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Enhanced detection of animal-derived microbial hazards in forested catchments using high-volume ultrafiltration and amplicon-based microbial source tracking
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Introduction: Monitoring of drinking water sources is an essential component of broader public health practise. However, routine water monitoring programmes that follow established methodological standards, such as low-volume grab sampling with standard filtration, have limitations in being representative. Particularly for protected source waters where (wildlife introduced) pathogens are in low concentration and are not evenly distributed. Microbial source tracking (MST) offers a promising approach to close this gap, enabling more precise identification of faecal contamination sources and their associated risk. However, as with other culture- and molecular-based approaches, the sensitivity of MST is constrained by sample capture methodology, limited by sample volume, timing, and randomness of grab sampling.

Methods: This study investigated the application of a high-volume sample concentration method (EasyElute ultrafiltration) to enhance microbial recovery from source water. All evaluation was conducted alongside standard grab sampling and filtration methods. Post-concentration analyses combined traditional culture-based quantification of faecal indicator organisms (FIOs) and reference pathogens, with 16S rRNA amplicon MST to provide an integrated approach to surveillance of animal-derived microbial risks in forested water supply catchments.

Results: The results demonstrated that high-volume ultrafiltration enhanced bacterial recovery from source water samples, although turbidity was observed to limit overall efficiency, highlighting potential operational challenges. Comparative analysis demonstrated that amplicon-based MST produced consistent faecal source attribution across both standard and ultrafiltration methods, showing greater sensitivity at increasing volumes.

Discussion: This study advances MST methodology by demonstrating the feasibility and added sensitivity achievable through high-volume, concentrated sample collection approaches. This is particularly relevant where water samples are expected to carry low microbial loads, ultimately offering a practical approach for improving faecal source tracking and risk assessment for water sources to protect public health in water supply catchments.
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1 Introduction

Monitoring of drinking water sources is the first step in assessing waterborne public health risk. Catchment-scale water quality monitoring supports sustainable management practises and provides essential information on the potential drivers of risk, including biological, chemical, and/or environmental factors. Amongst biological hazards, human faecal contamination of drinking water is generally considered the greatest risk to human health (Hokajärvi et al., 2024). However, in protected drinking water catchments, faecally derived contamination is predominantly driven by local wildlife populations. This can occur due to direct deposition into water or surface run-off due to climatic events.

Zoonotic risks to drinking water safety are generally regionally specific and dependent on animal populations. However, knowledge of enteric pathogen carriage rates and concentrations is often unknown or is calculated based on similar global studies. Furthermore, regionally specific transport processes (such as surface flow particle association) and external influencing factors (such as UV radiation, temperature, and rainfall) differentially affect the survival and retention of microbes within deposited animal scats. Such factors often reduce, but do not remove, the overall zoonotic-risk profile within nearby surface waters (Derx et al., 2021). Consequently, in order to be informative, the monitoring and quantification methods applied to understand zoonotic risk must have adequate sensitivity and limits of detection, coupled with suitable sampling frequency and spatial coverage. This is to not only alert governing bodies as to changes in risk profile, but also to provide long-term regionally relevant intensive catchment data.

Faecal indicator organisms (FIOs), such as Escherichia coli and enterococci, are applied globally for water quality assessment. These organisms are derived from faeces and can indicate recent faecal contamination events, but due to their widespread distribution as part of mammalian gut microbiota, they do not generally indicate the source of faecal contamination (World Health Organization, 2022). Reference pathogens are a specific subset of microorganisms (viral, bacterial, and protozoa) that are applied to plan and assess the effectiveness of treatment processes (natural, engineered, or chemical) for specific water systems (World Health Organization, 2022). They are often selected due to their potential introduction, within faeces or scats, into the system under investigation (Holcomb and Stewart, 2020). Although FIOs can be applied as a proxy for the presence of pathogens within water, their direct relationship with reference pathogens has been demonstrated to be inconsistent and study specific (Kozak et al., 2025; Korajkic et al., 2018).

In protected water bodies, FIOs and pathogen concentrations are often below method detection limits. However, small changes in overall water quality, as a result of faecal contamination, can influence water quality and should be understood to ensure appropriate treatment barriers are in place and remain effective. These risks can only be characterised where downstream methods are of sufficient sensitivity. Continued collection of at- or below the limit of detection data is not informative for long-term management and is of minimal cost–benefit to the stakeholder. Improved method sensitivity and specificity are therefore required for informed risk mitigation, public health assessment, and economic benefit. Achieving this requires a context-specific understanding of faecal-derived sources of risk, validated methods for the detection and quantification of relevant zoonotic pathogens and faecal indicators, as well as the application of complementary approaches to track underlying changes in source inputs.

Microbial source tracking (MST) offers an approach to the identification of sources of contamination within environments through the application of chemical or biological markers. MST has been widely reviewed (Barrett et al., 2025; Gitter et al., 2023; Scott et al., 2002) as part of public health and water quality monitoring programmes. In general, the application of library-dependent genetic markers has been shown to complement the findings of FIO and reference pathogen quantification, while providing insights into the sources contributing to faeces within catchments (Henry et al., 2016; McCarthy et al., 2017).

Evaluation of large volume ultrafiltration methods for the concentrated capture of FIOs, as well as viruses, protozoa, and Campylobacter spp., has been described previously (Ferrari et al., 2019; Ferguson et al., 2004; Pascual-Benito et al., 2020). However, investigation of the recovery efficiencies, essential knowledge for limiting method bias and over- or under-estimation of risk, of reference bacterial pathogens has had limited investigation. Furthermore, the application of a single uniform capture method to evaluate FIOs, pathogen and genomic-driven MST has not been previously reported, but may provide a platform for advancing microbial water quality surveillance, hazard, and risk assessment.

This study seeks to validate an approach to quantifying microbial hazards, encompassing faecal indicator organisms (FIOs), reference pathogens, and microbial source tracking (MST). A case study using surface water from a protected catchment was applied to demonstrate the applicability of this methodological framework. Limits of detection and recovery efficiencies for standard and large volume ultrafiltration methods are presented for reference bacterial pathogens, with guidance on the application of microbial source tracking tools for evaluation of faecal risk from ultrafiltration outputs. Importantly, this study contributes to the refinement of sampling methodologies for low-contamination settings, demonstrating how integration with enhanced concentration methods can improve microbial surveillance towards supporting operational decision making.



2 Materials and methods


2.1 Preparation of large-scale mixed faeces

To understand faecal recovery using standard filtration and EasyElute ultrafiltration methods, a Master Faeces (MF) sample was constructed, which included contributions from selected representative animal sources (Figure 1). Fresh scat samples were collected as described by Henry et al. (2018) from protected drinking water catchments. Faeces were stored at 4 °C for transport to the One Water Laboratory (OWL; Monash University, Australia) within 4 h of collection. Post receipt, 50–450 g of scat was collected from multiple (>5) representative animals from a single animal source type. These were hand homogenised to mix into a single “Master Source” faeces. From each “Master Source,” 3–30 g was taken and combined to a total weight of 100 g of mixed sources. This mixture was homogenised via stomaching at 250 rpm for 1 min in a single larger container to make the final MF. Secondary homogenisation was then conducted in 100 g batches, to ensure evenly applied mixing, using a stomacher at 250 rpm for 1 min. The final MF was stored at 4 °C across the experimental period of 28 days. The MF was applied to faecal dosing of raw water at 1 day, 14 days, and 28 days post-homogenisation (Figure 1).
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FIGURE 1
 Experimental design for faecal dosing of source water samples for evaluation of EasyElute ultrafiltration system. Weights and percent contribution for each master animal faeces into the final MF are provided under each sample category.




2.2 Preparation and quantification of faecal indicators and reference pathogens

Reference microbes and the methods by which they were quantified are listed in Table 1. Salmonella and Campylobacter were derived from environmental isolates, strains Salmonella_1359 and Campylobacter_20240212, held in the One Water Biobank (Monash University, Clayton, Australia). Prior to and on the day of experiments (at both start and end of experiments), concentrations of both organisms were quantified as CFU/mL using serial dilution following Australian standard methods (Table 1). Campylobacter quantification was confirmed via haemocytometer cell counting and culture-based Most Probable Number (MPN) analysis (Bolton et al., 1982). Briefly, three series of 10x dilutions of suspension from the stock were prepared. The cell suspensions were spread plated (100 μL) over selective Charcoal Agar plates (duplicate per concentration) and incubated at 42 °C for 48 h in microaerophilic conditions. MPN was then calculated. Faecal indicators E. coli and enterococci were quantified to determine background concentrations within the MF (Table 1). Control samples of source water and faecal mixture underwent quantification as negative and positive controls, respectively, for all organisms (Table 1).


TABLE 1 Methods applied for the quantification of faecal indicators and reference pathogens in this study.


	Organism
	Method
	Standard

 

 	Escherichia coli 	IDEXX Colilert 	AS 4276.21:2019, Standards Australia (2019)


 	Enterococci 	IDEXX Enterolert 	AS 4276.21:2019, Standards Australia (2019)


 	Salmonella spp. 	MPN 	AS 4276.14:2014, Standards Australia (2014a)


 	Campylobacter spp. 	MPN 	AS 4276.19:2014, Standards Australia (2014b)




 



2.3 Faecal dosing of source water and EasyElute ultrafiltration

At day 0, day 13, and day 27, a volume of 400 L of source water was collected from a single forested catchment reservoir and transported at room temperature to the OWL. The water was held at 20 °C ± 3 °C for a period of no longer than 24 h prior to experimentation, where it was subsequently subdivided into 3× 100 L and 1× 10 L volumes (Figure 1). A 100 L water sample was retained as a source water negative control, with subsequent 100 L samples receiving a 10-fold increasing concentration of MF. This was added, with agitation, to reach a total faeces contribution of 0.001% (1 g) and 0.01% (10 g) (Figure 1). To the 10 L raw water, 10 g of faeces was added with mixing, to reach a contribution of 0.1%. This was informed by initial experiments, which demonstrated limitations to volumes able to be filtered at higher turbidity. Prior to each experiment, a 2 g aliquot of the MF was removed and stored at −80 °C for downstream DNA extraction and 16S rRNA amplicon analysis.

The source-water-faeces mixture was then spiked with reference pathogens (Salmonella and Campylobacter) to a target final concentration ranging from 10 organisms/L (0.001% faecal dose) to 1,000 organisms/L of water (0.1% faecal dose). The dosed mixture was consistently stirred throughout the experiment to ensure homogeneity was maintained. Once dosed, a 2 L sub-sample was removed into a 2 L food-grade vessel, representing a standard “grab” sample. The remaining 98 L (or 8 L) underwent ultrafiltration and subsequent elution using the EasyElute-PBS method (Innovaprep, United States) as per the manufacturer’s directions. Final elution volumes for each of the three experiments are provided in Supplementary Table S1.

Quantification of E. coli, enterococci, Salmonella, and Campylobacter was conducted using the methods outlined in Table 1. Detection limits, as calculated by MPN, for 2 L grab and EasyElute (Innovaprep, United States) approaches are presented in Supplementary Table S1 for each sample type. Water samples were processed for downstream DNA extraction using the method described in Henry et al. (2016). Briefly, for 2 L grab samples, water to a volume of 1 L was sub-sampled and cellular material collected onto 5× 0.22 μM filters (Millipore, Germany). The filters of the same sample type were combined and stored at −80 °C prior to DNA extraction. For EasyElute derived samples, a volume of concentrated eluate equivalent to 1 L was collected on 1× 0.22 μm filters (Millipore, Germany). All filters were stored at −80 °C prior to DNA extraction.



2.4 Recovery efficiency and statistical analysis

Percent recovery of FIOs, Salmonella and Campylobacter was calculated to assess the efficiency of detection across treatments. Recovery was expressed as:
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Observed concentrations (MPN/L) were measured from processed water samples, while the inoculum concentration and associated dilution factor were used to calculate the expected concentration of organisms, based on dosage applied at each of the three experimental time points. This enabled quantitative comparison of recovery efficiency across methods and across faecal dosing levels. Due to the small sample size, a Student’s t-test (Student, 1908) was applied to determine significant differences between expected and observed recoveries.



2.5 Genomic DNA extraction for water and faecal samples

Total genomic DNA was isolated using the MagMax Wastewater Nucleic Acid kit (Thermofisher Scientific, United States) with garnet bead beating (Capella Science, Australia). Stored 0.22 μm filters were removed from the freezer to thaw briefly. Garnet bead tubes were filled with 800 μL Lysis buffer and 1× 0.22 μm filter paper containing microbial cellular material before being subjected to a bead beating for 45 s at 6.5 m/s. Faecal material (0.25 g in replacement for 1× 0.22 μm filter) was processed equivalently. Automated extraction was performed using a KingFisher Apex system (Thermofisher Scientific, United States), with a 20 min digestion cycle and a 35 min wash cycle. DNA was eluted in 50 μL RNase-Free H2O (Qiagen) prior to storage at -20 °C.



2.6 Short read 16S rRNA amplicon sequencing and data processing

Targeted 16S rRNA amplicon sequencing was undertaken by Monash University Genomics and Bioinformatics Platform (Monash University) as previously described in Henry et al. (2016, 2018). Briefly, 16S rRNA PCR amplicon libraries were prepared by amplifying the V3–4 region of the bacterial rRNA gene in triplicate 50 μL reactions. Reactions contained 1 μm forward (TCGTCGGCAGC GTCAGATGTGTATAAGAGACAGCCTACGGCWGCAG) and reverse (GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGG ACTACHVGGGTATCTAATCC) primers; 5 μL of purified concentration-standardised genomic DNA; 25 μL of 2x HiFi HotStart ReadyMix (Kapa Biosystems, United States). Amplified DNA, derived from the triplicate reactions, was then pooled for each sample and purified using Ampure XP (0.6 V) according to the manufacturer’s protocol. Subsequently, the libraries were pooled in equimolar concentrations and sequenced using an MGITech DNBSEQ-G400RS sequencing instrument with High-Throughput Sequencing Set FCLPE100 chemistry using the manufacturer’s instructions: MGI document SOP-013-B01-082 revision 7. Sequence reads are available on SRA1, Bioproject PRJNA1334114.

Short-read 16S amplicon metagenome sequencing data was processed using QIIME2 v2023.9 (Bolyen et al., 2019). This process began with the import and merging of paired-end sequences. Paired-end sequence reads were first imported, merged, and demultiplexed, and a summary of sequence quality was obtained. Reads were then denoised using the Divisive Amplicon Denoising Algorithm (DADA2) based on their quality information (Callahan et al., 2016). Regions with low-quality scores (below 30) were removed. Prior to the denoising process, FIGARO (Weinstein et al., 2019) and fastp (Chen et al., 2018) were used to determine optimal trimming parameters. As a result, the forward reads were truncated to 294 base pairs and the reverse reads to 256 base pairs, with 7 maximum errors for forward reads, and 6 for reverse reads. The first 20 base pairs of both forward and reverse reads were also trimmed.

Features with counts contributing less than 1% of the sample were filtered out to prepare the data for MST using SourceTracker v2 (Knights et al., 2011). In this framework, all of the animal faecal matter in the sequencing library was assigned as sources; while the MF, direct bacterial spiked water samples, and faecal dosed water samples were assigned as sinks—environments that receive faecal microbial inputs from one or more sources (Table 2). Prior to MST, the quality of sources was assessed using leave-one-out analysis via SourceTracker, to identify if the type of a source sample can be inferred by SourceTracker as the source type when it was initially sampled (Lim et al., 2024). Misclassified sources were removed from the source library. Analysis was then undertaken with the following default parameters: rarefaction depth = 10,000, Gibbs sampling restarts = 10; burn-in iterations = 100; α1 hyperparameter = 0.1; α2 hyperparameter = 0.001; and β hyperparameter = 0.01 (Henry et al., 2016). A total of five SourceTracker replicate runs were conducted. Based on the microbial community contributions, the relative faecal community contributions were calculated by normalising the values to only include contributions from animal faecal sources. The relative standard deviation percentages (%RSD) were calculated for the source contributions, with results containing RSD ≥ 100% being excluded from further analysis.


TABLE 2 Categories of source and sink samples, including their type and a definition for each of the categories.


	
	Categories
	Type
	Definition

 

 	Sources 	Animal faecal matter 	Faeces 	Faeces from bird, deer, dog, emu, kangaroo, and wombat.


 	Source Water 	Water 	Water without faecal dosing and reference pathogen spiking; these serve as a background microbial community.


 	Sinks 	Source Water – Spike 	Water 	Water without faecal dosing, but directly spiked with reference pathogens (Salmonella, Campylobacter, and Cryptosporidium). These serve as experimental controls.


 	MF 	Faeces 	Master “mixed” faeces using faeces from bird, deer, dog, emu, kangaroo, and wombat.


 	Faecal-dosed source water 	Water 	Water dosed with MF, with different spiking concentrations of reference pathogens (Salmonella, Campylobacter, and Cryptosporidium). These different concentrations include 0.001% (1 organism/L), 0.01% (10 organisms/L), and 0.1% (100 organisms/L).




 

To improve the sensitivity for specific detection of faecal contributions, un-spiked water sample controls were included as sources to form a “background” microbial community. The faecally dosed water samples from standard filtration and EasyElute ultrafiltration were then compared against each other to identify differences in predicted faecal contributions. The samples were compared at different spike concentrations through the use of the Kruskal–Wallis test (Cabin and Mitchell, 2000; Kruskal and Wallis, 1952). Faecal contribution analysis was conducted on the MF in order to understand changes in the predicted contributions and composition from different animals (i.e., bird, deer, dog, emu, kangaroo, and wombat) across the experimental period (i.e., P2 and P3). Total faecal contribution and %RSD were calculated as described earlier.




3 Results


3.1 Assessing recovery using high-volume filtration

Culture-based analysis of the MF demonstrated that E. coli and enterococci concentrations remained on average at 2.9 × 105 MPN/g [range of 7.9 × 104–6.1 × 105] and 1.9 × 105 MPN/g [range of 6.0 × 103–4.5 × 105], respectively, over 1 month, at a 4 °C holding temperature. Similarly, taxonomic evaluation specifically targeting E. coli-associated amplicons showed an increase from 0.8 to 11.9% and enterococci from 0.1 to 0.9% across the equivalent period. As temporal variations in the FIO concentrations were not observed, dosing experiments applied the same MF. FIO quantification was conducted for both the standard method and for the ultrafilter eluate at an equivalent volume. Negative control (source water) FIO concentrations were below method detection limits, irrespective of filtration approach (Supplementary Table S1). Recovery of E. coli was comparable between methods, relative to input dose (Figure 2; Supplementary Table S2). This was also observed for enterococci, with the exception of 0.001% faecal input. Overall, the EasyElute method was observed, across experiments, to have significantly higher enterococci recoveries, across experiments and dosing (χ2 = 3.21, df5) than that of the standard filtration method (χ2 = 82.8, df5).

[image: Graph A shows a bar chart comparing Log MPN per liter for SF and UF across fecal doses of zero, 0.001, 0.01, and 0.1 percent. Graph B depicts a similar comparison at doses zero and 0.001 percent. The lower graph is a violin plot comparing Log MPN per liter for SF and UF filtration methods, showing data distribution and individual data points.]

FIGURE 2
 Measured concentration of faecal indicators (Log MPN/L) (A) E. coli and (B) enterococci, using standard filtration (SF, blue) and EasyElute ultrafiltration (UF, purple) at faecal doses of 0–0.1% concentration in 100 L of raw water. Data presented as average and standard deviation of triplicates; where values were non-transformable, they were excluded from analysis (n ≥ 2).


Dosing of Salmonella and Campylobacter was applied at concentrations ranging from zero (source water) to 1,026 MPN/100 L (Log10 3.0) and 760 MPN/100 L (Log10 2.9), respectively. It was noted that the results for both organisms were highly variable between experiments, as demonstrated by the large observed standard deviations (Figure 3). Campylobacter recoveries averaged 115 and 125% for EasyElute and standard filtration samples, respectively, when no MF was dosed, and averaged 158 and 128% respectively, across MF-dosed samples. In contrast, for Salmonella, there was no detection of the organism by either method below 0.01% faecal dosing, indicative of a < 1% recovery efficiency. A difference was observed at 0.1% (1,026 MPN/100 L), with EasyElute recovery efficiency reaching 47%. It should be noted, however, that despite having the highest recovery, only 10 L of the 0.1% raw water-faecal mixture could be processed, unlike the 100 L which was possible for all other dilutions. This was directly associated with sample turbidity (averaging 36.8 Nephelometric Turbidity Units), resulting in blockage of the EasyElute filter and preventing further processing. However, recovery efficiency improved for EasyElute and standard filtration when no MF contribution was present (>76% recovery; 0 + spike). These differences between Campylobacter and Salmonella recoveries, observed between samples that were dosed with MF, compared to those that were not dosed, suggested organism-specific particle attachment and associated removal through the filtration process.

[image: Bar graphs comparing Salmonella and Campylobacter concentrations (Log MPN L⁻¹) at different fecal doses (0, 0.001, 0.01, 0.1, 0 plus spike). Two series, SF (light blue) and UF (purple), are shown with error bars. Horizontal axis shows fecal dose percentages, and vertical axis shows Log MPN L⁻¹. Dashed lines indicate thresholds.]

FIGURE 3
 Measured concentration of target pathogens (Log MPN/L) using standard filtration (SF, blue) and EasyElute ultrafiltration (UF, purple) at faecal doses to a final contribution between 0 to 0.1% in raw water. Samples labelled as “0 + spike” no faecal source water control, with Campylobacter and Salmonella to equivalent concentrations to 0.1%. Data presented as average and standard deviation of triplicates, where values were non-transformable, they were excluded from analysis (n ≥ 2). Where source water MPN/L was below detection, value was divided by 2 prior to Log transformation. Where MPN was over-detection, the value was set to the maximum detectable value prior to the Log transformation. The average lower detection limit is indicated by the blue dotted line.




3.2 Assessment of the application of microbial source tracking to high-volume filtrate eluates

Bacterial community analysis and MST were conducted on the amalgamated MF to investigate temporal changes in bacterial composition prior to water analysis. MST results indicated that as faecal age increased, the accuracy of identifying the original source of the scat declined (Figure 4A). Unknown contributions increased from ~20% at 24 h to >80% at 14 days. At 14 days, significant source-specific fingerprints were still detectable, contributing on average 29.1% of the total fingerprint. By 28 days, this declined to 18.5%, with the majority of the fingerprint attributed to wombat (Vombatidae; 16.5%) and emu (Dromaiidae; 1.6%). Increases in unknown contributions were predicted to be associated with corresponding increases in the abundance of Pseudomonas spp., Flavobacterium spp., and Comamonas spp. populations within the MF, alongside decreases in broader bacterial community diversity (Figure 4B).

[image: Stacked area charts labeled A and B show relative abundance percentages over three time points (T1, T2, T3). Chart A illustrates various animal taxa, including bird, deer, and kangaroo. Chart B presents bacterial taxa such as Acinetobacter, Bacillus, and Enterobacter. Both charts display multiple layers representing different taxa with distinct colors. The legend provides color keys for each taxon.]

FIGURE 4
 Average source-specific faecal contribution (A) and (B) bacteria contributing >50% of the MF bacterial composition at 24 h (T1), 14 days (T2), and 28 days (T3) post-storage at 4 °C.


Method comparison was undertaken to determine whether genomic MST performed equivalently between methods (Figure 5). Raw water was included as a source, alongside animal community fingerprints, to account for background water bacterial contributions in MST analysis. As expected, predicted raw water contributions declined markedly across faecal doses—from ~64.5% and ~69.3% for standard and EasyElute at 0.001% dose, to 1.14 and 1.37%, respectively, at 0.1%. Comparison of predicted source contributions at equivalent sample volumes showed no significant method-specific differences (Figure 5; p > 0.99). However, at the 0.001% faecal dose, significant contributions from kangaroo (Macropodidae) and avian were detected at higher proportions than in the MF (Figures 5A,B). This may indicate that dilution can improve sensitivity for detecting specific sources in mixed faecal deposits. Overall, predicted faecal contributions were comparable regardless of the age of faeces used for dosing. These findings suggest that method-specific differences in elution and recovery do not significantly affect conclusions drawn from amplicon-based MST analysis.

[image: Five charts showing taxon abundance data. Charts A to D are stacked area graphs showing relative abundance percentages for various taxa (bird, deer, dog, kangaroo, among others) across different filtration methods (MF, Standard Filtration, EasyElute) and concentration levels (0.001, 0.01, 0.1). Chart E is a violin plot depicting percent faecal contribution across groups, labeled from SF.0.001 to MF, with dots indicating data points.]

FIGURE 5
 Predicted faecal contributions (A–D) within EasyElute ultrafilters (B,D), standard filtration (A,C), and master faeces (MF) across three dosing concentrations (0.001, 0.01 and 0.1%) at 14 days (A,B) and 28 days (C,D) post faecal storage at 4 °C. Distribution of predicted faecal contributions (E) across all replicates and sample configurations (standard filtration = SF, EasyElute = H) irrespective of the age of MF applied to dosing.





4 Discussion

Monitoring the microbial quality of water sources within drinking water supply catchments is a cornerstone of public health protection (Kroehler et al., 2014). However, current surveillance methods often lack the sensitivity to detect low-prevalence, high-risk pathogens, particularly those shed by local wildlife populations, thus limiting their ability to inform timely and effective interventions (Pluym et al., 2024). In many protected water supply catchments, significant resources are invested in routine water monitoring programmes that follow established methodological standards, such as low-volume grab sampling with standard filtration. While these approaches provide consistency, they inherently constrain detection sensitivity, often representing less than a millionth of 1% of the total supply, and with limited temporal coverage. This mismatch between sampling volume and the spatial–temporal distribution of contamination, particularly from wildlife faecal deposition both on land and water, can lead to underestimation of risk and inefficient use of monitoring resources. Improving both the sensitivity and contextual accuracy of pathogen detection, including differentiation between human and animal sources, is therefore a critical step for developing a more robust understanding of health risk towards supporting strategic risk-management and operational decision-making.

This study applied three faecal dosing thresholds, each exceeding levels typically found in water sampled from protected drinking water catchments. Though, in general, these represented supra-environmental loads, their application was necessary to allow direct comparison and uncertainty assessment between approaches, mirroring other method validation studies (Hubbard et al., 2024; Kataoka et al., 2025; Smith and Hill, 2009). Furthermore, FIO concentrations in surface waters of low-impacted pastoral catchments are often on the order of 102–104 CFU 100 mL−1 (Lim et al., 2022) and higher during E. coli bloom events, which have been reported to occur in open catchments (Bertone et al., 2019). Thus, while the dosing employed exceeds typical environmental levels within forested catchments by one or more orders of magnitude, experimentation under these conditions provided a framework relevant to a wide range of drinking water catchments. The use of a composite master faecal inoculum, incorporating multiple wildlife sources, further reflected the microbial complexity of real-world contamination events, particularly those following rainfall.

The persistence of E. coli and enterococci within the MF, held at 4 °C across 28 days, aligned with previous studies, which demonstrated low decay rates for these organisms at low temperature (Börjesson and Rehnstam-Holm, 2024; Tran et al., 2020; Lowe et al., 2010). Although beyond the scope of the current study, it is noted that faecal indicator persistence, under cooler climatic conditions, complicates their interpretation and application as markers of recent contamination (Nowicki et al., 2021); a fact that should be considered as part of the development of monitoring frameworks. Initial trials also investigated direct pathogen dosing into the faecal matrix to better replicate their natural introduction into catchment waters. However, Campylobacter and Salmonella strains recently isolated from wildlife exhibited rapid die-off (<1 h) when added to the master faeces composite, an effect not observed when the same pathogens were dosed directly into water samples. Comparable reductions in pathogen viability within manure have been reported and often attributed to microbial competition or predation in nutrient-rich environments (Hutchison et al., 2005; García et al., 2010). While this limitation is unlikely to have affected the present findings, it underscores an important methodological consideration for experiments modelling pathogen transport from faecal sources to receiving waters.

Culture-based results for E. coli and enterococci concentrated through the EasyElute system were consistent with previous ultrafiltration studies (Smith and Hill, 2009; Mull and Hill, 2012). For Campylobacter, previous studies have applied large-volume ultrafiltration without explicitly quantifying recovery variability (Ferrari et al., 2019; Ferrari et al., 2019). The current study demonstrated this to be close to 100%, with less variability than the standard method and minimal observable influence from particle association as a result of increased faecal dosing. In contrast, Salmonella results presented a more complex picture. Despite direct dosing, recovery decreased with increasing water turbidity, suggesting faecal particle association and sediment settling effects were occurring rapidly within the sample mixture. The EasyElute did achieve overall higher Salmonella recoveries than what was observed by the standard approach, and in line with previous bulk water dosing studies (Kraft et al., 2023); where >96% recovery was achieved under conditions equivalent to “0 + spike” samples. While there is a lack of studies that have investigated Salmonella dosing within animal faeces prior to entry into waterbodies, particle association and biofilm formation have both been described within the genus (Bardsley et al., 2021; Pardo et al., 2020). Given the time course of the current study, biofilm formation was unlikely to have resulted in the observed recovery as occurred across both standard and EasyElute methods, suggesting particle association and loss through attachment to the filter membrane as a possible cause.

Dead-end ultrafilters, such as the EasyElute, capture microbes and particulates on the filter fibres while allowing liquid to pass through membrane pores <0.1 μm in diameter (Mull and Hill, 2012). Turbidity has been identified in previous studies as a significant factor affecting microbial recovery efficiency (Kataoka et al., 2025; Mull and Hill, 2012; Ferrari et al., 2019; Smith and Hill, 2009; Leskinen et al., 2012; Kataoka et al., 2025). However, this effect is not uniform across organisms. For example, positive correlations with turbidity are often observed for E. coli and enterococci, whereas inverse relationships have been reported for organisms such as Clostridium and MS2 bacteriophage (Mull and Hill, 2012; Smith and Hill, 2009). The observed inter-experiment and turbidity-associated variability highlights the need for further investigation into potential operational constraints, particularly when deploying systems targeting specific organisms. These findings underscore the importance of evaluating system performance under the range of water quality extremes expected in the field and knowledge of target microbe capture under varying turbidity conditions prior to operational deployment.

The findings suggest that application of high-volume ultrafiltration, alongside or as an alternative to standard sampling, can improve overall sensitivity through reduction of method detection limits when applied to organism-specific assays. Overlaying water quality factors, in particular turbidity, will provide an upper limit to volumes that can be processed through the system, and associated microbial recoveries (Pascual-Benito et al., 2020). However, the advantages offered by these systems include potential for deployment over extended sampling periods, allowing improved resolution, at a lower cost, of temporal dynamics that cannot be achieved by standard low-volume sampling alone (Leskinen et al., 2012). For public health response, the demonstrated potential for application during and over high-risk events, as a means of detecting and monitoring outbreaks, represents a significant advantage to current methods (Kataoka et al., 2025).

Genomic approaches using 16S rRNA amplicons have previously been shown to relate to FIO patterns and provide valuable insights into faecal source attribution (Henry et al., 2016; McCarthy et al., 2017). However, their application has been limited to grab samples, with no prior studies linking high-volume concentrates to both source and pathogen data. An unexpected finding of the current study was that, although the sensitivity of source-specific attribution declined with increasing MF age, dilution effects, introduced as a result of source water dosing, were observed to partly mitigate this reduction. In particular, kangaroo, emu, and avian signatures were observed to re-emerge at lower concentrations; however, these were minimised by 28 days. This suggests that ageing effects, which can negatively affect MST resolution (Wong et al., 2016; Devane et al., 2023), can be partially overcome by increased MST sensitivity under low faecal load.

Though this phenomenon has not been previously reported, to the authors’ knowledge, the observed finding is hypothesised to be the result of several interacting mechanisms. Particularly in response to dilution and reduction of faecal biomass, which can improve amplification of low-abundance taxa. Dilution reduces the concentration of PCR inhibitors such as bile salts, humic acids, and polysaccharides, improving amplification of low-abundance DNA from aged faeces (Hunter et al., 2019). It also reduces total biomass per extraction, preventing saturation of extraction binding matrices in initial steps, ensuring more even recovery of minority templates. In addition, abundant taxa in concentrated samples can dominate PCR and sequencing, masking signatures from older or low-abundance organisms (Bender et al., 2018). Overall, these results suggest that controlled dilution may have helped mitigate ageing-related detection biases in MST assays; a finding that warrants further validation across diverse catchments and contamination scenarios.

The findings of the 16S rRNA amplicon study also have broader implications. As the environmental persistence of pathogens is increasingly recognised (Balta et al., 2024), the ability to profile sources from both recent and aged contamination offers a valuable tool for ongoing risk assessment. Fresh faeces represent an immediate hazard, but older deposits can continue to contribute pathogens to waterways, particularly as climate change alters microbial survival and transport dynamics (Liu and Salles, 2024). Effective management, therefore, requires not only systems for detecting current risks but also approaches that capture longer-term, low-level hazards. The integration of high-volume capture with sensitive molecular tools, such as MST, therefore, provides a pathway for this enhanced understanding. Thus, allowing prioritisation of mitigation measures, alongside quantitative data for regulatory FIOs and reference pathogens, in response to wildlife contamination signals. Future investigations should include defining regionally specific and sensitive molecular MST markers to support quantification of risk and future integration as part of quantitative microbial risk assessment evaluation of risk-based thresholds (Barrett et al., 2025; Gitter et al., 2023).

The methodological framework demonstrated here has broad applicability across diverse catchment types and geographic regions, particularly for water supplies where contamination events are infrequent but may pose elevated public health risk. In this context, early detection is essential to understand contamination events, identify sources, and support preventive actions and planning. Integration of the EasyElute method into routine monitoring should consider several operational factors, including assessment of water quality extremes, particularly turbidity and particle loads, to anticipate potential recovery limitations, incorporation of appropriate internal recovery controls matched to target organisms to quantify method-associated losses, and optimisation of sample processing through strategies such as reduced system flow rates to mitigate filter clogging and improve reproducibility. Adaptive monitoring designs could further enhance performance by deploying high-volume ultrafiltration during low-turbidity periods or alongside standard methods, especially for detecting low-prevalence pathogens or performing microbial source tracking. Collectively, these measures will ensure that both sensitivity and operational feasibility are maintained during catchment surveillance.

Further field-based validation, inclusive of organism-specific recoveries, is required to establish if there is a direct correlation between FIOs, pathogens, and MST results. However, future studies should align with broader operational priorities for drinking water quality programmes globally, including (1) Incorporation of pathogen surveillance as direct indicators of health risk, alongside traditional faecal indicator monitoring, to more accurately assess health risks from enteric pathogens. (2) Adopting high-volume ultrafiltration to improve the likelihood of detecting low-prevalence hazards, thereby increasing the robustness of downstream risk assessments (such as quantitative microbial risk assessment). (3) Increasing certainty surrounding pathogen concentrations in source waters to ensure drinking water treatment is commensurate with risk, consistent with the risk-based approach to drinking water management presented in guidelines, such as the Australian Drinking Water Guidelines (NHMRC, NRMMC, 2011), and (4) Expanding the use of molecular and genomic tools, including MST, to identify, quantify, and track sources of faecal contamination, guiding the selection of relevant monitoring targets and thereby improving understanding of animal-related risks. By uniting high-volume capture, sensitive detection, and source attribution in a single workflow, this study provides a transferable and scalable platform for advancing microbial water quality surveillance and risk assessment. Its adoption can support more proactive, evidence-based management of drinking water sources and contribute to safeguarding public health.
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