff. incertata 2.6 6.5 15 19.1 19.1
Amphora coffeaeformis 2.4 3.4 1.3 13.4 325
Hantzschia aff. baltica 2.4 2.6 11 131 45.6
G4 G6 Mean Dissimilarity = 68.6
Navicula aff. incertata 1.2 6.5 1.9 23.0 23.0
Amphora coffeaeformis 5.4 3.4 1.3 17.6 40.6
Hantzschia aff. baltica 4.1 2.6 15 12.4 53.0
G5 G6 Mean Dissimilarity = 66.5
Navicula aff. incertata 3.7 6.5 14 19.1 19.1
Amphora coffeaeformis 3.1 3.4 1.3 16.8 35.8
Hantzschia aff. baltica 1.6 2.6 1.3 12.1 47.9
G2 G3 Mean Dissimilarity = 80.0
Hantzschia aff. baltica 2.4 7.3 1.6 23.4 23.4
Navicula aff. incertata 2.6 2.3 1.3 10.8 34.2
Luticola mutica 2.9 0.3 1.1 10.5 44.6
G4 G3 Mean Dissimilarity = 71.3
Amphora coffeaeformis 5.4 0.3 1.3 23.8 23.8
Hantzschia aff. baltica 4.1 7.3 14 19.5 43.3
Navicula sp.(Maitland) 0.0 2.2 0.6 10.2 53.5
G5 G3 Mean Dissimilarity = 80.6
Hantzschia aff. baltica 1.6 7.3 1.8 25.4 25.4
Navicula aff. incertata 3.7 2.3 1.2 14.1 39.5
Amphora coffeaeformis 3.1 0.3 0.8 12.9 52.4
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Species Mean Abundance Consistency Percent Cum. %
Region 1 Region 2 Ratio
G6 G3 Mean Dissimilarity = 71.1
Hantzschia aff. baltica 2.6 7.3 1.7 23.0 23.0
Navicula aff. incertata 6.5 2.3 1.6 211 44.1
Amphora coffeaeformis 3.4 0.3 1.2 13.8 57.9
G2 Gl Mean Dissimilarity = 71.6
Hantzschia amphioxys 1.1 3.7 1.3 13.9 13.9
Navicula aff. incertata 2.6 2.6 1.2 12.3 26.3
Hantzschia aff. baltica 24 1.8 0.9 11.9 38.2
G4 Gl Mean Dissimilarity = 79.3
Amphora coffeaeformis 5.4 1.7 1.3 16.6 16.6
Hantzschia amphioxys 0.2 3.7 1.1 13.7 30.3
Luticola mutica 2.0 3.2 1.3 12.9 43.2
G5 Gl Mean Dissimilarity = 73.9
Navicula aff. incertata 3.7 2.6 11 14.7 14.7
Hantzschia amphioxys 2.1 3.7 1.2 14.1 28.7
Amphora coffeaeformis 3.1 1.7 1.0 13.1 41.8
G6 Gl Mean Dissimilarity = 75.8
Navicula aff. incertata 6.5 2.6 14 17.6 17.6
Hantzschia amphioxys 0.4 3.7 1.2 13.7 31.3
Luticola mutica 0.5 3.2 1.3 11.6 42.9
G3 Gl Mean Dissimilarity = 84.7
Hantzschia aff. baltica 7.3 1.8 1.7 21.4 21.4
Hantzschia amphioxys 0.0 3.7 1.1 14.2 35.6
Luticola mutica 0.3 3.2 12 11.5 47.1

7.4.3 Classification of sites based on water quality anohvertebrates
LINKTREE analysis of water and sediment chemistegutted in the production of
four groups (Figure 22). Group 1 differed from tlo¢her sites, recording
concentrations of sodium > 85 100 mg/L, chloridel25 000 mg/L and total
phosphorus > 1.01 mg/L (Table 28). In contrastceotrations of all these
parameters were much lower in all of the other psou Group 3 sites were
distinguished from group 2 sites on the basis o&ifionate which was > 136 mg/L
in group 2 sites and < 120 mg/L in groups 3 andxtoup 4 differed from group 3
sites, reporting higher concentrations of totatogien and potassium in comparison
to group 3 sites. In terms of differences betwgmps, groups 3 and 4 reported the
least overlap in species as shown by the highasatistic of the groups (R=0.56).
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= 60+ . ‘
Group 2 -4,8.9,14-2
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301

Figure 22. Results of LINKTREE analysis using wate quality and presence/absence
invertebrate data. Note site names are presented iAppendix L. Similarity was calculated
using the Bray Curtis method.

Table 28. Data produced from the LINKTREE analysisof invertebrate presence absence data
and water quality. Parameters are listed accordingo the in descending influence that they had
on the splits in the data. The concentration of pameters is each group is presented along with
the SIMPROF & and p values, the ANOSIM R value and the differere of the groups as a % (B).

Group Variable LHS (RHS) split T S|gn(:‘/|0(;ance R B%
1-2 Sodium >85 100 (<63 000) 1.52 3.7 0.53 78.9
Chloride >125 000 (<98 000)
Total Phosphorus >1.01 (<0.7)
2—3 Bicarbonate >136 (<120) 1.84 2.8 0.33 59.5
3—-4 Total Nitrogen <6.6 (>7.7) 10.92 1.1 0.56 53.8
Potassium <1 100 (>1 100)

Lake Carey was the only lake with sites fallinglesosely in one group (Table 29).
Sites within White Flag Lake occurred in groupsrd &, while Lake Way sites

occurred in groups 2 and 4. Group 3 was compobsitles from Yarra Yarra Lakes,
which also occurred in group 4.
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Table 29. Lakes occurring in each group

Group Lakes

Group 1 White Flag Lake

Group 2 White Flag Lake, Lake Way, Lake Carey
Group 3 Yarra Yarra Lakes

Group 4 Lake Way, Yarra Yarra

7.4.4 Testing of invertebrate/water quality classification

The PCA plot shows some distinction between watelity in terms of salinity,

major anions and cations and pH between groupsi@ig3). Within groups 1, 3

and 4, water quality was similar, but in contrastre was a substantial variation

within water quality within group 2. Group 1 wasatacterised by higher

concentrations of calcium, sodium, chloride an@ltphosphorus in comparison to

the other groups. Groups 3 and 4 were dissimdathe other groups reporting

higher concentrations of pH, bicarbonate, totalogién and potassium. However,

group 4 sites generally recorded higher concenptratiof these parameters in

comparison to group 3 sites. Concentrations opathmeters were low in group 2

sites in comparison to the other groups.

GROUP
G3

v G1
G2

& G4

PC1

Figure 23. PCA analysis of water chemistry includig pH, salinity, major anions and cations

according to group. A total of 76.9% variation expained by the first two PCA axes. All data

was transformed and normalised prior to analysis.
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Results of the ANOVA analysis showed that most wagality parameters were

significantly different between groups (p<0.05) p&mdix M), even though some

overlap in particular variables was evident (TaBy. The exception was calcium

which was not significantly different between greyp>0.05).

Table 30. Mean and standard deviation of parameterrecorded in each group. All values are

reported in mg/L except where mentioned.

Parameter el G2 G3 G4

Mean SD Mean SD Mean SD Mean SD
EC @S/cm) 122,000 1,000 60,516 52,802 130,000 0 127,667807
pH (pH units) 7.1 0.05 7.1 0.45 8.1 0.0Q 8.1 0.04
Total Nitrogen 1.4 0.2 31 4.9 5.4 0.8 10.0 2.6
Total Phosphorus 1.45 0.38 0.07 0.08 0.57 0.14 0.250.30
Sodium 86,433 1,193 14,906 14,353 35,800 447 38,700677
Potassium 210 10 494 600 1,080 45 1,850 681
Magnesium 2,843 135 908 878 3,660 89 3,217 536
Calcium 1,370 125 887 499 916 21 592 293
Chloride 128,000 3,00¢ 23,821 22,560 56,600 1,817 1,467 4,606
Sulphate 7,247 445 5,364 3,79y 6,360 21P 13,100 886,1
Bicarbonate 49 2 72 25 258 19 196 83

The ANOSIM analysis according to group resultedhiglobal R statistic of 0.435

(p=0.001), indicating that the species composibietween groups was significantly

different, there was however some degree of oveiketwveen species (Table 31).

Groups 3 and 4 were completely different as théassic reached the maximum for

these groups. In contrast groups 2 and 4 wersigoificantly different and reported

a substantial overlap in species (R=0.28).

Table 31. Results of ANOSIM analysis between grogpbased on percentage composition of

invertebrates.
Group R statistic Significance Level
G3, G4 1 0.018
G3, G2 0.38 0.001
G3,G4 0.56 0.036
G1,G2 0.62 0.002
G1,G4 0.67 0.10
G2,G4 0.28 0.69
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In terms of the contribution of particular speciasundance of particular species in
groups 3 and 4, 1 and 2, and 1 and 4 were comyplei#lerent (i.e. 100%
dissimilarity) (Table 32). Groups 3 and 4 were tsisnilar in terms of species
abundances, witRParartemia informis featuring in both sitesParartemia informis
was most abundant in group 3 sites, wiitlarartemia species (WF) was most
abundance in group 1. Cyclopoida species domingtedp 2 andParartemia

species 1 dominated group 4 sites.

Table 32. Results of simper analysis for invertelates according to group. Only the top three

species were included (where applicable).

Species Mean Abundance Consisten Percent Cum. %

Region Region cy Ratio

1 2
G3 Gl Mean Dissimilarity= 100
Parartemia informis 214 0.0 1.9 52.7 52.7
Parartemia species (WF) 0.0 43.7 14 43.4 96.1
G3 G2 Mean Dissimilarity = 94.7
Parartemia informis 21.4 2.3 14 331 33.1
Cyclopoida species 0.0 31.4 11 22.1 55.3
Reticypris species 1.0 25.3 0.8 14.5 69.8
G1 G2 Mean Dissimilarity = 100.0
Parartemia species (WF) 43.7 0.00 1.1 34.2 34.2
Cyclopoida species 0.00 31.4 1.0 21.2 55.4
Reticypris species 0.00 25.3 0.7 12.4 67.8
G3 G4 Mean Dissimilarity = 75.4
Parartemia informis 21.4 4.6 1.2 48.3 48.3
Parartemia species 1 0.0 36.2 0.9 37.3 85.6
Branchinella species 0.0 9.0 0.7 7.7 93.3
Gl G4 Mean Dissimilarity = 100
Parartemia species (WF) 43.7 0.0 14 46.3 46.3
Parartemia species 1 0.0 36.2 1.0 30.8 77.0
Parartemia informis 0.0 4.6 0.6 14.0 91.0
G2 G4 Mean Dissimilarity = 93.2
Parartemia species 1 5.5 36.2 0.90 24.7 24.7
Cyclopoida species 31.4 0.5 1.0 21.7 46.3
Reticypris species 25.3 0.7 0.8 13.6 60.0
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7.5 Discussion
The production of two classification systems wassidered necessary given the
temporary nature of salt lake systems, and thenabsef water for long periods
(Roshier and Rumbachs 2004). Sampling of thesermsgscan occur when the lake
is dry and in that case only the diatoms and sedliten be sampled. Alternatively,
when the lake is in the wet stage of a hydrocyel@nge of biota can be sampled. In
this scenario, water quality and invertebrates lmamsed to classify the lakes. The
practical application of each of the systems amdlithitations of the classification

systems are discussed.

7.5.1 Diatom and sediment classification
The classification of the diatom and sediment deden 86 sites in the study area
resulted in the separation of data into six groupst were defined by similar
sediment characteristics and diatom community &irec(Table 33). A number of
the larger lakes, such as Lake Carey, White Flaigeland Lake Way had sites
falling into a number of different groups. This svdue to the high degree of
variability in sediment chemistry within the lak@sgharacteristic of the larger playas
in the study area (Araket al. 1990; John 2003a). Also it is likely that dewatgr
discharge has contributed to the variability witkiie sediments in these particular
lakes (Finucane 2004; Foster 2004). In additiohigily variable sediments, there
was some overlap in species between the groups Wils particularly apparent for
groups 5 and group 1, and groups 2 and group Ichmdcorded similar species.
Despite this overlap, the abundance of these pdaticspecies was generally
different between groups. The overlap of specetsvben groups indicates that the
diatom species occurring within the lakes were dbldolerate a wide range of
sediment chemistries. This is a feature of bidtat ttcommonly occur in these
particular systems (Williams 1998b; Taukulis andrd@006).
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Table 33. Summary of lake classification in dry caditions according to sediment chemistry,

showing dominant diatom species and lakes in eachogip.

Group Sediment Chemistry Dominant Diatom Lakes
Species
Group Calcium < 270 mg/kg Hantzschia amphioxys White Flag Lake Lake Rebecca
1 Luticola mutica Lake Polaris
Pinnularia borealis
Group Calcium > 370 mg/kg Luticola mutica Navicula Banker Lake
2 Magnesium > 1 120 mg/kg aff incertata Lake Carey
Hantzschia amphioxys Kurrawang White Lake
Group Calcium > 370 mg/kg Hantzschia aff. baltica Lake Maitland
3 Magnesium < 960 mg/kg  Navicula aff. incertata
Lead < 1.6 mg/kg
Group Calcium > 370mg/kg Amphora coffeaeformis Banker Lake
4 Magnesium < 960 mg/kg  Hantzschia aff. baltica Lake Raeside
Lead > 1.7mg/kg Nitzschia aff. rostellata Lake Way
Arsenic < 38 mg/kg
Group Calcium > 370mg/kg Navicula aff. incertata Black Flag Lake
5 Magnesium < 960 mg/kg  Amphora coffeaeformis Kurrawang White Lake
Lead > 1.7 mg/kg Hantzschia amphioxys Lake Carey
Arsenic > 50 mg/kg White Flag Lake
Potassium < 420 mg/kg Lake Rebecca
Group Calcium > 370mg/kg Navicula aff. incertata Lake Carey, Lake Cowan
6 Magnesium < 960 mg/kg  Amphora coffeaeformis Lake Lefroy, Lake Way, White
Lead > 1.7 mg/kg Hantzschia aff. baltica Flag Lake, Lake Rebecca, Lake
Arsenic > 50 mg/kg Johnston, Un-named Lake, South-
Potassium > 430 mg/kg west Lake, Creek Lake, Lake
Hope North, Baladjie Lake, Lake
Koorkoordine, Southern Star Lake
7.5.2 Invertebrate and water classification

The LINKTREE analysis of 30 sites for invertebrated water quality resulted in the
production of four groups (Table 34). This anaysias only completed on four
lakes which fitted the criteria for the analysi®(icomplete data set), due to the
limited opportunities to collect data of this tyjperecent times and the length of time
that the lakes have remained dry (Roshier and Rah#2004). Taxonomic issues
also occurred within this data set, with some speos identified to species level,

and others only to genera or family level (Pindeal. 2005). These type of issues
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are a common trait of classification systems of thipe (Herbst 2001; Newad al.
2006). An implication of taxonomic issues is tlsaime lakes may actually have
more similar species composition than the anabisigests.

Table 34. Summary of lake classification in wet culitions according to water chemistry,

showing dominant invertebrate species and lakes @ach group.

Group Water Chemistry Dominant Invertebrate Lakes
Species
Group Sodium > 85 100 mg/L Parartemia species White Flag Lake
1 Chloride > 125 000 mg/L (White Flag)
Total Phosphorus > 1.0 mg/L
Group Sodium < 63 000 mg/L Cyclopoidaspecies White Flag Lake, Lake
2 Chloride < 98 000 mg/L Reticypris species Way, Lake Carey

Total Phosphorus < 0.7 mg/L
Bicarbonate > 136 mg/L

Group Sodium < 63 000 mg/L Parartemia informis Yarra Yarra Lakes
3 Chloride < 98 000 mg/L
Total Phosphorus < 0.7 mg/L
Bicarbonate < 120 mg/L
Total Nitrogen < 6.6 mg/L
Potassium <1 100 mg/L

Group Sodium < 63 000 mg/L Parartemia species 1. Lake Way, Yarra Yarra
4 Chloride < 98 000 mg/L Lakes
Total Phosphorus < 0.7 mg/L
Bicarbonate < 120 mg/L
Total Nitrogen > 7.7 mg/L
Potassium > 1 100 mg/L

7.5.3 Practical Applications of the Classification Systers
Both of these systems can potentially be utilizathiw the mining industry in a
number of ways;
1. To predict the likely diatom and invertebrate spscwithin the particular
lakes given a specific sediment or water chemistry
2. To consider the impacts of dewatering discharge @articular lake, on the
basis of differing chemistry or biotic data
To determine lakes with unique characteristics

4. To consider the management options for the lakes
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The results from multivariate programs such as LTIREE may be used to predict
which biota are likely to occur within the partiaulset of environmental parameters
(Clarke and Gorley 2006). For example, if using ttlassification system for
sediment and diatoms, a site that has a concemntraticalcium less than 270 mg/kg
would fall into group 1. Diatom species suchHemntzschia amphioxys, Luticola
mutica and Pinnularia borealis may becommon within this particular lake. In
contrast, although the LINKTREE analysis produceakitive results for the
classification system used for identifying likelyvertebrates within a given water
quality, the system should be used with care. Thidue to the high degree of
speciation within the lakes and the poor dispensethanisms of the invertebrates
which inhabit them (Williams 1985; Timms 2007), ikl the diatoms which are
fairly widespread (Geltt al. 2002).

The system may be used to predict the potentiahainpf dewatering discharge for a
particular lake. Firstly it would be imperative decide which group the lake fell
into, prior to impact. Also the dewatering disgequality would also need to be
known. If the lake fell within group 1 within theediment/diatom classification
system prior to discharge, and the discharge waaer high in calcium, it could be
assumed that the classification of the lake wolldnge, with species dominant in
group 1 such akuticola mutica and Pinnularia borealis becoming less abundant.
The ongoing collection of data from more lakes wiltrease the predictive power

and robustness of the classification system.

Another application of the classification systemtfte mining industry is to identify
lakes with similar characteristics to the lake thegy be potentially impacting. This
may help to determine the significance of the paldir water body within the region,
which is currently a requirement of the annual dewag discharge licencing report,
as set out by the Department of Environment ands@uwmation (DEC). The
classification system indicates that groups 1 —etfairly unique in terms of their
sediment and diatom chemistry, and less than $®slaoccurred in each group.
These results should be viewed in the context ithaome cases, the presence of
dewatering discharge may have altered the groumhglakes and therefore
contributed to their uniqueness. This was evidangroup 2 sites such as Lake

Carey, Banker Lake and Kurrawang White Lake whighorted high concentrations
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of magnesium most likely associated with the inpfit dewatering discharge.
However, the other groups contain sites which ave impacted by dewatering
discharge and are likely to be relatively uniqu@hese sites are within Lake
Rebecca, White Flag Lake, Lake Polaris, Lake Wagkel Raeside and Lake
Maitland. While White Flag Lake, Lake Way and LdRaeside receive dewatering
discharge, there are large areas of these lakehwéimain free from the impacts of
this practice.

Once the regional significance of a lake is deteeadj it is easier to identify lakes (or
sites within lakes) with unique characteristics ebhishould be preserved or
effectively managed to avoid substantial impaci®his may include engineering
options with regard to dewatering discharge to gmes particular areas of the lake.
Options such as bunding dewatering discharge ameag limit the impact of

dewatering discharge on these systems.

7.5.4 Limitations

There were a number of limitations within the protilon of both of the classification
systems. For the diatom/sediment classificatian dlata sets had to be reduced
considerably as the analysis would be weakenedibyimy data (Clarke and Gorley
2006), therefore even though diatom data existe@%0 sites, only 86 of these sites
had enough sediment data to run this analysis qudnhparameters). Similarly the
invertebrate/water chemistry classification wa® ddased on a restricted data set, 30
records were used in this instance to run the LIRKE analysis. Even though the
data sets were considerably reduced, there weree goemds and some useful
conclusions which could be gleaned from the clasgibn system. In addition,
classification systems such as these hinge on $eangption that environmental
parameters alone are contributing to communitycttine of biota, which may not
always be the case (Sneldetral. 2006). In this instance there is a possibilitgtth
some other factor not tested in this study maynflaeéncing the data. Both systems
would benefit from the ongoing collection of dat énhance the data sets and
strengthen the classification system as samplifgte¢an effect the classification
results (Marchant 1990; Gell 1997). The estableshimof a protocol for data

collection will be essential to ensure uniformitysampling methods and analysis.
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Poor identification of invertebrate species mayehalgo contributed to some error in
the classification system. The majority of invertge data was collected prior to
specialist guides being published. Also, thereeapp to be some discrepancy in
nomenclature. With regards to classification usimgertebrate and water quality
data, also the stage in which the lake is sampledldvinfluence the lakes

classification. The changes over the hydrocycléhete lakes is great and this can

also result in major changes in the biotic communit

7.6 Conclusions
Classification and regression tree analysis, usirgg LINKTREE analysis, were
applied to data collected from salt lakes withia 8tudy area. Two analyses were
completed, one for sediment and diatoms and onediter quality and invertebrates
to cater for the temporary nature of the water &8diSix groups were delineated for
the sediment and diatom data, each with differimgpmunity structure and sediment
characteristics. In contrast four groups were tbdar the water quality and
invertebrate data. These groupings are usefdigartining industry and can help to
determine the significance of a particular lake ifmpacts of dewatering discharge

and management of these systems.
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8 CONCLUSIONS

This study represents the first of its kind fortdakes in the Goldfields region of

Western Australia and it has contributed to an e@ased understanding of the
ecological functioning of salt lakes in Western &aba. This goal was considered
important, given the number of salt lakes that heing threatened by mining

processes in the region. The main parameterseokdosystem addressed in this
study were water and sediment chemistry, diatomd aquatic invertebrates.

Classification of this data was performed using timatiate statistical analysis to

produce functional groups with similar abiotic dndtic characteristics.

8.1 Western Australian Salt Lakes

Historically early studies focused on the aquatiwertebrates and basic water
chemistry parameters of inland salt lakes in Wes#arstralia (Geddest al. 1981;
Brock and Shiel 1983). Recently however, the fdeas shifted from studies with a
purely ecological purpose to studies researchiegpibtential impact of mining on
these lakes (Finucameal. 2001; Foster 2004). Most of this informationestricted
to single lakes with very minimal comparison beimgde between a number of
lakes. In addition the episodic nature of the bggcle of the lakes in this study has
caused some difficulties in determining both thelegical significance of the lakes,
and the impacts of mining processes. Comparisdncantrast of the data collected
in this study has contributed to identifying uniqeiearacteristics of the salt lakes and

increasing the knowledge base relating to them.

The water chemistry of salt lakes in this study wassistent with that of other
inland waters in Australia, specifically relatirmH, salinity and nutrients. The pH
was alkaline, salinity ranged from 3 to 390 g/L dinel majority of lakes followed the
ionic gradient in dominance of Na>Mg>K>Ca (and Ca>fidr the cations and
CI>SO>HCO; for the anions. While these results were fairlgngistent,
concentrations of metals in surface waters haven lsmarcely studied in other
regions in contrast to the present study. Conagatrs of metals such as chromium,
cobalt, copper, lead, nickel and zinc exceedednfgfL in the lakes and this was
considered elevated in comparison to other frestmeatd marine systems. Water
quality fluctuated substantially over time withinet lakes and was influenced by

geography, geology, stage of the hydrocycle at tthee of sampling and the
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occurrence of dewatering discharge, as has beemnteelpin other studies (Williams
1998b; Boulton and Brock 1999; Finucaeeal. 2003; Foster 2004). The larger
lakes in this study, such as Lakes Carey, Way airdrda, reported the greatest
variation in water quality, most likely related ttee wide range of geological strata
that occurred in these lakes (Forstner 1977) intiatidto increased sampling effort

in these lakes.

The majority of lakes remained dry during the studgd sediments became the
focus of the study. Similarly to water qualityete was a high degree of variation in
sediment chemistry both within and between thedakghis variation was generally
associated with geological features of the laked Bnsome cases, dewatering
discharge (Forstner 1977; Foster 2004). Sedinwdrte lakes were in the most part
alkaline, and sodium and chloride dominated the omanions and cations.

Concentrations of metals in sediments were a featdirthe Bioregion that they

occurred in, for example Coolgardie sediments weharacterised by elevated
concentrations of lead, cadmium, chromium and niclgevated concentrations of

zinc, arsenic and copper were common in lakesarihbrchison Bioregion.

A number of the lakes included in this study camedi unique attributes in terms of
sediment chemistry. For example sediments of Lakag and Maitland contained
greater concentrations of calcium in comparisontht® other lakes, most likely
related to the presence of calcretes in these I@Wasn and Deutscher 1978). In
addition Lakes Maitland, Black Flag and Miranda evezlatively distinctive in terms
of metal concentrations in sediments. While in ealiranda sediments were
influenced by dewatering discharge, the other take$ were not impacted by
mining activities. Concentrations of all metalsLiake Maitland were low, while
concentrations of chromium and cadmium were elevateBlack Flag and were

distinct from other lakes in same the region.

Biota present in salt lakes of Western Australignisted by extreme conditions such
as temporary water regime, high salinity and intetesnperature. With regard to
algae, the focus of this study was on the diatosthay were often the only biota
present in the lakes. A total of 56 diatom speuwias reported and the most common

species wereAmphora coffeaeformis, Hantzschia aff. baltica and Navicula aff.
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incertata. All these species are widespread and commomland hypersaline
systems in Western Australia (Taukulis and Johr620@enerally, broad tolerances
to variation in environmental parameters were awvideithin the diatoms with
species such admphora coffeaeformis occurring in the majority of the lakes. As
would be expected in this type of environment, ssedchness was compromised as
the number of species with the ability to existhese conditions is greatly reduced.
Due to the absence of water, the relationship batvatatom and sediment chemistry
was explored. In the absence of water, sedimdntisese lakes provide a medium
for periphytic and benthic algae, and it is therefexpected that the chemistry of
these sediments will influence the community stitest In this study, zinc, moisture
content and cobalt reported the greatest negatfiteence on the diatoms. While the
influence of metals on these particular specigsoly understood the relationship
between diatoms and moisture content is well kn@md expected in the drier

environments such as these.

A total of 101 aquatic invertebrate taxa have bemorded from 13 lakes in this
study. The Crustacea were dominant, with the gstatumber of species recorded
from the Parartemia genus. A high level of speciation was evidentwieen
Bioregions and was most likely related to poor displ mechanisms of the species
and the large distances between the lakes (Willia885; Williams and Kokkinn
1988; Timms 2007). Variability in taxonomic resduin also contributed to
differences between lakes and Bioregions with daiag identified to species level
in some cases, but only genus or family level lmeotcases. In addition most lakes
were only sampled once during the hydrocycle. Twosild have excluded species
which may have been present at other stages ofhyldeocycle. Community
structure was influenced mostly by phosphorus whighy be related to the link

between the growth of algae and phosphorus coratants.

A field sampling protocol has been presented inekmlix A, detailing the type of

abiotic and biotic factors which can be sampledthiase systems. It addresses
parameters which can be sampled in the wet angliages of the hydrocycle and
site selection. While not an exhaustive manualegcribes the main methods used

within this study.
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8.2 Dewatering discharge and salt lakes in Western Australia
A total of nine salt lakes (in this study) are emtty receiving dewatering discharge
from mining operations in Western Australia. Andgidnal eight lakes have
received dewatering discharge in the past. Diffees between natural lakes and
lakes receiving dewatering discharge were considerehis study. Sites receiving
dewatering discharge generally reported higher eotmations of salts, nutrients and
some metals in both water and sediments comparedttoal lakes. Additionally,
some discharge lakes reported changes in pH iracrfvaters. Ultimately the
impact of dewatering discharge to the environmegmiintrolled by the local geology

within the mining void.

Species richness of biota such as diatoms andteiwates was generally lower at
dewatering discharge sites. Although surface wagex generally permanent at each
of these sites, the quality was poor and biota wepacted. In the larger lakes, the
impact was generally localized within the pooledaapf dewatering discharge. In
addition, despite these impacts, there appears tpdat capacity for amelioration by
flushing events, with historical dewatering disg®asites showing minimal impact
compared to current dewatering discharge sitesis iBha significant finding from
this study that requires further investigation.s@l consideration should be given to
the fact that the majority of impacts found in teiady occurred when the lakes were
mostly dry. The impact of dewatering dischargeirdua filling event or the wet
stage of the hydrocycle is yet to be investigabed,on the basis of preliminary data,
impact in these conditions appears to be less @gfinAlso, it is likely that the
smaller lakes are more likely to show signs of ioipas the discharge plume
generally impact the whole lake and the chanceeabvery is limited in this

instance.

8.3 Comparison of collected data with relevant guidelines
Currently there are no guidelines for comparisotihwiater and sediment chemistry
for inland salt lakes in Western Australia. Forteveguality, the ‘default’ guidelines
that are most commonly used for these systemshardustralian and New Zealand
Environment Conservation Council (ANZECC) guide$ifer marine water. Given
that most of the salt lake ecosystems in WesterstrAlia are not pristine and have

been impacted by mining, recreation and farmingviiets they were considered to
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be slightly to moderately disturbed as defined iy ANZECC guidelines. In this
case values for protection of 80% of species inimeawater are commonly used
(Batley et al. 2003). These figures are based on chronic toxgsokests and are
aimed to trigger further investigation if excee@Bdtleyet al. 2003). A comparison
of water chemistry from natural waters within tlstsidy and ANZECC guidelines
was completed. Concentrations of cadmium, cobhlipmium, copper, lead, nickel
and zinc of the natural inland waters all exceeABZECC guideline values. This
indicates that these parameters are naturally rhigtter in the inland salt lakes than

their freshwater and marine counterparts.

The ANZECC Interim Sediment Guidelines are based taxicity tests from
American aquatic systems (Batlelyyal. 2003; Simpsoret al. 2005). Therefore it
could be argued that they may not be applicabla¢oinland salt lakes of Western
Australia. The trigger values within the guideBnare values for which further
investigation should be carried out to determires ithpact to biota (Simpsost al.
2005). Comparison of sediment from lakes not inghdy dewatering discharge
with ANZECC guidelines (ANZECC. 2000b) showed tiganerally the guidelines
were applicable to the salt lakes, with most vainabe lake sediments being below
trigger values. The exceptions were the triggéwesof nickel and chromium which
were exceeded by concentrations of these paraniettdre natural lakes a reflection

of the local geology of the region.

As a rough guide, metal concentrations presentediddace water and sediment
quality in the natural lakes (Appendix C and E)lddee used for comparison or as a
target for data collected from impacted dischaitgss

8.4 Classification System
Although there are a number of widely accepted sdiaation systems within
Australia (Pressey and Adam 1995), it was found nioae effectively distinguished
the differences between salt lakes in the Gold§ieldwo analyses were completed
for both dry and wet phases of the hydroperiod; fomesediment and diatoms, and
one for water quality and invertebrates. Six gowere delineated for the sediment
and diatom data, each with differing community ctuwe and sediment

characteristics. In contrast four groups were rabefi for the water quality and
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invertebrate data. It was common for sites fromtipalar lakes to fall in more than

one group, further demonstrating the variabilitghivi these ecosystems.

There are a number of practical applications of #yistem for the mining industry.
For example it is possible that biota of a particulake may be predicted by
examining the chemistry of the wetland. While tapplication is less applicable to
the water and invertebrate classification due tecstion and poor dispersal
mechanisms (and lack of data), it is possible amtenpractical for the diatom
community. The classification system may also $eduo determine lakes that have
unique features in comparison to the lakes thatewesed in this classification
system. In addition it may be used for the préaiicof impacts based on changes in

community structure, if a shift in water or sedirnehemistry was observed.

8.5 Research Direction
This study has filled a number of gaps in knowledgethe inland salt lakes of
Western Australia. It is the first study of itm#li examining sediment and water
chemistry, diatoms and aquatic invertebrates indtsystems. The development of a
classification system has helped to identify lakdxch are considered to be unique
or have unique features. Both of these classifioatystems would benefit from the
collection of more data to consolidate statistiedhtionships. This is particularly
important in the case of water quality and inveragds. A standardized method for
sampling and sample analysis has been preparedstaree consistency for future

sampling programs across the state.

The possibility of using diatoms to predict impa€tdewatering discharge may be
implemented once further data is collected. Thisld involve using models and
transfer functions to predict the optima for spedie certain parameters. Transfer
functions have been used successfully to predsit [padrochemical features and for
assessing water quality in a number of aquatic ystems (Gasset al. 1995;
Philibertet al. 2006).

This study has addressed the impacts of dewatdrgaiparge and initial indications

are that these impacts are temporal — that is, ¢haybe ameliorated by large rainfall
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events. This is an important finding for the mimdustry, and it would therefore

be advantageous to further investigate this trend.

8.6 Recommendations
For the users of the inland salt lakes of Westeauntralia, the following approaches
are recommended;

* Ongoing collection of natural lake data to createfaust set of target values
for Western Australian salt lakes, in preferencthtomore-generic ANZECC
guidelines

» Collection of opportunistic data during floodingesns to increase knowledge
of ecology and recovery during these conditions

» Classification system data should be updated yeamly sites reclassified,
particularly for invertebrates and water quality

» The development of a predictability model for dratousing transfer function

to predict the impact of dewatering discharge.

11t



Classification of inland salt lakes in Western Aaba References

9 REFERENCES

ANZECC., 2000a. Australian and New Zealand Guiddirior Fresh and Marine
Water Quality. NSW, Australian Water Association.

ANZECC., 2000b. Australian and New Zealand Guidsifor Fresh and Marine
Water Quality. Vol. 2. Aquatic Ecosystems - Raéilen and Background
Information. Australia, Environment Australia.

Aquaterra., 2006. Annual dewatering discharge teereport prepared for Croesus
Norseman Operations. Perth, Western Australia.

Arakel, A. V., G. Jacobson and W. B. Lyons, 199@dient-water interaction as a
control on geochemical evolution of playa lake egst in the Australian arid
interior. Hydrobiologial97: 1-12.

Barbanti, A., M. C. Bergamini, F. Frascari, S. M@sehi, M. Ratta and G. Rosso,
1995. Diagenetic processes and nutrient fluxeshat dediment-water interface,
Northern Adriatic Sea, Italy. Interactions betwsediment and water. B. T. Hart and
A. Grant. Australia, CSIRO.

Barrett, G., 2003. Southern Star saline water @isgh - review of environmental
impacts. G. B. Associates. Perth, Western Austradfiternal report for Sons of
Gwalia.

Batley, G. E., C. L. Humphrey, S. C. Apte and JStauber, 2003. A guide to the
application of the ANZECC/ARMCANZ water quality igielines in the minerals
industry. ACMER. Queensland.

Bauld, J., 1981. Occurrence of benthic microbiatama saline lakes. Hydrobiologia
81 87-111.

Bayly, I. A. E. and W. D. Williams, 1966. Chemicaaid biological studies on some
saline lakes of south-east Australia. Australianrdal of Marine and Freshwater
Researcd7: 177-228.

Beard, J. S., 1990. Plant Life of Western Austrdfieanthurst, Kangaroo Press.

Biggs, B. J. F., 1995. The contribution of floodtdrbance, catchment geology and
land use to the habitat template of periphyton treasn ecosystems. Freshwater
Biology 33: 419-438.

Blinn, D. W., 1993. Diatom community structure ajgohysicochemical gradients in
saline lakes. Ecology4(4): 1246 - 1263.

Blinn, D. W. and P. C. E. Bailey, 2001. Land-usBu@nce on stream water quality
and diatom communities in Victoria, Australia: spense to secondary salinization.
Hydrobiologia466 231 - 244.

11¢



Classification of inland salt lakes in Western Aaba References

Blinn, D. W., S. A. Halse, A. M. Pinder, R. J. Shaed J. M. McRae, 2004. Diatom
and micro-invertebrate communities and environmeddggerminants in the Western
Australian Wheatbelt: a response to salinizatioydridbiologia528 229-248.

Boggs, D., E. I. and B. Knott, 2007. Salt lakeghe northern agricultural region,
Western Australia. Hydrobiologii76 49 - 59.

Boggs, D. A., G. D. Boggs, I. Eliot and B. Knot@@5. Regional patterns of salt lake
morphology in the lower Yarra Yarra drainage syst#riVestern Australia. Journal
of Arid Environment$4(1): 97-115.

BOM. 2007. Climate Data Online. Retrieved 31st Mfay, 2007, from
http://www.bom.gov.au/climate/averages/#climatemaps

BOM., 2000. Tropical cyclones John, Steve and Ro$ianberra, ACT, Bureau of
Meteorology.

Borowitzka, L. J., 1981. The microflora : adaptatioto life in extremely saline
lakes. Developments in Hydrobiology, Salt Lakes.DVWilliams. Netherlands, Dr
W Junk.81: 33-46.

Boulton, A. J. and M. A. Brock, 1999. AustraliareBhwater Ecology: Processes and
Management. Australia, Gleneagles Publishing.

Brearley, D. R., J. John, S. Chaplin and K. Brenri®99. Baseline ecological study
of Lake Lefroy. J. M. Osborne and J. N. Dunlop.tReWestern Australia, School of
Environmental Biology, Curtin University of Techiogly.

Brock, M. A. and R. J. Shiel, 1983. The compositmhaquatic communities in
saline wetlands in Western Australia. Hydrobiolobds: 77 - 84.

Cale, D. J.,, S. A. Halse and C. D. Walker, 2004.tls"el monitoring in the
Wheatbelt of south-west Western Australia: sitecdpsons, waterbird, aquatic
invertebrate and groundwater data. Conservatioen8ei Western Australiz(1): 20-

135.

CALM, 2002. Bioregional Summary of the 2002 Biodsigy Audit for Western
Australia. N. L. McKenzie, J. E. May and S. McKeniRerth, WA., Conservation
and Land Management.

Campagna, V. S. and J. John, 2003. Limnology aothhof Lake Yindarlgooda.
Perth Western Australia, Curtin University.

Chaplin, S., 1998. The brine shrirfarartemia sp. nova a (Lefroy-Cowan) in the
Johnston Lake: effects of salinity, temperature piddn life history. Environmental
Biology. Perth, Curtin University of Technology.

Chaplin, S., J. John, D. Brearley and J. Dunlo@91A limnological investigation
of Lake Carey, a large ephemeral salt lake in Westsustralia. Perth, Mine




Classification of inland salt lakes in Western Aaba References

Rehabilitation Group, School of Environmental Bgyo Curtin University of
Technology. 49.

Chapman, A. and J. A. K. Lane, 1997. Waterfowl esaigwetlands in the south-east
arid interior of Western Australia En@y: 51-59.

Chessman, B. C., 1986. Diatom flora of an Austratizer system: spatial patterns
and environmental relationships. Freshwater Biolbgy805 - 819.

Chivas, A. R., A. S. Andrew, W. B. Lyons, M. |. Biland T. H. Donnelly, 1991.
Isotopic constraints on the origin of salts in Aabkan playas.1. Sulphur.
Palaeogeography, Palaeoclimatology, Palacoec@dg$09 - 332.

Clark, R. L. and R. J. Wasson, 1986. Reservoir8edis. Limnology in Australia.
P. De Deckker and W. D. Williams. Melbourne, AuktraDr W. Junk Publishers
497 - 507.

Clarke, J. D. A., 1991. The hydrology, stratigrapdnyd history of Lake Lefroy.
Kambalda, Western Australia, Western Mining Corgiora (Kambalda Nickel
Operations).

Clarke, J. D. A., 1994. Lake Lefroy, a palaeodrgmplaya in Western Australia.
Australian Journal of Earth Sciencék 417-427.

Clarke, K. R., 1993. Non-parametric multivariatelgses of changes in community
structure. Australian Journal of Ecoloy: 117-143.

Clarke, K. R. and R. N. Gorley, 2006. Primer V6:eU$lanual/Tutorial. P.-E. Ltd.
Plymouth.

Clarke, K. R., P. J. Sommerfield and M. G. Chapm2006. On resemblance
measures for ecological studies, including taxomouiissimilarities and a zero-
adjusted Bray-Curtis coefficient for denuded asdagds. Journal of experimental
marine biology and ecolog8330 55 - 80.

Coleman, M., 2003. Salt lakes in the Western Aliatta_andscape - with specific
reference to the Yilgarn and Goldfields RegionEavironmental. Perth, Western
Australia, Internal report for the Department oivEonmental Protection.

Coleman, M., B. V. Datson and B. V. Timms, 2004&I&isurvey of the invertebrate
fauna of sixteen wetland sites near Lake CareythP&/A, Report prepared for
AngloGold Pty Ltd.

Commander, P., 1999. Hydrogeolgy of salt lakes iesidrn Australia. Salt Lake
Ecology Seminar, Perth Zoo Conference Centre, Gsgdrby the Centre for Land
Rehabilitation, UWA.

Cook, F. S. and P. S. J. Coleman, 2007. Benthimmis in the salinas of the Dry
Creek saltfields, South Australia. Hydrobiolo§ia6 61 - 68.

11¢



Classification of inland salt lakes in Western Aaba References

Cowan, M., G. Graham and N. Mckenzie, 2001. Codliga (COO2 - Southern
Cross Sub region). A biodiversity audit of Westémstralia's 53 Biogeographical
Subregions in 2002. Perth, Department of Consematnd Land Management.

Cowardin, L. M., V. Carter, F. C. Golet and E. TaRoe, 1998. Classification of
wetlands and deepwater habitats of the United Stadashington, United States
Department of the Interior, Fish and Wildlife Servi

Datson, B., 2002. Samphires in Western Australiarti? Western Australia,
Department of Conservation and Land Management.

Datson, B. V., 2007. Wallaby open pit mine, fringirvegetation monitoring.
Darlington, WA, Internal report for Barrick (Grani$mith) Pty Ltd.

Davis, J. A, R. S. Rosich, J. S. Bradley, J. Eov@rs, L. G. Schmidt and F. Cheal,
1993. Wetland classification on the basis of watprality and invertebrate
community data. Perth, Water Authority of Westeust&alia.

De'ath, G. and K. E. Fabricius, 2000. Classificatamd regression trees: a powerful
yet simple technique for ecological data analys@logy81(11): 3178-3192.

De Deckker, P., 1983. Australian salt lakes: tlné$tory, chemistry, and biota - a
review. Hydrobiologidl05. 231-444.

De Deckker, P., 1988. Biological and Sedimentargi¢saof Australian Salt Lakes.
Palaeogeography, Palaeoclimatology, Palaeoec@z2g®37-270.

De Deckker, P. and M. C. Geddes, 1980. Seasonahfatiephemeral saline lakes
near the Coorong Lagoon, South Australia. Austnalurnal of Marine and
Freshwater ResearcBil: 677-699.

Department of Environment, 2005. Framework for niagp classification and
evaluation of wetlands in Western Australia. DraRerth, Department of
Environment.

Department of Environment and Heritage, 1999 Collative Australian Protected
Areas Database, 1999. DOI:

Douglas, G. and B. Degens, 2006. A synopsis of rpiae amendments and
techniques of the neutralization of acidic drainageers in the Western Australian
wheatbelt. C. a. LEME. Bentley, WA, Internal repéot CSIRO Exploration and
Mining.

English, J., T. Colmer and D. Jasper, 1999. Ecdplogy of salt tolerance in
selected species of the native halophytic shid@losarcia. Salt Lake Ecology
Seminar, Perth Zoo Conference Centre, Organisedthey Centre for Land
Rehabilitation, UWA.

11¢



Classification of inland salt lakes in Western Aaba References

Finston, T., 2002. Geographic patterns of popufatigenetic structure in
Mylitocypris (Ostracoda: Cyprididae): interpreting breedingtesyss, gene flow and
history in species with differing distributions. Moular Ecologyll: 1931 - 1946.

Finucane, S., 2004. Cosmos Nickel Project - LakeaMia water quality monitoring
programme. Australian Journal of Water in MiningtReWestern Australia.

Finucane, S., J. Becher and G. Domahidy, 2001. tdong the Environmental
Impacts of Mine Water Discharge to Lake Mirandalt Saakes - A Mining
Perspective, Perth, Organised by the Centre fod IRehabilitation, UWA.

Finucane, S., M. Boisvert and K. Ariyaratnam, 20@&ter Quality Monitoring at
Lake Miranda. Workshop on Water Quality Issues imaFVoids, Salt Lakes and
Ephemeral Streams, Perth, WA, Organised by ACMER.

Flechtner, V. R., 2007. North American desert nfdptic soil crust communities:
diversity despite challenge. Algae and Cyanobaxtariextreme environments. J.
Seckbach. The Netherlands, Sprindge39 - 554.

Forstner, U., 1977. Mineralogy and geochemistrysefliments in arid lakes of
Australia. Geologische Rundsch@fi 146-156.

Foster, J., 2004. Salt Lakes and Mine Dewateringcltarge: Cause, Effect and
Recovery. Goldfields Environmental Management Grd{gigoorlie, WA., GEMG.

Gasse, F., S. Juggins and B. Khelifa, 1995. Diatiawsed transfer functions for
inferring past hydrochemcial characteristics of iedn lakes. Palaeogeography,
Palaeoclimatology, Palaeoecolofy7: 31 - 54.

Geddes, M. C., P. De Dekker, W. D. Williams, D. Mbrton and M. Topping, 1981.
On the chemistry and biota of some saline laka&@stern Australia. Hydrobiologia
82 201-222.

Gell, P. A., 1997. The development of a diatom basa for inferring lake salinity,
Western Victoria, Australia: towards a quantitataygproach for reconstructing past
climates. Australian Journal of Botaa$: 389 - 423.

Gell, P. A. and F. Gasse, 1990. Relationships bEtvgalinity and diatom flora from
some Australian saline lakes. 11th Internationat@®n Symposium, San Francisco,
CA, California Academy of Science.

Gell, P. A, I. R. K. Sluiter and J. Fluin, 2002&Sonal and interannual variations in
diatom assemblages in Murray River connected waslan north-west Victoria,
Australia. Marine and Freshwater Resed&8h981 - 992.

Gentilli, J., 1979. Western Landscapes. Perth, &msity of Western Australia Press.
Gilmour, D., 1990. Halotolerant and halophilic nmorganisms. Microbiology of

extreme environments. C. Edwards. New York, McGHiWPublishing Company
147 - 177.

12C



Classification of inland salt lakes in Western Aaba References

Golterman, H. L., 2004. The chemistry of phosphate nitrogen compounds in
sediments. Dordrecht, The Netherlands, Kluwer Anaddublishers.

Gregory, S., M. Ward and V. Campagna, 2006. Class$idbn of inland salt lakes in
Western Australia. Workshop on Environmental Mamaget, Kalgoorlie, WA.,
Goldfields Environmental Management Group.

Halse, S., 1999. Diversity and distribution of sklke invertebrates. Salt Lake
Ecology Seminar, Perth Zoo Conference Centre, €datrLand Rehabilitation.

Halse, S., J. K. Ruprecht and A. M. Pinder, 2008lin&ation and prospects for
biodiversity in rivers and wetlands of south-wesedtérn Australia. Australian
Journal of Botanypl: 673 - 688.

Halse, S., R. J. Shiel and W. D. Williams, 1998.uAtic invertebrates of Lake
Gregory, northwestern Australia, in relation toirsf) and ionic composition.
Hydrobiologia381 15-29.

Halse, S. A. and J. M. McRae, 200Calamoecia trilobata n sp (Copepoda:
Calanoida) from salt lakes in south-western Australournal of the Royal Society
of Western Australi®4: 5-11.

Hammer, U. T., 1986. Saline Ecosystems of the W@tatdrecht, Dr W. Junk.

Hammer, U. T., J. Shamess and R. C. Haynes, 1983diEtribution and abundance
of algae in saline lakes of Saskatchewan, CanagldroHdiologial05 1-26.

Hargrove, W. W. and F. M. Hoffman, 2005. Potent&imultivariate quantitative
methods for delineation and visualization of ecareg. Environmental Management
34(Supplement 1): S39-S60.

Hart, B. T. and I. D. McKelvie, 1986. Chemical Liology in Australia. Limnology
in Australia. P. W. De Dekker, W. D., Australiancgsy for Limnology, CSIRO.
IV: 3-32.

Hebert, P. D. N. and C. C. Wilson, 2000. Diversifythe genu®aphniopsisin the
saline waters of Australia. Canadian Journal ofldgy 78: 794-808.

Herbst, D. B., 1988. Comparative population ecolagy Ephydra hains Say
(Diptera:Ephydridae) at Mono Lake (California) aAtbert Lake (Oregon). Saline
Lakes. J. M. Melack. Netherlands, Dr W. Junk Piglis.

Herbst, D. B., 2001. Gradients of salinity stresssyironmental stability and water
chemistry as a templet for defining habitat typesl ghysiological strategies in
inland salt waters. Hydrobiolog#66 209 - 219.

Hirst, H., I. Juttner and J. Ormerod, 2002. Commathe responses of diatoms and
macroinvertebrates to metals in upland streams ale¥/and Cornwall. Freshwater
Biology 47: 1752 - 1765.

121



Classification of inland salt lakes in Western Aaba References

Jasper, D., 1999. Salt Lake Ecology Seminar - Ahggis of issues raised in group
discussions. Salt Lake Ecology Seminar, Perth Zoaf€ence Centre, Organised by
the Centre for Land Rehabilitation, UWA.

John, J., 1999. Limnology of Lake Carey with speaiference to primary
producers. Salt Lake Ecology Seminar, Perth Zodf€ence Centre, Perth, Western
Australia, Centre for Land Rehabilitation.

John, J., 2000a. Diatom prediction and classiicagystem for urban streams - a
model from Perth, Western Australia. National Ril#gralth Program Report, Urban
Sub Program, Report No. 7, LWRRDC Occasional P43#99. Canberra, ACT,
Land and Water Resources Research and Develop@enporation, LWWRDC.
156.

John, J., 2000b. A guide to diatoms as indicatbrarban stream health. National
River Health Program Report, Urban Sub Program,oReplo. 7, LWRRDC
Occasional Paper 14/99. Canberra, ACT., Land anteMResources Research and
Development Corporation181.

John, J., 2001. Water quality and bioassessmenblafd salt lakes. Salt Lake
Workshop, Bentley Technology Park, Organised by tBentre for Land
Rehabilitation.

John, J., 2003a. The Biology and Chemistry of TerapoWaters. Workshop on
Water Quality Issues in Final Voids, Salt Lakes dfjmhemeral Streams, Perth,
Organised by ACMER.

John, J., 2003b. Chemical and biological charasttesi of salt lakes in Western
Australia. Workshop on Water Quality Issues in FiN@ids, Salt Lakes and
Ephemeral Streams., Perth, Western Australia, 1@\, Organised by ACMER.

John, J., 2007. Heterokontophyta: Bacillariophyce#dgae of Australia -
Introduction. P. M. McCarthy and A. E. Orchard. b@lirne, CSIRO Publishing
288 - 310.

John, J., E. Lowe, F. Butson and J. Osborne, 200@act of dewatering on Lake
Miranda, January - October 2002. Perth, Dept. ofifenmental Biology, Curtin
University of Technology60.

Jutson, J. T., 1934. The physiography (geomorplyplag Western Australia.
Bulletin, Geological Survey of Western Austradia 1 - 366.

Karsten, U., R. Schumann and A. S. Mostaert, 2@@&foterrestrial algae growing
on man-made surfaces: what are the secrets of éhelogical success? Algae and
cyanobacteria in extreme environments. J. Seck@d@hNetherlands, Springer.

Kashima, K., 2003. The quantitative reconstructibisalinity changes using diatom
assemblages in inland saline lakes in the centatl @f Turkey during the Lake
Quaternary. Quaternary Internatiod@ls 13-19.




Classification of inland salt lakes in Western Aaba References

Khan, T. A., 2003a. Limnology of four saline lakeswestern Victoria, Australia -
biological parameters. Limnologi&3: 327-339.

Khan, T. A., 2003b. Limnology of four saline lakeswestern Victoria, Australia -
physico-chemical parameters. LimnologR& 316-326.

Kim, K. G.,, M. Y. Park and H. S. Choi, 2006. Deyeilly a wetland-type
classification system in the Republic of Korea. dscape and Ecological
Engineering2(2): 93-110.

Krejci, M. E. and R. L. Lowe, 1986. Importance a@nd grain mineralogy and
topography in determining micro-spatial distribatiof epipsammic diatoms. Journal
of the North American Benthological Sociéi8): 211-220.

Laing, T. E. and J. P. Smol, 2000. Factors inflimgcdiatom distributions in
circumpolar treeline lakes of northern Russia. dalof Phycologyd6: 1035 - 1048.

Leathwick, J. R., J. M. Overton and M. McCleod, 208n environmental domain
classification of New Zealand and its use as a foolbiodiversity management.
Conservation Biology7(6): 1612-1623.

Leps, J. and P. Smilauer, 2003. Multivariate analys ecological data using
CANOCO United Kingdom, Cambridge University Press.

Lewis, L. A., 2007. Chlorophyta on land: independémeages of green eukaryotes
from arid lands. Algae and Cyanobacteria in extremé@ronments. J. Seckbach. The
Netherlands, Springer.

Lim, S. S., M. S. V. Douglas and J. P. Smol, 2Q0&nology of 46 lakes and ponds
on Banks Island, N.W.T., Canadian Arctic Archip@&ablydrobiologiab45 11 - 32.

Lyons, W. B., A. R. Chivas, R. M. Lent, S. Welch, i&ss, P. A. Mayewski, D. T.
Long and A. E. Carey, 1990. Metal concentrationssimficial sediments from
hypersaline lakes, Australia. Hydrobiolodia7: 13-22.

Mann, A. W., 1983. Hydrogeochemistry and weatherarg the Yilgarn Block,
Western Australia - ferrolysis and heavy metalsantinental brines. Geochimica et
Cosmochimica Actd7: 181-190.

Mann, A. W. and R. L. Deutscher, 1978. Hydrogeodkewmof a calcrete-containing
aquifer near Lake Way, Western Australia. Jourfidyarology 38: 357 - 377.

Marchant, R., 1990. Robustness of classificatiah@uination techniques applied to
macroinvertebrate communities from the La Trobe eRiwictoria. Australian
Journal of Marine and Freshwater Resedth/93-504.

Marchant, R., L. A. Barmuta and B. D. Chessman,41%eliminary study of the
ordination and classification of macroinvertebrabenmunities from running waters

12z



Classification of inland salt lakes in Western Aaba References

in Victoria, Australia. Australian Journal of Magimnd Freshwater Reseadth 945
- 62.

McArthur, J. M., J. Turner, W. B. Lyons, A. O. Oshe and M. F. Thirlwall, 1991.
Hydrochemistry on the Yilgarn Block, Western AuB&ra ferrolysis and
mineralisation in acidic brines. Geochimica et Coshimica Actab5: 1273 - 1288.

McComb, A. J. and S. Qui, 1998. The effects of mgyand reflooding on nutrient
release from wetland sediments. Wetlands in a Dapd. Understanding for
Management. W. D. Williams. Canberra, Environmeuostalia Biodiversity Group
147-159.

McDonald, R. C., R. F. Isbell, J. G. Speight, J.IM¥aand M. S. Hopkins, 1998.
Australian soil and land survey - field handbooknBerra, CSIRO Land and Water.

McMaster, K., A. Savage, T. Finston, M. S. Johnand B. Knott, 2007. The recent
spread ofArtemia parthenogenetica in Western Australia. Hydrobiologia76 39 -
48.

Miao, S., R. D. DeLaune and A. Jugsujinda, 200@luémces of sediment redox
conditions on release/solubility of metals and ieatis in a Louisiana Mississippi
River deltaic plain freshwater lake. Science of Téal Environmen871 334 - 343.

Minitab Incorporated, 2003. MINITAB Statistical $obre, Release 14 for
Windows. Pennsylvania, State College.

Morin, S. and M. Coste, 2006. Metal-induced shifishe morphology of diatoms
from the Riou Mort and Riou Viou streams (South YWesnce). Use of algae for
monitoring rives VI. E. Acs, K. T. Kiss, J. Pasisakd K. Szabé. Balatonfiired,
Hungary, Hungarian Algological Societ91 - 106.

Morin, S., T. T. Duong, O. Herlory, Feurtet-MazeldaM. Coste, 2007a. Cadmium
toxicity and bioacumulation in freshwater biofilmérchives of environmental
contamination and toxicologynline first.

Morin, S., M. Vivas-Nogues, T. T. Duong, A. Bouddd, Coste and F. Delmas,
2007b. Dynamics of benthic diatom colonization icadmium/zinc polluted river
(Riou-Mort, France). Fundamental and Applied Linogyl1682): 179-187.

Newall, P., N. Bate and L. Metzeling, 2006. A comgan of diatom and
macroinvertebrate classification of sites in theewW@ River system, Australia.
Hydrobiologia572 131-149.

Outback Ecology, 2005. Aquatic assessment: YarraaYhakes. Perth, Western
Australia, Internal report for RioTinto.

Outback Ecology, 2006a. Aquatic assessment of Kuamng White Lake, Lake Kopai
and Greta Lake. Perth, Western Australia, Intemeyabrt for Placer Dome Australia.

124



Classification of inland salt lakes in Western Aaba References

Outback Ecology, 2006b. Assessment of potentialactgp of dewatering discharge
on aquatic biota and flora of Lake Raeside Nor#rttR Western Australia, Internal
report for St Barbara Ltd.

Outback Ecology, 2006c. Lake Carey Regional Stuelgrth Western Australia,
Internal report for the Lake Carey Catchment Manag@ Group.

Outback Ecology, 2006d. Lake Wownaminya Aquatic &sssnent. Perth, Western
Australia, Internal report for Oxiana, Golden Grove

Outback Ecology, 2006e. Monitoring of Lake Way dgrimining operations. Perth,
Western Australia, Internal report for AgincourtdRarces.

Outback Ecology, 2007. Baseline study of Lake Maitl. Perth, Western Australia,
Internal report for Mega Redport, Pty Ltd.

Pérés, F., M. Coste, F. Ribeyre, M. Ricard and Audbu, 1997. Effects of
methylmercury and inorganic mercury on periphytiat@m communities in
freshwater indoor microcosms. Journal of Appliegdeiiogy 9: 215 - 227.

Philibert, A., P. A. Gell, P. Newall, B. D. Chessmand N. Bate, 2006. Development
of diatom-based tools for assessing stream watalitgun south-eastern Australia:
assessment of environmental transfer functionsrébidlogia572 103 - 114.

Pinder, A. M., S. A. Halse, J. M. McRae and R.hleE 2005. Occurrence of aquatic
invertebrates of the wheatbelt region of Westerrstrglia in relation to salinity.
Hydrobiologia543 1-24.

Platell, M. E., I. C. Potter and K. R. Clarke, 19%8source partitioning by four
species of elasmobranchs (Batoidea:Urolophidaegoastal waters of temperate
Australia. Marine Biologyl31 719 - 734.

Ponnamperuma, F. N., 1972. The Chemistry of Subeder§oils. Advances in
Agronomy?24: 29-96.

Pressey, R. L. and P. Adam, 1995. A review of wetlanventory and classification
in Australia. Vegetatid18 81-101.

Radke, L. C., S. Juggins, S. A. Halse, P. De Decéke T. Finston, 2003. Chemical
diversity in south-eastern Australian saline lakesbiotic implications. Marine and
Freshwater Resear&4: 895-912.

Ramsar. 2006. Ramsar Classification System for &idtlType. 2006-200 Version.
Retrieved 17th April,, 2006, fromttp:/ramsar.org/ris/key_ris.htm#type

Remegio, E. A., P. D. N. Hebert and A. Savage, 280logenetic relationships and
remarkable radiation irParartemia (Crustacea: Anostraca), the endemic brine
shrimp of Australia: evidence from mitrochondriaNB sequences. Biological
Journal of the Linnean Sociefy: 59-71.

12t



Classification of inland salt lakes in Western Aaba References

Roshier, D. A. and R. M. Rumbachs, 2004. Broadesecabpping of temporary
wetlands in arid Australia. Journal of Arid Enviroantss6: 249 - 263.

Saros, J. E. and S. C. Fritz, 2000. Changes igrhweth rates of saline-lake diatoms
in response to variation in salinity, brine typelanitrogen form. Journal of Plankton
Researcl22(6): 1071-1083.

Saros, J. E. and S. C. Fritz, 2002. Resource catmopeamong saline-lake diatoms
under varying N/P ratio, salinity and anion compiosi Freshwater Biolog¢7: 87-
95.

Semeniuk, C. A. and V. Semeniuk, 1995. A geomorpdypproach to global
classification for inland wetlands. Vegetatidb8 103-124.

Semeniuk, V. and C. A. Semeniuk, 1997. A geomorpproach to global
classification for natural inland wetlands and amatéilization of the system used by
the Ramsar Convention - a discussion. Wetland Egoémd Managemers: 145-
158.

Simpson, S. L., G. E. Batley, A. A. Chariton, J. &tauber, C. K. King, J. C.
Chapman, R. V. Hyne, S. A. Gale, A. C. Roach andWMaher, 2005. Handbook
for sediment quality assessment. Bangor, NSW, CSIRO

Smith, R., J. Jeffree, J. John and P. Clayton, 26@&Vview of methods for water
quality assessment of temporary stream and lakersgs Queensland, ACMER.

Snelder, T. H., K. L. Dey and J. R. Leathwick, 20@V procedure for making
optimal selection of input variables for multivagaenvironmental classifications.
Conservation Biolog®1(2): 365 - 375.

Snelder, T. H., J. R. Leathwick, K. L. Dey, A. AoRden, M. A. Weatherhead, G.
D. Fenwick, M. P. Francis, R. M. Gorman, J. M. @eeiM. G. Hadfield, J. E.
Hewitt, K. M. Richardson, M. J. Uddstrom and J.Zeldis, 2006. Development of
an ecologic marine classification in the New ZedlaRegion Environmental
Managemen89(1): 12-29.

Strehlow, K., J. Davis, L. Sim, J. Chambers, S.seaD. Hamilton, P. Horwitz, A.
McComb and R. Froend, 2005. Temporal changes batweelogical regimes in a
range of primary and secondary salinised wetlaHgidrobiologia552 17-31.

Taukulis, F. E. and J. John, 2006. Diatoms as gomb indicators in lakes and
streams of varying salinity from the wheatbelt oegdf Western Australia. Journal
of the Royal Society of Western Austrafiec 17-25.

ter Braak, C. J. F. and P. Smilauer, 2002. CANOC€&feRRNnce manual and
CanoDraw for Windows User's guide: Software for @acal Community
Ordination (version 4.5). Ithaca, NY, USA, Microcpuier Power.

Thackway, R. and I. D. Cresswall. 1995. An intebingeographic regionalisation
for Australia: a framework for setting priorities ithe national reserves system

12¢



Classification of inland salt lakes in Western Aaba References

cooperative program. Retrieved 20/06/07, 2007, omfr
http://www.environment.gov.au/parks/nrs/ibra/vengio
O/framework/ibrintro.html#chl

Thiéry, A., 1997. Horizontal distribution and abande of cysts of several large
branchiopods in temporary pool and ditch sedimetysirobiologia359 177-189.

Tibby, J., P. A. Gell, J. Fluin and I. R. K. Sluit@007. Diatom-salinity relationships
in wetlands: assessing the influence of salinityialality on the development of
inference models Hydrobiologg01 207 - 218.

Timms, B. V., 1992. Lake Geomorphology. Adelaidéer@agles Publishing.

Timms, B. V., 1993. Saline lakes of the Paroo,ndld&New South Wales, Australia.
Hydrobiologia267: 269-289.

Timms, B. V., 1998. Further studies on the salmie$ of the eastern Paroo, inland
New South Wales, Australia. Hydrobiolo@81 31 - 42.

Timms, B. V., 2002. The fairy shrimp gen@ranchinella Sayce (Crustacea:
Anostraca: Thamnocephalidae) in Western Australiduding a description of four
new species. Hydrobiolog#86 71-89.

Timms, B. V., 2004. An lIdentification Guide to tHeairy Shrimps (Crustacea:
Anostraca) of Australia. Thurgoona., Cooperativesdgech Centre for Freshwater
Ecology.

Timmes, B. V., 2005a. Salt lakes in Australia: praggroblems and prognosis for the
future. Hydrobiologib52 1-15.

Timms, B. V., 2005b. A study of salt lakes and 3gsi of Eyre Peninsula, South
Australia. 9th Conference of the International $ocfor Salt Lake Reserach, Perth,
Western Australia, Curtin University.

Timms, B. V., 2007. The biology of the saline lakdscentral and eastern inland of
Australia: a review with special reference to théiogeographical affinities.
Hydrobiologia576 27 - 37.

Timms, B. V., B. V. Datson and M. Coleman, 2006e Wetlands of the Lake Carey
catchment, northeast Goldfields of Western Australith special reference to large
branchiopods. Journal of the Royal Society of Wasfaistralia89: 175 - 183.

Townsend, S. A. and P. A. Gell, 2005. The rolewdistrate type on benthic diatom
assemblages in the Daly and Roper Rivers of thetrélisn wet/dry tropics.
Hydrobiologia548 101 - 115.

Turner, J., 1999. Surface hydrology of salt laketeyns. Salt Lake Ecology Seminar,
7th July 1999, Perth, Western Australia, Centrd_ond Rehabilitation, UWA.




Classification of inland salt lakes in Western Aaba References

Turner, J., M. Rosen, N. Milligan, M. Sklash andTownley, 1993. Groundwater
recharge studies in the Kalgoorlie region. Repart 88. Perth, Western Australia,
Minerals and Energy Research Institute of Westarstralia (MERIWA).

URS, 2003. Cosmos Nickel Project - Monitoring ofnmiwater discharge to Lake
Miranda, 2003 post-discharge environmental momtpprogramme. Perth, Western
Australia, Sir Samuel Mines NL.

URS., 2001. Cosmos Nickel Project, monitoring ohenwater discharge to Lake
Miranda, quarterly report January to March, 2004t Western Australia, Internal
report for Sir Samuel Mines NL.

V. & C. Semeniuk Research Group, 1997. Mapping eadsification of wetlands
from Augusta to Walpole in the South West of WestAustralia. Water Resource
Technical Series No WRT 12., Water and Rivers Cossion.

Van de Vijver, B. and L. Beyens, 1997. The epiphyiatom flora of mosses from
Stromness Bay area, South Georgia. Polar Biolagy92 - 501.

van Etten, E., 2004. Monitoring program to assagsacts of discharge from Golden
Crown mine pits into Lake Austin: report and baseldata at June 2003. Perth,
Western Australia, Centre for Ecosystem Managentedith Cowan University.

van Etten, E., B. Sommer and P. Horwitz, 2000. Mwimng study of Lake Austin
following 14 months of dewatering discharge frone Buddingwarra Mine. Perth,
Centre for Ecosystem Management, Edith Cowan Usityer

van Kerckvoorde, A., K. Trappeniers, |. Nijs andReyens, 2000. Terrestrial soil
diatom assemblages from different vegetation typesZackenberg (Northeast
Greenland). Polar Biolog®3: 392 - 400.

Vellekoop, S. and E. van Etten, 2004. Impact otlidsge of hypersaline water from
the Cuddingwarra prospect on the fringing vegetatblLake Austin. Workshop on
Environmental Management, Kalgoorlie, Western Aalgtlr Goldfields
Environmental Management Group.

Wang, R. L. and W. D. Williams, 2001. Biogeocherhidaanges in the sediments of
Lake Cantara South, a saline lake in South Ausatrédydrobiologiad57: 17-24.

White, M. E., 2000. Running down: water in a chaggiand. NSW, Australia,
Kangaroo Press.

Williams, W. D., 1981a. Inland salt lakes: an iwlwotion. Developments n
Hydrobiology, Salt Lakes. W. D. Wililams. The Netlaads, Dr. W. Junk
Publishers201-222.

Williams, W. D., 1981b. The limnology of saline &k in Western Victoria.
Hydrobiologia82: 233-259.

12¢



Classification of inland salt lakes in Western Aaba References

Williams, W. D., 1985. Biotic adaptations in temaoy lentic waters, with special
reference to those in semi-arid and arid regionsirébiologial25 85-110.

Williams, W. D., 1998a. Salinity as a determinanttioe structure of biological
communities in salt lakes. Hydrobiolog81 191-201.

Williams, W. D., 1998b. Volume 6 - Management ofalmd Saline Waters. Japan,
International Lake Environment Committee Foundation

Williams, W. D., 2002. Environmental threats totdakes and the likely status of
inland saline ecosystems in 2025. Environmentals€oration29(2): 154 - 167.

Williams, W. D., A. J. Boulton and R. G. Taaffe,9IP Salinity as a determinant of
salt lake fauna: a question of scale. Hydrobiold§i@ 257 - 266.

Williams, W. D. and R. T. Buckney, 1976. Chemicamposition of some inland
surface waters in south, western and northern AlistrAustralian Journal of Marine
and Freshwater Resear2fi 379-397.

Williams, W. D. and M. J. Kokkinn, 1988. The bioggaphical affinities of the
fauna in episodically filled salt lakes: A study bblke Eyre South, Australia.
Hydrobiologial58 227-236.

Zalat, A. and S. S. Vildary, 2005. Distribution dfatom assemblages and their
relationship to environmental variables in the acef sediments of three northern
Egyptian Lakes. Journal of Paleolimnolag# 159 - 174.

Zhang, E., R. Jones, A. Bedford, P. Langdon and’&hg, 2007. A chironomid-
based salinity inference model from lakes on theefn Plateau. Journal of
PaleolimnologyOnline First.

Every reasonable effort has been made to acknowledge the owners of copyright
material. | would be pleased to hear from any copyright owner who has been
omitted or incorrectly acknowledged.

12¢



Classification of inland salt lakes in Western Aaba Appendices

Appendix A
Field Sampling Manual

13C



Classification of inland salt lakes in Western Aaba Appendices

FIELD SAMPLING PROTOCOL
1. Purpose
Sampling of the salt lake systems are required to;
1. Determine whether dewatering discharge from minopgrations are
impacting the salt lake ecosystem.
2. Assess the recovery of the lake after the dischiargggminated

3. Predict the possible impact, prior to start of Hage

Standard sampling techniques have been outlinedinwithis protocol. Three
sampling scenarios are presented; Baseline datiecttoh and Operational

Monitoring and Post Closure Monitoring.

2.1  Baseline Data Collection
It is important to collect as much information asgible prior to the commencement
of operations for a number of reasons;
1. To determine whether there are unique or proteitbeal/fauna within the salt
lake
2. To establish the baseline conditions of the lakeprpto any discharge,
against which future data can be compared

3. To aid in deriving objectives and targets for mangghe lakes involved

Baseline data allow the quantification of the ptinimpacts of dewatering

discharge.

When collecting baseline data, the following shdwédconsidered,;

1. Collection of data over a number of seasons, hotiheé wet and dry phases
of the hydrocycle

2. Chemical parameters that are likely to be affeatethe region, and a focus
on these parameters in the suite of analysis dbalseline studies

3. Sampling of both the zone of potential impact anthparable control sites,
to determine the heterogeneity of the lake

4. Sampling sites with similar geology and geomorpifiaracteristics, as these

parameters can have a profound affect on chemiopkpties of the lakes
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Knowing the chemistry of the water body will cobtite greatly to determining the
impact of the dewatering discharge on these factoraddition, the type of aquatic
invertebrates which inhabit the wetland should ggeased at various stages of the
hydrocycle to determine the full suite of specidsolr occur within the wetland. In
regards to algae, phytoplankton (floating alga®@usthbe sampled when wet. When
dry, samples of the top sediments (i.e. 5cm) comtgidiatoms and dehydrated algal
mats may be collected. Biota play an importane riml the functioning of the
wetland and should be considered fully prior to oencement of operations. The
baseline condition of riparian vegetation shouldoabe assessed over different
seasons to determine the changes in their dynaowasthe season. The presence of
avian fauna should also be noted, particularlyrduvet conditions. For comparison
with other lakes within the guidelines of the clfisation system presented in this
thesis, diatoms and sediment should be collecteda asinimum requirement.

Collection methods for these parameters are predenthis manual.

2.2 Operational Monitoring

It is not always possible to collect baseline détie to the long history of mining
within some of the salt lake environments. In ttase every effort should be made
to find control or reference sites within the lakieich are not affected by dewatering
discharge. If the whole lake is affected by dewatedischarge, then similar lakes
within the vicinity may be used as a proxy. Simiekes should be defined on the
basis of sediment chemistry, size and vegetatiofihe data collected during
operational monitoring should be similar to thos®lected during the baseline
studies, except that the operational monitoringssghould be representative of both

natural and impacted sites within the lake.

2.3 Post Closure Monitoring

This type of monitoring occurs on cessation of dewag discharge. Recovery or
amelioration of the salt lakes can be monitored timee and should be completed to
determine whether the effects of the operationl@mg-term or not. Changes that
would be expected over time may include a redudtiosalinity, size of salt crusts,
major anions and cations, metals and nutrientso,Ahcreases in species richness of

invertebrates and algae would indicate recoveth@iystem.
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3. Field Sampling Methods

There are a number of methods that should be felibte standardise the collection
of data from salt lakes. Table 1 presents theystes components and identifies
the parameters that can be analysed in differegfest of the hydrocycle. Sample
sites should be chosen in areas with adequate saceeBg wet conditions, areas
which have a similar geology to the area of impaect areas with similar site

morphologies (i.e. embayment’s and creek lines).

Table 1. Ecosystem components which can be sampladcertain phases of the hydrocycle

Stage of Hydrocycle
Ecosystem Component

Wet Phase Dry Phase
Water v
Sediment v v
Invertebrates
Live v v (hatching trial)
Cysts/Eggs v v
Algae
Phytoplankton v
Benthic Microbial Community v v
Seeds/Oospores v v
Vegetation v v
Avian Fauna v v

3.1  Surface Water

Sampling procedures from relevant guidelines hasenbadapted for sampling of
these systems (Batley al. 2003; Smithet al. 2004). For surface water, take grab
samples within the littoral zone, using samplingsads relevant to the type of
analysis to be done. Samples to be analysed f¢orneations, anions, pH and
salinity are to be collected in plastic bottleshwiio preservative added. Samples to
be analysed for nutrients such as phosphorus d@rajen should be collected in 250
mL plastic bottles (these may contain preservativ@ever this is dependant on the
laboratories requirements). Samples to be analjsedissolved metals must be
filtered within a water filter unit through 0.45 pMillipore glass filters. Samples
should be stored in insulated containers with icekb and sent to a NATA-
accredited laboratory as soon as possible afteplgagnto meet holding times of
certain parameters. Approach the chosen laboratoryholdings times for
parameters being tested.
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Some parameters such as pH have short holding ame¢should be sampleasitu.
Field measurements should be taken for pH, elettrdonductivity, dissolved
oxygen and temperature using hand held meters. en\@gpth should also be

assessed using a standard ruler as in most casersdepth is less than 1 m.

For further information on the sampling of aquatystems in regards to ANZECC
guidelines see Bateht al., 2003 and Smitkt al., 2004.

3.2  Sediment

Sediment samples for this study were collectedgu@B0mL sterilized glass jars
provided by the laboratory. The top 5 cm of seditshould be scraped, with all air
excluded from the sample vessel. This depth waserh for sediments as it was
correlated with biota which usually occurs in tbp few millimeters of the sediment.
Samples should be stored in eskis with ice bricikteansferred to the laboratory for

analysis as soon as possible.

For further information on sampling of sedimentsreiation to guidelines and
holding times see Simpsahal., 2005.

3.3 Algae

Only diatoms from the benthic microbial communit{B81Cs) were assessed for this
study. For the analysis, sediment cores were talsimg 70mL plastic vials with
holes drilled in the bottom of the container tmallair to escape (John 2000) (Plate
1). The vials are to be pushed into the sedinmeat depth of approximately 2 cm.
The cores are then frozen and transferred to lédmyrafor analysis. In the
laboratory, the top 5 to 10 mm of the sample shdddremoved from the core
surface. The resultant sub-sample should be boil&@% nitric acid for four to six
hours (‘digested’) to clean the silicon frustuleslaemove the organic matter from
the sample (John 2000). Once digested the sarspéedd be centrifuged five times
with the supernatant water removed and replaceld avgtilled water between each

treatment.
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Permanent slides can then be made with the sang@eerslips should be placed on
a hotplate with between 50 and 1d®f sample and enough distilled water to equate
to a total of 100Qul added to the coverslip. The amount of samplesddthn be
dependant on the density of the sample. The clyjvetsould be allowed to dry, and
then inverted onto a permanent slide containinghidat These slides are then
heated for approximately 30 minutes until all tirebaibbles had been excluded and

the Napthrax has set.

Plate 1. Example of a sediment core taken foryaisabf diatoms.

The slides should be examined under a compoundostope at (1000x) using oil

immersion. Transects of the slide should be olesewith any diatoms recorded and
identified. The number of diatoms counted may J@fween 100 and 300 frustules
depending on the density of diatoms within theeslidA number of guides for the

identification of diatoms are available (John 19&X3sse 1986; Cox 1996; John
1998).

If water is present phytoplankton (floating algabépuld be collected. This can be
achieved by sampling a known volume of water (lahjl preserved using a few
drops of Lugol’s solution. The sample should Hevedd to settle overnight and the
supernatant water siphoned off. The remaining $aitgm be analysed, with species
identified under a compound microscope. It is algossible to sample
phytoplankton, using a plankton net of 10 — 48 mesh size (Johat al. 2002).
This should be dragged through the water on adraf known distance. Similar
to other methods described, these should be pesxerv Lugols solution and

observed under a compound microscope. Commorasatgreen and blue green
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algae can be identified using appropriate guides fEntwisleet al. 1997; Baker and
Fabbro 1999).

3.4 Invertebrates

There are a number of methods available for catigtalt lake invertebrates. In this
study a known volume of water was isolated by aspxt tube. All invertebrates
were removed from the water column using a zooptanket made of 50um mesh,
and were fixed in 70% ethanol. Other studies wsmwlankton nets of varying sizes
over transects of known distance (Gedeeal. 1981; Timmset al. 2006), and this
method can be used when the habitats within whachpding is occurring are not

ubiquitous. These samples should also be fixé®¥ ethanol.

Specimens can be identified using the appropriatgeg (e.g. Williams 1980; Davis
and Christidis 1999; Gooderham and Tsyrlin 20025 2004).

3.4.1 Resting stages

Within the dry phase of the hydrocycle, it is pbssito observe the cysts or eggs
present in the sediment. Surface soil scraps (leph of 1 cm) are taken from a
certain area (Plate 2). The samples can be oved dt 40 °C and sub-samples are
sieved through Endecoftesieves, first 500 pm, followed by 106 pm. Sedimen
larger than 106 um is retained for examination. e Titesence of cysts can be

observed under a dissecting microscope (Plate 3)

Plate 2. Collection of sediments for analysis ofsting stages
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Plate 3 Parartemia and Branchinella eggs commonly found within sediments of salt lakes
Photo care of Veronica Campagna.

Hatching trials may also be used to determine peeiss present within a particular
lake. While not all species will hatch, some irdiien of species and environmental
preferences for hatching will be gleaned from altaof this nature. To set up a
hatching trial, put a known volume of sediment witla clear contain and add
distilled water. These samples should be left iocation with a lot of natural light.

Invertebrates can hatch within 24-48 hours or lagethe water conditions change.

Further information relating to hatching trials arekting stages can be found in

Campagna, 2007.

3.5 Vegetation

While not addressed within the framework of thisdst dewatering discharge and
mining operations can influence the riparian vey@taof the salt lake, particularly if
vegetation is inundated. Species should be idedtifind estimates of plant cover,
density and health should be calculated as a mmimmequirement. The
establishment of photo points can also aid in d&tgéng impact of mining activities

to vegetation.

3.6  Avian Fauna

Avian fauna can be prolific within the wet phasetad hydrocycle and it is important
to understand what type of fauna is using the laléhen the lakes are inundated,
observations should be made on the fauna and bediavior (i.e. breeding and

feeding).
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Appendix B

Laboratory methods for assessing sediments and wate
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Methods for assessing water and sediment quality at ALS

SEDIMENT

Preparation Methods

EKO061/EK067 : TKN/TP Digestion - APHA 21st ed., 4500 Norg- D; APHA 21st ed., 4500 P
- H. Macro Kjeldahl digestion.

EN34 : 1:5 solid / water leach for soluble analytes - 10 g of soil is mixed with 50 mL of
distilled water and tumbled end over end for 1 hour. Water soluble salts are leached from the
soil by the continuous suspension. Samples are settled and the water filtered off for analysis.
EN69 : Hot Block Digest for metals in soils sediments and sludges - USEPA 200.2 Mod.
Hot Block Acid Digestion 1.0g of sample is heated with Nitric and Hydrochloric acids, then
cooled. Peroxide is added and samples heated and cooled again before being filtered and
bulked to volume for analysis. Digest is appropriate for determination of selected metals in
sludge, sediments and soils. This method is compliant with NEPM (1999) Schedule B(3)
(Method 202)

Analytical Methods

EA002 : pH (1:5) - (APHA 21st ed., 4500H+) pH is determined on soil samples after a 1:5
soil/water leach. This method is compliant with NEPM (1999) Schedule B(3) (Method 103)
EAO010 : Electrical Conductivity (1:5) - (APHA 21st ed., 2510) Conductivity is determined
on soil samples using a 1:5 soil/water leach. This method is compliant with NEPM (1999)
Schedule B(3) (Method 104)

EA014 : Total Soluble Salts - In-house. The concentration of TSS in a soil is calculated
from the Electrical conductivity of a water extract. This method is compliant with NEPM
(1999) Schedule B(3) (Method 104)

EA055-103 : Moisture Content - A gravimetric procedure based on weight loss over a 12
hour drying period at 103-105 degrees C. This method is compliant with NEPM (1999)
Schedule B(3) (Method 102)

EGOO05T : Total Metals by ICP-AES - (APHA 21st ed., 3120; USEPA SW 846 - 6010)
(ICPAES) Metals are determined following an appropriate acid digestion of the soil. The
ICPAES technique ionises samples in a plasma, emitting a characteristic spectrum based on
metals present. Intensities at selected wavelengths are compared against those of matrix
matched standards. This method is compliant with NEPM (1999) Schedule B(3)

EGO035T : Total Mercury by FIMS - AS 3550, APHA 21st ed., 3112 Hg - B (Flow-injection
(SnCI2)(Cold Vapour generation) AAS) FIM-AAS is an automated flameless atomic
absorption technique. Mercury in solids are determined following an appropriate acid
digestion. lonic mercury is reduced online to atomic mercury vapour by SnCI2 which is then
purged into a heated quartz cell. Quantification is by comparing absorbance against a
calibration curve. This method is compliant with NEPM (1999) Schedule B(3)

EKO059G : Nitrite and Nitrate as N (NOx)- Soluble by Discrete Analyser - APHA 21st ed.,
4500 NO3- F. SEAL Method 2-018-1-L February 2003. Combined oxidised Nitrogen
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(NO2+NO3) in a water extract is determined by Cadmium Reduction, and direct colourimetry
by SEAL.

EK061G : TKN as N By Discrete Analyser - APHA 21st ed., 4500-Norg-D Soil samples are
digested using Kjeldahl digestion followed by determination by Seal Discrete Analyser.
EK062G : Total Nitrogen as N (TKN + NOx) By Discrete Analyser - APHA 21st ed., 4500
Norg/NO3- Total Nitrogen is determined as the sum of TKN and Oxidised Nitrrogen, each
determined

seperately as N.

EKO67G : Total Phosporous By Discrete Analyser - APHA 21st ed., 4500 P-B&F This
procedure involves sulfuric acid digestion and quantification using Seal.

EPO004 : Organic Matter - AS1289.4.4.4 - 1997., Dichromate oxidation method after Walkley
and Black. This method is compliant with NEPM (1999) Schedule B(3) (Method 105)

WATER

Analytical Methods

EAO005-P : pH by PC Titrator - APHA 21st ed. 4500 H+ B. This procedure determines pH of
water samples by automated ISE. This method is compliant with NEPM (1999) Schedule
B(3) (Appdx. 2)

EAO010-P : Conductivity by PC Titrator - APHA 21st ed., 2510 This procedure determines
conductivity by automated ISE. This method is compliant with NEPM (1999) Schedule B(3)
(Appdx. 2)

EAO015 : Total Dissolved Solids - APHA 21st ed., 2540C A gravimetric procedure that
determines the amount of “filterable™ residue in an aqueous sample. A well-mixed sample is
filtered through a glass fibre filter (1.2um). The filtrate is evaporated to dryness and dried to
constant weight at 180+5C. This method is compliant with NEPM (1999) Schedule B(3)
(Appdx. 2)

EGO020A-F : Dissolved Metals by ICP-MS - Suite A - (APHA 21st ed., 3125; USEPA
SW846 - 6020, ALS QWI-EN/EGO020): The ICPMS technique utilizes a highly efficient argon
plasma to ionize selected elements. lons are then passed into a high vacuum mass
spectrometer, which separates the analytes based on their distinct mass to charge ratios
prior to their measurement by a discrete dynode ion detector.

EGO35F : Dissolved Mercury by FIMS - AS 3550, APHA 21st ed. 3112 Hg - B (Flow-
injection (SnCI2)(Cold Vapour generation) AAS) FIM-AAS is an automated flameless atomic
absorption technique. A bromate/bromide reagent is used to oxidise any organic mercury
compounds in the filtered sample. The ionic mercury is reduced online to atomic mercury
vapour by SnCI2 which is then purged into a heated quartz cell. Quantification is by
comparing absorbance against a calibration curve. This method is compliant with NEPM
(1999) Schedule B(3) (Appdx. 2)
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Appendix C
Water Quality Results
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Table 1 Minimum and maximum values and number oémds for each of the

lakes included in the study.

. . Discharge/ .
Bioregion Lake Natural nge Min Max n
Lake Austin D 6.7 9.9 33
Lake Carey D 6.4 8.4 68
Murchison Lake Miranda D 6.0 8.3 112
Lake Penny N 7.6 7.6 1
Lake Raeside North D 7.6 7.8 4
Lake Way D 5.6 9.6 142
Binneridgie Road Margh N 9.0 10.1 4
Black Flag Lake N 8.0 8.7 5
Golf Lake N 6.5 7.7 5
Lake Cowan D 7.1 8.4 6
Lake Eaton North N 7.2 8.1 5
Lake Fore D 6.8 7.4 4
Lake Hope North D 6.8 7.2 20
Coolgardie |Lake Lefroy D 6.2 7.1 19
Lake Tee D 7.0 7.2 3
Lake Why N 9.0 10.6 6
Lake Zot N 7.1 8.2 5
Swan Refuge N 8.9 8.9 1
Victory Lake N 6.3 7.4 5
White Flag Lake D 7.3 7.8 8
Yindarlgooda D 4.6 7.3 7
Avon/Wheatbelt |Yarra Yarra D 7.1 8.3 46
Yalgoo Lake Wownaminya D 6.4 9.6 10

N = lake not receiving dewatering discharge, D=ledeeiving dewatering discharge, n=number of

records for each lake
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Table 2 Mean TDS (g/L), standard deviation and nemab records for each
of the lakes included in the study.
Bioregion Lake Discharge Mean Stahdgrd n
Natural deviation
Avon/Wheatbelt |Yarra Yarra D 196 100 46
Binneridgie Road Marsh N 3 3 4
Black Flag Lake N 22 4 5
Golf Lake N 196 35 5
Lake Cowan D 329 13 2
Lake Eaton North N 81 43 5
Lake Fore D 285 33 5
Lake Hope North D 206 69 20
Coolgardie  |Lake Lefroy D 258 75 12
Lake Tee D 309 30 4
Lake Why N 7 3 6
Lake Zot N 104 14 5
Swan Refuge N 14 1
Victory Lake N 189 6 4
White Flag Lake D 136 70 8
Yindarlgooda D 112 44 7
Lake Austin D 89 50 32
Lake Carey D 163 119 70
Murchison Lake Miranda D 123 99 112
Lake Penny N 84 1
Lake Raeside North D 155 87 4
Lake Way D 111 68 141

N = lake not receiving dewatering discharge, D=ledeeiving dewatering discharge, n=number of

records for each lake
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Table 3

Mean concentrations of total nitrogen anal tphosphorus, standard

deviation and number of records for each of thedakcluded in the study

Discharge Total Nitrogen Total Phosphorus Average
Bioregion Lake Natural | Mean Standard n Mean Standard n NP ratio
dev. dev.
Avon Wheatbelt | Yarra Yarra D 9.2 12.9 17 0.38 0.36 11 31
Black Flag Lake N 1.2 1 0.18 1 7
Lake Cowan D 5.8 6.3 4 0.03 0.03 4 14
Lake Lefroy D 4.8 4.7 3 0.07 0.04 6 49
Swan Refuge N 0.7 1 0.04 1 18
Coolgardie  |White Flag Lake D 1.8 0.9 6 0.96 0.73 6 15
Yindarlgooda D 1.0 0.2 3 0.04 0.03 7 18
Airstrip Lake N 1.7 1 0.03 1
Creek Lake N 25.0 19.8 2 0.03 0 2 100p
South West Lake N 2.5 0.6 2 0.04 0.03 . 29
Lake Austin D 0.05 0.04 14
Lake Carey D 7.2 21.2 42 0.87 3.90 44 73
Murchison Lake Miranda D 6.9 4.8 107 0.12 0.24 106 15
Lake Penny N 0.09 1
Lake Raeside North D 6.0 5.1 2 0.0Y 0.04 y 13B
Lake Way D 6.3 6.3 13 0.24 0.60 19 45
Yalgoo Lake Wownaminya D 0.04 0.02 10

N = lake not receiving dewatering discharge, D=ledeeiving dewatering discharge, n=number of

records for each lake
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Appendix D
Water Quality Statistics
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One way ANOVA based on lakes influence by dewatenindischarge

One-way ANOVA: pH versus Discharge or Natural

Sour ce DF SS M5 F P
Di scharge or nat 1 3.220 3.220 4.84 0.039
Error 21 13.980 O0.666

Tot al 22 17.200

S =0.8159 R Sq = 18.72% R-Sq(adj) = 14.85%

I ndi vi dual 95% Cl's For Mean Based on
Pool ed St Dev

Level N Mean St Dev LT F SRR Fomme e oo T
D 14 7.4000 0.6000 (-------- oo )
N 9 8.1667 1.0782 [CEETETPEE L )
B [ TR . [
7.00 7.50 8.00 8.50

Pool ed StDev = 0.8159

One-way ANOVA: TDS versus Discharge/ Natural

Sour ce DF SS M5 F P
Di scharge/ Natur 1 67160 67160 10.82 0.004
Error 20 124171 6209

Tot al 21 191331

S=78.79 RSq=3510% RSq(adj) = 31.86%

I ndi vidual 95% Cl's For Mean Based on
Pool ed St Dev

Level N Mean StDev ------ Fommma e a - Fomme e oo Fommmm e m o oo
D 13 190.15 81.30 (------- oo )
N 9 77.78 74.89 (-------- * oo )
------ T pupupup
60 120 180 240

Pool ed StDev = 78.79
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One-way ANOVA's according to Bioregion

One-way ANOVA: pH versus Location Code

Sour ce DF SS VS F P
Locati on Code 3 18.996 6.332 8.77 0.000
Error 507 365.924 0.722

Tot al 510 384.920

S =0.8496 R Sq =4.94% R-Sq(adj) = 4.37%

I ndi vi dual 95% Cls For Mean Based on

Pool ed St Dev
Level N Mean StDev -------- e e e
+-
Avon/ Wheat bel t 46 7.7826 0.3288 (----%----)
Cool gardi e 108 7.2699 1.1735 (--*---)
Mur chi son 347 7.5207 0.7641 (*-)
Yal goo 10 8.4750 1.1402 (--------- F oo )
-------- B L T T T
+-
7.50 8.00 8.50

9.00

Pool ed StDev = 0.8496

One-way ANOVA: TDS g/L versus Location

Sour ce DF SS VS F P
Locati on 2 264565 132283 14.56 0.000
Error 496 4504832 9082

Tot al 498 4769397

S=09530 RSq=5055% RSq(adj) = 5.17%

I ndi vi dual 95% Cl s For Mean Based on

Pool ed St Dev
Level N Mean StDev  --4--------- S Fommmemm o Fomem e
Avon/ Wheat bel t 46 195.59 100.02 (-------- LSS )
Cool gar di e 91 160.33 104.25 (----- Ao )
Mur chi son 362 124.42 92.32 (--*---)
e e - Fomm e e o R Fommm - -
120 150 180 210

Pool ed StDev = 95. 30
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Table 1 Mean sediment pH (pH units), standard dieviand number of

records for each of the lakes included in the study

Bioregion Lake Discharge/ Mean Star_‘d‘f’“d N
Natural deviation
Avon Wheatbelt| Yarra Yarra Lakes Both 8.0 0.5 67

Airstrip Lake N 7.8 0.5 2
Baladjie N 7.9 0.0 2
Banker Lake D 7.5 0.5 6
Black Flag Lake N 7.7 0.3 9
Creek Lake N 4.0 1
Greta Lake N 7.5 0.2 6
Kopai Lake N 7.7 0.3 18
Kopai North N 7.5 0.1 6
Kurrawang North N 7.8 0.1 4
Kurrawang White Lake D 7.8 0.5 21
Lake Cowan D 7.8 0.3 17

Coolgardie |Lake Fore D 5.3 0.3 7
Lake Greta N 7.9 0.2 7
Lake Hope N 7.4 1
Lake Hope North D 7.8 0.3 5
Lake Johnston N 7.3 0.6 2
Lake Koorkydine D 8.1 1
Lake Lefroy D 8.0 0.6 31
Lake Polaris N 7.8 1
Southern Star D 7.0 0.5 1
South-west Lake N 6.8 2
Un-named Lake N 7.8 1
White Flag Lake D 7.5 0.4 59
Lake Carey D 7.8 0.6 292
Lake Maitland N 8.4 0.2 17

Murchison Lake Miran_da D 7.4 0.6 90
Lake Raeside North D 7.2 0.4 7
Lake Rebecca N 6.4 1.0 8
Lake Way D 8.2 0.3 20

Yalgoo Lake Wownaminya D 8.4 0.3 12

N = lake not receiving dewatering discharge, D=ledeeiving dewatering discharge
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Table 2 Mean total soluble salts (TSS) (g/kg), dtad deviation and number
of records for WA salt lake sediments.
Bioregion Lake Discharge/ Mean Stapdgrd n
Natural deviation
Avon

Wheatbelt Yarra yarra Both 154 111 63
Airstrip Lake N 104 0 1
Baladjie Lake N 124 18 2
Banker Lake D 90 40 6
Black Flag Lake N 82 54 9
Creek Lake N 116 0 1
Greta Lake N 88 50 4
Kopai Lake N 42 56 10
Kopai North N 53 17 2
Kurrawang White Lake D 68 28 15
Lake Cowan D 143 96 17
Lake Greta N 175 61 7

Coolgardie |Lake Hope N 134 0 1
Lake Hope North D 128 70 2
Lake Johnston N 79 0 2
Lake Koorkydine D 119 0 1
Lake Lefroy D 160 150 31
Lake Polaris N 30 0 1
Southern Star D 33 35 2
South-west Lake N 139 0 1
Swan Refuge N 126 62 2
Un-named Lake N 288 0 1
White Flag Lake D 117 84 41
Yindarlgooda D 114 66 22
Lake Carey D 114 87 287
Lake Maitland N 79 48 17

Murchison Lake Penny N 200 28
Lake Raeside North D 115 41 7
Lake Rebecca N 83 15 8
Lake Way D 90 40 20

Yalgoo |Lake Wownaminya D 14 10 9
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Table 3 Mean concentrations of total nitrogen anal tphosphorus, standard

deviation and number of records for each of thedakcluded in the study

. . Discharge/ Total Nitrogen Total Phosphorus
Bioregion Lake N Standard Standard
atural Mean _ n Mean - n
deviation deviation
AVON Ny arra Yarra Both 912 699 66 196 158 66
Wheatbelt
Airstrip N 480 1 41 1
Baladjie N 640 594 2 160 42 2
Banker Lake D 1312 740 6 149 152 6
Black Flag Lake N 368 283 9 136 106 9
Creek Lake N 330 1 129 1
Greta Lake N 1756 1079 13 114 69 13
Kopai Lake N 1758 1498 18 54 61 18
Kopai North N 2500 1479 6 23 7 6
Kurrawang White Lake D 130 87 21 58 46 21
Kurrawang North N 250 35 4 6 4 4
Coolgardie [Lake Cowan D 273 295 17 63 52 17
Lake Hope N 80 1 248 1
Lake Hope North D 1770 184 2 186 53 2
Lake Johnston N 625 587 2 27 4 2
Lake Koorkydine D 2120 1 162 1
Lake Lefroy D 126 213 16 34 39 31
Lake Polaris N 180 1 57 1
Southern Star D 275 82 72 21 2
South-west Lake N 770 1 122 1
Un-named Lake N 1710 1 560 1
White Flag Lake D 529 446 59 94 82 59
Lake Carey D 408 635 180 86 72 179
Lake Maitland N 549 404 17 115 65 17
Murchison Lake Miranda D 564 443 92 264 137 92
Lake Raeside North D 1059 638 7 142 79 7
Lake Rebecca D 190 104 8 86 27 8
Lake Way D 224 171 20 76 31 20
Yalgoo |Lake Wownaminya D 215 124 12

15z



Classification of salt lakes in Western Australia Appendices

Table 4 Minimum and maximum total organic carbor) {sediments
Bioregion Lake Discharge/ Minimum | Maximum n
Natural

Wr?(;/;trt])elt Yarra Yarra Both 0.1 0.83 41
Airstrip Lake N 0.52 2.3 2
Lake Baladjie N 0.25 0.78 2
Banker Lake D 0.53 1.77 6
Black Flag Lake N BD 2.5 8
Creek Lake N 5 1
Greta Lake N 0.8 0.9 2
Kopai Lake N BD 6
Kurrawang White Lake D BD 1.8 12
Lake Cowan D 0.08 2.9 12
Lake Hope N 3 1

Coolgardie [Lake Hope North N BD 4.4 5
Lake Johnston N 3.4 3.5 2
Lake Koorkydine D 1.2 1
Lake Lefroy D 0.05 0.49 9
Lake Polaris N 0.31 1
Southern Star Lake D 0.29 0.4 2
South-west Lake N 3.8 1
Swan Refuge N 0.17 0.28 3
Un-named Lake N 6.9 1
White Flag Lake D BD 2.6 32
Lake Yindarlgooda D 0.05 0.98 22
Lake Carey D BD 6.2 129
Lake Maitland N BD 4.2 17

Murchison Lake Penny N 0.56 0.99 3
Lake Raeside North D 0.04 0.96 7
Lake Rebecca N BD 1.3 8
Lake Way D BD 2.3 20

Yalgoo |Lake Wownaminya D BD 12
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Table 5 — Minimum, maximum and‘ﬂ’ﬂuartile values for total metals and metalloids

in Western Australia salt lake sediments of nataral discharge lakes.

Discharge Lakes Natural Lakes
Parameter . : 3rd . 3rd AN.ZE(.:C
Min Max . N Min Max . N [ Guideline
Quartile Quatrtile

Aluminum 900 31,0001 12,424 18% 1,36p 12,790 8,680 D5
Arsenic BD 2,100 31 553 BD 11 49
Barium BD 290 60 148 BD 200 50 42
Boron BD 630 209 50 400 210 17
Cadmium BD 160 563 BD 3 49 10
Chromium BD 1,690 180 563 7 690 225 5 350
Cobalt BD 368 21 392 BD 34 10 44
Copper BD 2,300 44 574 BD 61 23 51 270
Iron 3,900 | 310,000 43,000 14p 4,200 50,40 14,325 |26
Lead BD 230 16 562 BD 58 9 49 220
Manganese BD 5,250 400 485 9 650 204 4]
Mercury BD 1 515 BD 1 42 1
Nickel BD 2,200 44 521 1 172 47 5] 52
Selenium BD 27 253 BD 2 25
Strontium 31 1,250 661 27 39 4,36( 1,10D 7
Sulfur 3,010 | 13,8000 9,607 20 810 8,880 5,740 3
Uranium 2 18 4 10 1 45 27 17
Vanadium BD 209 88 138 11 238 71 25
Zinc BD 20,000 47 571 BD 88 23 5] 410
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o ol s
o o = % E n s |l o
Lake 2 Q:"_iE(_LE § c gégé ’émgg Egggg
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g glelg|e|g|e|5|slz1551515|8l5|E[S|E|5|8|8|3]|z| 2|2
< I|lo|loalo|ololc|ololz|E|SIS|x]|alsS|ala|x|SZ]|loa]lnlS]|2
Achnanthes aff. fogedii Hakansson N
Achnanthes brevipes Agardh
Achnanthes coarctata Hustedt
Achnanthidium sp. 1
Amphora aff. luciae Cholnoky
Amphora coffeaeformis (Agardh) Kutzing
Amphora luciae Cholnoky
Amphora sp. 1
Amphora sp. 1 (Lake Carey)
Amphora sp. 3
Amphora sp.4

Brachysira aff. manfredii

Lange-Bertalot

Caloneis aff. bacillum

(Grunow) Cleve

Caloneis bacillum

(Grunow) Cleve

Chaetoceros muelleri

Hustedt

Cocconeis placentula

(Ehrenberg) Hustedt

Craticula cuspidata

(Kitz.) Mann

Cymbella microcephala Grunow
Diploneis sp.

Diploneis subovalis Cleve
Encyonema gracile Ehrenberg

Entomoneis aff. paludosa

(W.Smith) Reimer

Entomoneis paludosa

(W.Smith) Reimer

Entomoneis tenuistriata John
Eunoctia sp. 1

Eunoctia sp. 2

Frustulia magaliesmontana Cholnoky
Gomphonema sp.

Hantzschia aff. baltica Simonsen

Hantzschia amphioxys

(Ehrenberg) Grunow

Hantzschia virgata

(Roper) Grunow

Luticola aff. kotschyi

Grunow
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2 g|ls
> §’ g % clc g - ) E 2 o ® 8
Lake £ N HEHEFAHRERREHEE R A EREEEEE
ES ﬁ£:0$*g,:8;gg§§5§f=£mn%§5 ol
E HEHEBGER R R EEEEE RN HE R AR E
Luticola cohnii (Hilse) Mann \Y
Luticola kotschyi (Grunow) Mann \Y
Luticola mutica Kutz. \ \Y% \% \Y%
Luticola nivalis (Ehrenb) \
Mastogloia halophila John \
Navicella pusilla (Grunow ex. A. Schmidt) Kramme| \
Navicula aff. arvensis Hustedt \
Navicula aff. incertata Lange-Bertalot \
Navicula aff. nivalis Ehrenberg \%
Navicula aff. salinicola Hustedt \
Navicula cruciculoides Brockman
Navicula cryptocephala Kutzing
Navicula cryptocephala varexilis Kiitzing
Navicula elegans W. Smith
Navicula ergadensis Gregory

Navicula halophila

(Grunow) Cleve

Navicula rhynchocephala

Kuetz

Navicula salinicola

Hustedt

Navicula sp. 1

Navicula sp. 1 (Lake Carey)

Navicula sp. 1 (Lake Maitland)

Navicula sp. 2

Navicula sp. 2 (lake Carey)

Navicula sp. 3 (Lake Carey)

Nitzschia aff. microcephala

Grunow

Nitzschia aff. rostellata

Hustedt

Nitzschia aff. scalpelliformis

(Grunow) Grunow

Nitzschia hybrida Grunow
Nitzschia linearis W. Smith
Nitzschia ovalis Arnott

Nitzschia pellucida Grunow
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Lake g N EE MM EHNERHE IR HAEH I REEEEE
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2 z|&|&|m|S|a|2|S|S[2[2|S|S|e|8|S|&|2|&|=]|2|8|m]|5]=
Nitzschia punctata (W. Smith) Grunow \ \Y
Nitzschia rostellata Hustedt \
Nitzschia sigma (Katzing) W. Smith \
Nitzschia sp. 1 \% \
Pinnularia aff. borealis Ehrenberg \%
Pinnularia aff. subcapitata Gregory v
Pinnularia borealis Ehrenberg \% viv]v]v V|V viv]v \
Pinnularia sp. 1 \% \ \Y% v]v \ \ v]|v
Pinnularia viridis (Nitzsch) Ehrenberg \
Pleurosigma salinarum Grunow
Proschkinia sp. aff.complanata (Grunow) Mann \ \Y \Y
Rhopalodia gibberula (Ehrenberg) O. Muller \
Sellaphora aff. pupula Kitzing v
Surirella sp. (Lake Carey)
Surirella sp. 1 \
Surirella sp. 1 (White Flag)
Synedra aff. radians Kutzing \%
Synedra aff. vaucheriae Kitzing
Synedra cf. acus Kitzing \
Thalassionema aff. nitzschiodes Grunow v
Tryblionella acuminata W. Smith \% \% \
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Species Species Code
Achnanthes coar ctata achcoa
Achnanthes brevipes achbre
Achnanthes aff. fogedii achafo
Amphora aff. luciae ampalu
Amphora coffeaeformis ampcof
Amphora sp. 1 ampspl
Caloneis aff. bacillum calaba
Cymbella microcephala cymmic
Diploneis sp. dipsp
Encyonema gracile encgra
Entomoneis paludosa entpal
Entomoneis aff. paludosa entapal
Frustulia magaliesmontana frumag
Hantzschia aff. baltica hanaba
Hantzschia amphioxys hanamp
Hantzschia virgata hanvir
Luticola mutica lutmut
Luticola nivalis lutniv
Luticola kotschyi lutkot
Navicella pusilla navpus
Navicula aff. incertata navain
Navicula aff. salinicola navasa
Navicula aff. nivalis navani
Navicula cruciculoides navcru
Navicula cryptocephala navcry
Navicula duerrenbergiana navdur
Navicula elegans navele
Navicula ergadensis navera
Navicula rhynchocephala navrhy
Navicula sp. 1 navspl
Navicula sp. 1 (Lake Maitland) navsplm
Navicula sp. 1 (Lake Carey) navsplc
Navicula sp. 2 navsp2
Nitzschia cf dissipata nitadi
Nitzschia aff. rostellata nitaro
Nitzschia hybrida nithyb
Nitzschia pellucida nitpel
Nitzschia ovalis nitova
Nitzschia punctata nitpun
Nitzschia sp. 1 nitspl
Pinnularia borealis pinbor
Pinnularia viridis pinvir
Pinnularia sp. 1 pinspl
Pleurosigma salinarum plesal
Proschkinia aff. complanata proaco
Rhopalodia gibberula phogib
Sellaphora aff. pupula selapu
Surirella sp. 1 surspl
Surirella sp. 1 (White Flag) sursplw
Chaetoceros muelleri chamue
Eunotia sp. 1 eunspl
Eunoctia sp. 2 eunsp2
Gomphonema sp. gomsp
Navicula halophila navhal
Nitzschia acicularis nitaci
Tryblionella acuminata tryacu
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TAXA

Kopai Lake
Lake Austin
Lake Carey
Lake Cowan
Lake Hope North
Lake Lefroy
Lake Miranda
Lake Way
Lake Wownaminya
Lake Zot
Yarra Yarra

CRUSTACEA

Anostraca

Branchipodidae

Parartemia informis \Y %
Parartemia sp. 1 Y Y
Parartemia sp 2 Y
Parartemia sp g Y

Parartemia serventyi v

Parartemia n (austin) v

Parartemi a sp. no\ v v
Parartemi a sp. nov. a Y

Parartemia contracta %

Thamnocephalidae

Branchinella sp v

Branchinella v
Notostraca v

Triops australiensis Y %

Lepidurus apus viridis

Cladocera

Daphniidae Y

Daphniopsis sp. \ v % v
Daphniopsis pusilla v

Moinidae \

Moina sp v

Bosminidae

Bosmina meridionalis %

Conchostraca

Conchostraca sp.1 Y

Conchostraca sp.2 Y

Conchostraca (shells only) v

Cyzcus sp. v

Limnadia sf
Eulimnadia sp. v

Ostracoda v v v v
Cyprididae

Australocypris sp.

Australocypris sp. hova v

Cyprinotus edwar di v

Mytilocypris sp 1 v
Cyprinotus sp. v
Diacypris dictyote v

Diacyprisfodiens v v
Diacypris sp. v v
Diacypris whitei v v

Heterocypris n.sp v

Heterocypris sp. v v

Mytilocypris sp < v
Reticypris pinguis v

Reticypris sp \ v \ \

<
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TAXA

Kopai Lake
Lake Austin
Lake Carey
Lake Cowan
Lake Hope North
Lake Lefroy
Lake Miranda
Lake Way
Lake Wownaminyd
Lake Zot
Yarra Yarra

Saracypridopsis sp. nov v
Undescribed species
Copepoda v

Calanoida v

Centropagidae

Boeckella sp. %
Calamoecia sp. % v
Cyclopoida v vV VvV Vv v
Cyclopidae

Metacyclops sp. v % %
Apocyclops dengizcus v %

Microcyclops ? Platypus? Y

Copepod nauplii %
Harpacticoida vV v

Nauplii larval form Y

<

ARACHNIDA
Hydracarina
Arrenuridae Y

ROTIFERA

Monogononta

Brachionidae

Branchionus Y v
Branchionus nilsoni %
Asplanchnidae

Asplanchna sp. v
Asplanchna herricki %
Flosculariaceae

Filinidae

Filinia perjleri %

INSECTA

Diptera v

Culicidae Y vV v
Chironomidae Y Y Y Y %
Tanypodinae v
Chironominae v %
Ceratopogonidae v v v
Ceratopogonidae sp. 1 (black) v
Ceratopogonidae sp. 2 %

Simuliidae %

Tabanidae v

Stratiomydae v

Dolichopodidae v

Plecoptera

Lepidoptera

Pyralidae v
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TAXA

Kopai Lake

Lake Austin

Lake Carey

Lake Cowan

Lake Hope North

Lake Lefroy

Lake Miranda

Lake Way

Lake Wownaminyal

Lake Zot

Yarra Yarra

Coleoptera
Dytiscidae
Antiporus sp.

Necterosoma darwini (adults)
Necterosoma darwini (juveniles)
Necterosoma darwini species 2 (adults)

Rhanthus
Allodessus
Dytiscidae sp. 1
Dytiscidae sp. 2
Carabidae
Haliplidae

larvae
Hydrophilidae
Berosus sp. (adults)
Berosus sp. (larvae)
Limnichidae?
Trichoptera
Helicopsychidae
Leptoceridae
Oecetis

Odonata
Anisoptera
Corduliidae
Hemicordulia australiae
Libellullidae
Diplacodes bipunctata?
Zygoptera
Lestidae
Austrolestes annulosus
Austrolestes sp.2
Hemiptera
Corixidae
Micronecta
Notonectidae
Notonectidae sp. 1
Notonectidae sp. 2

GASTROPODA
Gastropoda
Hydrobiidae
Coxiella sp.
Coxiella giles
Potamopyrgus sp.

NEMATODA

< << <<
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TAXA CODE
Anisoptera Anisp
Antiporus sp Antsg
Boeckella sp Boesj
Branchinella Brasp
Branchionus Bransp
Mytilocpris sp. 1 Cypmyt
Calanoida Calsp
Ceratopogonidae Cersp
Chironomidae Chidsp
Chironominae Chinsp
Choncostraca sp.1 Chospl
Choncostraca sp.2 Chosp2
Coleoptera Larvae Colsp
Copepod nauplii Copsp
Corixidae Corsp
Coxiella sp Coxsy
Culicidae Culsp
Cyclopoida Cycsp
Cyprididaereticypris Cypret
Cyprinotus sp. Cypsp
Daphniidae Dapsp
Daphniopsis pusilla Dappus
Daphniopsis sp Dapsp:
Diacypris sp. Diasp
Harpacticoida Harsp
Moinidae Moisp
Mytilocpris sp. 2 Mytsp
Nauplii larval form Naupsp
Nematoda Nemsp
Notostraca Notsp
Ostracoda Ostsp
Parartemia sp 2 Parsp:
Parartemia informis Parinf
Parartemia sp (white flag) ParwF
Parartemia sp. ! Parsp.
Parartemia sp. n g Parspn
Potamopyrgus sp Potsy
Reticypris sp Retsy
Simuliidae Simsp
Tabanidae Tabsp
Tanypodinae Tansp
Trichoptera Trisp
Triopsaustraliensis Triaus
Zygoptera Zygsp
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LINKTREE No. Site Code Lake
1 BL3 0806 Banker Lake
2 BL4 0806 Banker Lake
3 BL5 0806 Banker Lake
4 BF3 1106 Banker Lake
5 KDKW1 0306 Kurrawang White Lake
6 KDKW?2 0306 Kurrawang White Lake
7 KDKW4 0306 Kurrawang White Lake
8 CM1 1106 Lake Cowan
9 CM3 1106 Lake Cowan
10 CM7 1106 Lake Cowan
11 WF1 0306 White Flag Lake
12 WF3 0306 White Flag Lake
13 WF6 0306 White Flag Lake
14 WF7 0306 White Flag Lake
15 WF8 0306 White Flag Lake
16 WF1 1106 White Flag Lake
17 WF2 1106 White Flag Lake
18 WF3 1106 White Flag Lake
19 WF5 1106 White Flag Lake
20 WF8 1106 White Flag Lake
21 NE Ref 0606 Lake Lefroy
22 WP49J 0606 Lake Lefroy
23 RLM8 Lake Maitland
24 RLM9 Lake Maitland
25 RLM10 Lake Maitland
26 RLM11 Lake Maitland
27 RLM12 Lake Maitland
28 RLM13 Lake Maitland
29 RLM14 Lake Maitland
30 RLM15 Lake Maitland
31 RLM16 Lake Maitland
32 LR1 Lake Raeside
33 LR2 Lake Raesid
34 LR3 Lake Raesid
35 LR4 Lake Raeside
36 LR5 Lake Raesid
37 LR6 Lake Raeside
38 LR7 Lake Raesid
39 LWPIPE1 0506 Lake Way
40 LWPIPE2 0506 Lake Way
41 WP2 0506 Lake Way
42 WP3 0506 Lake Way
43 WP4 0506 Lake Way
44 WP6 0506 Lake Way
45 WP7 0506 Lake Way
46 LW3 0506 Lake Way
47 LW9 0506 Lake Way
48 SG1 Lake Rebecca
49 SG3 Lake Rebecca
50 SG5 Lake Rebecca
51 SG6 Lake Rebecca
52 SG7 Lake Rebecca
53 SG8 Lake Rebecca
54 KW1 1106 Kurrawang White Lake
55 KW2 1106 Kurrawang White Lake
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LINKTREE No. Site Code Lake
56 KW4 1106 Kurrawang White Lake
57 LIN Lake Johnston
58 Un-named Lake Un-named Lake
59 Airstrip Lake Airstrip Lake
60 SW lake South-west Lake
61 Lake Johnston Lake Johnston
62 Creek Lake Creek Lake
63 LHN1 Lake Hope North
64 LK1 Lake Koorkorrdine
65 BAL2 Baladjie Lake
66 Lake Hope Lake Hope
67 LP1 Lake Polaris
68 BAL1 Baladjie Lake
69 ST1 Southern Star lake
70 SDN 1 0906 Lake Carey
71 SDS 4 0906 Lake Carey
72 SDN1 0407 Lake Carey
73 SDS4 0407 Lake Carey
74 MR2 Lake Carey
75 MR3 Lake Carey
76 MR4 Lake Carey
77 MR5 Lake Carey
78 MR6 Lake Carey
79 MR7 Lake Carey
80 MR8 Lake Carey
81 MR9 Lake Carey
82 MR10 Lake Carey
83 MR11 Lake Carey
84 MR12 Lake Carey
85 Site 15 0606 Lake Carey
86 Site 16 0606 Lake Carey
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One-way ANOVA: As versus Group

Source DF SS VS F P
Group 5 52399 10480 36.73 0.000
Error 80 22828 285
Tot al 85 75227
S = 16. 89 R-Sqg = 69.66% R-Sq(adj) = 67.76%
I ndi vi dual 95% Cl's For Mean Based on
Pool ed St Dev
Level N Mean StDev ----+--------- R R +-----
Gl 5 16.60 16.01 (----*---)
@& 5 16.20 26.79 (----*---)
&3 6 1.16 2.22 (---*---)
e’} 5 111.40 63.81 (---*---)
(€9) 15 6. 93 3.05 (-*-
& 50 5.96 7.13 (-%)
T ey [ S [ +-----
0 35 70 105
Pool ed StDev = 16. 89
One-way ANOVA: Ba versus Group
Source DF SS VB F P
Group 5 18934 3787 4.46 0.001
Error 80 67852 848
Tot al 85 86786
S = 29.12 R-Sg = 21.82% R Sq(adj) = 16.93%
I ndi vi dual 95% Cls For Mean Based on
Pool ed St Dev
Level N Mean StDev ----+--------- Foeeeia- - Foeieeo Fo-e--
Gl 5 50.00 25.50 (--------- R )
(e2] 5 20.80 14.52 (--------- * e ae )
(€] 6 12.65 25.13 (-------- R )
e’} 5 27.00 30.12 (---------- R )
(€9) 15 60.00 45.47 (----- ooo-- )
(€3] 50 24.82 24.19 (--*--)
Ty [ S [ S +-----
0 25 50 75
Pool ed StDev = 29.12
One-way ANOVA: hco3 tran versus Group
Source DF SS Ms F P
Group 5 13.355 2.671 2.74 0.024
Error 80 77.864 0.973
Tot al 85 91.219
S = 0. 9866 R-Sqg = 14.64% R-Sq(adj) = 9.31%
I ndi vidual 95% Cls For Mean Based on
Pool ed St Dev
Level N Mean St Dev R R R Fommm -
Gl 5 -1.2649 0.5682 (------- R )
@& 5 0.4361 0.9700 (------- oo )
&3 6 0.2511 0.3560 (-------- (R )
4 5 0.8936 0.6861 (-------- R )
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G5 15 -0.0610 0.6461 (----*%----)
G6 50 0.0176 1.1468 (--*--)
cHme e o Fommmm oo Fommmm -
-2.0 -1.0 0.0 1.0

Pool ed StDev = 0. 9866

One-way ANOVA: Ca versus Group

Source DF SS VS F P
Group 5 99106196512 19821239302 8.67 0.000
Error 80 1.82878E+11 2285978447

Tot al 85 2.81984E+11

S =47812 RSq = 35.15% R Sq(adj) = 31.09%

I ndi vidual 95% Cl's For Mean Based on

Pool ed St Dev
Level N Mean StDev ------- temmmanaa Fommeae oo e - -
Gl 5 198 66 (------ LR )
(e2] 5 5490 1782 (------ *ooo- )
(ex] 6 145933 53125 (----- Koo o. )
e’} 5 45716 89097 (------ R )
(€9) 15 4624 2392 (---*---)
(€3] 50 28320 52861 (--*-)
------- T
0 60000 120000 180000

Pool ed StDev = 47812

One-way ANOVA: cl tran versus Group
Source DF SS 1%S3 F P
G oup 5 21.040 4.208 6.70 0.000
Error 80 50.224 0.628

Total 85 71.264

S =0.7923 R Sq = 29.52% R-Sq(adj) = 25.12%

I ndi vi dual 95% Cls For Mean Based on

Pool ed St Dev
Level N Mean StDev ----- R e o oo
Gl 5 -0.8533 0.5910 (------- [ )
@& 5 -1.3140 1.2462 (-------- oo )
(€] 6 -0.3715 0.5684 (------- *o_o-- )
4 5 0.4480 0.6444 (-------- oo _. )
G 15 -0.1713 0.6105 (----*----)
& 50 0. 3685 0.8345 (--*-)
----- E L T e T
-1.60 -0.80 -0. 00 0. 80

Pool ed St Dev = 0.7923

One-way ANOVA: cr tran versus Group

Source DF SS MS F P
Group 5 23.234 4.647 6.60 0.000
Error 80 56.327 0.704

Tot al 85 79.561

S=0.8391 RSg=29.20% R-Sq(adj) = 24.78%
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I ndi vi dual 95% Cls For Mean Based on Pool ed
St Dev
Level N Mean St Dev R e S R R
Gl 5 0.6758 0.6521 (m--mmmm* e )
@ 5 -0.2834 1.1082 (------ R )
(€] 6 -1.3042 0.2819 (------ R )
(e} 5 0.2371 0.9171 (------ R )
& 15 0.7634 0.8756 (----%---)
& 50 -0.1640 0.8478 (-*--)
[ T - [ T [ -
-2.0 -1.0 0.0 1.0
Pool ed StDev = 0.8391
One-way ANOVA: Co versus Group
Source DF SS VB F P
Group 5 36208 7242 16.60 0.000
Error 80 34895 436
Tot al 85 71103
S = 20.89 R-Sg = 50.92% R-Sq(adj) = 47.86%
I ndi vi dual 95% Cls For Mean Based on
Pool ed St Dev
Level N Mean StDev ----+--------- R R +-----
Gl 5 6. 80 4.09 (----%----)
@& 5 6. 90 5.05 (----%----)
(ex] 6 1.28 0.41 (---*----)
e’} 5 95.00 87.07 (----*----)
(€3) 15 14.60 14.10 (--*--)
(€3] 50 7.77 5.75 (*-)
f e e e oo S Fomm e e o Fomm o -
0 35 70 105
Pool ed StDev = 20. 89
One-way ANOVA: Cu versus Group
Source DF SS M F P
Group 5 2469 494 3.05 0.014
Error 80 12967 162
Tot al 85 15436
S=12.73 RSq = 16.00% R-Sqg(adj) = 10.75%
I ndi vidual 95% Cls For Mean Based on
Pool ed St Dev
Level N Mean StDev ----- R R R +----
Gl 5 19.20 15.19 (-------- R )
@& 5 13.10 9.24 (--------- Foeeea - )
&3 6 3.95 1.55 (------- Koo - )
4 5 27.10 24.56 (--------- Koo - )
(€9) 15 22.93 10.62 (=---%----- )
G6 50 14.17 12.53 (--*--)
----- B e T i S,
0 12 24 36
Pool ed StDev = 12.73
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One-way ANOVA: Pb versus Group

Source DF SS VS F P
Group 5 483.0 96.6 2.05 0.080
Error 80 3764.3 47.1
Tot al 85 4247.4
S = 6. 860 R-Sqg = 11.37% R-Sq(adj) = 5.83%
I ndi vi dual 95% Cl's For Mean Based on
Pool ed St Dev
Level N Mean StDev ------- e R e
Gl 5 5. 400 2.679 (--------- F oo )
@& 5 10. 300 6.723 (--------- R )
&3 6 1.100 0.283 (-------- R )
4 5 5. 300 1.987 (--------- F oo )
(€9) 15 10.033 10.816 (----- oo )
& 50 5. 626 6.228 (--*---)
------- T T g
0.0 6.0 12.0 18.0
Pool ed StDev = 6. 860
One-way ANOVA: mg tran versus Group
Source DF SS VB F P
Group 5 48.293 9.659 10.49 0.000
Error 80 73.649 0.921
Tot al 85 121.942
S = 0. 9595 R-Sg = 39.60% R Sq(adj) = 35.83%
I ndi vidual 95% Cls For Mean Based on
Pool ed St Dev
Level N Mean StDev  ---H--------- R R +---
Gl 5 -0.4826 0.7226 (----- Foo--)
(e2] 5 -2.5459 0.7321 (----- *ooo-- )
(€] 6 1.0361 1.0688 (----%----)
e’} 5 0.5012 1.2434 (----%----- )
(€9) 15 -0.4669 0.7831 (--*--)
(€3] 50 0.2740 0.9993 (-*-
B T, S [ S +- - -
-3.0 -1.5 0.0 1.5
Pool ed StDev = 0. 9595
One-way ANOVA: mn tran versus Group
Source DF SS Ms F P
Group 5 15.935 3.187 4.00 0.003
Error 80 63.784 0.797
Tot al 85 79.719
S = 0.8929 R-Sqg = 19.99% R-Sq(adj) = 14.99%
I ndi vidual 95% Cls For Mean Based on
Pool ed St Dev
Level N Mean StDev  ------- e R R
Gl 5 -0.0925 0.4762 (------- R )
@& 5 -0.1112 0.7050 (------- R )
&3 6 -1.0139 0.4622 (------ oo )
4 5 1. 0019 0.9240 (------- R )
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G5 15 0.5049 0.6601 (----*%----)
G6 50 -0.1288 1.0132 (--*-
------- o e e e e e e e e
-1.0 0.0 1.0 2.0

Pool ed StDev = 0.8929

One-way ANOVA: mc tran versus Group

Source DF SS MS F P
Group 5 22.615 4.523 7.26 0.000
Error 80 49.825 0.623

Tot al 85 72.440

S=0.7892 RSg=31.22% R Sq(adj) = 26.92%

I ndi vi dual 95% Cls For Mean Based on

Pool ed St Dev
Level N Mean StDev  ------- . o m o o
Gl 5 -1.3231 0.9573 (----- LI )
(e7) 5 -0.3392 0.9367 (----- oo )
G3 6 0. 0212 0.7202 (----*----- )
4 5 1.3380 0.5235 (----- oo )
Gb 15 -0.4072 0.6091 (---*--)
G6 50 0.1949 0.8301 (-*)
------- Bl T T e
-1.2 0.0 1.2 2.4

Pool ed StDev = 0.7892

One-way ANOVA: ni tran versus Group
Source DF SS 1%S3 F P
G oup 5 33.511 6.702 10.25 0.000
Error 80 52.312 0.654

Total 85 85.823

S =0.8086 R Sq =39.05% R-Sq(adj) = 35.24%

I ndi vi dual 95% Cls For Mean Based on

Pool ed St Dev
Level N Mean StDev  --------- . Fommme e oo - +
Gl 5 0. 0885 0.6966 (----- oo )
(e 5 0.3281 1.4944 (----- oo )
G3 6 -1.6492 0.2885 (----*----- )
4 5 1.1546 0.7297 (----- X oo )
Gb 15 0. 7563 0.8588 (--*---)
G6 50 -0.1662 0.7635 (-*-)
--------- L L I U
-1.2 0.0 1.2 2.4

Pool ed St Dev = 0. 8086

One-way ANOVA: pH tran versus Group

Source DF SS VS F P
Group 5 14.552 2.910 3.09 0.013
Error 80 75.405 0.943

Tot al 85 89.957

S =0.9709 RSg = 16.18% R-Sq(adj) = 10.94%
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I ndi vi dual 95% Cls For Mea
Pool ed St Dev
Level N Mean StDev ----- S oo e +
Gl 5 -0.6672 0.5620 (------- * oo )
@ 5 -0.5539 0.5955 (------- * oo )
(€] 6 1.3122 0.4409 (-----
(e} 5 0.2009 0.9885 (-------- XL --
G 15 -0.0111 0.9068 e
(€3] 50 -0.0737 1.0722 (-*--)
----- S
-1.0 0.0 1.0

Pool ed StDev = 0.9709

One-way ANOVA: K versus Group

Source DF SS VS F P
G oup 5 119299372 23859874 4.55 0.001
Error 80 419375981 5242200

Tot al 85 538675353

S =2290 RSq=2215% RSq(adj) = 17.28%

I ndi vi dual 95% Cls For Mean Ba
Pool ed St Dev
Level N Mean StDev --------- Fommm e I +
Gl 5 224 172 (--------- oo )
@& 5 190 120 (--------- *o oo )
(€] 6 3520 1674 (--------- *_
e’} 5 2792 2406 (--------- *_oo-
(€9) 15 249 119 (----- oo o. )
(€3] 50 2697 2792 (--%---)
--------- B L J e &
0 2000 4000

Pool ed StDev = 2290

One-way ANOVA: Na tran versus Group

Source DF SS VS F P
Group 5 29.681 5.936 7.50 0.000
Error 80 63.282 0.791

Tot al 85 92.964

S=0.8894 RSq=31.93% RSq(adj) = 27.67%

n Based on

sed on

I ndi vi dual 95% Cls For Mean Based on

Pool ed St Dev
Level N Mean St Dev S ST o -
Gl 5 -0.9716 0.6361 (------- oo )
X 5 -1.4231 1.1374 (------- oo )
G3 6 -0.2764 0.9209 (------ K.
(e7} 5 0.3791 0.6605 (------
G5 15 -0.4707 0.5560 (---*%----)
G6 50 0.4590 0.9708 (
B - +- -
-2.0 -1.0 0.0

Pool ed St Dev = 0.8894

One-way ANOVA: So4 tran versus Group

_______ B,

-)

i, )

__*_)

_______ B,
1.0
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Source DF SS MS F P
Group 5 24.126 4.825 6.04 0.000
Error 80 63.880 0.798

Tot al 85 88.005

S =0.8936 R Sq=27.41% R Sq(adj) = 22.88%

I ndi vidual 95% Cls For Mean Based on
Pool ed St Dev

Level N Mean StDev  ---H4--------- R o e EE

Gl 5 -1.5538 0.4288 (------ R )

(e 5 -0.6795 0.4025 (------- * oo )

G3 6 0.5670 0.7816 (------- oo )

G4 5 0.2973 0.9293 (------- o oo. )

Gb 15 -0.5122 0.7394 (----*---)

G6 50 0.2626 0.9932 (--*-)
e e o a S o em o -
-2.0 -1.0 0.0 1.0

Pool ed StDev = 0.8936

One-way ANOVA: Nt tran versus Group
Source DF SS MS F P
G oup 5 11.921 2.384 2.39 0.045
Error 80 79.695 0.996

Total 85 91.615

S=0.9981 RSg=13.01% R Sq(adj) = 7.58%

I ndi vidual 95% Cls For Mean Based on

Pool ed St Dev
Level N Mean St Dev - Fome - Fommmme - Fomm e
Gl 5 -0.6095 0.5896 (-----mm-- R )
G2 5 0.2471 0.9113 (c=ememmennns * oo oo- )
G3 6 0.3883 0.8415 (-nemmennmnes * oo eoaooo- )
4 5 0. 4050 0.8585 (-nemmmannans X oooo- )
(€9) 15 -0.6633 1.0284 (------- *o_oo- )
G5 50 0.1701 1.0467 (---*---)

B Fommm e Fomm e m oo Hommmmm e
-1.40 -0.70 0. 00 0.70

Pool ed St Dev = 0.9981

One-way ANOVA: TOC versus Group

Source DF SS VS F P
Group 5 12.21 2.44 1.43 0.224
Error 80 136.97 1.71

Tot al 85 149.18

S=1.308 RSq=819% R Sq(adj) = 2.45%

I ndi vidual 95% Cls For Mean Based on
Pool ed St Dev

Level N Mean StDev -------- [ SR Fomme e Fommmm e oo +-
Gl 5 0.372 0.241 (----------- * .. )
& 5 0.636 0.490 T — * oo )
G3 6 1.725 1.133 (--------- X oo )
G4 5 0.686 0.157 [ ——— * . )
G 15 1.118 0.961 (------ . )
Go 50 1.512 1.541 (---%-=2)
-------- B S L T e
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0.0 1.0 2.0 3.0

Pool ed St Dev = 1.308

One-way ANOVA: PT versus Group

Source DF SS %S F P

Group 5 8986 1797 0.29 0.920

Error 80 503174 6290

Tot al 85 512159

S=179.31 RSg=1.75% RSg(adj) = 0.00%
I ndi vidual 95% Cl's For Mean Based on
Pool ed St Dev

Level N Mean StDev -4--------- R Fommmmmmm .

Gl 5 90.80 31.20 (------------- SRS )

(€74 5 64.60 23.46 (------------- TR )

&3 6 107.83 84.04 (------------ R )

4 5 107.60 75.35 (=----mmmmm - TSR )

(€3 15 101.67 53.64 (------- *ooeee oo )

G6 50 106.52 90.21 (---*----)
L B S Fommm
0 50 100 150

Pool ed StDev = 79. 31

One-way ANOVA: Tss tran versus Group

Source DF SS MS F P

Group 5 32.290 6.458 9.20 0.000

Error 80 56.171 0.702

Tot al 85 88.460

S = 0. 8379 R-Sq = 36.50% R-Sqg(adj) = 32.53%

I ndi vidual 95% Cls For Mean Based on

Pool ed St Dev
Level N Mean StDev  ------- tommmmeaas Fommmm e m - T +- -
Gl 5 -1.1471 0.5425 (--------- R )
(e2] 5 -1.4334 1.0522 (-------- * oo )
&3 6 -0.4376 0.6719 (-------- [ pp—— )
4 5 0.2033 0.7830 (--------- [ JSp - )
(€9) 15 -0.4805 0.7026 (----*----)
& 50 0.4613 0.8915 (--*--)
------- E e e T RS S
-1.60 -0.80 -0.00 0. 80

Pool ed St Dev = 0.8379

One-way ANOVA: Zn tran versus Group

Source DF SS M5 F P

Group 5 14.469 2.894 3.73 0.004

Error 80 62.124 0.777

Tot al 85 76.594

S = 0.8812 R-Sqg = 18.89% R-Sg(adj) = 13.82%

I ndi vi dual 95% Cls For Mean Based on
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Pool ed St Dev

Level N Mean St Dev R T o Fomemmeaa e Fommmm e
Gl 5 0.3019 1.1474 (------- [, )
(e7) 5 -0.1734 0.9694 (------- * oo )
G3 6 -0.4798 0.4112 (------ Foooaas )
G4 5 1.2316 0.8380 (------- *X_oooo- )
Gb 15 0.3369 0.7776 (---*%----)
G6 50 -0.2602 0.9145 (-*--)
B, o a S Fomm o -
-1.0 0.0 1.0 2.0

Pool ed St Dev = 0.8812
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Site code names for water quality versus invertebtas

181



Classification of salt lakes in Western Australia Appendices

LINKTREE Site Code Site Code Lake
1 DISL1 0906 Yarra Yarra
2 DISL2 0906 Yarra Yarra
3 KDWF2 White Flag Lake
4 KDWF3 White Flag Lake
5 KDWF6 White Flag Lake
6 L1 0906 Yarra Yarra
7 L2 0906 Yarra Yarra
8 LW2 0305 Lake Way
9 LW3 0305 Lake Way
10 LWpipel 0305 Lake Way
11 LWpipe2 0305 Lake Way
12 R1 0906 Lake Way
13 R2 0906 Lake Way
14 SDDIS 0404 Lake Carey
15 Site 11 0304 Lake Carey
16 Site 12 0304 Lake Carey
17 Site 12 0404 Lake Carey
18 Site 14 0304 Lake Carey
19 Site 14 0404 Lake Carey
20 Site 16 0304 Lake Carey
21 Site 17 0304 Lake Carey
22 Site 17 0404 Lake Carey
23 Site 18 0304 Lake Carey
24 Site 18 0404 Lake Carey
25 Site 3 0404 Lake Carey
26 Site 7 0304 Lake Carey
27 Site 7 0404 Lake Carey
28 WALDIS 0304 Lake Carey
29 WALDIS 0404 Lake Carey
30 WEFdischarge site White Flag Lake
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Appendix M

MINITAB results for water quality versus group
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Source DF SS VS F P
Group 3 31083340070 10361113357 5.36 0.005
Error 26 50279311930 1933819690
Tot al 29 81362652000
S = 43975 R-Sqg = 38.20% R-Sq(adj) = 31.07%
I ndi vi dual 95% Cl's For Mean Based on Pool ed St Dev
Level N Mean St Dev Foiia - Feieiea - Foiia - e
Gl 3 122000 1000 (===---------- Koo - )
@& 19 60516 52802 (----*----)
(€] 5 130000 0 (---------- R )
4 3 127667 6807 (------------ R )
R [ R R [ IS
40000 80000 120000 160000
Pool ed StDev = 43975
One-way ANOVA: pH versus Group
Source DF SS VB F P
Group 3 5.755 1.918 13.60 0.000
Error 26 3.668 0.141
Tot al 29 9.423
S = 0. 3756 R-Sqg = 61.08% R-Sqg(adj) = 56.59%
I ndi vi dual 95% Cl's For Mean Based on
Pool ed St Dev
Level N Mean StDev ------- e R Fomm - +- -
Gl 3 7.0867 0.0503 (-------- R )
(e2] 19 7.0947 0.4509 (---*--)
(€] 5 8.1000 0.0000 (------ *oooo-- )
e’} 3 8.0567 0.0379 (-------- R )
------- Ty SR
7.00 7.50 8. 00 8.50
Pool ed StDev = 0.3756
One-way ANOVA: NT tran versus Group
Source DF SS Ms F P
Group 3 9.273 3.091 4.32 0.013
Error 26 18.591 0.715
Tot al 29 27.864
S = 0. 8456 R-Sqg = 33.28% R-Sq(adj) = 25.58%
I ndi vidual 95% Cls For Mean Based on
Pool ed St Dev
Level N Mean StDev ----- R e R +----
Gl 3 -0.4796 0.0944 (--------- R )
(e2] 19 -0.3436 1.0105 (---*---)
(€] 5 0.6427 0.1206 (------ R )
4 3 1.1998 0.2614 (--------- F oo )
----- B L L T T i
-1.0 0.0 1.0 2.0
Pool ed St Dev = 0. 8456
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One-way ANOVA: PT tran versus Group

Source DF SS MS F P
Group 3 18.757 6.252 13.74 0.000
Error 26 11.834 0.455

Tot al 29 30.591

S =0.6747 R Sq = 61.31% R Sq(adj) = 56.85%

I ndi vi dual 95% Cls For Mean Based on Pool ed

St Dev
Level N Mean St Dev R LT B e Fommm oo -
Gl 3 1.5029 0.1371 (--------- _oooooo-- )
(7 19 -0.5640 0.7748 (---%---)
G3 5 1. 0577 0.1253 (------- *ooooo- )
e’ 3 0.3383 0.6811 (--------- oo oooo- )

co - oo - [ T f -
-0.80 0. 00 0. 80 1. 60

Pool ed StDev = 0.6747
One-way ANOVA: Na tran versus Group

Source DF SS 1S F P
G oup 3 18.738 6.246 13.53 0.000
Error 26 12.005 O0.462

Tot al 29 30.743

S =0.6795 R Sg = 60.95% R-Sq(adj) = 56.44%

I ndi vi dual 95% Cls For Mean Based on
Pool ed St Dev

Level N Mean StDev  -------- tommmeaeas e Fommeee oo +-
Gl 3 1.8725 0.0283 (------- koo _. )
(e2] 19 -0.5040 0.8154 (--*--)
(ex] 5 0.6238 0.0138 (----- [ )
e’} 3 0.7073 0.1339 (------- oo )
-------- T S
0.0 1.0 2.0 3.0

Pool ed StDev = 0.6795

One-way ANOVA: K tran versus Group
Source DF SS VS F P
G oup 3 18.20 6.07 5.69 0.004

Error 26 27.71 1.07
Tot al 29 45.91

S=1.032 RSq=3964% RSq(adj) = 32.67%

I ndi vidual 95% Cls For Mean Based on

Pool ed St Dev
Level N Mean St Dev medemamaaaan Fommmm e m - T Fome -
Gl 3 -0.578 0.039 (------- oo )
(e2] 19 -0.358 1.198 (---*--)
(€] 5 0.889 0.049 (----- X )
4 3 1.906 0.971 (------- * oo )
e Fomm e m e m - - Fommmmaaam Fommmmm -
-1.5 0.0 1.5 3.0

Pool ed StDev = 1.032
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One-way ANOVA: Mg tran versus Group

Source DF SS MS F P
Group 3 13.845 4.615 9.23 0.000
Error 26 12.994 0.500

Tot al 29 26.839

S =0.7060 R Sq =51.59% R-Sq(adj) = 46.00%

I ndi vi dual 95% Cls For Mean Based on
Pool ed St Dev

Level N Mean St Dev R T R o e .
Gl 3 0.3700 O0.0655 (----mmmmm - * o )
(e 19 -0.5343 0.8306 (---*%----)
&3 5 1.1423 0.1713 (-------- X oo )
e 3 0.7149 0.4749 CET T L )
B - [ T S
-0.70 0. 00 0.70 1.40

Pool ed StDev = 0. 7069

One-way ANOVA: Ca versus Group

Source DF SS %S F P
G oup 3 948840 316280 1.75 0.181
Error 26 4688928 180343

Tot al 29 5637768

S=424.7 RSq=16.83% R Sq(adj) = 7.23%

I ndi vidual 95% Cl's For Mean Based on
Pool ed St Dev

Level N Mean StDev -------- Fome e o am e o e -
Gl 3 1370.0 125.3 (--------- oo ooooo- )
(e7) 19 887.2 499.1 (---*---)
G3 5 916.0 20.7 (------ *oooo- )
G4 3 591.7 293.2 (--------- L )
-------- e T T
500 1000 1500 2000

Pool ed StDev = 424.7

One-way ANOVA: Cl tran versus Group

Source DF SS VS F P
Group 3 24.717 8.239 13.43 0.000
Error 26 15.955 0.614

Tot al 29 40.672

S=0.7834 RSq =6077% R Sq(adj) = 56.25%

I ndi vidual 95% Cls For Mean Based on

Pool ed St Dev
Level N Mean StDev  -------- tommmeaeas e Fommeee oo +-
Gl 3 2.1818 0.0679 (------- koo _-. )
(e2] 19 -0.5636 0.9404 (--*--)
&3 5 0.7085 0.0419 (----- *o_oo- )
4 3 0.8173 0.1017 (------- Koo )
-------- R e T R
0.0 1.2 2.4 3.6

Pool ed StDev = 0.7834
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One-way ANOVA: SO4 tran versus Group

Source DF SS MS F P
Group 3 7.973 2.658 3.19 0.040
Error 26 21.640 0.832

Tot al 29 29.613

S =0.9123 R Sg = 26.92% R-Sq(adj) = 18.49%

I ndi vi dual 95% Cls For Mean Based on
Pool ed St Dev

Level N Mean StDev --------- L Feeeiaaa - L +
Gl 3 0.5586 0.1272 (----mmmmm--- M )
@ 19 -0.2954 1.0545 (----*----- )
&3 5 0.2761 0.0782 (--------- Foeaia e )
4 3 1.2985 0.8855 (------------ R L )
--------- S
0.00 0.80 1.60 2.40

Pool ed StDev = 0.9123
One-way ANOVA: HCO3 tran versus Group

Source DF SS VS F P
Group 3 17.154 5.718 13.94 0.000
Error 26 10.668 0.410

Tot al 29 27.822

S =0.6406 R Sq = 61.66% R-Sq(adj) = 57.23%

I ndi vidual 95% Cls For Mean Based on

Pool ed St Dev
Level N Mean StDev ----- S Fome o o Fomo -
Gl 3 -0.7868 0.1031 (------ *oooaas )
(e2] 19 -0.2691 0.7561 (--*--)
(€] 5 1.4532 0.0712 (----- *aool)
e’} 3 1.1085 0.4105 (------- *o_oo- )
----- B T JE e e
-1.0 0.0 1.0 2.0

Pool ed St Dev = 0. 6406






