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[bookmark: _Toc409798396][bookmark: _Toc286018759]Summary
[bookmark: _Toc509242196]Context:
[bookmark: _Toc509242197][bookmark: _Hlk74729516]The Kerang Lakes Bypass Project aims to investigate the feasibility of removing lakes in the Kerang region from the Torrumbarry Irrigation System to achieve water savings and to enhance environmental values of the Ramsar listed Kerang Lakes Wetlands. In preparation for the drawdown of one of the lakes, Third Lake, a fish survey was undertaken in November 2019, which resulted in the capture of two Southern Purple-spotted Gudgeon (Mogurnda adspersa; SPSG), an endangered native fish that was thought to be regionally extinct in Victoria. Further surveys of the lake and the geographically close and hydrologically connected Middle Lake, resulted in the capture of additional individuals, thereby confirming that a population of the species persisted in the region. 
Aims:  
[bookmark: _Toc509242198]Due to the significance of the discovery of SPSG, it was deemed important by the Department of Environment, Land, Water and Planning to further investigate the spatial extent of the species within the Kerang region. Furthermore, due to the genetic differentiation of the species over its range, a genetic assessment was also undertaken to determine which lineage the population belonged to, and the genetic viability of the population over the longer term. This document describes methods and results of the investigation, and provides recommendations aimed at benefiting the species in Victoria into the future.
Methods:  
[bookmark: _Toc509242199]In all, 71 sites were surveyed using environmental DNA (eDNA) and/or physical sampling to determine the spatial extent of the population of SPSG in the Kerang region. To achieve this, we developed and trialled an eDNA species-specific probe. We also investigated the genetics of populations using fin-clips removed from captured individuals and compared these results with the genetics of other known populations throughout the Murray-Darling Basin (MDB).
Results:   
[bookmark: _Toc509242200]SPSG were captured, or DNA of the species was found to be present, in Kangaroo Lake, the channel between Kangaroo Lake and Racecourse Lake, Racecourse Lake, the channel between Racecourse Lake and Little Lake Charm, Little Lake Charm, Third Lake, the channel between Third Lake and Middle Lake, and Middle Lake. The species may also be present in Scotts Creek and the channel between First Reedy Lake and Middle Lake; however, as only one out of three eDNA samples from these sites returned a positive detection, and physical surveys did not confirm the species presence at these sites, caution should be applied to these results. The newly discovered SPSG population was found to be genetically healthy and unique, and to have a common ancestry with that of the Murray Bridge population. There was also no evidence of reduced genetic diversity, inbreeding, or higher levels of family relatedness. 
Conclusions and implications:  
SPSG has a considerably broader distribution in the Kerang region than previously known (i.e., Middle Lake and Third Lake). The increased distribution of the species determined here, suggests that the presence of the species in other nearby waterbodies within the region cannot be ruled out. Further surveys are therefore recommended. SPSG are small-bodied, and therefore likely deposit only small amounts of DNA within the environment. Indeed, it may be that large numbers of SPSG need to be present for DNA detection to occur. Therefore, it is strongly recommended that potential biases associated with incomplete detection be examined by formally estimating detection probabilities under an occupancy modelling framework. In addition, it should be considered that eDNA studies of rare species in lentic water bodies such as lakes and wetlands are often problematic due to the spatial and temporal variability of DNA in these systems. To increase the power of this survey, therefore, additional samples should be collected over multiple time points, and more water should be filtered. 
[bookmark: _Toc409798398]Regardless of the present limitations on inferring fine-scale presence of SPSG within the Kerang lakes, it is clear that eDNA surveys present an effective tool for determining the presence of populations. With further study, eDNA analysis of SPSG within the Kerang lakes could provide an ideal model for improved development of detection methods for threatened small-bodied aquatic species in wetlands within Australia. 
The conservation of this genetically unique population should be considered extremely important, as should the continued recovery of the species in Victoria and the MDB in general.
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[bookmark: _Toc111469124]Introduction
[bookmark: _Toc111469125][bookmark: _Toc44315951]Project background

The Southern Purple-spotted Gudgeon (Mogurnda adspersa; SPSG), is a small (maximum 120 mm total length), robust, native freshwater fish, that was once widespread throughout the Murray-Darling Basin (MDB) and coastal drainages of northern New South Wales and Queensland (Figure 1; Hammer 2007, Faulks et al. 2008, Hammer et al. 2015). The species is still abundant in catchments in the north-east of its range in coastal Queensland (Bice et al.), however, due to anthropologically driven changes (Sasaki et al. 2016, Harris and Gehrke 1997), populations within the MDB are now considered under threat (Hammer 2007, Hammer et al. 2012, 2015). Threats to the species include loss of primary habitat (permanent water), habitat degradation (loss of aquatic plants and hard substrates, poor water quality), water regulation/fluctuations impacting reproduction and recruitment, and the presence of alien Common Carp (Cyprinus carpio), Eastern Gambusia (Gambusia holbrooki) and Redfin Perch (Perca fluviatilis) (NSW Fisheries Scientific Committee 2008). Recent genetic investigations have highlighted that populations in the MDB are a distinct lineage from those in coastal Queensland and, because of the species’ decline, of high conservation concern (Faulks et al. 2008, Hammer et al. 2009, Adams et al. 2013, Sasaki et al. 2016). 
[image: ]
[bookmark: _Toc111116817]Figure 1 Adult Southern Purple-spotted Gudgeon. Source: DELWP
In Victoria the species was historically known from the Murray River and its tributaries north of the Great Dividing Range in waterbodies near Mildura, Benalla, Bendigo, Stawell, and Wangaratta (Blandowski 1857, Victorian Biodiversity Atlas). However, by the 1940s the species was presumed extinct in the state, until it was rediscovered in 1995 at Cardross Lakes near Mildura, a population that subsequently died out by 2001 (Allen 1996, Raadik 1996, Raadik and Harrington 1996, Raadik and O'Connor 1996, Raadik and Fairbrother 1997, 1999, Raadik et al. 1999a, b, Raadik 2000, 2001). Due to the decline of the species in the state, it was listed as critically endangered under the Victorian Flora and Fauna Guarantee Act 1988 and regionally extinct (i.e., in Victoria) in the Advisory List of Threatened Vertebrate Fauna 2013 (DSE 2013).
In November 2019, as part of a water-saving initiative (the Kerang Lakes Bypass Project) that aimed to investigate the feasibility of removing artificially permanently filled wetlands from the Torrumbarry Irrigation System in north-central Victoria, a fish survey was undertaken in one of the wetlands planned to be drawn-down (i.e., Third Lake). This resulted in the capture of two SPSG (Iervasi 2019). Further surveys of the wetland in December 2019 captured another four individuals (Iervasi 2019), thereby confirming that a population of the species persisted at the site. The highly restricted distribution of the species in Victoria (one wetland), poor dispersal of the species, and its confinement to an artificially wetted habitat that was planned to be dewatered under a water-saving initiative, therefore presented a risk of extinction with potentially no chance of recolonisation due to no other population known to persist in the region.
[bookmark: _Hlk82673384][bookmark: _Hlk82767688][bookmark: _Hlk74728835][bookmark: _Hlk40346812]To further investigate the species presence in the region, a survey of the geographically close and hydrologically connected Middle Lake (a similarly artificially permanently filled wetland) was undertaken in December of the same year. This resulted in the capture of a further two individuals (Stoessel 2020). In combination, these results indicated that a population persisted within the region and that, due to the presence of several geographically closely related and hydrologically connected wetlands, the species was likely to have a broader local distribution than the two wetlands (Middle Lake and Third Lake) from which it had been captured most recently (Stoessel 2020). Due to the significance of the rediscovery of SPSG in Victoria, further investigation was therefore required. 
Sampling of small-bodied threatened fish species, such as SPSG, is commonly problematic due to their habitually limited home-range, cryptic nature, and often low abundances at sites (Bailey et al., 2004). There is therefore a risk that such species may not be captured using traditional survey methods (e.g., electrofishing, fyke nets, gill nets, bait traps, visual census, acoustic surveys) despite being present at a site. Such an outcome would have obvious dire consequences for the conservation of threatened populations (Wintle et al. 2012, Boakes et al. 2016). 
To counter possible false negatives in detection, environmental DNA (eDNA) is increasingly being used in conjunction or as a precursor to traditional surveys (Goldberg et al. 2016, Beng and Corlett 2020). The technology is expected to promote less costly and non-invasive monitoring of fishes (Murakami et al. 2019) by detecting DNA that has been shed by individuals as excreted cells, tissue, urine, faeces, eggs, etc. (Thomsen and Willerslev 2015, Balasingham et al. 2018). However, the reliability of eDNA as a detection method is dependent on the quantity and distribution of DNA present within the environment, which, in waterbodies, can be affected by the number of organisms present, their life stage, behaviour, body size, metabolism, stress level, water movement, and environmental conditions at the site. It is therefore vital that sampling protocols are developed that maximise detection probability (Bessey et al. 2020).
As eDNA had not been trialled in the detection of SPSG, we develop an eDNA probe for the species and assess its use for the detection of this cryptic and elusive fish. We then compare detection (presence/absence) using eDNA against traditional surveys and make recommendations to better detect similarly threatened small-bodied fish species in Australia and elsewhere in comparable lake/wetland systems. Furthermore, due to the genetic differentiation of the species over its range, a genetic assessment was also undertaken to determine which lineage the population belonged to, and the genetic viability of the population over the longer term. This combined information will better allow populations of SPSG to be identified elsewhere, will describe the range of SPSG in the Kerang region, and provide management recommendations for the conservation of not only populations in the Kerang region, but for the species as a whole in Victoria. 
[bookmark: _Toc111469126]Study location
[bookmark: _Hlk37149241][bookmark: _Hlk37148634]The study was conducted in the Kerang region, ~250 km north of Melbourne (Figure 2). The region has an extensive patchwork of over 120 wetlands (and associated waterways). In 1982, 23 of these wetlands, which have a combined surface area of 9793 ha, were listed as wetlands of international significance under the Ramsar Convention (North Central CMA 2017). This listing acknowledges the value of these wetlands in providing critical habitat and resources for wetland-dependent fauna (particularly waterbirds), and their high environmental, cultural, social, and economic importance to the region and its community (North Central CMA 2017). Sites surveyed for SPSG within the region were chosen based on the wetlands displaying habitat attributes like that of Middle Lake and Third Lake (i.e., average depth < 1 m, highly vegetated, turbid; Figure 3), and were grouped around the townships of Kerang (i.e., northern sites) and Leitchville (southern sites; Figures 2, 4, 5).
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[bookmark: _Toc111116818]Figure 2 Location of survey sites in the Kerang Lakes area of northern Victoria



[image: ]
[bookmark: _Toc111116819]Figure 3 Habitat at Middle Lake where Southern Purple-spotted Gudgeon were previously found to be present. Source: DELWP/Doug Gimesy


[bookmark: _Toc111469127]Methods
[bookmark: _Toc111469128][bookmark: _Hlk39574718][bookmark: _Hlk40347389]Field survey
[bookmark: _Hlk74729256][bookmark: _Hlk82768558]To determine the spatial extent of the SPSG population in the waterbodies surveyed, physical sampling was undertaken, and replicate eDNA water samples collected from 71 sites, 61 of which were in the north (Figure 4) and 10 in the south (Figure 2, Figure 5). Physical sampling was undertaken in combination with the collection of replicate filtered water samples at 61 sites, physical sampling alone at 8 sites, and replicate filtered water sampling alone at two sites (Figure 4, Figure 5). The combination of methods employed at sites (i.e., physical sampling and/or collection of replicate eDNA water samples) was determined in the field based on access, depth of water (which altered over time), and presence, diversity, and abundance of aquatic plants (Figure 4, Figure 5, Table A1). For further detail on physical sampling methodologies see Section 2.3; for collection of replicate water samples see Section 2.1.2; and for probe development and water analysis see Section 2.2. 
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[bookmark: _Toc111116820][bookmark: _Hlk70579437][bookmark: _Hlk82770363]Figure 4 Survey sites (northern grouping), near Kerang, Victoria. Symbols indicate the type of sampling conducted: Circle – combined physical and eDNA; Triangle – physical only; Square – eDNA only. 
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[bookmark: _Toc111116821]Figure 5 Survey sites in the southern grouping, near Kerang, Victoria. Symbols indicate the type of sampling conducted: Circle – combined physical and eDNA; Triangle – physical only; Square – eDNA only




[bookmark: _Toc111469129]Physical sampling
Fyke nets and bait traps were set close to the bank at < 1.5 m depth, amongst submerged and emergent aquatic vegetation for a minimum overnight soak time of 12 hours. Dip netting was also undertaken amongst aquatic vegetation at <1m depth. Bait traps measured 450 mm x 230 mm x 230 mm and consisted of 3 mm nylon mesh covering a rectangular, collapsible wire frame with an open inverted tunnel at each end which narrowed to 40 mm openings. Fyke nets had dual wings 2.5 long x 1.2 m deep, a first supporting hoop with a diameter of 400 mm and a stretched mesh size of 2 mm. Dip nets had a square opening of 300 mm x 300 mm and a mesh size of 3 mm nylon. At each site, sampling effort was documented for fyke nets and bait traps by recording set and haul dates and times. When undertaking dip netting, the date and start and end times were recorded. 
[bookmark: _Hlk39576309]Captured fish were identified to species and counted. SPSG were measured for length (mm total length – TL) and weight (to the nearest 0.1 g), and a fin-clip (less than 2 mm²) taken from the caudal fin using sharp medical-grade scissors (see Guy et al. 1996) to aid in DNA probe development and the analysis of population genetics. Fin clips were placed into individually labelled vials containing 100% ethanol and stored while in the field in a portable fridge. On return to the office, fin clips were placed into a freezer (at 20°C). Following processing in the field, all remaining fish were returned to the water at the site of capture. 
[bookmark: _Toc111469130]eDNA water sample collection
Between one and three replicate water samples were collected from each of the 63 sites where eDNA collection was undertaken (Table A1). Samples were collected just below the surface, close to aquatic vegetation, using the ANDeTM backpack eDNA filtration system. For each replicate, water was filtered through a 1.2 or 5.0 μm filter at a rate of 1 L min1 until the filter became clogged. The volume of water filtered per sample was recorded, each filter was uniquely numbered, and then placed into a portable refrigerator within 30 minutes of collection for storage.
[bookmark: _Toc44315956][bookmark: _Toc111469131]eDNA probe development and water sample analysis
[bookmark: _Hlk72230071][bookmark: _Toc111469132][bookmark: _Hlk70062642]In silico probe development 
eDNA offers a cost-effective, non-invasive method for species detection. However, as a species-specific eDNA probe did not exist for SPSG, this survey required one to be developed to enable quantitative PCR (qPCR) based detection. The design of the probe was confounded by the genetic variation across the distribution of SPSG (Sasaki et al. 2016) and the co-occurrence of other Eleotridae species within the southern MDB, where the present survey was conducted. Given the suggested rarity of SPSG within the region, probes also needed to be sufficiently sensitive to detect minute concentrations of DNA in samples taken from highly turbid waters.
As mitochondrial DNA (mtDNA) commonly provides the strongest signal within eDNA samples (as opposed to nuclear DNA) (Bylemans et al 2018), we utilised published mtDNA gene regions to develop the probe. Gene regions were selected for MDB lineages of SPSG, in addition to representatives of non-MDB lineages and congeners and other closely related species, from sequences within Genbank (Table 1). No Mogurnda-specific primer pairs could be developed for the 12S rDNA gene; therefore, this gene was not considered further.
A TaqMan®-style qPCR approach was undertaken in detecting eDNA, as probe-based chemistries have been shown to demonstrate higher specificity to the target DNA (Wilcox et al. 2013). It should be noted however, that other methods are possible (e.g., Sybr Green) which offer different advantages, such as using melt-curve analyses to examine cross species amplification (e.g., Larson et al 2017). Primerprobe development was then undertaken, attaining specificity by ideally insuring (1) PCR product was less than 200 bp long (extended to 250 bp if necessary), (2) primers were at least 20 bp with Tm > 55°C (Tm would however be reduced if deemed necessary during primer development) with no mismatches within SPSG (MDB lineage), and > 2 mismatches to other species, and (3) probes were at least 24 bp, with Tm > 60°C (Tm would however once again be reduced if deemed necessary during probe development), with no mismatches within SPSG (MDB), and > 4 mismatches to other species. Initial alignments were undertaken in Geneious (V9) (https://www.geneious.com). The web-based tool ssPRIMER was used to design species specific primers with the previous specifications (https://www.mattortonapps.com/shiny/ssPRIMER/; accessed 14/05/2021). 



[bookmark: _Toc111116775]Table 1 GenBank sequences used for primer/probe design,
	Common name
	Scientific name
	Lineage
	ATP6 & 8
	CYTB
	CR
	CO1
	12S

	Southern Purple-spotted Gudgeon
	Mogurnda adspersa 
	MDB
	DQ219330, DQ219325, DQ219324, DQ219326, DQ219328, DQ219329
	NC024058
	HQ615446, HQ615447, HQ615448
	KJ669528
	

	
	
	SEQ
	DQ219332, DQ219333
	
	
	KJ669525
	KJ774848

	
	
	NQ
	KC603704
	GU288550, AY722184
	
	
	

	
	
	CQ
	KC603701
	
	
	KJ669526, KJ669527
	

	Dalhousie Mogurnda
	Mogurnda thermophila
	
	DQ219339
	
	DQ219321
	KJ669532
	KJ774853

	Desert Mogurnda
	Mogurnda larapintae
	
	DQ219337
	
	DQ219321
	KJ669531
	KJ774852

	False-spotted gudgeon
	Mogurnda oligolepis
	
	KC603705
	
	
	
	

	Flinders Ranges Mogurnda
	Mogurnda clivicola
	
	DQ219338
	
	DQ219332
	KJ669530
	KJ774850

	Northern Purple-spotted Gudgeon
	Mogurnda mogurnda
	
	HQ678531
	AY72210
	HM006934
	
	KJ774989

	Cox’s Gudgeon
	Gobiomorphus coxii
	
	HM007001
	HM007041
	HM006925
	KJ669472
	KJ774832

	Striped Gudgeon
	Gobiomorphus australis
	
	HM007000
	HM007040
	HM006924
	KJ669471
	KJ774831

	Empire Gudgeon
	Hypseleotris compressa
	
	JX914350
	HM007042
	HM006929
	KJ669477
	KJ774834

	Firetail Gudgeon
	Hypseleotris galii
	
	HM007003
	HM007043
	HM006927
	KJ669481
	KJ774835

	Dwarf Flathead Gudgeon
	Philypnodon macrostomus
	
	HM007019
	HM007061
	HM006941
	KJ669588
	KJ774997


N.B. COI = Cytochrome oxidase 1, CytB = Cytochrome B, CR = Control Region, ATP6 & 8 = combined alignment of ATPase subunit 6 & 8 (ATP). SEQ = southeastern Queensland, NQ = northern Queensland, CQ = central Queensland
[bookmark: _Toc111469133][bookmark: _Hlk70581123]Probe trials
[bookmark: _Hlk70581195][bookmark: _Hlk108190575]An initial trial of the four best candidate primer/probe sets (see results) was undertaken. PrimeTime qPCR probe assays (Integrated DNA Technologies) with a 2:1 primer:probe ratio and 5' dye / 3' quencher were used to trial probes, with all assays using 6-FAM/ZEN/IBQF dye/quencher combination for high signal to noise qPCR reactions. Initial trials for amplification success were undertaken with SPSG DNA extracted from fish collected from the target site, and primer specificity was tested against SPSG lineages from southeastern Queensland (SEQ), northern Queensland (NQ) and central Queensland (CQ). In addition, species specificity was tested against Mogurnda congeners (M. oligolepis, M. thermophila. M. larapintae, 
M. clivicola) and potentially co-occurring Eleotridae species, Philypnodon macrostomus, Hypseleotris lineages (HA, HB and HX), Oxyeleotris lineolata and Gobiomorphus australis.
qPCR conditions for all initial probe assays were: 5.0 ul PrimeTime Gene expression master mix (IDT), 0.5 L 20X Primetime qPCR Assay, 2.5 L H20, and 2.0 L of 5ng/L of DNA extraction, and initial trials were undertaken on the Chai Open qPCR (https://www.chaibio.com/) with the following reaction conditions: 95°C for 3:00 minutes, 50 cycles of 95°C for 10 sec and 60°C for 30 sec. Further tests of species specificity were undertaken using a BioRad CFX96, with no difference evident between the two thermocyclers. For tests of species specificity, multiple DNA extractions were used from all test species/lineages, and qPCR reactions run in triplicate. As the probes developed from the ATP6 & 8 locus were the only sets not to amplify across genera (see results), the ATP probes were considered further against the Mogurnda species and SPSG lineages by gradient PCRs with an increase in annealing temperature up to 65°C. A dilution series of SPSG (MDB) DNA was undertaken to test the efficiency of the qPCR probes at both 60°C and 65°C. Sensitivity was indicated as sufficient where PCR efficiency fit within the recommended R2 of >0.95.   
[bookmark: _Toc111469134][bookmark: _Hlk71545166]eDNA sensitivity tests and analysis 
Strict sampling procedures were followed to eliminate the risk of cross contamination between collection sites. In short, samples were collected using a 4 m extension pole, and to eliminate the risk of eDNA contamination single use gloves and tweezers were used to transfer the eDNA filter at each site. 
On return to the laboratory DNA was extracted following a modified Qiagen DNeasy protocol (Spens et al. 2017). To do this, each filter was removed from its individually labelled vial and cut in half. One half of the filter was then returned to the vial from which it had been removed and placed back into cold storage for future analysis if required. The other half was cut into 3–5 mm strips using scissors that had been sterilised using 50% bleach. Filter pieces were then air dried to remove ethanol, and placed into 1.5 L tubes to which was added 720 L of buffer ATL and 80 L of Proteinase K. Filters were digested overnight at 55°C. On the following day the supernatant was removed and 400 L was placed into two separate tubes, with equal volumes of Buffer AL and 100% ethanol. Both tubes were then sequentially passed through a DNA mini spin column, until all DNA was bound to the column. The standard DNeasy protocol was then followed. As DNA extractions were made over multiple sessions, extraction blanks were made up in each extraction session (following the same procedure, but without the addition of filters) to control for potential contamination.
Quantitative PCR (qPCR) reactions were then undertaken using developed Mogurnda-specific primers (see section 2.3.1, section 2.3.2). PrimeTime qPCR probe assays (Integrated DNA Technologies) with a primer:probe ratio of 2:1 and 5' dye/3' quencher were used, with all assays using 6-FAM/ZEN/IBQF dye/quencher combination. qPCR conditions for all probe assays were as developed, 5.0 L PrimeTime Gene expression master mix (IDT), 0.5 L 20X Primetime qPCR Assay, 2.5 L H20 and 2.0 L of DNA extraction. For all samples including controls, qPCRs were undertaken in triplicate on a BioRad CFX96 Touch thermal cycler under the following conditions: 95°C for 3:00 minutes, 50 cycles of 95°C for 10 seconds and 60°C for 30 seconds. Only samples where 2 out of 3 replicates returned a positive result were counted as successful. 
To test or control for the presence of PCR inhibition introduced by the co-extraction of factors such as plant polyphenols or humic acid, the following tests were undertaken for samples that initially tested negative, or where only 1 of 3 replicates were positive: (1) DNA extracts were diluted 1:10 with H2O, (2) DNA extracts were purified using OneStep™ PCR Inhibitor Removal Kit (Zymo Research, Irvine, CA, USA), (3) PCR reactions were trialled using Kapa Probe Force Universal qPCR mix (Kapa Biosystems, Wilmington, MA, USA), and amplification enzyme designed to overcome inhibition, and (4) additional PCR reactions were spiked with 2 L of 5 x 103 ng/L SPSG DNA, and qPCR reactions were then undertaken as above. To test for potential false negatives in the results, we tested for PCR inhibition. 
[bookmark: _Toc111469135][bookmark: _Hlk72305740]Population genetics
[bookmark: _Hlk98232445]To determine population genetics and structure, DNA was extracted from fin-clips taken from the Kerang Lakes population (n = 74) and all other known MDB populations: Murray Bridge n = 10, Condamine River 
n = 33, Dumaresque River n = 47, Gywdir River n = 29, Macquarie River n = 24, Severn River n = 4, and Army (an artificially stocked pond on the Army reserve near Murray Bridge, reportedly a mix of Gwydir, Condamine and Dumaresq fish) n = 10. 
DNA was extracted using a DNeasy Blood & Tissue kit (Qiagen) according to the manufacturer’s instructions. 20 L (concentration ranging from 5 to 20 ng/L) of DNA for each sample was sent to Diversity Arrays Technology (DArT) to be sequenced using the DArTSeq platform (Diversity Arrays Technology; www.diversityarrays.com). This platform uses a form of reduced representation sequencing similar to double digest restriction-site associated DNA sequencing to generate large numbers of single nucleotide polymorphisms (SNPs). DNA samples were digested using two different enzymes (PstI and SphI) with two adaptors corresponding to the two different restriction enzyme overhangs following digestion and ligation methods (Kilian et al. 2012). The forward (PstI) adaptor included an Illumina flow cell attachment sequence, sequencing primer sequence, and a unique barcode for multiplexing and the reverse adaptor included an Illumina flow cell attachment sequence. Fragments of DNA containing both cut sites were then amplified for sequencing with fragments which lacked one or both cut sites unable to amplify. Equimolar amounts of each amplified product were then pooled and sequenced on an Illumina Hiseq 2500 for 77 cycles. Samples were sequenced in batches of 94 per Illumina sequencing lane with 25% of samples rerun as technical replicates for quality control. Sequenced reads were processed using DArT proprietary analytical pipelines (Kilian et al. 2012), with poor quality sequences removed and low-quality bases corrected using consensus sequences from multiple members as a template. The quality of each sequence was scored using two different quality scores: one stringent filter applied to the barcode region (Phred pass score of 30, minimum pass % 75) and one less stringent filter applied to the whole sequence read (Phred pass score of 10, minimum pass % 50).  
[bookmark: _Toc44315958]A secondary pipeline (DArTsoft14) (Kilian et al. 2012) compiled read counts into SNP loci with a maximum allowed difference between sequences of 3 bases which were then further filtered using the dartR v 1.1.11 package (Gruber et al. 2018) in R (R Core Team 2013. The following filtering steps were undertaken to finalise the SNP data set: (1) SNPs with allele read counts of > 5-fold difference were removed, (2) SNPS with a reproducibility value of <1 (based on technical replicates) were removed, (3) SNPs missing in >10% of individuals were removed, (4) SNPs with alleles present in less than 2% of all individuals were removed, and (5) only a single SNP per sequence tag was retained. No significant outliers were determined using Fst approach. Finally, any individuals with more than 15% missing data were removed. Post filtering, 2739 SNPs were retained from 225 individuals.  
The presence of population structure within the data was determined using sparse Nonnegative Matrix Factorization (sMNF) (Frichot et al., 2014), implemented in the R package LEA (Frichot & Francois, 2015), to determine the best-fit number of populations (K), after testing K values between 1 and 10. Different values for the regularization parameter (α) (Frichot et al. 2014), were replicated and plots constructed to visualize the lower cross-entropy value by K in each α. The number of K with the lowest cross-entropy represented the number of ancestry populations. Discriminate analysis of principal components (DAPC) (Jombert et al., 2010) analyses was also undertaken to further support population groups identified using sMNF. For DAPC, all individuals were assigned into optimal groups using successive K-means clustering from the find.clusters function in the R package adagenet v 1.3.1 (Jombert 2008) before being plotted using synthetic variables to maximise distance from each genetic cluster. 
Significant differences between identified populations, in particular the uniqueness of the Kerang Lakes population was also tested using pairwise FsT in the R package HIERFSTAT v0.04-22 (Goudet 2005). In addition, the number of fixed differences between population pairs, which provides a clear indication of lack of gene flow (Georges et al. 2018), was analysed using dartR. 
To determine the relationship of the Kerang Lakes population and to examine the history of population divergence we used a coalescent model as implemented by the SNAPP v1.3 package (Bryant et al., 2010) within BEAST version 2.4.1 (Bouckaert et al. 2014) to infer a population tree. As coalescent analysis is computationally intense, we used a reduced dataset of 1000 randomly chosen SNPs and between 2 and 3 individuals per population. To ensure results were consistent, multiple reduced data sets were analysed and the results combined. We used the default prior and model parameters (µ = 1, v = 1, coalescence rate = 10, priors: α = 11.75, β = 109.73, κ = 1, λ = 0.00765) and ran two independent replicate MCMC runs of 1,000,000 iterations with sampling every 1000 steps and a burn-in of 10%. Run convergence was assessed using TRACER version 1.4 to confirm that effective sample sizes (ESS) for all parameters were >200, a maximum clade credibility tree was summarised using TREEANNOTATOR version 1.8.3, with the posterior distribution of gene trees visualised using DENSITREE version 2.2.1 (Bouckaert, 2010).
Sibling relationships were estimated among individuals to determine levels of family diversity within populations. Kinship analyses were performed using the program COLONY (Wang 2009) to test for full sibling and half sibling pairs found across each species, and to determine the number of independent clusters of full/half sibling families present. Five independent ‘long” COLONY runs were averaged, with the following settings: combined pairwise and full-likelihood score, a genotyping error rate of 1%, allele frequencies updated, assumed polygamy, inbreeding. As larger numbers of individuals are best for kinship analysis, these were limited to the Kerang Lakes, Condamine River, Macquarie River and Gwydir River populations.
Genetic diversity statistics including observed heterozygosity (Ho) expected heterozygosity (He) and allelic richness (AR) and number of private alleles (PA) were calculated for each population using the R software package HIERFSTAT v0.04-22 (Goudet 2005). Estimates of theta (θ); i.e., mutation rate scaled effective populations size were generated from the output of SNAPP analysis. Effective population sizes were also calculated using the kinship assignment method, assuming non-random mating implemented in the program COLONY (Wang 2009) with the same settings described for identifying kinship relationships.

[bookmark: _Toc111469136]Results
[bookmark: _Toc44315959][bookmark: _Toc111469137]Fish survey
[bookmark: _Hlk40347562]A total of 28,963 fish representing 15 species were captured during the survey. SPSG were captured from sites in Kangaroo Lake (site 8, n=3), Racecourse Lake (site 12, n = 8), and Middle Lake (site 29, n = 52; site 30, n = 10; site 31, n = 14) (Figure 2, Table 2). A further SPSG was also observed at a site in Third Lake (site 24) (Figure 2). SPSG ranged from 44 to 98 mm TL and weighed 0.8 to 14.0 g.  
The most widespread and abundant native species was Carp Gudgeon (Hypseleotris spp., n=18132), which were recorded at all sites except site 30 and 31 (Table 2). Alternatively, Murray Cod (Maccullochella peeli) were the least abundant native species, with a single individual captured at a site in Kow Swamp (site 68, Table 2). The most widespread and abundant alien species was Eastern Gambusia (Gambusia holbrooki), with 3337 individuals recorded in total from 47 sites (Table 2). 

[bookmark: _Toc111116776]Table 2 Count of individuals captured during physical surveys.
	[bookmark: _Hlk71539659]Site
	Australian Smelt (Retropinna semoni)
	Bony Bream (Nematalosa erebi)
	Carp Gudgeon (Hypseleotris spp.)*
	Common Carp (Cyprinus carpio)*
	Dwarf Flathead Gudgeon (Philypnodon macrostomus)
	Eastern Gambusia (Gambusia holbrooki)*
	Flathead Gudgeon (Philypnodon grandiceps)
	Goldfish (Carassius auratus)*
	Hardyhead spp. Craterocephalus spp.)
	Murray Cod
(Maccullochella peelii)
	Golden Perch
(Macquaria ambigua)
	Murray River Rainbowfish (Melanotaenia fluviatilis)
	Oriental Weatherloach (Misgurnus anguillicaudatus)*
	Redfin (Perca fluviatilis)*
	Southern Purple-spotted Gudgeon (Mogurnda adspersa)

	1
	
	
	6
	7
	
	
	2
	
	
	
	
	
	1
	
	

	2
	
	
	49
	8
	
	9
	
	1
	
	
	
	
	11
	
	

	3
	
	
	27
	6
	
	5
	
	5
	
	
	
	
	2
	
	

	4
	
	
	28
	9
	
	8
	
	20
	
	
	
	
	1
	
	

	5
	68
	4
	47
	
	
	49
	102
	
	
	
	
	
	1
	4
	

	7
	2
	
	3
	
	
	
	77
	
	
	
	
	
	2
	
	

	8
	180
	2
	446
	
	
	25
	238
	7
	13
	
	
	
	39
	9
	3

	9
	3
	
	13
	
	1
	4
	20
	
	
	
	
	
	2
	
	

	10
	3
	
	17
	
	2
	13
	16
	
	
	
	1
	
	3
	2
	

	11
	173
	
	127
	
	1
	13
	19
	1
	
	
	
	
	2
	
	

	12
	
	
	358
	2
	3
	32
	29
	
	
	
	
	
	1
	
	8

	13
	32
	
	23
	
	1
	1
	7
	
	
	
	
	
	1
	
	

	14
	172
	
	21
	
	
	15
	14
	
	
	
	7
	
	5
	
	

	15
	45
	
	21
	
	1
	6
	44
	
	
	
	1
	1
	1
	7
	

	16
	13
	
	26
	
	3
	22
	9
	
	
	
	1
	1
	
	10
	

	17
	12
	
	35
	
	
	
	20
	
	
	
	2
	
	1
	76
	

	18
	54
	5
	45
	
	
	27
	3
	3
	2
	
	1
	
	2
	3
	

	19
	13
	2
	31
	
	
	12
	10
	1
	
	
	3
	2
	
	16
	

	23
	8
	
	115
	
	1
	
	57
	
	
	
	
	2
	2
	3
	

	24
	7
	
	146
	
	2
	
	68
	
	
	
	1
	
	
	4
	

	25
	
	
	131
	1
	2
	
	1
	
	
	
	
	
	7
	2
	

	29
	
	
	328
	3
	6
	23
	12
	2
	
	
	
	
	6
	4
	52

	30
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	10

	31
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	14


* alien species


Table 2 Cont’d
	Site
	Australian Smelt (Retropinna semoni)
	Bony Bream (Nematalosa erebi)
	Carp Gudgeon (Hypseleotris spp.)*
	Common Carp (Cyprinus carpio)*
	Dwarf Flathead Gudgeon (Philypnodon macrostomus)
	Eastern Gambusia (Gambusia holbrooki)*
	Flathead Gudgeon (Philypnodon grandiceps)
	Goldfish (Carassius auratus)*
	Hardyhead spp.  Craterocephalus spp.)
	Murray Cod
(Maccullochella peelii)
	Golden Perch
(Macquaria ambigua)
	Murray River Rainbowfish (Melanotaenia fluviatilis
	Oriental Weatherloach (Misgurnus anguillicaudatus)*
	Redfin (Perca fluviatilis)*
	Southern Purple-spotted Gudgeon (Mogurnda adspersa)

	33
	24
	
	235
	1
	3
	65
	1
	
	
	
	
	
	4
	1
	

	34
	7
	
	208
	2
	36
	
	95
	2
	
	
	
	2
	17
	1
	

	36
	22
	
	77
	17
	3
	43
	7
	2
	
	
	
	
	16
	
	

	38
	29
	
	408
	5
	5
	21
	1
	
	
	
	
	
	4
	1
	

	39
	
	
	143
	
	
	
	8
	
	
	
	
	1
	4
	1
	

	40
	9
	
	229
	
	
	13
	7
	4
	
	
	4
	
	2
	
	

	41
	
	
	279
	
	
	32
	8
	68
	
	
	
	2
	4
	2
	

	42
	
	
	1382
	3
	
	137
	1
	
	
	
	
	
	
	1
	

	43
	
	
	112
	
	
	118
	
	1
	
	
	
	
	1
	
	

	45
	
	
	79
	
	
	131
	
	
	
	
	
	
	5
	
	

	46
	
	
	8
	
	
	12
	1
	
	
	
	
	
	1
	
	

	47
	
	
	5023
	
	17
	20
	49
	
	
	
	
	
	
	
	

	48
	
	
	16
	
	
	
	6
	1
	
	
	
	1
	
	
	

	49
	
	
	511
	
	
	277
	
	42
	
	
	
	
	27
	
	

	50
	
	
	816
	211
	
	508
	
	
	
	
	
	
	16
	
	

	51
	
	
	33
	201
	
	370
	
	1
	
	
	
	
	4
	
	

	52
	
	
	179
	8
	
	115
	2
	2
	
	
	
	
	6
	
	

	53
	
	4
	188
	2
	
	50
	2
	6
	
	
	
	
	3
	7
	

	54
	
	
	156
	13
	
	158
	
	
	
	
	
	
	4
	
	

	55
	
	
	59
	29
	
	108
	
	
	
	
	
	
	1
	
	

	56
	1
	
	223
	41
	
	273
	
	
	
	
	
	
	6
	
	

	57
	3
	
	144
	19
	
	180
	
	
	
	
	
	
	7
	
	

	58
	
	
	571
	11
	
	12
	
	
	
	
	
	
	2
	9
	

	59
	
	
	572
	2
	
	
	
	
	
	
	
	
	
	2
	

	60
	1
	
	282
	
	
	10
	2
	
	
	
	
	
	2
	2
	

	61
	
	
	90
	4
	
	39
	
	8
	
	
	
	
	
	2
	

	62
	595
	
	105
	
	
	19
	
	
	
	
	
	
	
	
	

	63
	20
	
	980
	
	
	
	18
	
	
	
	
	2
	2
	
	

	64
	4
	
	20
	
	
	28
	
	
	
	
	
	
	185
	
	

	65
	16
	
	516
	83
	
	70
	3
	16
	
	
	
	
	29
	
	

	66
	799
	
	349
	
	2
	4
	33
	1
	1
	
	
	
	
	
	

	67
	1012
	
	117
	1
	
	17
	
	4
	
	
	
	
	4
	
	

	68
	660
	
	480
	2
	
	64
	4
	2
	
	1
	
	
	4
	
	

	69
	39
	
	435
	195
	
	17
	
	1
	
	
	
	
	3
	
	

	70
	354
	1
	826
	55
	
	127
	1
	
	
	
	
	
	6
	
	

	71
	20
	
	238
	61
	
	35
	
	
	
	
	
	
	20
	
	


* alien species






[bookmark: _Toc111469138][bookmark: _Toc44315961]eDNA 
[bookmark: _Toc111469139]In silico probe development 
From the five selected gene regions, only CytB met the minimum standards specified for primer design. By extending the amplicon length to 250 bp, primerprobes were able to be designed for ATP 6 & 8, and by reducing the TM-score (a metric for assessing the topological similarity of protein structures), primerprobes were able to be designed for CR and COI. No primer pairs could be developed for 12S. Due to considerable variation among SPSG lineages, or a lack of available sequences for some mtDNA regions, only one primerprobe (Mogurn_ATP1) appeared to be specific to the SPSG MDB lineage, based on in silico tests (Table 3).
[bookmark: _Toc111116777]Table 3 Primers/probes designed in silico using GenBank sequences (see appendix) and ssPrimer. Probes in bold = primers trialled further. Probe highlighted in yellow most specific to Southern Purple-spotted Gudgeon Murray Darling Basin lineage.
	Probe name
	Gene
	Length
	Forward_primer
	Reverse_primer
	Probe_seq

	Mogurn _cytb1
	CytB

	103
	ACTTTGGATCACTTCTGGGC
	ACGGATGAAAAGGCAGTTGT
	CCTAGCTGCCCAACTCATCACAGG

	Mogurn _cytb2
	
	98
	GGATCACTTCTGGGCCTATG
	ACGGATGAAAAGGCAGTTGT
	CCTAGCTGCCCAACTCATCACAGGAA

	Mogurn _cytb3
	
	99
	TGGATCACTTCTGGGCCTAT
	ACGGATGAAAAGGCAGTTGT
	CCTAGCTGCCCAACTCATCACAGG

	Mogurn _cytb4
	
	106
	GAAACTTTGGATCACTTCTGGG
	ACGGATGAAAAGGCAGTTGT
	GCCTAGCTGCCCAACTCATCACAG

	Mogurn _cytb5
	
	101
	GGATCACTTCTGGGCCTATG
	GCTACGGATGAAAAGGCAGT
	CCTAGCTGCCCAACTCATCACAGGAA

	Mogurn _cytb6
	
	156
	AGGCTACGTCCTACCATGA
	AAGGCAAAGAATCGGGTAAGT
	CTTCTCTCCGCTGTCCCCTATGTAG

	Mogurn _cytb7
	
	162
	GCATTCGTAGGCTACGTCCTA
	GGCAAAGAATCGGGTAAGTGT
	CTTCTCTCCGCTGTCCCCTATGTAGGAA

	Mogurn _cytb8
	
	163
	GCATTCGTAGGCTACGTCCTA
	AGGCAAAGAATCGGGTAAGTG
	CTTCTCTCCGCTGTCCCCTATGTAGGA

	Mogurn_ATP1
	ATP

	242
	AACCTCCTTAATACTGTTCCTT
	GTCGGATGAGTACGCTAATT
	AGGACTGCTACCTTATACCTTCACC

	Mogurn_ATP2
	
	242
	AACCTCCTTAATACTGTTCCTTA
	GTCGGATGAGTACGCTAATT
	GGACTGCTACCTTATACCTTCACC

	Mogurn_ATP3
	
	243
	AACCTCCTTAATACTGTTCCTT
	GGTCGGATGAGTACGCTAA
	GCCCCTTTGACTAGCTACAGTCCT

	Mogurn_ATP4
	
	243
	AACCTCCTTAATACTGTTCCTTA
	GGTCGGATGAGTACGCTAA
	ATACCTTCACCCCTACAACGCAGC

	Mogurn_ATP5
	
	243
	AACCTCCTTAATACTGTTCCTT
	GGTCGGATGAGTACGCTA
	GCCCCTTTGACTAGCTACAGTCCT

	Mogurn_ATP6
	
	125
	AAATGAGCCGGCATCTTAAC
	AGGGGCATTGCAAATCCTAT
	CCTTATACCTTCACCCCTACAACGC

	Mogurn_CR1
	CR
	115
	AATACACATACATAGGCTTTGGC
	TGAGTCGAACCATATCTATTAGTGT
	CATCAACAGAACTTGGAAACACTA

	Mogurn_COI1
	COI

	125
	GTATTCGGTGCTTGAGCGG
	GCATGAGCTGTTACGATGAC
	ATCCGGGCTGAATTAAGTCAACCC

	Mogurn_COI2
	
	125
	ATTGGTGCCCCCGACATG
	ACTGTTCATCCTGTGCCAG
	ATAACATAAGCTTTTGACTCCTCCC

	Mogurn_COI3
	
	125
	TTTTTCCCTGCATCTTGCC
	GGACTGCCCAAACGAATAAA
	CCGCCATTTCACAATACCAAACTCC

	Mogurn_COI4
	
	125
	CACAGCCGTACTTCTACTTCT
	GGTATAAGATTGGGTCGCCT
	CTGCCGGTATCACAATGCTCCT



[bookmark: _Toc111469140]Probe trials
Four probes were initially tested as potentially suitable (Mogurn_cytb1, Mogurn_ATP1, Mogurn_ATP6, Mogurn_CR1; Table 3), and initial qPCRs using 3x SPSG DNA extractions from Reedy Lake (target site), demonstrated successful amplification for all primer pairs.  Results from 60°C annealing temperature demonstrated that the two ATP probes (Mogurn_ATP1, Mogurn_ATP6; Table 3) were specific to Mogurnda spp., whilst Mogurn_cytb1 and Mogurn_CR1 were found to amplify Gobiomorphus (Table 4). In addition, all markers amplified one of the Dwarf Flathead Gudgeon specimens, but not the other. Upon further investigation it was apparent that the Dwarf Flathead Gudgeon that amplified was collected at the same time as the Reedy Lake SPSG samples, and therefore the sample was likely contaminated with DNA of SPSG. Subsequent extractions of this sample demonstrated that it no longer amplified for DNA of Dwarf Flathead Gudgeon. Given the lack of cross-species amplification, the ATP probes (Mogurn_ATP1, Mogurn_ATP6; Table 3) were considered further, with an increase in the annealing temperature to 65°C. Mogurn_ATP6 demonstrated significant amplification for all SPSG lineages at 65°C. However, Mogurn_ATP1 demonstrated a significant decrease in amplification (as demonstrated by higher Cq scores) for all lineages except the target lineage (SPSG MDB lineage) as annealing temperatures reached 65°C (Table 5), suggest the potential for it to be specific to the target SPSG lineage.
[bookmark: _Toc111116778]Table 4. Minimum CQ scores for each species/lineage for qPCR at 60°C. 
	Common name
	Scientific name
	Lineage
	CytB
	CR1
	ATP6
	ATP1

	Southern Purple-spotted Gudgeon
	Mogurnda adspersa
	MDB
	19.6
	20.1
	19.7
	18.9

	
	
	NQ
	21.7
	20.8
	23.2
	30.0

	
	
	SEQ
	20.6
	19.8
	21.3
	24.8

	
	
	CQ
	20.7
	19.8
	20.6
	23.9

	Kimberley Mogurnda
	Mogurnda oligolepis
	
	20.0
	19.7
	20.3
	37.7

	Dalhousie Mogurnda
	Mogurnda thermophila
	
	19.5
	19.2
	20.5
	27.2

	Desert Mogurnda
	Mogurnda larapintae
	
	
	19.1
	31.4
	29.7

	Flinders Ranges Mogurnda
	Mogurnda clivicola
	
	19.1
	18.9
	29.2
	27.8

	Dwarf Flathead Gudgeon
	Philypnodon macrostomus
	
	35.5**
	36.8**
	36.78**
	36.6**

	Carp Gudgeon
	Hypseleotris spp.
	HA
	
	
	
	

	
	
	HB
	
	
	
	

	
	
	HX
	
	
	
	

	Sleepy Cod
	Oxyeleotris lineolata
	
	
	
	
	

	Striped Gudgeon
	Gobiomorphus australis
	
	40.5
	38.5
	
	


**likely contaminated sample
[bookmark: _Toc111116779]Table 5. Minimum CQ scores for Mogurnda lineages across annealing temperatures.
	Common name
	Scientific name
	Lineage
	ATP6
65°C
	ATP1
65°C
	ATP1
64°C
	ATP1
63°C
	ATP1
62°C
	ATP1
61°C

	Southern Purple-spotted Gudgeon
	Morgunda aspersa
	MDB
	17.9
	24.1
	20.4
	18.8
	18.3
	18.1

	
	
	NQ
	27.8
	48.0
	42.2
	36.5
	33.1
	30.4

	
	
	SEQ
	20.0
	38.2
	33.3
	30.0
	27.0
	25.1

	
	
	CQ
	19.0
	39.4
	32.6
	29.0
	26.0
	24.0

	Kimberley Mogurnda
	M. oligolepis
	
	18.3
	
	
	
	
	

	Dalhousie Mogurnda
	M. thermophila
	
	25.9
	46.0
	38.5
	34.0
	29.9
	27.6

	Desert Mogurnda
	M. larapintae
	
	33.3
	46.0
	39.1
	38.1
	32.5
	29.9

	Flinders Ranges Mogurnda
	M. clivicola
	
	31.1
	43.2
	46.1
	33.8
	30.8
	28.6


[bookmark: _Hlk70601953]





[bookmark: _Toc111469141]Sensitivity tests
Dilution series undertaken for Mogurn_ATP1 indicated that at both 60°C and 65°C, PCR efficiency fit within the recommended R2 of > 0.95 for the SPSG (MDB lineage) (Figure 6), thereby demonstrating expected exponential amplification. However, the sensitivity of the qPCR reaction was greater at 60°C, with a predicted detection limit of 7 x 10-8 ng/L (equivalent to 30 copies/L; Figure 6a). In comparison, there was a significant loss in detection sensitivity for Mogurn_ATP1 at 65°C, as the detection limit after 50 cycles for SPSG (MDB lineage) is 1.75 x 105 ng/L (6000 copies/L). 
[image: ]B
A

[bookmark: _Toc111116822]Figure 6 Standard curve analysis for probe ATP1 at 60°C (left), and 65°C (right). Cq score represents effective number of cycles for qPCR detection, x-axis is the DNA concentration in ln(ng/L). Trend line is projected passed the lowest concentration of DNA tested to determine the likely detection limits at 50 cycles (50 Cq).

[bookmark: _Toc111469142]Sample analysis 
Following the specificity and sensitivity tests, the Mogurn_ATP1 probe was chosen for eDNA detection of SPSG at an annealing temperature of 60°C. Although not specific to the MDB lineage, at this temperature this probe demonstrated the least cross-species amplification, with poor amplification of other Mogurnda species (none of which co-occurred in the target sites) and no evidence of amplification for other co-occurring Eleotrid species. The use of lower annealing temperatures enabled greater sensitivity, suitable for the detection of low copy numbers within environmental samples.
[bookmark: _Hlk71624543]The results of qPCR tests indicate DNA of SPSG was detected at 11 sites in total (site 9, site 10, site 13, site 16, site 20, site 22, site 26, site 27, site 28, site 29, site 32; Figure 7). This indicates that SPSG are likely present in Kangaroo Lake, Racecourse Lake, Little Lake Charm, Scotts Creek, Third Lake, Middle Lake, and potentially First Reedy Lake, and several interconnecting channels. All of the positive samples returned relatively high Cq scores ranging from 36-38 with the exception of both samples collected from site 29 (Middle Lake), where a Cq score of 33-34 was detected, suggesting an order of magnitude higher concentration of DNA was detected at this site.
Testing of PCR inhibition to determine if false negatives were likely, indicated no difference between the initial DNA extractions and the 1:10 dilutions, the samples passed through the Zymo OneStep Inhibitor Removal kits or samples extracted using Kapa ProbeForce. In addition, qPCR reactions that had SPSG DNA added directly showed no sign of PCR inhibition, with Cq scores reflective of the initial trials. Therefore, the outcome of these tests strongly suggest that false negatives associated with poorly performed qPCR reactions were not present in these results.





[bookmark: _Toc44315962]
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[bookmark: _Toc111116823]Figure 7 Results of detection surveys for SPSG. Positive presence using eDNA indicated by 3 of 3 processed samples shown to have target species DNA present. Potential presence indicated by 1 of 3 samples shown to have target species DNA present. Direction of water flow is from south to north.
0. [bookmark: _Toc111469143][bookmark: _Toc44315963]Population genetics
Broadly, our research indicates that a significant genetic structure exists across the geographic range of SPSG, with the optimal value of K (i.e., genetic subpopulations) being 7 (Figure 7). Of considerable importance is that the newly discovered population within the Kerang Lakes is genetically unique, as are populations at Murray Bridge, and within the Gwydir River and Macquarie River (Figure 7). Relationships amongst the Condamine, Dumaresque and Severn Rivers are, however, less clear, with evidence of within population structure in the Condamine River and Dumaresque River, and shared populations between some Severn River and Dumaresque River sites (Figure 8). 
The genetic differentiation amongst catchments is further supported by FST calculations, with high FST values found between Kerang Lakes and all other populations, although the differences between populations at Kerang Lakes and Murray Bridge are lower than other values (Table 7). Fixed difference analyses also support very large genetic differences between some populations, although in this case, there were no fixed differences found between Kerang Lakes and Murray Bridge (Table 6).
The population tree provided strong support for a genetic split between the southern MDB populations and the northern locations, suggesting common ancestry of the Murray Bridge and Kerang Lakes populations (Figure 8). Importantly, the population tree does not provide evidence that the separation between these two populations only occurred recently, with similar branch lengths evident for the separation of Gwydir and Macquarie River populations (Figure 9).
[image: ]
[bookmark: _Toc111116824]Figure 8 Results from sNMF analysis with K = 7. Black lines separate geographical sample sites. Army = translocated population, Cond = Condamine River, Duma = Dumaresq River, Gwyd = Gwydir River, Macq = Macquarie River, MB = Murray Bridge, Seve = Severn River.

[bookmark: _Toc111116780]Table 6 Result for pairwise FST (above diagonal) and fixed differences (below diagonal). Army=translocated population, Cond = Condamine River, Duma = Dumaresq River, Gwyd = Gwydir River, Macq = Macquarie River, MB = Murray Bridge, Seve = Severn River.
	
	Army
	Cond
	Duma
	Gwyd
	Kerang
	Macq
	MB
	Seve

	Army
	0
	0.08
	0.12
	0.41
	0.47
	0.69
	0.41
	0.29

	Cond
	0
			0
	0.17
	0.39
	0.43
	0.54
	0.32
	0.22

	Duma
	0
	0
	0
	0.37
	0.44
	0.58
	0.39
	0.14

	Gwyd
	0
	6
	3
	0
	0.53
	0.62
	0.50
	0.44

	Kerang
	20
	18
	10
	20
	0
	0.67
	0.18
	0.54

	Macq
	47
	48
	37
	41
	58
	0
	0.73
	0.78

	MB
	18
	15
	11
	22
	0
	69
	0
	0.51

	Seve
	5
	13
	1
	14
	49
	88
	51.0
	0
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[bookmark: _Toc111116825]Figure 9 Maximum clade credibility tree (in black with 95% HPD branch lengths indicated by the grey bar). Densitree of superimposed gene trees recorded during the MCMC analysis visualises the range of alternative topologies, indicative of past gene flow (as per REF). Gene trees shown in blue lines indicate most frequent trees, next most frequent are red, third most are green. Grey bars indicate overlap of events between all the pairs. Army = translocated population, Cond = Condamine River, Duma = Dumaresq River, Gwyd = Gwydir River, Macq = Macquarie River, MB = Murray Bridge, Seve = Severn River.
Kinship analyses indicate that the Kerang Lakes population had one of the lowest ratios of related individuals (Table 7), with it displaying the lowest proportion of full sibling and half-sibling pairs identified, and the second highest proportion of unrelated family ‘clusters’ identified (i.e., of the four populations examined). From the 74 individuals sampled from the Kerang Lakes only nine full sibling and eight half-sibling pairs were identified from 2701 possible pair combinations. These results were comparable to the Gwydir River population; in contrast, in both the Condamine and Macquarie samples a much higher number of full sibling and half sibling pairs were found despite the smaller sample sizes, and in the Condamine samples only nine different families were sampled from the 33 individuals.
Across all genetic diversity measures (Table 8) there was little evidence of reduced genetic diversity in the population of SPSG in the Kerang Lakes. Fis values for the Kerang Lakes (0.01) were only slightly positive indicating possible low levels of inbreeding, but the values in all other populations with >20 samples are higher (although Condamine and Dumaresque calculations may be influenced by population substructure). Measures of effective population size (Ne), as estimated by θ in SNAPP or from the likelihood analysis in Colony provide no evidence for reduced Ne in the Kerang Lakes population.

[bookmark: _Toc111116781][bookmark: _Toc111116782]Table 7 Results of kinship analyses. n= sample size. Possible pairs = the number of possible pairwise combinations among samples (give the sample size). Proportion of full/half sib pairs = total number of full and half sibling pairs identified / possible pairs, the higher the number the more siblings that were identified from a population. Family diversity = the amount of samples  number of family clusters; the higher the number, the more unrelated families are present. Cond = Condamine River, Gwyd = Gwydir River, Macq = Macquarie River.
	Waterbody
	n
	Possible pairs
	Full-sibling pairs
	Half-sibling pairs
	Proportion of full/half-sibling
	Family clusters
	Family diversity

	Condamine River
	33
	528
	119
	3
	0.231
	9
	0.273

	Gwydir River
	29
	406
	6
	1
	0.017
	22
	0.759

	Kerang Lakes
	74
	2701
	9
	8
	0.006
	46
	0.622

	Macquarie River
	24
	276
	37
	0
	0.134
	13
	0.542



[bookmark: _Toc111116783]Table 8 Population specific genetic diversity measures. n = sample size, Ho = observed heterozygosity, Hs = gene diversity. Ar = allelic richness, Fis = inbreeding coefficient, PA = private alleles, θ = theta, calculated via SNAPP, Ne – effective population size calculated with COLONY. Army = translocated population, Cond = Condamine River, Duma = Dumaresq River, Gwyd = Gwydir River, Macq = Macquarie River, MB = Murray Bridge, Seve=Severn River.
	
	n
	Ho
	Hs
	Fis
	AR
	PA
	θ
	θ (range)
	Ne
	Ne (range)

	Army
	10
	0.069
	0.067
	-0.021
	1.067
	3
	0.113
	(0.045, 0.213)
	
	

	Cond
	33
	0.065
	0.110
	0.295
	1.109
	2961
	0.153
	(0.058, 0.262)
	3
	(2, 214783647)

	Duma
	47
	0.051
	0.066
	0.109
	1.066
	181
	0.099
	(0.037, 0.212)
	
	

	Gwyd
	29
	0.049
	0.053
	0.060
	1.053
	312
	0.112
	(0.060, 0.169)
	90
	(53, 193)

	Kerang 
	74
	0.045
	0.046
	0.012
	1.046
	1021
	0.088
	(0.032, 0.251)
	256
	(87, 393)

	Macq
	24
	0.017
	0.021
	0.059
	1.021
	1294
	0.033
	(0.016, 0.083)
	13
	(7, 30)

	MB
	10
	0.064
	0.056
	-0.083
	1.056
	209
	0.098
	(0.052, 0.198)
	
	

	Seve
	4
	0.037
	0.038
	-0.012
	1.038
	4
	0.081
	(0.035, 0.127)
	
	





[bookmark: _Toc111469144]Discussion
[bookmark: _Hlk74729989][bookmark: _Hlk40347792]Here we tested four primer/probe sets, with two (ATP1 and ATP6) proving to be specific for SPSG in the presence of other Eleotrid species. Despite this, these probes were not 100% specific to the SPSG MDB lineage, with all probes showing some co-amplification of SPSG, and Mogurnda species and a trade-off between sensitivity and specificity lineages as annealing temperatures are increased. Given that SPSG lineages do not overlap in geographical range, the developed probes should be applicable through the SPSG range. Nevertheless, further investigation using melt curve analyses could be trialled in the future to determine if lineage differences in amplification profiles can be detected.
[bookmark: _Hlk82672636]The combined results of the physical and eDNA surveys indicate that SPSG is present in Kangaroo Lake, channel between Kangaroo Lake and Racecourse Lake, Racecourse Lake, channel between Racecourse Lake and Little Lake Charm, Little Lake Charm, Scotts Creek, Third Lake, channel between Third Lake and Middle Lake, Middle Lake, and channel between Reedy Lake and Middle Lake (Figure 7). Some caution should, however, be applied to results from site 20 (Scotts Creek) and site 32 (Channel between Reedy Lake and Middle Lake) as only 1 out of 3 eDNA samples from these sites returned a positive detection, and physical surveys did not confirm the species presences as they were not conducted at these sites. Overall, our results, nevertheless, indicate that SPSG has a considerably broader distribution in the Kerang region than previously known (i.e., Middle Lake and Third Lake). Indeed, the considerably increased distribution of the species determined here, suggests the presence of the species in other nearby waterbodies within the region cannot be ruled out, and further surveys are therefore recommended to determine the true extent of the species.
[bookmark: _Hlk71633410]Comparatively, physical surveys resulted in the capture of the species at five sites (site 8, site 12, site 29, site 30, site 31; Figure 2, Table 2), whilst analysis of eDNA samples indicated that DNA of the species was present at nine sites (site 9, site 10, site 13, site 16, site 22, site 26, site 27, site 28, site 29; Figure 7), and possibly present at another two (site 20, site 32). It should be noted, however, when interpreting these results that combined eDNA and physical surveys were only undertaken at four of the 16 sites at which the species presence was confirmed (i.e., site 8, site 9, site 10 and site 29). Notably, the site where the largest number of individuals were captured (site 29) also had highest quantity of DNA by a large measure suggesting that eDNA may, in this instance, be useful in predicting the abundance of SPSG. Interestingly, confirmation of species presence at site 8 was only established by physical capture, and not by the presence of SPSG DNA. The absence of SPSG DNA suggests potential issues relative to detectability of the species, something that requires further investigation. 
Encouragingly, tests of PCR inhibition found no difference between the initial DNA extractions and the 1:10 dilutions, the samples passed through the Zymo OneStep Inhibitor Removal kits, or samples extracted using Kapa ProbeForce. In addition, PCR reactions that had SPSG DNA added directly showed no sign of PCR inhibition. Therefore, the outcome of these tests strongly suggest that false negatives associated with poorly performed qPCR reactions were not present in our results. Any SPSG DNA present at site 8 was therefore below detectable levels, something that may be countered by increasing the volume and number of samples taken in the field where such studies are undertaken in the future. 
Intriguingly, the results of the eDNA surveys demonstrate significant clustering of detectable SPSG DNA towards the outlets of lakes sampled, yet physical surveys did not. The general absence of SPSG in physical surveys conducted at channel sites suggest that SPSG are unlikely to be more abundant in channels than in the lakes themselves, yet their DNA is. It is unknown why this would be occurring, although, it is possible that water movement into the channels from the lakes may concentrate DNA, or that, due to the channels being shallower, DNA of resident individuals within them may be less diluted. Interestingly, a study that in part employed eDNA to survey for amphibians in the Sierra Nevada meadows, similarly found that despite amphibians being found throughout the system, DNA was concentrated in the downstream end of the meadow where water converged (Pope et al. 2020). If this were also occurring here, it may prevent the fine scale examination of SPSG presence throughout individual lakes, nevertheless, it would allow much simpler assessment of presence of SPSG within a system, with monitoring for presence potentially confined to outlet channels alone. Further research is, nevertheless, required to determine the complexities of DNA movement and degradation times in these systems, and to ascertain the relationship between the presence of SPSG and its eDNA signature. Critical to understanding this will be an understanding of movement of individuals and their DNA within lake systems. Once determined, this knowledge may act to guide research elsewhere in similar systems for not only SPSG, but rare aquatic species in general. 
It is important to note that a negative DNA result from a particular site (i.e., if looked at in isolation to others), does not necessarily mean that the SPSG is absent from that site, only that its DNA was not present in the samples. SPSG are small-bodied, and therefore likely deposit only small amounts of DNA within the environment. Research has demonstrated that DNA deposition is species dependent (Andruszkiewicz et al. 2021), and without independent verification, we cannot relate the presence of a DNA signal to the relative abundance of the target species. Indeed, it may be that large numbers SPSG need to be present for DNA deposition and detection to occur. Therefore, it is strongly recommended that potential biases associated with incomplete detection be examined by formally estimating detection probabilities under an occupancy modelling framework.
In addition, it should be considered that eDNA studies of rare species in lentic water bodies such as lakes and wetlands are often problematic due to the spatial and temporal variability of DNA in these systems. Substantial small-scale heterogeneity and large variability among sampling sites is suggested (Eichmiller et al. 2014) due to the lack of water movement with lake systems resulting in DNA being undetectable more than 100 m from where it was initially shed (Bedwell and Goldberg 2020). Furthermore, degradation can mean that DNA is undetectable less than 48 hours after deposition (Li et al. 2019). The positive eDNA detection of SPSG demonstrated here therefore provides an accurate measure of species presence at a particular point in time. However, a study of African Jewelfish estimated that, at moderate and low densities, the number and volume of water samples necessary to achieve a greater than 95% probability of eDNA detection approximated 42–73 and > 100 L, respectively (Moyer et al. 2014). To increase the power of this survey, therefore, either additional samples should be collected over multiple time points and/or more water should be filtered. 
Due to the lack of mixing, the vertical distribution of DNA within lentic environments is also suggested to be more concentrated at the surface and in substrates, the latter where it may be preserved for longer (Moyer et al. 2014).  There may be benefit in sampling surface water and sediments therefore where rare species are targeted (Moyer et al. 2014). As DNA is retained longer in sediments, however, a positive signal from them may reflect past presence and not extant existence (Moyer et al. 2014). Physico-chemical properties of water can also impact on eDNA detection. In particular, water temperature can have a large impact on detectability, with eDNA detection decreasing by a factor of 1.5 times for every 1°C increase in water temperature (Moyer et al. 2014).
Regardless of the present limitations on inferring fine-scale presence of SPSG within the Kerang lakes, it is clear the eDNA surveys present an effective tool for determining the presence of populations of the species. With further study, eDNA analysis of SPSG within the Kerang lakes could provide an ideal model for better development of detection methods for threatened small-bodied aquatic species in wetlands within Australia.
Although further investigation is required regarding dispersion and degradation of DNA within lentic systems, our results preliminarily indicate that where presence/absence data alone is required for the species, the collection of eDNA samples is likely to be adequate, provided protocols and procedures are followed that ensure cross contamination does not occur, and that enough samples, of a sufficient volume are collected, thereby negating the potential for false negatives/positives. eDNA should however, not be an alternative to physical surveys in all situations (but rather complementary), as although physical surveys are time consuming, labour intensive, and often expensive to undertake, the use of such methods is vital in situations where estimates of species abundance and age/size structure of populations is required. The choice of undertaking either a physical or eDNA survey is therefore dependant on the question at hand. Based on the results presented here, any future survey of SPSG, or similarly rare fish species, should in the first instance undertake broad scale eDNA surveys, that are then followed by detailed physical surveys at sites where DNA of the species is detected.
[bookmark: _Hlk98235455]Our investigation of genetics of the population indicates that it is genetically unique, and therefore it diverged from other known populations in the MDB some time ago. Encouragingly, there is no evidence of reduced genetic diversity, inbreeding or higher levels of family relatedness, signifying that the population has not been recently established from a small number of founding individuals, or that the abundance of individuals within the population has declined to levels resulting in reduced genetic diversity (i.e., a genetic bottleneck). Due to genetic uniqueness and health of the population, the future conservation of it is extremely important. Efforts, including the establishment of surrogate translocated populations and captive breeding, broodstock of which have been sourced from the newly discovered population, are already underway. Such efforts are a significant first step in the recovery of the species in Victoria, however, such measures need to be furthered with the establishment of the species at further sites throughout northern Victoria, and the MDB in general.
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[bookmark: _Toc111469146][bookmark: _Toc44315965]Appendix
[bookmark: _Toc111116784]Table A1.  Location of survey sites, sampling date, sampling equipment used, and sampling effort.
	Site
	Waterbody
	Latitude
	Longitude
	Date sampled
	Gear/method
	Number of gear used
	Soak time (min)

	1
	Loddon River
	–35.55228
	143.87061
	1617/11/2020

	FN
	8
	1110

	
	
	
	
	
	BT
	10
	

	
	
	
	
	04/02/2021
	eDNA
	3
	n/a

	2
	
	–35.554593
	143.867147
	1617/11/2020
	FN
	8
	1080

	
	
	
	
	
	BT
	10
	

	3
	
	–35.55814
	143.8618
	
	FN
	8
	960

	
	
	
	
	
	BT
	10
	

	4
	
	–35.55601
	143.8557
	
	FN
	8
	1140

	
	
	
	
	
	BT
	10
	

	5
	Kangaroo Lake
	–35.56184
	143.76321
	1718/11/2020
	FN
	7
	900

	
	
	
	
	
	BT
	10
	

	
	
	
	
	09/11/2020
	eDNA
	3
	n/a

	6
	
	–35.57805
	143.78514
	09/11/2020
	
	3
	n/a

	7
	
	–35.5947
	143.76664
	1516/11/2020
	FN
	7
	960

	
	
	
	
	
	BT
	10
	

	
	
	
	
	09/11/2021
	eDNA
	3
	n/a

	8
	
	–35.60512
	143.76994
	1416/11/2020
	FN
	8
	900

	
	
	
	
	
	BT
	10
	

	
	
	
	
	1819/11/2020
	FN
	8
	

	
	
	
	
	
	BT
	10
	

	
	
	
	
	09/11/2020
	eDNA
	3
	n/a

	9
	Racecourse Lake
	–35.6072
	143.77393
	1314/11/2020
	FN
	8
	900

	
	
	
	
	
	BT
	10
	

	
	
	
	
	09/11/2020
	eDNA
	3
	n/a

	10
	
	–35.60865
	143.77499
	1314/11/2020
	FN
	8
	1020

	
	
	
	
	
	BT
	10
	

	
	
	
	
	10/11/2020
	eDNA
	3
	n/a

	11
	
	–35.60891
	143.77995
	1314/11/2020
	FN
	8
	1200

	
	
	
	
	
	BT
	10
	

	
	
	
	
	10/11/2020
	eDNA
	3
	n/a

	12
	
	–35.613011
	143.77767
	1617/11/2020
	BT
	8
	900

	
	
	
	
	
	FN
	11
	

	13
	
	–35.61621
	143.77713
	1415/11/2020
	
	7
	1260

	
	
	
	
	
	BT
	10
	

	14
	
	–35.61002
	143.78526
	1416/11/2020
	FN
	8
	2460

	
	
	
	
	
	BT
	10
	

	
	
	
	
	10/11/2020
	eDNA
	3
	n/a

	15
	
	–35.60882
	143.79931
	13-14/11/2020
	FN
	8
	960

	
	
	
	
	
	BT
	10
	

	
	
	
	
	10/11/2020
	eDNA
	3
	n/a

	16
	No. 7 Channel
	–35.6131
	143.79974
	1314/11/2020
	BT
	10
	1050

	
	
	
	
	10/11/2020
	eDNA
	3
	n/a


eDNA = eDNA water sample collected, FN = double-wing fine mesh fyke net, BT= bait trap, EF/BP = backpack electrofisher




Table A1 Cont’d
	Site
	Waterbody
	Latitude
	Longitude
	Date sampled
	Gear/method
	Number of gear used
	Soak time (min)

	17
	No. 7 Channel
	–35.618
	143.799
	1314/11/2020
	FN
	8
	1140

	
	
	
	
	
	BT
	10
	

	
	
	
	
	3/02/2021
	eDNA
	3
	n/a

	18
	Lake Charm
	–35.6123
	143.8115
	1415/11/2020
	FN
	8
	900

	
	
	
	
	
	BT
	10
	

	
	
	
	
	10/11/2020
	eDNA
	3
	n/a

	19
	Little Lake Charm
	–35.6204
	143.8066
	1415/11/2020
	FN
	8
	870

	
	
	
	
	
	BT
	10
	

	
	
	
	
	10/11/2020
	eDNA
	3
	n/a

	20
	Scott’s Creek
	–35.6313
	143.3308
	12/12/2019
	
	1
	

	21
	
	–35.6413
	143.8407
	
	
	1
	

	22
	Third Lake
	–35.6349
	143.8625
	11/12/2019
	
	1
	

	23
	
	–35.6484
	143.8614
	1112/11/2020
	FN
	16
	960

	
	
	
	
	
	BT
	20
	

	
	
	
	
	
	eDNA
	1
	n/a

	
	
	
	
	3/02/2021
	
	2
	

	
	
	
	
	1213/11/2020
	FN
	16
	960

	
	
	
	
	
	BT
	20
	

	
	
	
	
	1617/11/2020
	FN
	16
	

	24
	
	–35.6484
	143.8614
	1112/11/2020
	
	16
	

	
	
	
	
	
	BT
	20
	1020

	
	
	
	
	
	eDNA
	1
	n/a

	
	
	
	
	3/02/2021
	
	2
	n/a

	
	
	–35.6526
	143.8703
	1112/11/2020
	FN
	16
	1020

	
	
	
	
	
	BT
	20
	

	25
	Middle Lake
	–35.6536
	143.8712
	1213/11/2020
	FN
	8
	960

	
	
	
	
	
	BT
	10
	

	26
	
	–35.6534
	143.8707
	11/12/2019
	eDNA
	1
	n/a

	27
	
	–35.6545
	143.8745
	11/12/2019
	
	1
	n/a

	28
	
	–35.6552
	143.8759
	11/12/2019
	
	1
	n/a

	29
	
	–35.6676
	143.8811
	2728/11/2020
	BT
	20
	960

	
	
	
	
	1213/11/2020
	FN
	8
	1140

	
	
	
	
	
	BT
	10
	

	
	
	
	
	1819/11/2020
	
	40
	960

	
	
	
	
	1920/11/2020
	
	40
	

	
	
	
	
	11/12/2019
	eDNA
	1
	n/a

	
	
	
	
	3/02/2021
	
	2
	n/a

	30
	
	–35.6674
	143.879
	2728/11/2020
	BT
	40
	960

	31
	
	–35.6682
	143.8777
	2728/11/2021
	
	20
	

	32
	First Reedy Lake

	–35.6704
	143.8752
	10/12/2019
	eDNA
	1
	n/a

	33
	
	–35.6751
	143.8732
	1920/11/2020
	FN
	8
	1140

	
	
	
	
	
	BT
	10
	

	
	
	
	
	10/12/2019
	eDNA
	1
	n/a

	
	
	
	
	3/02/2021
	
	2
	n/a

	34
	Wandella Creek
	–35.68685
	143.87848
	1011/11/2020
	FN
	8
	810

	
	
	
	
	
	BT
	10
	

	
	
	
	
	1112/11/2020
	FN
	8
	960

	
	
	
	
	
	BT
	10
	

	
	
	
	
	03/02/2021
	eDNA
	3
	n/a

	35
	
	–35.68618
	143.87909
	9/12/2019
	
	1
	n/a


[bookmark: _Hlk70578195]eDNA = eDNA water sample collected, FN = double-wing fine mesh fyke net, BT= bait trap, EF/BP = backpack electrofisher



Table A1 Cont’d
	Site
	Waterbody
	Latitude
	Longitude
	Date sampled
	Gear/method
	Number of gear used
	Soak time (min)

	36
	Wandella Creek
	–35.69006
	143.87674

	1112/11/2020
	FN
	8
	1050

	
	
	
	
	
	BT
	10
	

	
	
	
	
	03/02/2021
	eDNA
	3
	n/a

	37
	Reedy Lake
	–35.68616
	143.88365
	9/12/2019
	
	1
	n/a

	38
	Washpen Creek
	–35.68843
	143.88676
	1718/11/2020
	FN
	8
	1470

	
	
	
	
	
	BT
	10
	

	
	
	
	
	11/11/2020
	eDNA
	3
	n/a

	39
	
	–35.6933
	143.89205
	1516/11/2020
	FN
	8
	1260

	
	
	
	
	
	BT
	10
	

	
	
	
	
	11/11/2020
	eDNA
	3
	

	40
	
	–35.70292
	143.89692
	1516/11/2020
	FN
	8
	1230

	
	
	
	
	
	BT
	10
	

	
	
	
	
	11/11/2020
	eDNA
	3
	n/a

	41
	
	–35.70565
	143.90326
	1516/11/2020
	FN
	8
	1440

	
	
	
	
	
	BT
	10
	

	
	
	
	
	12/11/2020
	eDNA
	3
	n/a

	42
	
	–35.70266
	143.90918
	1415/11/2020
	FN
	8
	840

	
	
	
	
	
	BT
	10
	

	
	
	
	
	02/02/2021
	eDNA
	3
	n/a

	43
	Box/Pyramid Creek
	–35.7048
	143.91238
	89/11/2020
	FN
	8
	1080

	
	
	
	
	
	BT
	10
	840

	
	
	
	
	12/11/2020
	eDNA
	3
	n/a

	44
	
	–35.70423
	143.91813
	12/11/2020
	
	3
	n/a

	45
	
	–35.70673
	143.91733
	89/11/2020
	DN
	1
	10

	
	
	
	
	
	FN
	8
	960

	
	
	
	
	
	BT
	10
	

	
	
	
	
	12/11/2020
	eDNA
	3
	n/a

	46
	Loddon River
	–35.704078
	143.918399
	910/11/2020
	FN
	8
	840

	
	
	
	
	
	BT
	10
	

	47
	Pyramid Creek
	–35.70556
	143.92078
	910/11/2020
	FN
	8
	1020

	
	
	
	
	
	BT
	10
	

	
	
	
	
	03/02/2021
	eDNA
	3
	n/a

	48
	
	–35.7048
	143.91238
	9-10/11/2020
	FN
	8
	960

	
	
	
	
	
	BT
	10
	

	
	
	
	
	12/11/2020
	eDNA
	3
	

	49
	
	–35.7048
	143.91238
	910/11/2020
	FN
	8
	

	
	
	
	
	
	BT
	10
	

	
	
	
	
	12/11/2020
	eDNA
	3
	n/a

	50
	Kerang Weir
	–35.70893
	143.90599
	1011/11/2020
	FN
	8
	900

	
	
	
	
	
	BT
	10
	

	
	
	
	
	02/02/2021
	eDNA
	1
	

	51
	
	–35.7094
	143.9052
	1011/11/2020
	FN
	8
	

	
	
	
	
	
	BT
	10
	

	
	
	
	
	2/02/2021
	eDNA
	3
	

	52
	
	–35.711
	143.9073
	1011/11/2020
	BT
	10
	

	
	
	
	
	12/11/2020
	eDNA
	3
	

	53
	
	–35.7159
	143.9048
	1011/11/2020
	FN
	8
	

	
	
	
	
	
	BT
	10
	

	
	
	
	
	12/11/2020
	eDNA
	3
	n/a


eDNA = eDNA water sample collected, FN = double-wing fine mesh fyke net, BT= bait trap, EF/BP = backpack electrofisher
Table A1 Cont’d
	Site
	Waterbody
	Latitude
	Longitude
	Date sampled
	Gear/method
	Number of gear used
	Soak time (min)

	54
	Loddon River
	–35.7226
	143.9077
	910/11/2020
	DN
	1
	10

	
	
	
	
	
	FN
	8
	900

	
	
	
	
	
	BT
	10
	

	
	
	
	
	12/11/2020
	eDNA
	3
	n/a

	55
	
	–35.7247
	143.9079
	1011/11/2020
	DN
	1
	10

	
	
	
	
	
	FN
	8
	1380

	
	
	
	
	
	BT
	10
	

	
	
	
	
	11/11/2020
	eDNA
	3
	n/a

	56
	
	–35.7266
	143.9083
	1011/11/2020
	FN
	8
	1200

	
	
	
	
	
	BT
	10
	

	
	
	
	
	11/11/2020
	eDNA
	3
	n/a

	57
	
	–35.7284
	143.9069
	910/11/2020
	FN
	8
	1140

	
	
	
	
	
	BT
	10
	

	
	
	
	
	
	eDNA
	3
	n/a

	58
	
	–35.7338
	143.9079
	1718/11/2020
	FN
	8
	1050

	
	
	
	
	
	BT
	10
	

	
	
	
	
	11/11/2020
	eDNA
	3
	n/a

	59
	
	–35.7428
	143.9161
	17-18/11/2020
	FN
	8
	840

	
	
	
	
	
	BT
	10
	

	
	
	
	
	12/11/2020
	eDNA
	3
	n/a

	60
	
	–35.7471
	143.9126
	1718/11/2020
	FN
	8
	750

	
	
	
	
	
	BT
	10
	

	
	
	
	
	3/02/2020
	eDNA
	3
	n/a

	61
	
	–35.7479
	143.9105
	1718/11/2020
	FN
	8
	960

	
	
	
	
	
	BT
	10
	

	
	
	
	
	3/02/2021
	eDNA
	3
	n/a

	62
	Kow Swamp
	–35.9307
	144.2839
	1920/11/2020
	FN
	8
	1080

	
	
	
	
	
	BT
	10
	

	
	
	
	
	5/02/2021
	eDNA
	3
	n/a

	63
	
	–35.9346
	144.2696
	1920/11/2020
	FN
	8
	960

	
	
	
	
	
	BT
	10
	

	
	
	
	
	5/02/2021
	eDNA
	3
	n/a

	64
	
	–35.9346
	144.2686
	20/11/2020
	FN
	8
	960

	
	
	
	
	
	BT
	10
	

	65
	
	–35.9487
	144.2623
	1819/11/2020
	FN
	8
	1020

	
	
	
	
	
	BT
	10
	

	66
	
	–35.9513
	144.3163
	
	FN
	8
	870

	
	
	
	
	
	BT
	10
	

	
	
	
	
	4/02/2021
	eDNA
	3
	n/a

	67
	
	–35.9759
	144.2864
	1819/11/2020
	FN
	8
	1200

	
	
	
	
	5/02/2021
	eDNA
	3
	n/a

	68
	
	–35.9795
	144.28835
	1819/11/2020
	FN
	8
	1230

	
	
	
	
	
	BT
	10
	

	
	
	
	
	05/02/2021
	eDNA
	3
	n/a

	69
	
	–35.98125
	144.32036
	1819/11/2020
	FN
	8
	990

	
	
	
	
	
	BT
	10
	

	
	
	
	
	04/02/2021
	eDNA
	3
	n/a

	70
	
	–35.98943
	144.28413
	1819/11/2020
	FN
	8
	1200

	
	
	
	
	
	BT
	10
	

	
	
	
	
	05/02/2021
	eDNA
	3
	n/a

	71
	
	–35.99294
	144.27783
	19-20/11/2020
	FN
	8
	1230

	
	
	
	
	
	BT
	10
	

	
	
	
	
	05/02/2021
	eDNA
	3
	n/a


eDNA = eDNA water sample collected, FN = double-wing fine mesh fyke net, BT= bait trap, EF/BP = backpack electrofisher
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