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EXECUTIVE SUMMARY

This report provides a summary of the research conducted by Edith Cowan University (ECU) in a research
collaboraton with Dampier Salt Ltd. (DSk)Quantification of the Bdiversity of the Lake MacLeod
Northern PondsThe research set out a number of projects that were to address knowledge gaps for the

system.
Hydrology and Sediments of permanent ponds

The Northern Ponds of Lake MacLeod represent a wetland system wherditnate and hydrology

permitthe establishment of permanent inland waters dominated by marine processes, and differentiated
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subjected to very lowelvels of precipitation, the surrounding catchments which drain into the basin

appear to have little influence on the composition of the habitats found within the ponds. In fact, because

of the rather constant supply of marine water and low rainfall, theng® resemble those of marine

systems in that biogenic processes are determining the benthic/biofilm habitat found in them.

Most of the ponds are relatively small lakes, wherégike production of calcium carbonates (mainly tests
of foraminifera, and a gen algaAcetabularid dominate biogenic sediments. The largest, Cygnet Pond,
has more terrigenic processes, characterised by higher levels of nutrients, potassium depletion, aragonite

muds and seagrass meadows, superimposed on these biogenic signatures.

These patterns of hydrology and sediment formation demonstrate the unique nature of the Northern
Ponds as permanent inland lakes embedded in an arid environment otherwise characteristic of an

evaporite system.
Microbial communities

Each of eight sizdifferentiated ponds studied contain unique assemblages of bacteria (benthic and
planktonic), and to a lesser degree, ciliates, and these differences could not be attributable to changes in
the measured environmental parameters nor immigration rates. This stggdmt either an
unaccountable variable, which is spatially independent but varies between ponds is driving these changes,
or that a neutral processes operating independently of immigration/dispersion is driving the separation
of the communities. Howeverthe benthic bacterial and ciliate communities appear to be highly
segregated in terms of taxa @mcurrences. These results suggest that populations of OTUs may be

opportunistically reacting to stochastic events, such as flogpdind temperature fluctuatins.

The ponds are primarily composed of marine taxa, as well as those from deep oceans, freshwater,
hypersaline and terrestrial ecosystems. Each pond assemblage appears to be on its own evolutionary

trajectory, with ecological drift likely playing a rdke structuring each community. The fact that each



pond contains unique microbial communities, not only highlights the conservation value of each pond,

but also provides information on the functioning of the system.
Invertebrates

Thirty-four macroinvertebrée families were found from littoral habitats at six vents in the Northern

Ponds. The assemblages were numerically dominated by amphipods and gastropods.

Invertebrate communities are different in the Chirrida and Cygnet systems. These differences @ relat
to different environmental conditions and the connectivity (or lack of it) within and between ponds found

in each systemNutrient levels in ponds are good determinants of invertebrate community structure.

Historical analysis shows that flooding in t@ygnet pond can temporarily change the invertebrate
assemblagelt also appears that nutrient levels have increasedthe Cygnet enda A y OS (G KS wmdodn Qa s
possibly associated with the 2000 flood.

Fish

The Northern Ponds have few species of fish, and thenalslege itelf seems largely unremarkable,
except for the broad range of habitats used by few species, their shear abundance and biomass available

for fish eating waterbirdsish speies recorded at Northern Ponds are shown below.

Common name Scientific nane Comments

Flagtailed (yellowtaill Amniataba caudavittata Abundant and ubiquitous

grunters

FewRay Craterocephalus pauciradiatu Abundant and ubiquitous

Hardyheads

Tilapia Oreochromisnossambicus Ubiquitous

Giant herring Elops hawaiensis Northeagern vents of Cygnet pond onh
Samullet Mugil cephalus Reported in the literaturegnconfirmed.
Sangled perch Leiopotherapon unicolor Reported in the literaturegnconfirmed.

Hood evensin the yeas 2000and 201011 have allowegopulations ofthe invasive cichlid fish tilapia
O. mossambicut enter and become established the Northern Ponds, now the species appears to
havea wide distribution and higlabundance throughout the Northern Ponds where they have a broad

habitat utilisation

This stidy aimed to quantify and describe the distribution and habitat use of the invagapa and
native fish species within th&lorthern Pnds, and determine if the invasive species is likely to be
competingdirectly for the same food resources and/or preitegy on native fish specie§he results
suggest thathese impacts appear unlikelgiven the abundance of different food items, and the non

selective nature of benthic feeding of both tilapia and grunters; the hardyheads may be protected from



competition due to their different size structure and pelagic feeding strategies. Even though no direct
effects of tilapia were observed on native fishetfeeding behaviours andomplexity of this system
demandfurther study to fully understand the effects tifapia on benthic and littoral habitatsn the

Northern Pondecosystem.
Shorebird Eeding

This study reveals the remarkable value that Lake MacLeod has as a feeding ground-tfoeetbng
migratory shorebirds. Although the study focused on two particulassit the Northern Ponds system
(Godwit Beach on Cygnet Pond and a spillsheet near Whistler Roisd)kely that other similar or better
feeding grounds may occur at Lake MacLeod, due to the complex heterogeneity of feeding habitat and
extensive mudfles, especially on the southastern side of Cygnet Pond. This valuable area supports high
numbers of shorebirds and is also an important fweeding foraging site for migratory and non
migratory species, as it is strategically situated between the soutlpart of the continent and the

northwest and its future protection is of high importance for shorebirds.

The maximum invertebrate prey densities at Lake MacLeod were found in the first 5 cm of the sediment,
indicating that food was always available forahto mediumsize shorebirds. Amphipods were the
primary benthic preyfor shorebirds at Lake MacLeod/ind played a major role in shorebird feeding
behaviour at Lake MacLeod, resulting in either the availability or exclusion of large areas of mudflats as

foraging habitat.

Migratory and resident shorebirds both achieved higher intake rates (energy/min) at Lake MacLeod than
at Dampier and Port Hedland. These differences appeared to be related to differences in prey density,
prey type and prey availabilit.ake MacLeotias highquality feeding habitat for small to mediusize
migratory shorebirds, enabling them, theoretically, to fulfil their daily energy requirements (theoretical
Daily Energy ExpenditurdDEE) both post and premigration. This finding exglarevious observations

of high concentrations of migratory shorebirds at the lake.
Mangroves

This study investigated the distribution and structurédomarinain relation to hydrological and sediment
conditions existing at the serarid, inland mangive system at Lake MaclLeod. In addition, the
productivity, wateruse efficiency and morphological traits of the mangroves growing in three different

hydrological regimes (inland, coastal and riverine) of the Gascoyne were compared.

The trees growing at ka MacLeod had intermediate levels of watese efficiency when compared to
the coastal sites. Even though the main water supply at Lake MacLeod is saline, it is the constant supply
of water that is influencing the watasse efficiency of these inland treeTrees with highest productivity
levels at Lake MacLeod were those growing close to permanent bodies of water, such as the ponds. These

results suggest that distance from a permanent water source, and not salinity, is the key factor driving
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short term ard longterm production of mangroves at Lake MacLeod and coastal locations. There are a
number of processes which influence water supply to plants in coastal, riverine and inland habitats.
Coastal habitats, and to a lesser degree the riverine habitat, elieeded regular inputs of seawater via

tidal movement, whilst the inland habitat at Lake MacLeod is delivered via seepage. However, the key
difference between inland and coastal systems is the constant supply of seawater at the inland system,

compared tothe irregular but greater supply of freshwater in coastal habitats.
Sedimentary record

The analysis of the two seagrass cores analysed here provide a record of the concentration and fluxes of
chemical elements and biogeochemical dynamics throughout the~B800 years in the Cygnet Pond.

The records show similar trends, with an abrupt increase in elemental concentration and decrease in
carbonate concentration since ~2@B0 years BP, consistent with the arrival of agriculture in the
catchment areas. The péd decrease in carbonate content and the increase in fine sediments during this

period are consistent with higher levels of terrestrial inputs.

Regime shift analysis revealed four distinct shifts in the composition of the cores. The first period, only
observed in one of the cores, represents the basin before it was disconnected from the Indian Ocean
around 5800 years BP. The second and third periods both represent changes from 5800 years BP to
approximately 1000 years BP, while the fourth period represenntemporary changes from 1000 years

BP to present day.

Major shifts in ecosystem dynamics linked to changes in sea level and climate can be distinguished in the
PCA analysis, and match the events hypothesised to have occurred during the evolutiorbasitnéy

Logan (198yand Shepherd (290). Recent increases in fine sediment content of the sediments, which
may explain the increase in chemical elements of the sediments, indicates increasedff fuom
surrounding catchments which may be caused by climatic changes and/or agricultese. rEisults add

to a growing body of literature demonstrating the role of sedimentary archives to reconstruct the
trajectories of anthropogenic pressures and structural changes on aquatic ecosystems, which can improve

management outcomes to better manageatogical change.
Synthesis; Sate of knowledge

This projecthas broadly enhanced our knowledge of the spatial coverage, temporal changes, habitat
descriptions and ecosystem functioning for the aquatic invertebrates, shorebirds, fish, mangroves,
littorial vegetation, microbial benthic biofilm and bacterioplankton components of the Lake MacLeod
Northern Ponds systemThere are however, areas whefierther knowledgeis needed Although not
directly quantified, ECU research at Lake MacLeod began after tbd #went of 2010, and the
subsequent boom and bust in productivity was noted by researchers. This cycle appears to be an
important process in the functioning of the system. Other knowledge gaps exist in understanding the

diversity and distributions of theextensive samphire communities, maeatgal communities and

Vi



microbial mats found in the extensive mudflat areas. All of these communities are likely to contain novel

taxa and contribute to the biodiversity value of Lake MacLeod.

The research has confirmethat the Northern Ponds of Lake Macleod representvetland system of

State, national and international significance for the following reasons:

1 important and highquality feeding grounds for small to mediusize migratory shorebirds both
post and premigrabn,

1 unique microbial and invertebrate assemblages in the permanent ponds themselves, and
evidence for ecological drift of these communities;

1 outstanding example of inland mangrove stands;

1 significant example divingand fossiimicrobialite communities

Together thesevalues indicatehat it would be appropriate fothe systemto be grantedfurther formal
recognition The Northern Ponds of Lake Macleod meatnyof the criteria required to be considered a

Wetland of International Importance under the Ram€onvention.
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SCIENTIFIC RESEARONDUCTED AT LAKEQMEOD

Despite the significant biological assets found at Lake MacLeod, information regarding the lake, and specifically
the ecology of the Northern Ponds, is vagé\part from the various publications and reports of Dr Brian Logan

on the geology and hydrology of the basin, there is minimal data available on the functioning of the basin as a
whole. Birds Australia have conducted extensive bird surveys near thaédorPonds, mostly from 1999 to

2006 as part of a monitoring program facilitated by Rio Tinto Dampier Salt Ltd. The redoridtz et al. (201D
highlights significant gaps in research and sets a framework for future research programs to align with current

knowledge.

Phillips et al(2005) recognised biological assets at Lake MacLeod to include: 1) aquatic invertebrates and
phytoplankton, 2) waterbirds, waders and shorebirds, 3) mangroves, 4) fish and 5) the unique salt marsh
habitats. Horwitz et al. (201psuggest another two other assets; the seagrass and algae that comprise aquatic
habitats and the cyanobacterial mats which are common on the mudflats. Hydrology, geomorphology and

climate are the drivers of the ecological character of the Northern Ponds.

The analysis done byorwitz et al. (201phighlights where knowledge gaps exist in our understanding of the
ecology of Lake M&eod. In particular, the gap analysis focused on the significant biological assets which make
the system uniquewhichare fundamental in its functioning and contribute to its conservation value. The gap
analysisought toprovide a framework taleterminewhere future research and management initiatives should

be directed. The analysis found that the hydrology, geomorphology, sediments/stratigraphy and climate are

relatively well researched for the vents and ponds.

In general, the ventsin CygnetPond &e§ 0 S&a0 GA&AGSR FyR &iidzRA SHorwizA (G Sa
et al. (2010 suggest that there is probably suffictdnformation at these sites to provide a historical context of

the fish, invertebrate, water chemistry, mangroves, and to a certain extent, shorebird communitigsstaace

they provide several reasons why continued research on the Northern Pondseassagythe recent flooding

event in 2000 was observed to have introduced novel fish species into the commugités have continued

to have some sort of impact on mangrove, riparian and littoral vegetasome sites have endured certain

levels of rgular human visitationand mcrobial communitiesemainpoorly known.

Adata auditlead Horwitz et al. 201Qp recommend that future studies should be designed to: 1) recognise and
characterise other significant biological assets, 2) conduct researaddress knowledge gaps and 3) to gain
the ability to understand and mitigate environmental risks. Furttieey recommendd a research framework

which covers four dimensions of the Northern Pond ecosystem:

1. Spatial coverageto understand the differencesdiween vents and ponds, and between ponds in the
system
2. Temporal coverage to understand and monitor environmental change, the influences of events like

flooding, processes like human interference, the effects of other identified risks

oA



3. Habitat structure ad mappingg to understand the distribution of communities and habitats
4. Ecosystem functiog to understand how drivers, such as geology and hydrology, determine ecological

processes like sedimentation, decomposition, productivity and respiration.

This repat provides a summary of the research conducted by Edith Cowan University (ECU) in a research
collaboration with Dampier Salt Ltd. (DSL) that emerged from this data audit (Table 2). Two main research

efforts were funded under the collaboration:

1. Quantifiation of the Biodiversity of the Lake MacLeod Northern Ponds and

2. Dampier Salt sites and ponds and their importance figratory and other shorebirds.

These two projects were initiated in 2010 and were finalised in 2016. Reporting for the latter projgciso
accomplished in a separate report titled Shorebird foraging ecology in northwestern Australia salt works
69a0GNBtftl SG Ffd wanmcoT AG AYyOfdzRSR +y Ay@SadGAaalraazy

Northwestern Australia.

As pat of the quantification of the biodiversity at Lake MacLeod, a number of research projects were funded,
including: (1)Temporal and spatial variation in aquatic invertebrate communitiésLure 201); (2) Influence

of hydrological and environmental conditions on mangrove vegetgbomham 201% (3) The potential effects

of the hvasive tilapia on the native fish assemblag€ameronrCaluori 201% (4) Smaliscale biogeographic
patterns of bathic bacterial and ciliate communitigkavazos 2006 As well as these projects, a humber of
additional projects were conducted on the microbial communities, spatial distribution of mudflat habitats and

sediment archive history.

The collaboration between Edith Cowan University and Dampier Salt Ltd. represents the first major scientific
program into the functioning of the Lake MacLeod basin since the work of Logan and Shepherd was conducted
Ay (KS no§ineamieé dndeftook a series of invertebrate investigations in the late 1990s. Although
NB&SINOK Ayid2 [+F1S al O] S2RQ4 O0A2RAGSNEAGE KIFIa 0SSy
Bertzeletos et al. (20)2Ellison (2008 Phillips et al. (2005), and Horwitz et al. (2010) for reviews of ecological
studies at Lake MacLeod), this collaboration marks the first time a major ecological study has been conducted

at the Northern Ponds, and addresses the knowledge gaps identifi¢dobyitz et al. (201 This report will

present an overview ofhe geomorphology, hydrology and ecological character of the Northern Ponds, as well

as summaries of the ECU research projects, before an update on the research gaps and areas for future work

are provided.



Tablel: A synthesis of @search gaps and risks and significant biological assets, organised according to the biotic and
abiotic characteristics of the Northern Ponds. Four overall dimensions of research (where red indicates high priority for
research, orange a medium priority faesearch and green a low priority for research). Ideally any proposal for research
should address high priority issues. Aftetorwitz et al. (2010.

Northern Ponds

Fields Spatial
Coverage

Habitat
Description

Temporal Ecosystem

Function

Aquatic Invertebrates

Invertebrate Fauna | Terrestrial
Invertebrates

Mammals

Terrestrial Birds
Waterbirds

Vertebrate Fauna -
Reptiles

Amphibians
Fish
Littoral vegetation

Biotic

Mangroves

Littoral Vegetation, | Riparian
Mangroves & Aquatic| Seagrass/macro algae

Habitats Diatoms/phytoplankton
Algae (mats & betnic)
Cyanobacterial mats

Fungi

Microbial -
Stromatolites

Cultural History

Social & Cultural N -
Significant sites

Physiochemistry

Water Quality Nutrients

lons

Vent systems

Surfacewater

Hydrology Aquifers
Sinks
Abiotic Floods

Geology

Geology Geomorphology

Sediments

Temperature

Rainfall

Climate
Cyclones

Evaporation




Table2: Summary of research projectsdertaken during the ECADSL collaboratiorat Lake MacLeod.

Project Level Personnel Data period Study Sites Data Collected
Aquatic Invertebrates Undergraduate ¢ Neisha McLure July 2011 2 KA adft S Invetebrate inventory of the littoal communities found in each of the sampled ponds
Honours Pierre Horwitz Rattlesnake
KathrynMcMahon Pond
bSAtQa 1
Second Vent
WYyl Qa
Goat Bay
Mangrove and littoral Postgraduate ¢ Natasha Dunham Feb & July GoatBay Mangrove dbstribution and the role of environmental factoirsfluencing their morphology
vegetation Masters Ray Froend 2012 2 KA &Gt S andphysiology
Kathryn McMahon bSAt Qa 1
Pierre Horwitz t SGiSQa
Fishassemblages Postgraduate ¢ Hannah Cameron 20122013 t SG45SQa&a 1 Distribution and size structure of each fish population. Feeding ecology and trophic
Masters Calouri I yYASQ& implications of the invasive tilapia.
Glenn Hyndes 2 KA&aGE S|
Pierre Horwitz I I NBASQ:
wrk 01 Qa
51 #S0a i
bSAt Qa 1
Wyl Qa
Microbial ecology Postgraduateg Christopher Kavazos 20122014 t SGSQa& 1 Spatial patterns and assembly processes of pond benthic bacteria and ailfateunities
PhD Megan Huggett lyyAsSoa
Ute Mueller 2 KAalt Sl
Pierre Horwitz I I NBASQ:
Donut Pond
Wy Qa
Cygnet Pond
Shorebird feeding ecology Postdoctorate Sora MarirEstrella 20132014 Godwit Beach  Feeding ecology and habitat use by shorebirds
Robert Davis 2 KAalt S
Pierre Horwitz
Habitat mapping Research Dave Blake 2014-2015 Northern Classification and distribution of habitatblorthern Ponds
Holly Winkle Ponds
Pierre Horwitz
Bacterioplankton ecology = Research Megan Huggett 20142015 t SG4SQ& 1 Composition, seasonal variation and origin of bacterioplankton
Christopher Kavazos I YYASQ& communities within ponds
Pierre Horwitz 2 KAaGE S
I F NBASQ:
Donut Pond
WYy Qa
Cygnet Pond
Seagrass sediment archive Research Oscar Serranras 2014 Cygnet Pond Analysis of the sediment archives collectedéagrass meadows

Pierre Horwitz
Christopher Kavazos




LAKE MACLEOD: AN RODUCTION

This section serves as the state of knowledge prior to the commencement of the current research programme,
starting in 2010. It draws extensively from the work of Logan (1987) and Shepherd (W88&s othewise

stated, the surce documentdor this sectiomre:

Logan, B. 1987The MacLeod evaporite basin, Western Australihe American Association of Petroleum

Geologists, Tuksa, Oklahoma

Shepherd, M. J. 199Blydrologic environments and sedimentation, 3tgBeepage Face, Lake MaclLeod,

Western AustralialJniversity of Western Australia

Lake MacLeod is a large inland saline lake located 20 km inland of the CarNamgatoo coastline in Western

Australia Figurel). The MacLeod labed is predominantly dry and covers an area of 2008 k@ kn# of which

is covered by numerous permanent bodies of brine. The brine bodies persist due to a-mwatareseepage

FIOS G(KIFG adzaidl Aya o NhweStermedde tedptene huge gaporatkeSoutfiolv.]D8eQ & v 2 NJ
to the continual seepage of marine water into the lake, Lake MacLeod contains areas of permanent saline
wetlands and uniqgue mangrove swamfidlison and Simmonds 200&nd it provides a major feeding habitat

for migratory birdgPhillips et al. 2003Bertzeletos et al. 2092

Western
Australia

Figurel: Locality map of the Lake MacLeod and brine bodies (blue) in Western Australia.

Brine seepage occurs along seepage faces, of which #éeifeve at Lake MacLeod, with four being activegan
1987) The Cygnet seepage face is the only one to discharge brine (originating from the Indian Ocean) freely to

the surface to form the extensive ponds and brine sheets that are characteristic afehé¢lLogan 1987)The



active part of the Cygnet seepage face covers 113 kums approximately 30 km along the nostrestern

barrier base and extends up to 5 km eastward towards the batgnior (Shepherd 1990)Theseepage facean

be divided into tvo distinct systems, the northern Cygnet seepage face, or the Chirrida System, and the southern
Cygnet seepage face, or the Cygnet Systeigufe2). The two systems are separated by an extension of the
impermeable coastal barriethat extends eastward into the basin, known as Sandy Bluff Sill. Seepage is
maintained by a hydrostatic head caused by the seepage points being up to 3.5m below semkkvely high

evaporation rates

Sandy Bluff Sill

120m

Harjie’s Pond

Jana's Vent Ibis Pond

Second Vent

Goat Bay

1.3km

Cygnet System

Lake MacLeod

Figure2: Locality map 6some of the pondsand vents, as well as somandmarks of Lake MacLeod.

In the Cygnet System, seawater is discharged at numerous points along the western edge, flowing directly into
Cygnet Pond and continuing southwards into Ibis Pond KA OK | INBy RE G f &di W NB NBIF £ f ¢
permanentsaltlaked { 2YS 2F G(KS fFNAHSN @Syidaz tA1S {SO2yR xSy
out of which waterflowsthrough channels into Cygnet Pond. Other vents, like those at Goat Bay, open directly

into the pond. Cygnet Pond is approximately 12%kmarea and has an average depth of 0.4ragan 198y

Brine flows soutkeastand over the soutkeastern pond margitnto Ibis Pond. Ibis Pond is the largest body of

water in the basin, with possible depths of 1.5m and a surface area between 32 and 26lépanding on

evapotransyration.

The Chirrida System contains eight main discrete ponds, with each pond having a large vent and numerous
smaller millimetre sized ven{Shepherd 1998 ¢ KS I NBSad 2F (GKSafoonmdng,Rasz | | N

whilst the smaller pods are less than 10m in diameter (sEgure3 for location and size of some of the



ponds). The ponds are mostly confined by mangrove roots and pneumatophores and accumulated sediment,
preventing water from spilling over the bkes. The ponds are shallow, rarely deeper than 1 m, and usually spill
out over the eastern edges to form spill sheets. These spill sheets are extremely shallow and cover extensive
cyanobacterial mats, which tend to flow soutiast, although they can be mode¢hroughout the basin by the

wind.

Figure 3: Map of the MacLeod basin showing the location of some of the ponds. Box A shows the location of the
Y2NIKSNY Y240 FAQGS LRYyRa 6KAOK AyOf dRSYRSG6DAc2EyDUoMAz o686
t2yR on0 FYR I FNBASQAE t2YyR o0p0U® .2E . &K2ga G(KS f20FGA2ya ;

This section will discuss the geological evolution of Lake MacLeod since the early Holocene and how its
development has resulted in the evaporite system that it is today. As the greatest biological assets are found at

the seepage faces, the different environments found there, and what defines them, will be introduced. Much of

the information on the Lake Maeod geology and hydrology has been producetidgan (198)as part of the

[F1S alO[ S2R wSaSIkNOK tNRBINIYIZ &dzZLILI2NISR o0& GKS ! yAL
Dampier Salt Ltd., the Australian Research Council, Texada Mines Pty. Ltd. and Logiden Pty. Ltd. The mechanisms
which sustain the input ofeawater into Lake MacLeod, as well as detailed information on the seepage face

environment, has been given bghepherd (1990



Geological formation and climatology

Geologicakvolution

Lake MacLeod (MacLeodd#d) lies in the Mdoeod Grabemehind the Quobba Barrier, which prevents the free

inflow of seawater from the Indian OcedRigure4). The basircurrently lies at 3 to 4m below selevel and,

because some parts of the barrier contain permeable roskawater seeps into the basin at a sufficiently high

volume to sustain a 2000khmarine evapoite system.However,the contemporary environment has evolved

from a marine system to the evaporite system it is today through a series of changes which h#yzaearly

Holocene.TheMacLeodbasin was opened along its southern perimeter during the Riegste marine phases

and early imo the Holocene, and was analogous to the modern Freycinet Basimd today in Shark Bayt

evolved into the modern evaporitgystem via gradual process of sill closure from encroachment of surrounding

dunes

The account ofogan (198)describes the evolution of the MacLeod basin during the Pleisticene and Holocene.
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event wil be given here. The Holocene transgression and closure of the Texada sill were important factors which

influenced the evolution of the modern day MacLeod Basin.
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Figure4: Locality map showing Shark Bay and MacLeod Basin onest Australian coast in relation to major barrier
ridges and drainage systems. During Quaternary maspteases, MacLeod Basin was a marine gulf connected southward

to Shark Bay. Aftetogan (198y



Priorto the Holocene transgressidq@900¢ 6500yearsBP) the basin floor lay between 10 and 12m below sea
level, andthe system was open to the Indian Ocean via Bine deepTexada silhlong its southern perimeter

From about 5800 YBP, seawater inflow over the Texada sill became restricted to a few narrow chanaets

of sedimentation and dune encroachmebgfore kecoming totally cuff by 5100yearsBP.During this period,

the seepage intake areas on the seaward face of the barrier were at maximum submergence, and there was
seawater dischargalongall the seepage face@Bejaling, Quobba, Cygnet Marsh, Gnaraloa &Warroora
seepage facesghortly after the closure of theeXada sill, baskwide cementation of the upper parts of the
sediment column from thecrystallisation of gypsum, lead to the development of an impermeable barrier, or
hydrosealwhichisolatedthe basinfrom surrounding aquifers. The formation of the hydroseal allowed for the
retention of high order, dense brines and saltds at this point that the MacLeod basin switched from a meta

halinemarine system to the evaporite environment it is today

However dropping sea levels and a rising sediment table continued to evolve the system over the next 5000
years.Particularly duringhe last 4000 years whesea leels dropped by approximately 2m, resultimgthe
reduction of seepagand extinction d many seepage faces. In particulaeepage fronthe Warroora face
stopped and Cygnet Marshad seepageeducel by half.Sedimentation processes thhegan filling the basin

with evaporative products from about 5800 YBRu%dthe basin floorto risefrom 10m below sea level tihe
present day levels of abo®m below sea level. The rise of the sediment surface had consequenceEepage
asbrine surfacesvere forced upwarddhydrostatic hed and inflow decreased arsgepage faces narrowed and

brine flow dropped as gradients droppesdischarge points were plugged by precipitated sediment.
Formation of themodern g/stem

The present basin system is seepage bab#tbw occurs along seepage faces, which represents an interface
across which there is potéal for seawater discharge and creation of water bodies on the basinal sitpese
seepage faces are tens to hundreds of kilometres long, and seawater inflow is driven by hydrostatic pressure
through the permeable Quobba barrier, which is maintainedtty huge evaporative loss of seawater that

occurs in the basin.

The modern system has a sedimentation surface found at roughly 4.3m below sea level, and therefore inflow is
driven by hydrostatic pressure through the barrier. Because the inflow volumenadl sompared to the
evaporative outflow, the brine surface is mostly suppressed below the sediment surface. These vast expanses
of permanently damp sediment, called majanna, characterise the modern MacLeod system. Where there is high,
localised brine inflw, particularlyat the Cygnet seepage face, permanent (and temporary) ponds have been
established. Brine outflows from the basin through brine sinks located along the hinterland (eastern) margin,

and it is thought that only 2% of the precipitated produate retained within the system.

There is potential for seawater inflow at all points in theesin which ardelow sea level, but delivery is focused

around seepage faces located at the barrier base. Tfasssare found at about 3.5m below sea levahdare



above the hydroseal. There are five segments to the seepage attheugh presently, only the Cygnet seepage

faceis activewhere inflow locally exceeds outflow and brine is freely discharged into the basin.
Cygnet marsh seepage face

Because the Cygt marsh is the region of Lake MacLeod that has the greatest biodiversity value, and is the

location of the studies being presented and discussed in this report, this discharge domain will be irdroduce

The other seepage faces, although they are actragsmit relatively small amounts of seawater into the basin,

which is all supressed into majanna. Cygnet marsh is the locus for the most seawater inflow into the basin, and

is the only location where permanent brine sheets form. The active face lies brt@end 3.5m below sea

f SPSt =z fiGK2dzAK SFENIASNI AYy GKS 12f20SySs GKS FF0OS 41 3
a 30km long sector of the Trealla Limestone which reaches 5m above sea level on the barrier sea face and dips

to 4m bdow sea level at Cygnet marsh.

Although there is continuous free discharge of brine along the Cygnet seepage face, brine tables are mostly
supressed between 10cm and 1m below the sediment surface. The sediments remain damp as there is
continuous flow viacapillary action which replaces evapoxatioses There is also free discharge from point
sources (vents) into depressions called ponds and channels. Vents can vary from being large, cavernous openings
that are meters in diameter, to small holes that amdy centimetres in diameter. In some vents, seawater flows

freely through thevents, but many have become dkexd with detritus and sediment, and have slow seepage

rates. These choked vents are distinguished asciugolar to circular mounds with up tarirelief. Seawater
continues to be released by these mounds and flows away in radial patterns intemotand depressions.

Larger, more active vents are usually surrounded by 1 to 2m deep ponds, which seawater often flows out of into
adjacent ponds or it spill sheets. The decreased evaporation rates in winter are reflected by the rise in the

brine table and growth of the brine sheets throughout the seepage face.
Climate

The MacLeod basin lies between°2Bid 26 south and lecause of the high solar radiah and the winds found
there, the region experiences um t2.6m of evaporation per yeawhich is 10 times greater than annual
precipitation. There is minimal surface water in such arid environments, and as a result, both marine and
terrestrial waters tendo be become concentrated and precipitate salts. Wind is the major energy source, in
that it promotes brines to flow throughout the basin, casséculation within the larger water bodies, generates
wave action causes deflation of sediment and is a miagontributor to evaporation. Evaporation ratesear
greatest in summer (10.0mm/day) and lowest during winter (4.2mm/de#lich have been attributed to the

southerly gale season experienced in summer and the low barometric pressures and northerly wiindsrin

The basin experiences prevailing southerly winds becafi#s location in the southeast tradewind belt. The
southerlies are distorted by strong sbaeezes during summer and by winds associated with depressions in the

southern Indian Ocean duringinter. The typical pattern is for south to southwest winds in the mornings with

10



stronger south to southeast winds in the afternoorserage wind velocities in summer are 26.6km/hour, with
mean maximum velocities of 113km/hour. In winter, mean wind @k are 16.5km/hour, with mean
maximum velocities of 102km/hou&imilar seasonal variations in rainfall are also g&égure5), although the
amounts and distribution of rainfall can be very erratic. Accordinggdgan (198), up to 50% of the annual
rainfall can be attributed to less &m 5% of the rainfall events. Similarly, wet years can have annual rainfalls up
to three times the annual average, and dry years can have annual rainfalls that are only a fraction of the average.
Nonetheless, mean monthly rainfall is highest in winter T&&n/month) and lowest in summemonths
(12.5mm/month).
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Figure5: Mean monthly rainfall (columns) and maximum temperature (line) for the period 198110 at Carnarvon Airport
weather station. Data retrieved from the Bureau of Meteology website.

Cyclones are characteristic of the region, although they rarely cross the coast south of Exmouth. However, even
though thecyclone systenmay not direcly cross over Lake MacLeod, thefgen bring heavy rains to river
catchments and subsegntly cause runofinto the basin Cyclones generally form between November and

April, and moving southwest to sou$outheast at 1G; 30km/hour. This results in strong north to northeast

winds with approach, followed by northwest to southwest winds as tlgclone moves down the coast. Wind
velocities range between 60 km/hour to more than 180 km/hour. They usually bring heavy rains, but some are
dry or only bring small amounts of raiburing the period 1990 to 2016, thefewvebeen at least 6 tropical
cydones to impact the Carnarvon/Gascoyne region. They include Cyclone Frank (1995), Cyclone Steve (2000),
Cyclone Alistair (2001), Cyclone Glenda (2006), Cyclone Nicholas (2008) and Cyclone Olwyn (2015). In addition,
the area can also be significant influedcby rainfall from tropical low events such as the system which caused
significant flooding during 2010uring floods, freshwater can enter the basin from the north east via the Lyndon
River and Cardabia Creek, from the east from the Minilya Rivtinathe south-east fromdigtributaries of the
Gascoyne River. Flooding from the Gascoyne River is infrequent, prolddatgadalevent, but it carcause the

lake to beextensively inundatedSuch events have occurred in 1960, 1961, 1980, 1995, 2000 and<840

11



Phillips et al. 2005 The Minilya River floods less than once every second (fadse et al. 20Q@Phillips et al.
2005.

ContemporarySeepageéEnvironment

The Cygnet Marsh is the primary poiof seawater inflow into the MaclLeod Basin, and the hydrology,
hydrochemistry and sedimentology of théswvironment has been described I8hepherd (1990 As stated
above, gawater enters the basin along the Cygnet seepage faitle the discharge environment being primarily
determined by thehydrologicbalance of inflow rate and evaporation rat8hepherd (1990defined two main
environmental units that occubecause either evaporative loss is greater rtheeawater inflow rhajana
environment), or seawater inflow is greater than evaporative |den¢ shet environmen). The majana
environmentcan then be divided into twsub-environments gypsite majana and carbonate majargimilarly

the brine sheet envonment can be divided into four sudnvironments the marginal sheets, ponds, deep
sheets and spill sheet#ccording to Shepherd (1990)aah of the environmental uniteasunique biological

communifesand habitat characteristicwhichdefinethe overdl ecology of Like MacLeod.
Brine sheet environment

The brine sheet environment is defined as any area along the seepage face which has a prevailing net positive
water balancgShepherd 1990 Brine sheets represent a variety of habitats, sorhe/leich arepermanent and

others whichare ephemeral. Similarly brine sheets can cover an area of tens of square kilometres and have
depths of over one meter, or can have surface areas less than a square meter and depths of only a single
centimetre. Thedatures of a brine sheet are determined by the inflow volume and local topogr&ftepherd

(1990 divided the brine sheet environment into two domajrtke discharge domain and the spillover domain.

In the discharge domain, theater bodies remain connected to the seepage point, whilst in the spillover domain,

the water body is derived from spillover of brine from the discharge domain.

The discharge domain contains the marginal sheet and pondesuttonments. The marginal shestb
environment are flat areas located at the highgstints of the seepage facand are usually covered by a1

10cm deep brine sheet. They are formed by the discharge from small vents and brine seepage from the
sediment, and because they lie on flat s, they are relatively immobile. They are usually found bordering
the barrier side of the ponds. Ponds, on the other hand, lie in deep depressions and are the resulitefriong

net positive water balance. Highmounts of seepage usually occtiwrough the vents, and is balanced by
evaporative loss and spillover lo§$he ponds are often greater than one meter deep, but usually deeper than
50cm.The ponds are usually located down slope of the marginal sheets, but above the spillover and majana

environmens.

In the spillover domain, there are the deep sheet and spill sheetesubonments. The deep sheets are
expansive, partially confined depressions that are between 20cm and 50cm deep. There is no free discharge

directly into these ponds, and inflow isom spillover from the topographically higher ponds and marginal
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