Determining environmental risks
to Ewens Ponds the South East

Rigosi, A., Liu, Y, Shanafield, M., Brookes, J.D.,

Goyder Institute for Water Research
Technical Report Series Nb5/19

INSTITUTE

$ FOR WATER RESEARCH

il GOYDER
!!!

www.goyderinstitute.org



i GO DER
g||\|v§ TE

FOR WATER RESEARCH

Goyder Institute for Water Research Technical Report Series ISSNt83932725

The Goyder Institutéor Water Researcis apartnershipetween the South Austratia

Government through the Department of Environment, Water and Natural Res@Bte©,

Flinders University, the University of Adelaide and the University of South Austidl&.

I nstitute wild/| enhance the South Australian
sciencebased policy solutions in water management. It brings togetheesthadentists and
researchers across Australia to provide expert and independent scientific advice to inform

good government water policy and identify future threats and opportunities to water security.

© U &

S AR THE UNIVERSITY -
OV SULR AUSITAIS University of i
ADELAIDE rora  Flinders

South Australia UNIVERSITY

AAAAAAAAAAAAAAAAAA

Department of Environment,
Water and Natural Resources

Enquires should be addressed taGoyderlInstitute for Water Research
Level 1, Torrens Building
220 Victoria Square, Adelaide, SA, 5000
tel: 08-8303 8952
e-mail: enquiries@goyderinstitute.org

Citation

Rigosi, A., Liu, Y, Shanafield, MBrookes, J.D.2015, Determining environmental risks to
Ewens Pondm the South EasGoyder Institute for Water Researthchnical Report Series
No. 15/19 Adelaide, South Australia

Copyright

© 2015Adelaide UniversityTo the extent permitted by law, all rights are reserved and no
part of this publication aeered by copyright may be reproduced or copied in any form or by
any means except with the written permissioAd¢laide University

Disclaimer

The Participants advise that the information contained in this publication comprises general
statements basexh scientific research and does not warrant or represent the completeness of
any information or material in this publication.



Table of Contents

LISt Of FIQUIES......ueiiiiiiiiieiiieie ettt ee e nnennnnneneeees B
[ 0 1= 1o = PSP PPPPPPPPPUPPPPPPPRY” |
EXECULIVE SUMIMAKY. .. ittt i i et eeee ettt s s e e e e e e e e amnms e e e e eeas 6
ACKNOWIEUGEMENLS. ...t e et eeet b e e e e e ettt e e e e e e e ammr e e e e e e e aeeeens 8
IO 70T [T 1T o TP 9
Y2 Y11 Lo Lo LT PP PUUUPPPPPPP 10
2.1 STUAY SITE....etiiiiiiei ettt 11
2.2 Water and nutrient balanCes............ooooiiiiiiiicer e 13
2.2.1 Sample collection and analysSis..............oovvviiiiieee e 13
2.2.2 Water budget, nutrient budget and groundwater dating...................eeeeeunnee 14
2.2.3 Sediment oxygen demand and sediment nutrient fluxes...................ceeee... 15

2.4 Modelling changes in the ecosystem conditions................oovvvieeeeieeeeeeeeeceeeeiiin 15
2.4.1 Phytoplankton growth under different nutrient conditions, bioassays........ 15
2.4.2 Phytoplankton growth model in Ewens Pands..............cceevviieemniiiviinnnnnne. 16

2.5 Light climate for macrophyte growthi............oovivmiiiiiie e 19
2.5.1 Photosynthetic activity at different light conditions, field expent................ 19
2.5.2 Assessing risk related to epiphytic growth.............ccceeveiiieeviiiiiiiiiiiiieeeee, 19

2.6 Nutrient data base for South East Australian Wetlands...............cccccveeevvvvenneen. 20

G T =2 1 5P 20
3.1 Water and nutriefiiialance, groundwater dating............ccooovviiiiiicce e 20
3.1.2 Sediment oxygen demand and sediment nutrient fluxes...................oeeee... 24

3.2 Modelling changes in the ecosystem conditions...............oovvvvimmeeeeeieeeeeeeeeennnns 26
3.2.1 Phytoplankton growth under different nutrient conditions, bioassays........ 26
3.2.2 Phytoplankton growth model in Ewens Pands...............ccooovvieeeiiieieee e, 28

3.3 Light climate for macrophyte growWthi............ceeeviiiiiiiieemiieeeeee e 30
3.3.1 Photosynthetic activity at different light conditions, field expent................ 30
3.3.2 Assessing risk related to epiphytic growth.............cccceeeiiiiecceviiiiccceeee e, 32

3.4 Nutrients in wetlands in the South East...........cccooiiiiiiiieeciici e, 33
I 1S o 1 1S3 o P 36
I 0T [od (1] o] o 13RS 39

Appendix A. Collated data base on TP and TN concentration in the South East wetkihds.
] (=] €= o= PSR 45



List of Figures

Figure 1. Risk assessment approach including experiments and modelling; numbers refers to
the method sections Of thiS rEPOLt...........iiiii e 10

Figure 2. On the left: location and map of Ewens Ponds, modified from Grandfield, 1984. On
the right: locations of bores, flow meter and surface water sampling points at Ewend Ponds.
Figure 3. Total Phosphorus and Orthophosphate fluxes estimated for different cores collected
N EWENS PONUS.. ..ottt eeee bttt et e e e e seet ettt et e e e e e e e e e e e e s e e s s s ammmeeeeeaeesseannnnns 26

Figure 4. a) Chlorophyda content and b) cell number at the end of the incubation

experiments in samples with addition of excess of phosphorus (P), nitrogen (N) and both
(P+N). Bas are standard deviations, columns labelled with different letters are significantly

(o (=T =T 0 0 001501 ) TSR 27

Figure 5. Relationshipetween growth rates calculated from chloroplaytiontent and initial
phosphate concentrations for samples treated with different phosphate additions, bars are
standard deviations. The curve is the Monod function fit to the.data....................cc.... 27

Figure 6. Relationship between growth rates calculated from cell number and initial
phosphate concentrations for samples treated with different phesglditions, bars are

standard deviations. The curve is the Monod function fit to the.data............c.....oo.o.... 28
Figure 7. Submerged domes deployniarEwens Ponds for the photosynthetic activity
F o XoY SEoToy 1 115110 30

Figure 8. Dissolved oxygen concentration recorded at each of the submerged domes during
the macrophyte photosynthetic activity experiment from tHeJam 2015t 12:30 to the Zi

= G T PP 31
Figure 9. Relationship between light intensity and hourly net primary production of
macrophytesUnits of primary productivity are milligrams of oxygen per hour per gram of

dry weight. Bars represent standard deviations calculated using data from the threeBdomes.
Figure 10. Epiphytic algal concentration at initial conditions and at the end of the 28 days
incubation with no treatment or with nutrient addition (constant release of fertilizer). Bars are
standard deviations, cofins labelled with different letters are significantly different

(R 001 T PP SOPPPRR 32
Figure 11. Relationship between increase in epiphgi@diss and changes in light

LTI 0 01 ESTSY (o o T PP PPPPPRRRPPRR 33
Figure 12. Map of the total nitrogen (TN mg/L) and total phosphorus (TP mg/L) 8otiié

East wetlands and drainS...........ooeeeeeiiiiiiiie e rres e enenannes 34
Figure 13. Map of TN/TP ratio in the South East region and TN/TP ratios values represented
as function of distance from Ewens Ponds (TN/TP=420).............covvvviiiiiccreeeeeeennnnnnns 35

List of Tables

Table 1. Names and locations of therds sampled in proximity to Ewens Ponds, see also
FIQUIE 2 ettt et a e e e e e aaan 13

Table 2. Dilution rates and correspondent residence times andattopsed in the modell8
Table 3. References for Chlorophglland total phosphorus relationships. Units, equations

AN FArE PIrOVIERO..........evieeeeeeeeece s ettt es et eees s e s st et s rmnme e seeeeeeees 18
Table 4. Ewens Ponds water balance and nutrient balance. Groundwater inflow form Pond 2
WAS NEQGIGIDIE. ... et e e e e e e e eree e e e e e e e e e e e e e s 21

Table 5. (A) Nutrient concentrations: Average concentration and standard error deviation (+
SE) of 6 to 9 replicate samples for: the three Ponds (EWends); groundwater samples
collected by divers at the bubbling points indicating groundwater discharge in Ponds 1 and 2



|
F

(Groundwater); average concentration of water sampled at observation wells MAC045 and
MACQ094 in the unconfined aquifer (Bores). (Bjetnical analyses from selected observation
wells within 2km from the ponds in the unconfined aquifer...............cccooeeveeeeeicceeeenn. 23
Table 6. Groundwatetating results: 1GW, 2GW, 3GW are the samples collected where
water was observed bubbling into Ponds 1, 2, and 3 respectively. OUTF1, OUTF2, and
OUTEF3 are the samples collected between Ponds 1 & 2, Ponds 2 & 3, and at the outflow of
Pond 3. MAC45 and MAC®are the samples collected from bores..........ccccoeeeeieeeeeenee. 24
Table 7.Initial and final dissolved oxygen (DO) concentrations measured on the ogerlyin
water of the incubated cores. DO final 24h is showed only for cores for which continuous
data Were COIRCIEA. ... ...t eeeeeees 25
Table 8. Model esults summary. Phytoplankton biomass required to create conditions
satisfying modelled macrophyte light requirement scenarios. Limit 1 is sufficient to maintain
present light conditions while Limit 2 would decrease macrophyte depth of colonization by 1
m. TP is the total phosphorus anis the phytoplankton growth rate (d8y...................... 29
Table 9. Collated data set: site name, locatjears when sampling was conducted, average
total nitrogen and total phosphorus values and TN/TP ratiQ...........cccccceeivicmeeeeennnnnn. 41



Executive Summary

EwensPonds, located irthe South East douth Australia, arexceptionally clear
water wetlands dominatdxy macrophyteswhich provide criticahabitatfor protected
aguatic specieEnvironment Australia, 2001, National Parks and Wigd#A, 1999)
including the critically endangered Glenelg Spiny Crayftshastacus bispinosus

Regional changes in land use from native vegetation to pashdelteration of the
hydrology due to increased watettraction decreasdthe quantity and qualitgf
groundwateflowing into EwensPonds Episodic occuenceof cyanobacterial blooms
(Carmody, 200band epiphytic algal growth are initial warning signalsleferiorating water
quality. Similar freshwater ecosystems have responded in a drastic way to increasing
nutrients shiftig from a cleawater macrophytelomnated statéo a phytoplankton
dominated statewith concomitanteduction inecosystenmealth(lbelings et al., 2007,
Sheffer and van Nes, 2007, Bayley and Prather, 2003, Carptiale 2011, Scheffer and
Carpenter, 2003)

There is increasing concern thpatagic and epiphytiphytoplankton might
outcompete macrophytes in Ewens Ponds causing habitat degradation and loss of endangered
speciesThe uniqueness of the ponds and their regional and global impoa@np®tivators
for their protection and the maertance of suitable water quality and flow.

The aims of this project were: a)develop a water budget for the ponds and use this
hydrological assessment with nutrient concentrations to quantify nutrient;ibpts
evaluate how changes in nutrients #od/ regimesaffect algal growth and dilution to
modify thelight availability forrootedmacrophyts.

Thedominantflow andsource ohutriens was the groundwatemteringPond 1
(~0.84m>s™*) with asecond inpubf groundwater enterinip Pond 3(~0.36m>s™). The total
volume of the pond&asreplaced impproximately0.5 h. This rapidflow andshortwater
residence time ailéely to bethe most important factors controlling theytoplankton
growth and water clarityl' he flow recorded was abohkilf of thatnotedin 1979(Grandfield
and Ashman, 1984The age of the wat@antering the ponds was determined by analysis of
CFCsat the groundwatenflow. It is estimated that this water entered the aquifer from
rainfall betweerll977 and 1988ndicating the travel time in the aquifer from the recharge
zone to the ponds 26-37 yearon averageRelatingaquifer residence timeith the
Australian ertilization trendver recentlecadesvould indicatethat a spiken nutriens
entering the Pondwmight be observethetweer2026and2037.

Nitrogen ishighly mobile in the groundwater but phosphosignificantly less mobile
in the karst soils typicalfdhe Limestone Coasthe ecaystemwasclearlyphosphorus
limited with total nitrogentotal phosphorusIiN:TP) ratio >400 anchigh TN concentration
comprised predominatebyf nitrate(5.8 + 0.5 mg LY). This was confirmed by bioassay
experiments whersitrogen addition did not stimulate phytoplankton growth but phosphorus
addition releved the Fimitation and stimulated phytoplankton growth.

A phytoplanktongrowth and dilution modebas developed tassess how nutrients,
flow and growth rate would afte phytoplankton pelagic gratvand thedegree othading
thiswould represenfor rootedmacrophyts. A TP concentratior» 0.02mg L*would be
sufficiert to supporipelagicalgal growthup to 5.5ug Chorophylka L in 20 days at
relatively high growth rates (0.7 d8y This would increase light attenuation and restrict
macrophytealistribution toabout 1 ndepth However the growth of the phytoplankton
population is offset by théilution from the high groundwat@nputs. For large populations
of pelagicalgaeto eventuatatabovementionedP levekthe flow rate would need toe
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reducel considerablyln particularresidence tim&ould have tancreasefrom current % h
to 14 hconsidering as initial conditiortee existing algal inoculum (~100 cefts.™) or to 12
h with an inoculum of 1000 celtsL™ (~0.135 pg Chla I).

An additional riskko macrophyte growtlwvould bethe expansion of epiphytic
phytoplanktonField experiments wereoaducted to estimate maptoyteprimary
productivity at different light intensitiedlet primary productivity omacrophyte displayed
considerable light limitatioat a light intensityf 75 pmol photonsm? s* showing that their
development will be highly compromised at lower light conditidiee growthof epiphytic
algae accelerateavhen P wasrtificially added to experimental samples

A database afiutrient concentrations &outh East wetlands was collated
determinghe relative risk to these wetlands gidceEwens Ponds into a regional context.
In 85% of the wetlands considered, TN concentrattesgreater thathe 1 mg/L threshold
guideline valugAustralian and New Zealand Environment and Conservation Council) 2000
revealing effect®of extensiveagriculture and farmingl'he area close to Ewens Ponds is
characterized by wetlands that &kely to beP-limited. Approximately28% ofall the sites
consideredn the databaseere P limitedvhile 30% were N limited. Theemainingsites
were not limited by either of the nutrients.

Conservation planning for Ewens Ponds should focus on maintaining high flow and
limiting phosphorus inputs.
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1. Introduction

Freshwater ecosysternan repondto changing conditions in very drastic and
discontinuous wag in particularwhenthey havedw resilience andvhenexternal conditions
approach a critical levéScheffer and Carmger, 2003. A shift from clearwater,
macrophytedlominated systems to phytoplankton dominated systems has been observed
lakes astrient concentrationsave increaseflbelings et al., 2007, Carpenter et al., 2011,
Scheffer and Carpenter, 2003his shift implies doss of the macrophyte communapda
decrease in water qualityith consequentamage othe ecosystem functicas habitat for
vulnerabé species.

EwensPond, located in South Australia, aaeclearwater, macrophyte dominated
ecosystem of nationally recognized importa€evironment Australia, 20Qkupporting
endemic andhreatenecquaticspeciesuchasEwens pygmy perchiNannoperca variega)a
River blackfish Gadopsis marmoratysGlenelg Spiny CrayfishrHuastacus bispinosys
Burrowing crayfish Engaeus strictifronsand Freshwater crayfiskgocharax sp (National
Parks and WildlifeSA, 1999) The system is experiencing severe anthropogenic pressure due
to changes in land use in the surrounding lands and increase of water extraction for
agricultural purposefecent observations of algal bloog@armody, 200band increases in
nitrogen concentrati@indicate that the ecosystem is highly vulnerable and might be at risk
of undergoing a regime shiibward aphytoplankton dominated state

The hydrology of thé&outh-Eastin South Australia has been extensively modified by
a combination of drainage schemes, land clearance and water extraction. Extraction of
groundwater acrodbe region for industry and agriculture is thought to have resulted in a
decline in groundwater discharge rates thraugthe wetland complessin the Lower
Limestone Coast ard&outh Est Natural Resources Management Board, 2013
Additionally, contamination of the unconfingdoundwater aquifer by point and diffuse
pollution sources in the region has been recogr{iietumett and Telfer, 199&nd an
increase in nitrat&oncentrationdias been observed over the last decaagsublished data,
Department of Environment Water and Natural Resources, DEWNR)

With the predominant land use in the surrounding region changing from native tea
tree scrub to livestocidairy and bee€attle and sheep) grazing pastlEeensPond has
experiencedecline in boththe quality and quantity oflischarging spring water in the past
four decades (unpublished data, EPA SA). Several episodes of cyanobacterial blooms were
repoted in the summer of 2004/05 and in the gedirdrought 2005/06Carmody, 2006
Growth of epiphyic and filamentousilgae has been observed on the sloping banks of the
threePond and on the aquatic vegetatsuch asTriglochin procea.

Modification of the hydrology and nutrient dynamiwssraisedconceris that a
combination ofdecreaseflow andincreasd in nutrientsin EwensPond mightinduce a
shift from a cleafwvater and macrophytes dominated statettolaid phytoplankton
dominated statavhich has beepreviouslyobserved in many wetlands and shallow lakes
(Ibelings et al., 2007, Sheffer and van Nes, 2007, Bayley and Prather, 2003)

The hypothesis is that increasing nutrient concentrations will favour phytoplankton
growth and consequently decreasing light availability to the sediroeted macrophytest
is critical to detemine the level of risk associated to given conditions of nutrient enrichment
and flow regime in order to be able to plan effective amelioration strategies and prevent a
regime shiffrom amacroplyte dominated system to a phytoplankton dominated system
value and unigueness of the clear water Ewens Ponds for critical habitheantstanding

9
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recreationakxperience that they offeemands they be conserved and preserved. It is critical
to avoid the combination of events that could leaddatastrophic shift of the ecosystem
with no possible return to the previous statela degradation of this environmental asset

The aimsof this project wer¢o characterize thieydrology, hydrodynamics and
biogeochemistrpf Ewens pondto identifythe nutrient thresholslithat will limit
phytoplankton growth and maintdiine water claritynecessary fomacrophytesThegrowth
of phytoplankton communities a function of nutrienandlight availability. Howeverin
small lakes such as EweRsnd washoutof the populatiortan be a major determinant of the
size of the resident community.

In this studywaterand nutrient balansavere constructed from flow and nutrient
concentrationsA growth and dilution model was developed to predict the size of the
phytoplankton population and how this influendeght availability for macrophytegrowing
on the sedimenA preliminary evaluation athe light requirements ehacrophytesvas
made with chambers measuring plphbtosynthesig-inally, a database on nutrient
concentration in Soutkast wetlands was compileddesess regional nutrieveriability.

2. Methods

A combination of monitoring, laboratory and field experimeatsl modelling was
adopted in this study to characterize the envinental risk Figurel).

2.6 NUTRIENT DATA BASE
FOR S5OUTH EAST

WETLANDS

[ 2.2.2 WATER BUDGET ] [ 2.2.2 NUTRIENT BUDGET }\
2.2.3 Sediment Oxygen Demand
2.2.2 Groundwater dating Sediment Nutrient Fluxes

[ NUTRIENT THRESHOLD ]

Total Phosphorus

FLOW LIMITATION ﬁ
Phytoplankton growth and Total Phosphorus _
dilution model necessary for growth 2.4.1 BIOASSAYS

EN |

Vertical light attenuation
by phytoplankton

Phytoplankton
Chlorophyll-a
concentration

2.5 LIGHT CLIMATE FOR MACROPHYTE
GROWTH

Photosynthetic activity
LIGHT THRESHOLD Epiphytic growth risk
for macrophyte growth g g

Figure 1. Risk assessment approach including experiments and modelling; numbers refers to timethod
sections of this report.
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The hydrology of the system atftk nutrient inputsvere assessda/ the
development ofvater and nutrient budgefurtherinformationrelated to thdawydrology was
obtainedthroughgroundwater dating. dditionally, sedimenincubation experimestvere
set up to evaluate possible internal inputs of nutrients (Section 2.2.3). Phytoplankton
incubatons (bioassays) at different nutrient levels allowed estimating nutrients limitation for
pelagic algal growth (Section 2.4.1). A phytoplankton growth and dilution model allowed
assessing conditions of flow and nutrients at which algal growth will shadephates
reducing their depth of colonization (Section 2.4.2). Moreover, experiments were conducted
to evaluatehanges imacrophyte photosynthetic activity at different light conditions and to
evaluate the risk associated to epiphytic algal growth (@e2tb).

2.1 Study site

EwensPond are located in the Lower Limestone Coast of Séuttralia
approximately 3&m south of Mt Gambie(Figure2). Theyconsist otthreekarst wetlands
connected by channels tHaedinto Eight Mile Creek discharging to the sgaproximately
2.5km downstreamEwensPond ecosystem idependent upoanderground water sourced
from two distinctaquifers: the upper unconfined Tertidiynestone Aquifer and the lower
Tertiary Confined Sand AquifewWater carbe observed bubbling into the®dsthroughthe
bottom sediments. The threerRIs(Ponds 1, 2 and 3jave depths of about 11, 6 and 9 m
respectivelyand volumes of approximately @80, 11000, and 4400°tGrandfield and
Ashman, 198Y1 EwensPond are recognised and afforded particular protection under the
Lower Limestone Coast Water Allocation Plan together with two adjacent karst wetlands
systems: Piccaninni2ond and Crescerfond(South East Natural Resources Management
Board, 2013 Both Ewens and Piccaninrf®nds are listed on the Register of the National
Estate for their biologicalignificance(Environment Australia, 20Q1PiccaninniePond was
included on the Ramsar List of Wetlands of International Importance B Z0& unique
feature of Ewen®ond supports several vulnerable and endangeredespafcaquatic fauna
and flora(National Parks and Wildlife SA, 1999)

11
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Figure 2. On the left: location and map of Ewend?onds, modified from Grandfield, 1984. On the right: locations of bores, flow meter and surface water sampling
points at EwensPonds.
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2.2Water and nutrient balances
2.2.1 Sample collection arahalysis

Regular nonitoringoccuredfrom May 2014 to January 2015, (May, July,
September, December, and January). Flow measurememtsaken at the outflow of each
Pond at the start of the study period using a StreamPro (Teledyne RDI; Poway, Cajifornia
anAcoustic Doppler Current Profiler (ADCP) downward mounted on a floating platform
with the capability of recording crosectional velocity and depth transects. A salinity probe
(TROLL loggers, InSitu, Fort Collins, Colorado) was deploydeach Bnd at a depth of 2
m on chains attached to buoys amdthe channel downstream oéidl 3, and recorded data
every 30 minutes. Barometric pressure probes (transducers) were installed at the outflow of
Pond 3 to monitor changes in water level.

A flow meter utrasonic Doppler (Starflow, Flow Recorder Model 6526) was
deployed at the outflow dfond 3and recorded flow velocity eveB0 min Figure2). There
was no direct stiace water inflow evideniThermistors were deployed initially in each of the
Ponds and later at different depthdPond 3 to detect differences in temperature between the
Ponds and in the water column.

Water samples were collected ipelically at each ofhe three Bnds (surface and 4 m
depth) and from two bores ypadient of the Ewens Ponds in the unconfined aquif
Groundwater samples in therds were collected in May 2014 andlanuary 2015. Samples
from additional boresT@ablel, Figure2) were taken at the end of September 2014 after
rainfall event. Water samples were analysed by the accredited Environmental Analysis
Laboratory (Southern Cross University) using standard me{AdeldA, 2005) Total
Nitrogen (TN),total phosphorugTP), nitrate (NQ), nitrite (NG,), phosphate (P£)and
ammonia (NH) were determined.

Table 1. Names and locations of the bores sampled in proximity to Eweonds, see alsé&igure 2.

Obswell n./Name Loc. Easting Loc. Northing
MAC 045 479734.8 5791715.36
MAC 093/094 481609 5791307
MAC 030 481375.79 5791393.42
CAR 004 484079.81 5792195.38
MACO025iEar | 6 s ¢ a\V 479743.78 5792479.41

To test differences betweentrient concentrationmeasured in differefRond we
conducted ongvay analysis of variand&NOVA) with IBM SPSS softwareAnalysis of
variance igobust to departures from normality, although the data should be symmetric, so
the groups should come from populations with equal variances. Toisessshmption, the
Levene$homogeneityof-variance test was used. Tukémosthoctest was used to
determine sources of significant differences between parameters. For all gnalaiss
less than 0.05 indicated significant differences. When the homogeneityiance
assumption was violated, arteahative non parametritest was used, the Friedman test. If
significance values resulting from the Friedman test are lower than 0.05 then there is an
overall statistically significant difference between the mean ranks of the related groups.

13



2.2.2 Wateibudget, nutrient budget and groundwater dating

Thewaterbudget was calculatday adopting the mass balance approactounting
for the major inputs and outpuis.g. Owen, 1995, Yin and Nicholson, 1998, Windolf et al.,
1996)

V() T V(t-1) = SI(t)+GI(t)+P(DE(t)-GO(t)-SO(t)
whereV(t) is the lake volume at time t, Sl is surface inflow, Gl is groundwater inflow, P is
precipitation, E is evaporation, GO is groundwater outflow and SO is surface outflow.

Meteorological data used were from the Mount Gambier station (Bureau of
Meteorobgy, Australian Government).ufflow data were btained by Doppler measurement
of flow. Daily budges were calculated for each sampling dasesnapshots for different
seasond.oss of water from the ponds to the groundwetemknown and it was assumed t
be negligible, given the high flow of groundwater into Beads. Additional assumptions
were that V(tJ V(t-1) =0 is valid for theshort time period modelled hei®l(Pondl) is
equalto zero, SI(Pond2) =SO(Pond1) and SI(Pond3)=SO(Pporici2s unknow
groundwater inflows can be estimated.

The nutrient budget was calculated followiNgges et al. (1998where the net
budget issum ofthe internal and external budget:

'O~(b(‘) QIOHEINO MO Qi & A NOMQT o REMT QDR ¢ 6 & QO ¥ Q& € U
VEOQHAOQDNAD zw 06 Zw
where G is concentration at time 1 and is volume at timel.

EwensPondas is a well oxygenatedigh flow system and dominated by groundwater
input which enabled twassumptionso be made when calculating the nutrient budDete
to the low retention timand oxygenatiotthe internahutrient loadat daily timescale was
assumedo be zero, so the nettrient inputis equal to thexternalnutrient input The
atmospheric contribution is considered negligible and the rivedntibutionwas zero for
Pondl and equal to the outflow of the precedi®andfor Pords 2 and 3. The net budget is
calculated using groundwater flows estimdiedn the water budget. The mean nutrient
concentration observed in tR®nd was used for the nutrient budget as, due to the high
groundwateflow and mixing it was the most representative of the daily inQuittflow
nutrient concentration, considering the low water retention time of the Ponds, was assumed to
be the same as that measured in Pond 3.

Water age was estimatég analysingChlorofluorocarbon$CFCs) and slphur
hexafluoride (SE), two environmentatracers commonly used to determine water ages of
between 1 and 100 years ¢Rlusenberg and Plummer, 1992, Cook et al., 1995)Cs are
stable, synthetic compounds that have been released into the atmosphere since the 1930s, and
for which the atmosphigr mixing ratios have been reconstructed over the past 50 years. SF
is an anthropogenic and naturally occurring compound that has been released into the
at mospher e by hurBusesbergand Blenmerh208He ate@s@hsric
concentration of & unlike CFCs, is expected to continue increasing over time. Water
carries smalamounts of these gases, which can be extracted to determine the edimeated
from whenthe water entered the aquif&amples were collected for CFCs and ®Rere
water was observed to kdeschargingnto Pond 1, 2, and 3 from the groundwater, in the
channel betweeRond 1 & 2, betweeond 2 & 3, and at the outflow frofond3. Within
thePonds, the samples were collected by opening the glass sample bottles under water at the

14
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desired location, then evacuagithe bottle using nylon tubing connected to a glass syringe to
obtain a clean sample. Samples were also collected at groundwater bores MAC45 and
MAC94, using a submersible pump connected to nylon tubing. Bore water was pumped into a
chamber at the surfacontaining the sample bottle, allowed to continuously overflow the

bottle until a clean sample was obtained, and capped under water. Samples were collected
between 26 and 30 May 2014 and analysed at GNS Science (Lower Hutt, New Zealand)
using Gas Chromagraphy wih Electron Capture Detection.

2.2.3 &diment oxygen demand and sediment nutrient fluxes

Sediment oxygen demaii80OD)and sediment nutrient fluxes were determiteed
evaluate what could be the effect of nutrient release if leereasg andsedimenwvould be
anoxic Sediment cores were collected on the 29 of May 201R0Ad1 three replicates at 4
m depth and two at deeper levels (8 m) were collecte@oAt2 two replicates were
collected at 4m depth and two at 4.5 m deptiPénd3 two replicate at 4m depth and two at
deeper levels (4.5 and 8m) were collected. Intact sediment cores were collected using
cylindrical chambers with an internal diameter of 5.8 cm. Unsealed cores were attached to a
pole and pushed 106 cm into the sedient, sealed and extracted. Cores deeper than 4 m
were collected manually by divers. Cores were then sealed and transported to the laboratory
for incubationin the dark at 25°C tdetermine sediment oxygen demand.

Additional sediment samples were collettn the 21anuary 2015 &ond1, three
replicates at 4 m and 8 m depth to determine TP concentration in soil. Samples were analysed
by Environmental Analysis Laboratory at Southern Cross &sity using standard methods
(APHA, 2005)

Incubations were initialized replacitige original overlying waterin the coresvith
EwensPond surface water. One carentaining only water was used as control. Cores were
sealed and placed in dark at 20°C; overlying water was mixed through magnetic stirrers as in
Brookes (2008and dissolved oxygefDO) wasmeasurd every 30 min with a dissolved
oxygen probe (Model WHB2 Dissolved Oxygetemperature meterhitial and final oxygen
concentration was measured for all the cores. Five cores, one fdP@adtollected at 4m
depth and two collected at 8m depth frBlond1l andPond3 were measured continuou$ty
5 daysin addition tothe contro] which just comined waterSedimenbxygen demand was
calculated as the changeD® (mass) per unit surface area, per unit time over the first 24
hours. Rates were corrected for changd3@revels within the control chambers.

Nutrient flux rates were determined &g thangén concentration over five days in
the overlying water. Nutrient concentratsomeremeasured at initial condition arad the end
of the fiveday incubatiorfollowing methods in sectioB.2.1 To test differences between
SOD and nutrient fluesmeasured in differerRonds, a statistical analysisnalogusto the
oneadopted irsection2.2.1was used.

2.4Modelling changes in the ecosystem conditions
2.41 Phytoplankton growth under differemtitrient conditions, bioassays

Bioassays were conducted to assessther phosphas or nitrogen was the limiting
nutrient and to estimatbe pelagic phytoplankton growth rate at éifént nutrient
concentrations.nicubation experiments were performed in August 20iirfhgan11 day
period, usingvater collected from EweRond at controlledight, 100 pmolesm™? s (cool
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white, fluorescent lamps) with a lighark cycle of 12:12 h, and temperature of 20°C. As the
phytoplankton concentration was close to zero a pure culture of @gsmAnkistrodesmus
falcatus was used as inoculum. The initial cell density of all treatments was adjusted to
approximately 1000 cells niL

In order to reduce the effect of nutrientswaoalated in the cultured cells, algaere
maintained in nitrateand phosphatéee BG 11 media for five days befdree experiment.
Four nutrienttreatmentsvere usedno nitrae and phosphate added (contrdipotassium
hydrogen orthophosphate f4PO;) adde d a t(P)1s6dum eirate (NaNR)
added at 1(Npadd betmgHPO, &and NaNQ added at the abovementioned
level (N+P). Additionally, algae growth was examined using seven levels 8t P@ddition
(0.1, 0.2, 0.7% allwith fixell NO;-5I (10000m ce 't dlldtrierits other
than phosphorus and nitrogen for phytoplankton growth during the bioassay were provided
by adding stock solutions following the formula of B& media(Stanier et al., 1971

Chlorophylta was measured spectrbotometically (spectrophotometer: Libra S22
Biochrom, Cambridge, UK) from hot ethanol extraat$sF/C filtered sample<ell counting
wasundertakerwith an OLYMPUS BX40F4 optical microscope (Olympus, Tokyo, Japan)
following standard procedur¢aPHA, 2005)

Phytoplankton growth rates were calculated on chlorofhgtincentrationdy,,) and
cell numbersgcey) using the following equation

€ = t/Xoy[( X

whereX; is final chlorophylla concentration or cetiumber X, is initial Chl-a or cell
number and t is thelurationof incubation.

Nonlinear regression was used to fit growth rates with phosphate concentration
following growth kinetics byMonod (1950) Statistics were performed using SPSS 19.0
(IBM, Armonk, NY, USA), values were logarithmically transformed to meet the
requirements for parametric tests whenassary. Onavay analysis of varianceANOVA)
wasused to test for differences in data between cultures with variable nutrient supply
patt er ns. -hoctekieweré ssedevakidte differences between treatments. Estimate
of nonlinear fitting parametsmwas determined using OriginPro 9.0i¢Lab,
Northampton, MA, USA).

2.42 Phytoplankton growtimodel in Ewen®onds

Themodellingaim wasto identify a nutrient threshold thaowld limit phytoplankton
growth and maintain water clarity satisfying thgght requirements for macrophyte
development. The development of phytoplankton communities in small lakes such as Ewens
Pond is a function of nutrient availability, light availability and washout of the population by
flow. Modelling the growth ophytoplankton under different nutrient concentrations and flow
conditions will allow an estimation of the nutrient thresholds to maintainr wiatety at the
desired level (see modelling approach schenkeguarel).

Considering the observed low residence time oPtbieds (about9 hours) the most
suitable approach was adopting a phytoplankton growth model accountgrgvidah and
dilution. Other fully coupled hydrgashamic models, as GLNFAMB (Hipsey and Bush,

2012 are only suitable for systems with higher residence time (e.g. 4 days ugr tb year).
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Increasingohytoplankton cells and consequently increasihtprophylta
concentration will increase light attenuation and decrease light atabphyte
colonization level. It was postulated that if the light dose that currently reaches the maximum
depth of colonization only reachedriabove itthen the plants would not receive sufficient
light to maintain photosynthesagd the depth of colonization wid shiftup onemetre.Two
scenariogvere simulatedising different growth rates and flow ratédse light availability to
maintain the growth of macrophytg the present level aracthange in light attenuation
reducingby one metre the maximum depthamflonization.

Light attenuation

The most common macrophytbserved in EwenBond are Angiosperms
(Triglochin procera Hydrocotyle verticillatg and Charophy Ranunculaceae and Apiaceae
(e.g.Ranunculus inundatudriglochin striatg Lilaeopsispolyanthg. The maximum depth
of colonization observed in EweR®nds for these species were respectively 1.5 m for
T.procera 4 m forH. verticillata, R. inundatusT. striata and 5 m folL. polyantha
(Grandfield and Ashman, 1984The maximum depth of colonization.gg is an important
parameter to assess light requireméKiek, 2011). Similar zo of about 4 m were observed
by Middelbow and Markagd&d997). Light availability at different  was calculated
following the LamberHBeer law

0 0 C
wherel; is the radiation at a particular dep#; (o is radiation at surface arkgis the
extinction coefficient.

Average daily light radiatiofwavelength range &00- 400 nm) measuredn Ewens
Pondsin January 2018380 pmolphotonsm™ s?) was used asmference with aextinction
coefficient of 0.33 (rit) estimated from irradiance profiles measurements in the field.

Two levelsof limiting light (1) to maintain the present state and (2) shift the
macrghytegrowth 1 m closer to the surfasere established based bnpolyanha, the
specieszthrilt grows at greatest depth (5 m) and at average light conditions of approXinately
pmol m<s™.

Chlorophylta concentration thresholds coppesdng to the two light levels were
calculated considearg vertical light attenuation by phytoplankton as follow:

N Q Qz4 andd Q Q 7Q

wherek; is the calculated light extinction coefficiel; is the light extinction
coefficient for clear water (/); C; is the concentration of the algal grouputy Chla L) and
ki is the specific extinction coefficient for algal group I'(thpg Chla LY ™). Typical ranges
of k; for different phytoplankton groups are: 0.015 to 0.(2&milton and Schladow, 1987
0.01 to 0.03 (D. Hamilton personal communication modelling Tarawera lake, NZ); 0.01 to
0.02(Reynolds, 2006

Following Reynoldg2006 and considering a genepbtiytoplanktorngroup the
extinction coefficienk, was set equal to 0.015™[ pg Chla L*]™

Phytoplankto growth and dilution model
Phytoplankton cell concentration was calculated as fallmwsidering different

growth ratesr{) and dilution or flushing rate®():
0 6 zQ° 0 z0
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whereC; is the phytoplankton concentration in cells/mL at tkmeThe cell
development was calculatéal a20 dayperiodwith a time step of 1 day. The growth rates
were variedvithin different model runérom 0.1 to 1.2lay* spanning a wide range of
phytoplankton species. Maximum specific growth rates higher thatay2vereonly
observed in laboratory culture under continuous light and maximum resource availability and
unlikely to happen in thBond. The dilution rates considered (e.g. dilution rates from 75% to
250%)and corresponding residence times and flow ratespecifiedn Table2. These
compare with amstimated current residence timfeabout 0.44 day foPondl and 0.5 day
for the threePond.
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Table 2. Dilution rates and correpondent residence times and flows adopted in the model

Dilution rate Residence time (day) Flow (m*s?)
75% 1.33 0.2431
100% 1.00 0.3241
170% 0.59 0.5509
200% 0.50 0.6481
250% 0.40 0.8102

Two different initial conditions wereonsidered: an inoculum of 100 ceitd.* and
an inoculum of 1000 celimL™. These corrgmndto Chla concentrations of nen
diatomaceous phytoplankton of respectively 0.0135 and 0.135 pg CliRelynolds(2006).
Cell concentrations obtained from the model not flushedneautflow were converted to
Chla concentrations and used to eatenlight attenuatiorAn estimated value of 1.37 pg
Chla cel* was adopted considering cell volumes of approximately 3brapresenting green
algaeapproximately the size @nkistrodesmuas observed in Myponga reservoir (South
Australia) and a cell ratio C:Chla of 5qReynolds2006.

Nutrient thresholds

The total phosphorus (TP) required to support the growth of phytoplankton cells in
the system was estimated from the Chlorophytbncentration obtained #ee sum of the
flushed and unflushed phytoplankton cells predittgthe model. Chlorophyth and total
phosphorus (TP) relationships have been identified by previous works and are summarized in
Table3. The equation by Dillon and Rigl¢t974) was adopteas itwas obtained including a
variety of ecosystems and had a higeratue compare to others.

Table 3. References for Chlorophylta and total phasphorus relationships. Units, equations andare

provided
Units Formula Source
Chla (mg n?) and TP (mg ) Icz)glo [Chla] = 1.583 log10 [TR]1.134 | (Dillon and Rigler, 1974)
r’=0.975
Chla (mg n?) and TP (mg M) | log10 [Chla] = 1.062 log10 [TR] 0.509 | (Knowlton et al., 1984)
r’=0.63

Mean epilimnetic TP (ug ) LoglO[TP]=1.774 + 0.250 log10 [Chla]| (Mc Queen et al., 1986)
and Chla(ug [%) r*=0.5%
Max Chla (ug L) and max TP | [Chla]= 195.57 [TP] + 1.71 “¥0.78 (Linden et al., 2004)
(mgL™)
Chla (ug LY and TP (ugrh) I(2)glo [Chla] = 1.026 log10 [TR] 0.455 | (Phillips et al., 2008)
r°’=0.78
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2.5 Light climate for macrophyte growth
2.5.1 Photosynthetic activity at different light conditions, field experiment

Field incubations in chambers were used to estimateapyi productivity of
macrophyteat different light conditions. Photosynthetically active radiation ieaerded
every 5 minutes at surface and underwatethe chambers depthsing a data logger LI
1400 and an Odyssey loggeespectivelyThree clear Perspex chambers of 35 cm diameter
with lids were positioned on top of thedment colonized bgnacrophytesn Pond1 at
approximatelyt m depthChambers were deployed at 12:30 pm the @&anuary 2015 and
retrieved at 4:30 pm of the following dalyhe water inside the chamber was mixed with a
submersible pump and changes in dissolved oxygenmeasured at one minute interwal
with an optical dissolved oxygen sensor@P D-opto Logger). Chambers were flushed twice
during the day to avoigupersaturation of oxygen. Incubations were carried out for one day
and one night in order to calculatepieation during the dark period and net productivity
during the light period. Respiration was calculated as the difference bdb@een
concentration at the beginning and end of dark period hourly (g ®*) and gross
primary productivity was the diffence during light periods. Net productivity was estimated
for each hour as difference between gross productivity and respiration averaged during the
night (Noel et al., 201 To standardize the results the net productivity was corrected for unit
of biomass (mg ©L™ h* g%). Macrophytes limass growing over the surface area covered
by the chamber was collected and measured as dry weight. Finally, hourly average light
intensity was relatéto hourly averaged macrophytet productivity.

2.5.2 Assessing risk related to epiphytic growth

Mesocosm experiments were conducted to evathatate of epiphytic algal growth.
River red gumEucalyptus camaldulengi&3x12 cmwood blocks were used as a substrate
for epiphytic algae that were observed to develop on macrophyte leaves inHEwehns
Epiphytic algae were cultured amnbientight and temperature conditions in a greenhouse for
4 weeks using two treatments: no nutrient addition, natural conditions using water
collected at EwenBond andb) nutrients over saturation, continuous aske of nitrogen and
phosphorusising Osmocote® fertilizer. In the second treatment it can be assumed that there
is no limitation of nutrients availability for plants. Five replicates were cultured for each
treatmentlnitial conditions with similar inoculon of epiphytic algae were obtained
deploying wooden blocks at EweRsnds at about 10 cm depth for approximately 4 weeks.
Epiphytic algal biomass as Chlorophgliwas measured at initial and final conditions
spectrophotometrically from hot ethanol extrdotiowing standardnethodgAPHA, 2005)
Additionally, the light attenuation of epiphytic algae wasreated with optical
experimentgSandJensen and Sgndergaard, 1)9&biphytic algae were scraped from a
known area of the wood blocks used in the mesocosm experiroerach replicadight
attenuation and add biomass were measured.rfan of light passing through aRi dish
filled with 10 mL of algal solution obtaedfrom 1/5 of theepiphytic algaescrapedrom the
block surfacevas measuredith a lightdata logger L41400. Lightatsource was 1200
pmoles n¥ s*. Chlorophylta was determined spectrophotometrically as previously specified.
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Many wetlands in the South East are undergoing pressumnéar to Ewens Pongs
suchas increasing nutrients and flow reduction. For exanseleeral higly valued wetlands,
which are groundwater dependent, were idiedtasbeing located withigroundwater
development risk zones in the South Eattrding, 2012. In order to contextualize the
environmental risk for Ewerf2onds and identify possibieitrient concentratiohot-spots
the aim was to collate information available on nutrient concentrations observed in South
East wetlands and represéimt data spatially. Wheavailable nutrient concentrations
observedt drans flowing in and outhe wetlands weralso included in the data set.

The data basmcluded site name, location (northing and easting coordinates), date,
nutrient concentration. The main sources were: data collected by the Department of Water,
Land and Biodiversity Conservation, Government of South Australia in @08l#s and
Stratman, 2008 data collected by the Environmental Protection Authority (EPA) in 2009
(Goonan et al., 20)1data collected during agvious Goyder Institute project in 2010
(Aldridge et al., 201}, data collected by the Environmental Protection Authority in 2014
(EPA, unpublished)While aeating the database it wasticedthat data on conductivity and
pH was more extensivebyvailable comparkto nutrient(e.g.Taylor, 2006, Baldwin et al.,

2012) althoughthiswas not the focus of this analysis. Nutrient data were available only for a
relativelyshort period of time andn many ocasionssampling point€hangedTotal

nitrogen (TN) and totgthosphorugTP) were most frequently available at different sites, so
they were selected for the database collation.

Data were reorganized based on coor@sand site names. In the majority of cases
sites were samplashly once between 2008 and 20@en sampled more than once the
average was calculated. All the data for TP and TN were plotted BSiRGArcGIS 10.2
software. Symbols of different sizes were used to represent 5 classes grouped using quartiles.
The ratio between TN and TP was calculated for each site and it can be used to identify if the
primary productivity in the system is limited pjosphoru®r nitrogen. Ratios lower than 20
normally indicate that the system is N limited, while values higher than 50 suggest that the
system is P limitedDzialowski et al., 2005, Guilford and Heckey, 2000)

3. Results

3.1 Water and nutrient balance,groundwater dating

Water balance results

Surface areas of the thrpendswere estimated &138 m? 2428 m” and 977 rh
using geographical information system (GIS) mapping, and these veduesised to
calculatedaily precipitation and evaporation for the water budget.

The relative amount of groundwater flow coming from the different ponds was
estimated from the ADCP measurements at the start of the study period (May 2014): the
average flowates were 0.733hs?, 0.729 nis*and 1.052 rs™ for ponds 1, 2 and 3
respectively. Thus, the estimated flush rates from Pond 1 to 3 ek 0.199nd0.07 days
respectively The flush rate for the whole system is about 0.48 days, so in less than 12 hours
all the water is replaced in the system.

Surface water inflow was coidered negligible. The groundwater inflovg a
measured in Maywyvas mostly enteringond 1 (70% of the flowNo groundwater input was
observed in Pond 2 and 30% of ireundwateinflow came from Pond 3. This proportion
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was assumed constamthich wagproved to be reasonable by the results obtained from the
mass balancanalysis of the salinity dats follows Assuming(i) a simplified closed system
where water enters at two locations in Ponds 1 and 3 and leaves only via the Pond 3 outfall
(i) the salinity of groundwater sources entering Pond 1 and Pond 3 were not the sahee (iii)
salinity of groundwater enterinigoth Pords 1 and3 remainedelativelyconstant angiven

that observed salinity in Pond 1 weféectivelyequal to Pond 2 during the whole study

period the ratio of the salinity between Pond 3 outflow and Powds indicative othe ratio
between theelative fow entering Pond. and Pond 3. Thisatiowas constantasfound for
measurments takem May, and it wasisedbothfor the water budget and nutrient budget
calculationsWater budget snapshots were calculated for each monitoring date and later used
in calculating nutrient budget snapshdteetotal outflows varied from 81,000 to 133,008 m
day" throughout the year andeasuredutflowsvaried less than 0.04from measured
groundwater inflow entering the Pondd éble4). The contribution of precipitation and
evaporation was minimal compared to the groundwater inflow and the main inflow was
coming from thebottom of Pond 1.

Table 4. EwensPonds water balanceand nutrient balance. Groundwater inflow form Pond 2 was
negligible.

Water balance
'(rnczga:jla())i?)tﬂow dGarl;iJ)ndwater inflow (rf Total Groundwater inflow (fitday)
Pond1l Pond3
May 2014 90892.8 63324.9 27560.6 90885.5
July 2014 115776 81037.6 34730.8 115768.4
Sept 2014 808186 56594.1 24249.9 80844
Dec 2014 133056 92464.3 40613.1 133077.4
Jan 2015 103680 72588.5 31107.9 103696.4
Nutrient balance
TP (mg dy”)
Total Outlet Groundwater inlet ?;]cl)é?l groundwater Net budget
Pondl Pond3
May 2014 1.109 0.773 0.336 1.109 -8.5E07
July 2014 3.531 2.472 1.059 3.531 0
Sept 2014 2.272 1.591 0.682 2.273 0.0007
Dec 2014 2.661 1.849 0.812 2.662 0.0004
Jan 2015 1.866 1.307 0.560 1.867 0.0003
TN (mg cay”)
Total Outlet Groundwater inlet L(I)(;?l groundwater Net budget
Pond1l Pond3
May 2014 496.0 345.6 150.4 495.9 -0.040
July 2014 714.8 500.3 214.4 714.8 -0.047
Sept 2014 468.9 328.3 140.7 469.0 0.147
Dec 2014 860.4 597.9 262.6 860.5 0.138
Jan 2015 556.9 389.9 167.1 557.0 0.088
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Total outflow data from the Starflow Doppler were available for each monitoring
period butoccasionallytheywere not obtained in continuum due to the instrument limitation
of measurement in extremely clear wat@utflow rates were estimated as 1.33shon the
29" of July 2014, 0.935 A5’ on the 28 of September 2014, 1.54°m" on the §' of
December 204 and 1.2 iis'the 19" of January 2015. The high flow rates observed in
December and January were related to rainfall events from October to December 2014 (e.g. a
rainfall event of 8.8 mm theé™4of December) and to a rainfall event of 32.6 mm tHedf3
Jan 2015.

Water level was almost constant: barometric probes indicated a decrease of about 0.1
m from May to September and then a similar increase from September to December. This
was consistent wittotal outflowmeasurements that detected a highewv flo December than
in September. This is in agreement with previous historicalstet@ingsurface level
variation was almost constant in Ewdtand from 2004 to 2013 with yearly oscillation of
less than 0.2 m (DEWNR, unpublished data).

Nutrient balanceesults

Temperature profiles, thermistdata and oxygen profiles showeae thater column
in thePond was well mixed and well oxygenated throughout the year. Temperature was
almost constant at about 15°C and no temperature difference was observed trewieee
Ponds.

Observed atrient concentrationare inTable5. The average concentrations of TP
and TN in Ewens Ponds during the study period were respectively 0.022lmagd.5.8 mg
L. The TN concentration was extremely high and above the quededf 1 mg [* for
inland water bodies of South Australia. On the otteerd, TP fell below the guidelines of 0.1
mg L™ (Australian and New Zealand Environment and Conservation Council,.Z0ie)
supported the hypothesis that Ewens Ponds is a P limited system; a tbhatceais later
tested in the bioassay experimdsdr the majority of the sampling datib®re was no
statisticaly significant difference imutrientconcentration (TP and TN) betweBond or
between surface and deeper layers. A difference was obsatveeebPond in September
2014 and January 200mly for TN, but it was not significant with respect to thd budget
and the averagéN in the water colummvas used.

Resultsof thenutrient budget showed that most of the nutrients entering via the
groundwater inflows were flushed out of the system. A high variability of TP and TN inputs
was observed during the study peridal§le4). The nutrieh budgetsuggestdthat the input
of nutrientfrom the sediment was not significant. This was analysed in detail in the following
section on sediment oxygen demand and sediment fluxes.

No correlation was found between nutrient concentrations at theongsib the
unconfined aquifer (MAC094 and MACO045) and at Bends. Additionally, samles taken
from boredrom the unconfined aquifén a radiusof about 2km in September 201ghowed
high spatial variability and different concentrations frinoseobseved inthe Ponds (Table
5). Thus, the groundwater entering thends wasnot coming from a single soure@admight
comeeitherfrom a combination ofvater of different origins or from afterentaquifer.

Groundwater dating results

Dissolved concentrations of CF1, CFCG12, CFG113, and S§in water samples
are usually measured in grams per kilogram of water, which are converted to equivalent
atmospleric partial pressures based on the gas solubility at an assumed recharge temperature
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and pressuréCook et al., 199b Equivalent atmospheric partial pressures are reported as

parts per thousand volume (pptv) and are converted to apparent recharge years using the

historic concentrations of these trace gases intthesphere. In realitygroundwater

represents a mixing of waters that have recharged over time; therefore, the recharge year

representsraapparengroundwagr age only. Imrable6, 1GW, 2GW, 3GW are thsamples
collected where water was observed bubbling Rdad 1, 2, and 3 respectively. UDF1,

OUTR2, andOUTR3 are the samples collected betw@emd 1 & 2,Ponds 2 & 3, and at the
outflow of Pond3. MAC45 and MAC94are the samples collected frdrares(Table6). The
last four samples represent average values from duplicate analysi8 C 0
indicates that the sample was at a higher concemtrtian could be explained by

equilibrium with modern air and thecefr e

deemed

to be

n the

6cont ami

Table 5. (A) Nutrient concentrations: Average concentration and standarcerror deviation (+ SE of 6 to 9
replicate sampledor: the three Ponds (EwensPonds); groundwater samplescollectedby divers at the

bubbling points indicating groundwater dischargein Ponds 1 and 2(Groundwater); average

concentration of water sampledat observation wells MAC045 and MAC094n the unconfinedaquifer
(Bores). (B) chemical analyses from selected observation wells withitkm from the ponds in the
unconfined aquifer.

(A)

TP (mg L™

EwensPonds | £+ SE Groundwater | + SE Bores + SE
May 2014 0.012| 0.0016 0.013 0 0.01 0.004
July 2014 0.03| 0.0021 0.04 0.016
Sept 2014 0.028| 0.0054 0.03 0.018
Dec 2014 0.02 0 0.027 0.008
Jan 2015 0.018| 0.0008 0.021 0.0026 0.025 0.003

TN (mgL™

EwensPond | + SE Groundwater | = SE Bores + SE
May 2014 5.46 0.42 3.9 0.96 3.20 2.51
July 2014 6.17 0.34 4.57 1.38
Sept 2014 5.80 0.31 3.91 0.11
Dec 2014 6.47 0.36 452 0.30
Jan 2015 5.37 0.49 5.07 0.65 3.64 1.03
(B)

Sept 2014
s |0t | [ty | ey |omen |t
MAC 045 3.98 0.02 3.256 0.006 0.01 0.001
MAC 093/094 3.83 0.045 3.603 0.002 0.012 0
MAC 030 6.42 0.027 4.949 0.021 0.014 0.005
CAR 004 14.72 0.062 14.275 0.004 0.011 0.002
MAC 0257
Earl 6s d 6.76 0.032 6.409 0.004 0.009 0.001

Among the CFC analyses, CH provides the most reliable groundwater dating
results, as it isnore stable than CFC1 and CFE113 in subsurface environments, and

present at much higher concentrations thag 8§ing this tracer, the apparent recharge gear
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for all samples fell within a relatively narrow range of years from 1977 to 1988. No trend in
agedifferencewas apparent Ieen thedPond. The age of the groundwater at the bore
closest tathe Pond (MAC 094) was about 10 years younger thargtibendwvater discharge
at thePond1 and 3and suggested, supporting results obtained with nutrients analysis, that
there was not aingle andlirect flow of this aquifer to thBond.

In general, the concentrations ofs3fthe Ewend?ond samples were very high
suggesting that the sampled waters are not in equilibrium with modetnus$F; wasnot a
reliable tracer of groundwater ages in the EwRosds.

Table 6. Groundwater dating results 1GW, 2GW, 3GW are the samples collected where water was
observed bubbling intoPonds 1, 2, and 3 respectively. OTF1, OUTF2, andOUTF3 are the samples
collected betweerPonds 1 & 2,Ponds 2 & 3, and at the outflow ofPond 3. MAC45 and MAC94 are the
samples collected frombores

Atmospheric Partial Pressure Apparent recharge year
* * + +
Sj CFG | CFG | CFG | CFG | CFG | CFG | SRy | SR | CFG | CFG | CFD- Sk
Ite 11 11 12 12 113 | 113 | pptv | pptv 11 12 113

PPV | ppV | ppvv | ppv | ppv | ppW

1GW 189 |19 422 | 37 359 [ 5.2 690 | 132 | 1984.0| 1987.5| 1985.5| C
177 | 17 379 |31 25.0 |44 - - 1982.5| 1985.5| 1982.5]| -
2GW 293 | 38 421 | 49 374 |64 628 | 120 | C 1987.5| 1985.5| C
186 | 23 400 | 46 31.3 | 5.6 - - 1983.5| 1986.5| 1984.0| -
3GW 191 | 24 332 | 38 31.3 | 5.6 642 | 123 | 1984.0| 1982.5| 1984.0| C
129 | 16 192 | 23 9.8 4.1 - - 1977.5| 1975.0| 1975.5]| -
OUTF1 | 193 |24 396 |45 274 |53 1431 | 274 | 1984.5| 1986.0| 1983.0| C
219 |20 414 | 35 28.2 | 5.0 - - 1987.0| 1987.0| 1983.0| -

OUTF2 | 189 |18 391 | 32 26.6 | 4.7 867 | 75 | 1984.0| 1986.0| 1983.0| C

OUTF3 | 197 | 17 405 | 30 255 |44 5.34 | 0.45] 1985.0| 1986.5| 1982.5| 2004.5

MACO045 | 67.5 | 7.9 430 | 39 285 | 5.2 143 | 12 | 1972.0| 1988.0| 1983.5| C

MACO094 | 81.7 | 7.3 248 | 20 11.7 | 3.1 4.48 | 0.42 | 1973.5| 1977.5| 1976.5| 2000.5

Future trends in nutrient concentrations in Eweosd can be estimated from the
apparent groundwater ages if letegm trends in fertiliser use are known. Trends in fertiliser
use (N and P) in Australi@ood and agriculture organization of the United Nations, 2014,
World Bank, 2014 pare apparent from historical data, available from 1962 through 2012.
Beginning around 1991, fertiliser use rose considerably each year before plateauing in 1998
and then deeasing slightly in the Zicentury. In a review of fertiliser use in Australia, the
Fertilizer Industry Federation of Australia (20X&ports a flat trend in nitrogen sales since
1990, while sales gdhosphoruhave nearly tripled.

For samplesdlected in 2014groundwater entering EweRond recharged the
aquifer between 1977 and 1988plying a mean residence time of-38 years. Thus, based
on the fertiliser use trendlsigher levelof nutrients would be expected to enter Bud via
groundwater inflows in the future, with peak nutrient loads occurring in 22Q%7.

3.1.2 &diment oxygen demand and sediment nutrient fluxes

The dissolved oxygen concentratiainthe water overlying thancubatedsediment
coresdropped in the first 24 houfsom about 5 PPM to 2.5 PPl show in Table7. The
average sediment dissolved oxygen demand (24h), for ERa@ was 415 mg @n?d*
with a standard deviation of 215 mgr* d*, showing high variability between samplsis
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statistical differenceps0.05) was |dent|f|ed between oxygen demand calculated at different
Pond or at different depths.

Table 7. Initial and final dissolved oxygen(DO) concentrations measured on the overlying water dhe

incubated cores DO final 24h is showed only forcores for which continuous data were collected.

Cores Collected Sediment DO DO final DO final | 02 mg m? | 02 mg

depth (m) level (m) initial 5 days 24h in 5days mZin
(PPM) | (PPM) (PPM) 24h

1A 4 0.095 5.15 3.05 493.5

1B 4 0.135 4.33 3.8 3.68 103.35 126.75

1C 4 0.12 5.8 3.35 514.5

1D 8 0.22 3.9 1.32 283.8

1E 8 0.175 4.97 2.44 2.3 392.15 413.85

2A 4 0.155 5.89 2.98 3.91 509.25 346.5

2B 4 0.135 4.7 2.81 368.55

2C 4.5 0.215 4.8 1.67 359.95

2D 4.5 0.13 4.99 4.1 178

3A 4 0.17 5.46 2.53 2.57 468.8 462.4

3B 4 0.125 5.67 3.37 471.5

3C 8 0.12 4.25 0.38 0.8 812.7 724.5

3D 4.5 0.175 4.05 1.58 382.85

Control 4.57 1.93 2.71

Positivenutrientflux values denotéaflux from the sedimens to thewater and
negative indicat@flux from thewater tothe sedimend. Standard errors were calculated
taking into account the standard deviation of the nutrient concentration measured at the initial
conditions (19 replicates taken for differédnd). Differences between initial and final
concentrations for TN were nsigrificant ¢°(2) =3.769 p = 0.062, sothe flux for TN was
considered negligiblé\itrite flux wasextremely low (average < 1 mguiay*) and ould be
considered negligible. Negative values obtainediiwateindicatednot a fluxtowards
sedimentbut a change in concentration as nitragsbeing reduced.

A release of TP was observed from the sediment at anoxic condittmsf about
2.4 mg P rif d™. For TP and phosphate the fluxes were not significantly different between
sites p = 0.135)varying between 1 to 8 mg P7d, while there was significant difference
between samples collectadoveandbdow 4 m depthEigure3). This might be related to
the different sediment types that were richer in sand closer wetieesurfaceand higher in
clay at the lower depths
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Figure 3. Total Phosphorusand Orthophosphate fluxes estimated for different cores collected in Ewens
Ponds.

The TP flux rates calculated with incubation experiments can be used to estimate the
risk of the development of phytoplankton growth under stratéieadxic canditions and
reduced water flow. Water column stratification has not been observed, even in the summer
period. Althougha worst case scenario would be representddvylushing ratesat which
anoxic conditions might develop, resulting in increased pihasis concentration in the
water column and pelagic algal growktere, it was assumed that all {plosphoruseleased
wasavailable for uptake and algal growthflow was tobe highly reducedand anoxic
conditions occuedatthe bottom, the phosphorus releafed the sediment would be
sufficient to generate a significant increase in algal biomass (4Bqug Chla [ in 20
days) Following LamberBeer law, thisvould result in a decrease dfliit availability for
macrophye growth of about 50%.

3.2Modelling changes in the ecosystem conditions
3.2.1 Phytoplankton growth under differemtitrient conditions, bioassays

Nutrient addition to water samples significantly increased the phytoplankton cultures
chlorophylta (Chl-a) content and cell number with respect to the conp0(01). In excess
of bothphosphorusnd nitrogen (P+Nghe highest Ch& and celconcentrationsvere
obtained Figure4). The total Chla developed at the end of the treatment was significantly
higher when addinghosphorushannitrogen. The increase in cell number obtained with
addition of Palonewas the samas thabbtainedoy adding both P and N, shavg that P
was the controlling factor for growtfrigure4).
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Figure 4. a) Chlorophyll-a content and b) cell numberat the end of the incubation experimentsn samples
with addition of excess ophosphorus(P), nitrogen (N) and both (P+N). Birs are standard deviations,
columns labelled with different letters are significantly different (p<0.05)

The bioassaysonfirmed the initial hypothesthatphosphorusvas the limiting
nutrient in Ewen$onds. Thus, therisk of phytoplankton developmentaselyassociated
with phosphorusncrease anditrogen was present at concentrations that were excess to
demand

The second bioassay experiment alloweskstimaton of phytoplankton growth
rates at different Boncentrations in excess of nitrogé&tgae growth rate increased
consistently until the P concentration reachbdut0.035mg L™ (Figure5 andFigures6).
Maximumgrowth rates, obtained from fitting results with the Monod equation, were
respectively0.3 d* and 0.8 d* when accounting for biomass changelisrophylta or cell
number Half-saturation constants werespectively0.016 mg AL for chlorophylta and
0.019 mg P L for cell number.
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Figure 5. Relationship between growth rates calculated from chlorophyla content and initial phosphate
concentrations for samples treated with different phosphatadditions, bars are standard deviationsThe
curve is the Monod function fit to the data.
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Cultured green akg, Ankistrodesmus falcatuaasused as inoculum for the bioassay
experiment. This species only partially represents the behavioural characteristic of a
phytoplankton community that might develop in Ewasids. Algal concentradin in Ewens
Ponds wereclose to the limit of detection (<0.01 pg Chld)land species observed included
Cryptomonaspp.,Rhodomonaspp., and diatorgragilaria spp. Different species of algae
have different kinetics of P uptake and gro@tolm and Armstrong, 1981, Gotham and
Rhee, 1981, Tilman and Kilham, 1976&pecies with low half saturation constagy) @nd
hi gh maxi mumy,g maeew tehdencyad demin@te in natural phytoplankton
assemblages under P limitatiprilman and Kilham, 1976, Holm and Armstrong, 1981)

In EwensPonds, enhancement in P contertion increasethe possibility of pelagic algal
development, although this development will be controlled also by outflow rabesthcell
flushing.

3.2.2 Phytoplankton growtimodel in Ewen®onds

The growth of pelagic phytoplanktpaffecting macrophytdevelopment in Ewens
Pond, is mainly dependent on nutrient availabiligyd wateflow. Through modellingt was
possible to estimate the conditions at which the increase in phytoplankton biomassgor Chl
concentration) would altehe light availability for macrophytgrowthin 20 days

Two light limiting levels wereonsidered73 pmoles n¥ s sufficient to maintain the
present lightonditions andl8 umoles n¥ s* that would decrease the maximum depth of
colonizationfor macrophyted®y 1 m. The correspondinghlorophylta concentration
allowed in the system tmaintain these two light levels were respectiviely ug Chla L%,
and 5.5 pg Chla t. Such concentrations could be supported by the system if the TP in the
water column was at least respectively 0.004 and 0.02 ddditionally, such
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concentratios of algal biomass could develop only under particular combinatiodisudion
rates and phytoplankton growth rates. These are showebla8.
Five different dilution rates were adopted in the model ranging from observed dilution
rates of about 250% (close to the observed presentdlond.8 nt s) to 75%. Lowest
dilution rates of 75% corrpsndto a flow of 0.24m® s that is about ¥4 of tt observed
during this study

Table 8. Model results summary.Phytoplankton biomass required to create anditions satisfying
modelled macrophyte light requirement scenarios Limit 1 is sufficient to maintain present light

conditions while Limit 2 would decrease macrophytelepth of colonizationby 1 m. TP is the total
phosphorus andr is the phytoplankton growth rate (day™).

Limit 1 Limit 2
Light 73 pmoles nf s* 48 pmoles nf s*
Phytoplankton biomass 0.5 uChla [* 5.5 uChla [*
Conditions
Inoculum 100 cells/mL (0.0135 uChla [)
TP < 0.004 mg ! TP < 0.02 mg L'*
Dilution rate
75% r<0.7 r<0.8
100% r<0.8 r<0.9
170% r<1.2 r<i.2
200% r<1.2 -
250% - R
Inoculum 1000 cells/mL (0.135 uChla [)
TP < 0.004 mg ! TP < 0.02 mg L'*
Dilution rate
75% r <0.6 r <0.7
100% r<0.8 r<0.8
170% r<i.1 r<i.1
200% r<1.2 r<i1.2
250% - -

A large range of growth rate values was used, 0.1 tday®, accounting for species
with different adaptationssrowth rates higher than 1.2 dawere observed in laboratory
culture under continuous light and maximum resource availgllittyareunlikely tooccur
in thePonds based on the known variation in current conditidtedagicphytoplankton
growth wouldoccuronly if the population had higagrowth ratg(0.61 0.8day") and did not
occur at lower growth ratesven when reducing teonds dilution rate from 250% to 75,
or increasing the length of simulation up to a momte phytoplankton developing the
Pond would be more likely characterized by high growth rate, so possibly Chlorogpigyte
Diatom species woulde more abundant tha@yanobacteria.

A significantlight reductioncould occuras a result of P abundance supported
TP> 0.02 mg L%, if accompanied byeducingdilution rate from 250%at 170%- that is, a
redudion in flow rate from about 0.8 to about 0.55 st. This level of TP was observed in
September and December 2014, indicating that the main factor controlling phytoplankton
biomassat presenis flushing. Maintaining TP under the cited value would be a first
precautionary measure to reduisk. Based on thebserved variabilitytiis not likely that

29



the flow rate wouldlecreas¢o almost half of the present condition, although, if there was an
increase in phytoplankton cell inoculyeag. 1000 cells/mL) a similar light reduction for
macrophytes could be reahatdilution rateof 200%(0.65 nt s%), that is a flow reduction

of about 20% from present.

3.3 Light climate for macrophyte growth
3.3.1 Photosynthetic activity at different light conditions, field experiment

Chambes set up and deploymentssiownin Figure7. Changes in DO recorded at the
different domes are shown figure8 and were used to calculate hounist primary
productivity. Hours when chambers were flushed (respectively 4, 5, 22 and 25 hours from the
deployment) were excluded from calculations.

.,

Figure 7. Submerge domes deployment in Ewens Ponds forthe photosyntheticigity assessment.

Productivity was averaged by the mamhytebiomasgCharophytesRanunculus
inundatug in each dome. Mcrophyts dry weight in doms 1 to 3 was respectively 20.7, 9.3
and 39.8 gPhotosyntheticallyctive radiation measured underwater every 5 min, was
averaged hourly at the same time intervals used for the calculation of net primary production.
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Figure 8. Dissolved oxygen concentration recorded at each of the subrged domes during the
macrophyte photosynthetic activity experiment from the 2" Jan 2015 at 12:30 to the Zat 16:30.

Net primary productivityanged from values close to zextdight lower than 25
pmoles n¥ s, to approximately 0.1 mgy* dw h' at high light intensity of about 340
pmoles n¥ s (Figure9).
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Figure 9. Relationship between light intensity and hourly net primary poduction of macrophytes.Units
of primary productivity are milligrams of oxygen per hour per gram of dry weight. Bars represent
standard deviations calculated using data from the three domes.

Productivity showed a large variation between domes adiffetent light conditions.

Light intensity was a poor predictor of net primary productiRnoductivitysteepy increased
with light up to about 20 pumoles nf s* when it became more stablehese results are in
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agreement with the limiting light levelsiapted in the phytoplankton growth model, where it
was considered that macrophyte development would be compromised at light values lower
than approximately 7fmoles n s™.

3.32 Assessing risk related to epiphytic growth

A preliminaryevaluation of e risk related to epiphytic growth was obtaitgd
incubating epiphytic algae using watallected aEwensPonds (no treatment) and
maintaininghigh constant nutrier@oncentratiorusing a fertilizei(nutrient addition)Initial
and finalconcentration$or the two treatments ashown in Figure10. A highbiomass
increaseof up to 110 mg Chh mi? was observewhen nutrients were not a liming factbut
when no ntrients were added there was no significant difference between amtdinal
epiphytic biomasgFigure10).

Under an assumption ekponential growth, the estimated growth rate for epiphytic
algae was 0.02 ddywith no addition of nutrients and 0.12 dfayith fertilizer addition at no
nutrient limitation. The experiment was conducted for 2&dayt a rapid accumulation of
biomas=on the blocks was observed in the first 10 daggalculatingthe growth rateising
the full periodmight beanunderestimate. More realistic growth at@lculated using an
interval of 10 days will be approximately 0.06 and 0.31'dapese preliminary results
indicate thakpiphytic algae could develdptimes faster than presahtphosphorusvasnot
limiting their growth in thePonds.
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Figure 10. Epiphytic algal concentration at initial conditions and at the end of the 28 days incubation with
no treatment or with nutrient addition (constant release of fertilizer).Bars are standard deviations,
columns labelled with different letters are significantly different (p<0.05).

Linear decreasm light transmissia was observed with increasing epiphyte biomass
concentratior{Figure11). An increase of epiphytic biomass of about 20 mgaCii” that
couldoccur at the observatutrient comentrationswould decrease light availability for
macrophytes of about 20%. At no nutrient limitation plaéential epiphyt biomasgesulting
would mean that thight reachinga macrophytdeafwould be reduced up to 80%.

Additional experiments should be done to assess more in detail the risk related to epiphytic
growth at different nutrient conditioras they might represent a risk greater than pelagic
algae
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3.4 Nutrients in wetlands in the South East

A data base on TP and TN concentration in South East wetlands was ¢cshated
Appendix A Table9. Figure12 shows the spatial distribution of TP and TN concentrations
in the South EasMapsshowed a high spatial variability of botariablesand no evidence of
main hotspots.In general, ntrientsshowed higher concentrations close to the main towns
(Bordertown Naracoorteand Beachpoytand close to Lake Bonneyhe TP, instead was
low in the wetlands south of Mount Gambier where high TN values were observed. The
concentration observed were camngd with the Australian and New Zealand Guidelines for
fresh and marine water qualifustralian and New Zealand Environment and Conservation
Council, 2000, respectively 0.1 mg/L of TP and 1 mg/L of TN for South Australian inland
waterbodies. Observed values were aboeeagthideline levels in 34% of the sites for, BiAd
in 84.7% of the sites for TN.

The spatial distribution of the TN/TP ratio available for the different wetlands in the
South East region and the values of TN/TP ratio versuSubkdeandistance to Ewens
Pond areshowed inFigurel13. Wetlands close to Ewelond are located in a region
characterized by P limited systems. About 28.2% of the sikes ® limited and
approximately 30.5% were N limited. The rest of the sites, about 40%, were not limited by
eithernutrient
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Figure 12. Map of the total nitrogen (TN mg/L) and total phosphorus(TP mg/L) in the South East wetlands and drains.



50.00 100.00 150.00 200.00 250.00
Eucledian Distance from Ewens Ponds (Km)

Figure 13. Map of TN/TP ratio in the South East region and TN/TP ratios values represented as function of distance from EwedPands (TN/TP= 420).



4. Discussion
Water balancenutrient balanceand groundwater dating

The watelin EwensPond is replaced quickly iasystem characterized by a
residence time adpproximately9.5 hours.The average total flow exitingond3 was about
1.2 ns* during the monitoring period (July 2013an 2015)The magnitude of the flow was
close to thdlow estimated in previousork (Wood, 201}. In 2011, it wassuggested that
most of the groundwatenflow was coming fromPond3. In contrastour measurements
indicatedthatmost of the groundwater flow (about 70%) was coming fRond1, 30%was
comingfrom Pond3, andthe flux was negligible ifPond2. Additionally, thepresentverage
flow is remarkably low compared to historical flow values of about 2128 observed in
1979(Grandfield and Ashman, 1984n the1980s the flow recorded in the first and second
channel were respectively 0.9 and ™ suggestinghat there was a groundwater inflow
enteringPond2 that was no longer observed in 2014.

Nutrientinputs to EwensPond arecomingfrom groundwaterThe average fiux
calculatedduring the monitoring period was approximately 2.3 rifdat TP and 619 mg
for TN. Thenutrientbudget suggested that stmf theseinputs were flushed out of the
system with limitel accumulationn the sedimentsr assimilationinto biomassThe average
TP and TN concentrations during the monitoniregiod were respectively 0.0220.007and
5.8+ 0.5 mg L and in most of the cases no significant difference was observed between
surface and deeptavelsor between th€onds. The age of the groundwater entering Ewens
Pondsis relativelyold: atime lag of about 267 years between thiene at which thesurface
waterrechargedhe limestone aquifer dnwvhen itentered théond wasestimated Thiswas
in line with previous resulthat estimated an age of about 23 year®fordl andPond3
waterusing analogue techniqué&/ood, 2011) Previously measuring tritium
concentrations, the groundwater was estimated to be more than 15 ydaAisad and
Holmes, 1973 Considering thatrends in fertiliser use in the last decadese rising until
about 1998Food and agriculture organization of the United Nations, 2014, World Bank,
2014, Fertilizer Industry Federation of Australia, 2QHh) increase of nutrients entering the
Pond is expected in the futyreith peaks in 2022037.

Sediment fluxeand sediment oxygen demand into context

An additional source of nutrients in tRend could come from the sediments. This
was assessed analysing the sediment oxygen def@@iz) and sediment fluxeghe
averageSODdemandn EwensPond was 41% 215mg O:m™ d™* that is in the range of
oligotrophic and mesotrophic systems (0.05 to 0B m?d*) (Hu et al., 2001, Beutel,
2003) The SOD in EwenBond wascomparable to the one observed in other freshwater
systems in the South East, for example in Lake Bonney SOD was found to be 667.2 + 376.8
mg O:m? d* (Aldridge and Brookes, 200@nd in Lake Georgeas varyingrom about 19.6
to 471.8 mg @m? d* (Brookes and Aldridge, 200.7Higher SOD values (1 to 4 g.®?2 d*})
have beembserved in eutrophic systerft$u et al., 200)Lor in highly urbanized systems
suchas Patawalonga Lake (0.9 to 5 gn’ d) (Aldridge and Brookes, 2006



The flux of TN from the sediment was negligible in EwBasids while arelease of
TP was observed at anoxic conditions at a rate of about 2.4 mgd® rthis is comparable
to ratesobserved irLake Bonneyyarying from 0.96 to 2.4 mg P frd* (Aldridge and
Brookes, 2009and Lake George, varying from 0.5 to 5.3 mg Pdi (Brookes and
Aldridge, 2007. EwensPonds TP flux rate is lower than annual fluxes observed in eutrophic
systems in previous studies, although nutrient fluxes show high variability with season,
thermalstratification andlow velocity (Reddy et al., 1999For exampleT P sediment flux
range from17 to 19 mg P md™ in shallow eitrophic lake Loch Leven (Scotlan(§pears et
al., 2008, from2 and 6 mg P id™ in shallow eutrophic Danish lakéSondergaard et al.,
2001), from-0.8 to 9.2 mg P fid™in eutrophic wetlands in USfReddy et al., 1999In
two oligotrophic lakes in USA which depth was >14rake et al. (20079bsenedlower
fluxes of about 0.0016 mg Pnal™.

At present, due to the low residence time, anoxic conditions are unlikely to develop,
although,at reduced flow the TP released by the sediment would be able to support the
growth of phytoplankton up to 13 j@hla L* in 20 daysdecreasingnacrophytdight
availability by 50%.

Bioassay

Nutrient enrichment bioassays were conducted to characterize nutrient limitation in
Ewens Ponds. Nitrogen concentration has been increasing in Ewens Ponds and limitation by
nitrogen has been previously associated with eutrophic ldlesis and Wurtsbaugh, 2008,
Suttle and Harrison, 198830 we expected phosphorus to be the limiting factor in the system.
Thephosphorudéimitation in EwendPond ismanifested bya TN: TP ratioof about400
(Maberly et al., 2002, Ptacnik et al., 201Rjtrate concentration in Ewer®nd was already
closeto 5 mg Lt in the early 1980s (SA EPA, unpublished data), higher than eutnaptge
of 0.50 to 1.00 mg £ (Lin et al., 2008 Bioassay esultsconfirmed that lowphosphorus
availability is constraining phytoplankton growth. Addition of nitrogen alone had no relevant
effects on the algal biomass. Phosphate concentration no longedIphytoplankton
growthin incubatiors when reaching about 60 mg L™

Modelling approach

The modelling approacokstablishedh this study allowed a first estimation of the risk
related to phytoplankton growth development in Eweosd related to flushing rates and
nutrient limitation Similar model approaches accounting for primary production and flushing
ratesweretypically applied in estuaries and adapted for different turbidity condisees
Ferreira et al., 2005, Muylaert et al., 200R)e flow rate was the most important factor
controlling the pelagic algal growth EwensPonds. The dher two main factors wetée
phytoplankton growth rate ande phosphorusvailability, as nitrogen waabundantA TP
concentratiorhigher than 0.02ng L™ would be skficient to support @Glorophyll-a
development of up to 5j8g CHa L™ in 20 days at relatively high growth rates (0.7 Jay
reducing depth of light penetratitmy about 1 mHowever this would only occur ithe flow
rateweresubstantiallyeduced; e.g. dilution rates decreased foument250% to170% with
the existingalgal inoculum(~100 cellsmL™) or 200% with an inoculum of 1000 celtsL™.

Reasonabland straight forwardsk estimation was obtaingtdrough modellingThis
approacthas some limitationsassome assumptions had to be mediencalculatingthe TP
to support algal growth frortte predictedevel of Chlorophylta concentrationFirsty, a
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constant carbon cell content was adopted representing green algae, fifugtoplankton cell
size- and consequently its carbon contembight be highly ariable betweegroups and
betweerspecies. For example, using approximations suggested by Rey2@0ds
Cyanobacteridnabaenagreen alga@nkistrodesmuysgyreen alga€hlorellaand Diatoms
Cyclotellacellular carbon contemvill be respectively about 29, 6.3.4 and 112 pg C/cell.
This might lead to a partial overestimation or und@resgtion of the TP necessary to support
algal growthdepending on thgroup that will develop in thBond. Secondlyan

approximatéy constant Carbon:Chlorophydi ratio in the cells was assumed, but again this
can vary depending dhephylogenetic group developirfiylendenDeuer and Lessard,
2000.

This modeling approach can be easily adapted to other wetlands, where information
is scarce, collectma reduced amount of data on flow, nutrients and total phytoplankton
biomass. The model provides useful figures that are helpful for ecosystem management
purposesuch as risk assessment

Light climate for macrophytes

Additional information on the riskssociated to a decrease of light availability for
macrophytes was obtaineglaluatingtheir change in productivity at different light levels.
Light intensity was a poor predictor of net primary product@mrRanunculus indundatus
EwensPond, although, aiseof net primary productivityvith light availability was
observedip to~ 120 pmoles nf s. Then the productivityas almost constairicreasing
light up to~370umoles n¥ s*. Thisis consistent with previous works on Charophytes where
the maximum growth rate was reached at abouthidles n¥ s* (SandJensen and
Madsen, 1991 Irradiance saturation point for growth might be relatively variable depending
on speies.For example, @ansidering nine species of macrophytes in shallow coastal Danish
water,Middelboe et al. (2006)bservedsaturatiorpoints ranging between 100 and 200
umoles n¥ s'. A range even wider was obsentgdKiister et al. (20043tudying
Charophytes in the Baltic sea where the irradiance saturation for growth was estimated to
vary from 70 pmoles ¥ s* (C. balticg to 380pmoles n¥ s* (C. canescensAdditional
experiments should be carried out assessing primary productivity for other macrophytes
speciesn the Ponds

Previous works estimatete net primary poductivity for densenacralgaemat
(Chaetomorpha linupndeveloping in shallow coastal areas through laboratory experiment
beingclose to 0.096 mg £y dw h' at light intensity of about 120 umolesas™(Krause
Jensen et al., 1996This is similar to the productivity obtained inglstudy,between 0.06
and 0.08 mg @g™ dw h*, at analogousght intensities. To convert values from C tgi®
order tomake comparisoran Q/C molar ratioof 1.2 was adopted (Saideénsen and Madsen
1991).

Other studies found high&harophyterimary productivity than in Eweriond and
showed a high varialif} in net productivity between species. For examaleet daily
primary production of about 26 mg mg " dw wasestimatedor Chararudisin shallow
lakes,that is approximately 1 mg@* dw h(Kufel and Kufel, 2002 In a lotic habitat in
South easterBrazil, maximum net photosynthetic rates measured at 20°C wteeenely
variable depending on Charophgigecieslower than 1 mg ©g* dw h* for Chara
guairensisand up to 8 mg ©g™” dw hH* for Nitella sp(Viera and Necchi, 2003Low
productivity in Eweng?ond could be related to the low environmental temperaturéCj15
and to the low P availability. Although, it has to be considered that productivity values are



not directly comparable because different stressors will atifferent systems and the net
primary production is influenced not just by light intensity but also other factorsé&iryty,
temperature and nutrients).

5. Conclusions

At present, the ecosystem conditions in Ewens Parelmanly controlled by flow.
Change in water residence tirhas been identifiedsthe most important factor controlling
future environmental riskd low residence time adbout 95 h (flow rate~1.2 nt's?) flushes
out of the systermpelagic phytoplanktooellsthatmight develop athe surface Additionally,
thehigh flow rate avoidstratification even duringhe summey maintaining high
oxygenation in the water columm this highly oxygenated environment there is almost no
internal release gdhosphorugérom the sediment.

In combination with flow, @aother factor controlling environmental risk in the Ponds
is indeedphosphorusvailability. Nutrient monitoring and bioassay experiments showed that
the system iphosphorudgimited (e.g. TN:TP ratio of about 42ndnitrogen is extremely
high 5.8 + 0.5 mg L*. However sediment flux experiments revealed that there is sufficient
total phosphorus available in the sediment to represesk.df the flow rate decreasad
anic conditions develom the bottom layerdhe TP releaseih 20 dayswvould be able to
support pelagic algal growth and reduce light availability for macrophytes of abou#t50%
their maximundepth of colonization

Thecombined effect of TP and flow gelagicphytoplankton development and
consegently onlight availability formacrophyte growthwere evaluated by modelling. This
allowed estimating TP and flushing raibeeshold€o maintain clear wateandpreservehe
macrophyte communityf phytoplankton concentratisrarekept under Jug ChlaL™ there
will be almost no changes in light conditions for the macrophytes. Inskeadakimum
depth of colonization of macrophytedll be reducedby about one mee if phytoplankton
concentrationwere toreach aproximately5.5ug Chla L. This biomass could be sustained
by a relatively low TP concentration ©02mg L in the water columrut it wouldonly
happenif the residence timevill beincreasedrom about % h to aboutl4 h under the present
initial conditions €100 cells/mL;0.0135ug Chla L% or to about 12 h with a higher
inoculum (e.g1000 cells/mL0.135 ug Chla ).

The riskin EwensPondss alsoassociated with a possible increasd P
groundwater inpuin the futurelt has been estimated thasgikein nutriens entering the
Pondsmight be observetbetweer2026and2037.This was obtainecelating thecalculated
water age of the Ponds witihe Australian trends in fertilizer use in the last decadiess risk
might still be mitigated bylow rates becauseevenwith increasing TPpelagic
phytoplankton growthwill be unlikely to occur if the present flushing rate is maintained.

An additional riskfor the clear watesystemconservations represented bgpiphytic
algal growth. The development @piphytic algaaenight occur at higér flow ratethan
pelagic alga@and itmight cover the macrophytEhadinghe light necessary for their
development and compromise ecosystem funcRoaliminaryexperiments have been
carried outand results suggest thredditionalinvestigationshould be conducted t@refully
evaluate this aspedtith no limitation ofphosphorushe epiphytic algal growth rate could
drastically increase up times the current rate8n increase of epiphytic biomass of about
20 mg Chia mi? on macrphyte leaes could decrease light availability about 20%. If this
did occur at thegresentmaximum depth of colonizatiof@bout 5 mymacrophyte productivity
would be close to zero and they could only survive in shallower areas.



Other wetlands in the South Easé undergoing similar pressures as Ewens Ramds
particular related tautrient increaselhe collated data on nutrients concentratroSouth
East wetlands did nadentify main hotspot areas but showed that commamtyogen was
highly available, as per a TN: TP ratio >20 in about 70% of the systems. The majority of the
systems (>80%) sampled between 2008 and 2014 presented TN concentrations above the
Australian and New Zealand fresh water quality guidelines. Thisctefthe pressure on
freshwater systesatoming from extensive land use for agriculture and farming in the South
East.
The model approacidopted in this work could be easily applied to ofbearth East
wetlands on which there is limited information avalile. Measuring feygrimaryvariables
as flow, nutrients and total phytoplankton biomass, it would be possible to obtain useful
insights for ecosystem conservation and management.
Considering the conclusions of this work, several recommendations aretedgbes
should be taken into account foture management plans:
A Developlong termmonitoring programs on nutrients and flawEwens
Ponds the two main variabkecontrolling environmental riskhould be
monitored regularly to detect seasonal and kengn variations affecting the
ecosystem.
A Carry outspecificevaluation of thenainpressures affecting the systeim:
particular, it would beneaningfula) investigating which areas are
contributing the most as nutrient inputs for groundwadiedeterminig the
recharge areas and the sources of groundwater entering thealRdiofls
guantifying number ofusers and water demarithtmight alter water
extractionfrom the aquifer
A Initiate additional analysis of the risk associated with epiphytic growth:
filamentous epiphytic algae have been developing even at high flow rate and
their growth at increasqehosphorugoncentration might result in severe
consequence for thmacrophytelevelopment
When planning any mitigating action for nutrients, managers should take into account
that the water residence time in the aquifer is abotB72gearghereforeeffects will be only
observedn thelong term.St a k e hawhreness andhe fyéity of the ecosystem should
be improved and they should be involved in decisions regarding land management and water
allocation



Appendix A. Collated data base o

wetlands.

nTP an

TN concentration in the South East

Table 9. Collated data set: site name, location, years when sampling was conducted, average total
nitrogen and total phosphorusvalues and TN/TP ratio.

. . . TN TP
Site Name Easting Northing Years | Samples (mg/L) (mg/L) TN/TP
8 Mile Creek- Ewens 2010
Ponds 481981 5790878 2014 4 5.69 0.01 418.79
Avenue Flat Drain, | 154505 | 5899275 | 2009 | 1 265 0.04 67.95
near Lucindale
Baker Range Drain, nea 5755 | 5850503 | 2000 | 1 3.76 0.19 20.00
Mount Burr
Benara Creek, Lake | 49546 | 5811528 |2014 |1 1.50 0.06 27.33
Bonney SE
2008
Big Reedy 438097 5951673 2009 5 4.99 0.60 8.34
2010
2008
Big Telowie 402398 5965295 2009 5 0.98 0.03 31.81
2010
Biscuit Flat Drain, 416336 | 5875592 | 2009 |1 2.61 0.12 22.60
Biscuit Flat
Blackford Drain, near 2009
Kingston SE 401796 5927170 2014 2 0.71 0.02 33.90
Blackford Drain, near 2009
Mount Scott 412918 5930921 2 0.89 0.03 31.66
. 2014
Conservation Park
Bloomfield 449722 5919817 2010 1 3.16 0.27 11.79
Bool - Drain 469892 5888894 2010 1 4.13 0.06 67.15
Bray Drain, near Lake 2009
Hawdon South 410300 5879125 2014 2 1.92 0.06 32.53
Bucks 447123 5804660 2010 1 5.60 0.08 71.79
Bunbury 406866 6001280 2010 1 3.05 0.10 31.09
Butchers Gap Drain, 2009
near Butchers Gap 394413 5915593 2 4.05 0.16 26.10
. 2014
Conservation Park
Cortina Lakes 400677 | 5984673 gggg’ 4 8.07 0.22 37.00
Deep Creek, near 2009
Riddock Bay 480650 5789125 2014 2 3.65 0.01 270.56
Didicoolum Drain, near | js,640 | 5956312 | 2014 | 1 0.82 0.02 37.45
Marcollat Hall
Dine 493110 5910857 2010 1 3.63 0.63 5.75
Drain 31, Millicent 442050 5838550 38(1)2 2 0.66 0.06 10.46
Drain 31, near Millicent | 440871 5836328 2009 1 8.70 1.52 5.72
Drain 44, near northern 2009
end of Lake Bonney SE 439600 5831850 2014 2 3.81 0.67 5.66
Drain 57, near Snuggery 449372 5830478 | 2014 1 3.35 0.16 20.65
Drain at Bevilaqua Ford| 2009
south from Rendelsham 431150 5840175 2014 2 2.35 0.05 47.42
Drain K, between 2009
Lucindale and Robe 424522 5900778 2014 2 1.82 0.03 59.52




Drain L, eastfrom Lake | ;10755 | 5890150 | 2009 | 1 1.03 0.02 43.62

Hawdon North

Drain L, near Robe 394322 5885628 5823 2 1.05 0.02 54.52

Drain L, north from 418500 | 5895400 | 2009 |1 1.12 0.03 44.80

Biscuit Flat

Drain M, near Beachpor| 415250 5855100 3822 2 1.10 0.03 35.12

:?]:]a'” M. nearKangaroo ,54371 | 5ge7328 | 2009 |1 1.48 0.03 59.20

Drain M, northeast from 2009

Beachport 426836 5861203 2014 2 0.82 0.03 27.68

Eight Mile Creek, 2009

Riddock Bay 482200 5789075 2014 2 6.08 0.01 459.06

Glencoe Drain, south | 425400 | 5g35900 | 2009 | 5 3.57 0.21 17.20

from Kalangadoo 2014

Hacks 474854 5893916 2010 1 3.05 0.08 38.03

Henry Creek 400688 5965085 3883 4 1.61 0.10 16.12

Henry Creek, south fromn 2009

the Tilley Swamp 400450 5963500 2 0.67 0.03 26.59
- 2014

Conservation Park

Hitchcox Main Drain, - | ya/155 | 5789678 | 2999 |5 4.10 0.02 197.47

near Brown Bay 2014

Honans 467280 5823537 2010 1 1.46 0.06 24.01

Jackie White Drain, nea 2009

Avenue Flat 426543 5916755 2014 2 1.71 0.06 26.76

Jerusalem Creek, east 2009

from Port MacDonnell 476646 5789460 2014 2 2.26 0.02 143.17

K-C Road 397368 5984593 2010 1 1.70 0.41 4.19

Kingston Main Drain,

southeast from 406801 5909146 2009 1 2.12 0.05 39.26

Kingston SE

Lake Bonney 444698 5813354 2010 1 6.49 0.34 18.87

Lake Frome North 2009

Drain, near Southend 426100 5845050 2014 2 1.96 0.26 7.67

Lake FromeOutlet 424300 | 5841350 | 2009 |1 1.81 0.04 42.09

Drain, Southend

Lake George 446348 5822691 2010 1 5.03 0.04 115.10

Lake Hawdon South 408061 5879144 2010 1 1.26 0.06 19.53

Little Reedy 438097 5951673 2010 1 4.03 0.89 4,55

Mandina 402671 5984196 2010 1 1.75 0.03 63.18

Marcollat Watercourse

at Jip Jip Waterhole, | poo696 | 594603 | 2009 | 2 5.01 0.48 10.46

near Jip Jip 2014

Conservation Park

Marshes 460235 5835637 2010 1 2.15 0.06 35.19

Morella 381960 | 5998983 gggg 4 213 0.06 33.95

Morella site 2 380413 6000704 2010 1 0.90 0.01 91.39

Mosquito Creek, east

from Joanna near the 495121 5895478 2009 1 4.49 0.99 4.56

SA/Victorian border
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. 2009
Mosquito Creek, Struan| 481100 5894650 2014 4.60 0.49 9.40
Mullins 424832 5848568 2010 0.99 0.02 45.86
NaracoorteCreek, 477100 | 5910225 | 2009 2.25 0.32 7.08
Naracoorte 2014
Naracoorte Creek, West| 474395 | 5910671 | 2009 0.50 0.19 2.58
from Naracoorte
Naracoorte Creek,
western edge of 475900 5909900 | 2009 1.49 0.41 3.64
Naracoorte
Narrow Neck Drain, 2009
near Rendelsham 428897 5843584 2014 1.70 0.03 64.30
Pelican Point Drain, neq ;50954 | 5801450 | 2009 5.42 0.79 6.87
Carpenter Rocks
PicanniniePonds 491235 5802885 2010 2.16 0.02 120.00
Piccaninnie Blue Lake
Outlet, Piccaninnie 2009
Ponds Conservation 494600 5788300 2014 2.18 0.01 181.88
Park
(O TS 490695 5789095 2010 1.99 0.02 100.67
PiccaninniePonds
. 2014
Conservation Park
Reedy Creek Drain, neq ;50475 | 5848228 | 2009 1.38 0.21 6.70
Mount Burr
Reedy Creel Drain,
between Robe and 422125 5897300 2009 5.21 0.09 60.58
Lucindale
Reedy CreeiMount
Hope Drain, Near 432566 5854670 2014 0.89 0.02 42.38
Hogan's Lane Regulator
Reedy CreeiMount 2009
Hope Drain, near 425400 5848350 1.71 0.06 26.76
. 2014
Mullins Swamp
Reedy CreefVilmot | 451475 | 5870075 | 2009 1.22 0.03 43.39
Drain, near Greenways
Reedy CreelVilmot
Drain, near Reedy Cree| 431197 5872253 | 2009 3.06 0.14 22.01
Conservation Park
Rocky 410988 5952186 2010 1.28 0.02 72.73
Rocky Swamp(Parakie)| 411181 5952188 gggg 1.35 0.07 20.45
SeymourRobertson 474423 | 5890061 | 2009 0.99 0.01 198.00
Drain, Bool Lagoon
Smiths 411737 5950637 2010 1.45 0.02 72.14
Snuggery 410753 5953252 | 2010 1.27 0.02 64.80
Stony Creek, near 2009
eastern edge of Lake | 443722 5826878 1.71 0.06 26.76
2014
Bonney SE
Sutherland Drain, near 2009
Beachport 417700 5853875 2014 2.77 0.08 34.39
Taratap 399776 | 5954948 gggg 2.79 0.16 17.71
Taratap Drain, south | 397008 | 5963693 | 2009 0.73 0.02 45.63
from Tilley Swamp




Conservation Park

Tatiara Creek,

5981860 1.34 0.11 12.76
Bordertown
Tatiara Creek, east from 5081155 177 0.64 275
Bordertown
Unnamed Drain, near 5970054 1 272 0.06 43.87
Tilley Swamp
Willalooka North 5952583 1 3.78 0.28 13.36
Willalooka South 5950301 1 3.59 0.81 4.42
Wilmot Drain, near 5886550 1 3.35 0.02 186.11

Earth Quake Springs
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