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Abstract

This research investigated the in-situ decay rates of four human wastewater-associated markers 

(Bacteroides HF183 (HF183), Lachnospiraceae Lachno3 (Lachno3), cross-assembling phage 

(crAssphage), pepper mild mottle virus (PMMoV) and three enteric viruses (human adenovirus 

40/41 (HAdV 40/41), enterovirus (EV) and human norovirus GII (HNoV GII) in two estuarine 

water environments (Davidson Park (DP) and Hen and Chicken Bay (HCB) in temperate Sydney, 

NSW, Australia, employing qPCR and RT-qPCR assays. The study also aimed to compare 

decay rates observed in mesocosms with previously published laboratory microcosms, providing 

insights into the persistence of markers and viruses in estuarine environments. Results indicated 

varying decay rates between DP and HCB mesocosms, with HF183 exhibiting relatively faster 

decay rates compared to other markers and enteric viruses in sunlight and dark mesocosms. 

In DP mesocosms, HF183 decayed the fastest, contrasting with PMMoV, which exhibited the 

slowest. Sunlight induced higher decay rates for all markers and viruses in DP mesocosms. 

In HCB sunlight mesocosms, HF183 nucleic acid decayed most rapidly compared to other 

markers and enteric viruses. In dark mesocosms, crAssphage showed the fastest decay, while 

PMMoV decayed at the slowest rate in both sunlight and dark mesocosms. Comparisons 

with laboratory microcosms revealed faster decay of markers and enteric viruses in laboratory 

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
*Corresponding author. Warish.Ahmed@csiro.au (W. Ahmed). 

Declaration of competing interest
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

CRediT authorship contribution statement
Warish Ahmed: Writing – original draft, Methodology, Formal analysis, Conceptualization. Asja Korajkic: Writing – original draft, 
Formal analysis. Metasebia Gabrewold: Methodology. Sudhi Payyappat: Methodology. Michele Cassidy: Writing – original draft. 
Nathan Harrison: Writing – original draft. Colin Besley: Writing – original draft, Conceptualization.

Disclaimer
Information has been subjected to U.S. EPA peer and administrative review and has been approved for external publication. Any 
opinions expressed in this paper are those of the authors and do not necessarily reflect the official positions and policies of the U.S. 
EPA. Any mention of trade names or commercial products does not constitute endorsement or recommendation for use.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.scitotenv.2024.171389.

EPA Public Access
Author manuscript
Sci Total Environ. Author manuscript; available in PMC 2025 May 20.

About author manuscripts | Submit a manuscript
Published in final edited form as:

Sci Total Environ. 2024 May 20; 926: 171389. doi:10.1016/j.scitotenv.2024.171389.E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

https://creativecommons.org/licenses/by-nc/4.0/


microcosms than the mesocosms, except for crAssphage and HAdV 40/41 in dark, and PMMoV 

in sunlight mesocosms. The study concludes that decay rates of markers and enteric viruses 

vary between estuarine mesocosms, emphasizing the impact of sunlight exposure, which was 

potentially influenced by the elevated turbidity at HCB estuarine waters. The generated decay 

rates contribute valuable insights for establishing site-specific risk-based thresholds of human 

wastewater-associated markers.

GRAPHICAL ABSTRACT
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1. Introduction

Pathogenic bacteria, viruses, and protozoa, pose a significant threat to both human and 

animal health by causing waterborne diseases (Collier et al., 2021; Ma et al., 2022). 

Pathogen entry into aquatic ecosystems stems from diverse sources, including untreated 

wastewater discharge, agricultural runoff, and stormwater discharge, as demonstrated by 

several studies (Huang et al., 2017; Steele et al., 2018; Fu et al., 2021). Monitoring of 

these pathogens in aquatic ecosystems is important, as it provides critical insights into water 

quality and associated health risks. However, the sheer diversity of potential pathogens 

presents an operational challenge for routine monitoring efforts. Furthermore, the detection 

and quantification of specific pathogens within water samples are hindered by their often-

low concentrations, complex sample compositions, and the prerequisite for highly sensitive 

analytical techniques (Ramírez-Castillo et al., 2015).

Fecal Indicator Bacteria (FIB), including fecal coliforms, Escherichia coli, and enterococci, 

constitute a pivotal group of bacteria frequently employed as indicators of microbial water 

quality (OEH, 2011; Tiwari et al., 2021). These microorganisms are typically inhabitants 

of the intestines and fecal matter of warm-blooded animals including humans. Therefore, 

their presence in water signifies the potential for fecal contamination, thereby implying an 

associated risk of waterborne illnesses (Ahmed et al., 2013; Rochelle-Newall et al., 2015; 

Hughes et al., 2017). FIB are preferred in water quality monitoring programs for their 

cost-effectiveness and rapid detection capabilities, often yielding results within 24–48 h 

(Wade et al., 2010).
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Nevertheless, it is essential to acknowledge the inherent limitations in relying solely on FIB 

as indicators of water quality. One limitation lies in their inability to provide information 

regarding the presence of pathogens capable of causing human illnesses (Abdelzaher et al., 

2010; Wyn-Jones et al., 2011). The persistence and behaviour of FIB can differ significantly 

from that of pathogens (Abia et al., 2016; Greaves et al., 2020). Complicating matters 

further, FIB, including E. coli, can originate from sources other than fecal matter, such 

as soil and vegetation (Desmarais et al., 2002; Anderson et al., 2005; Ishii et al., 2006; 

Byappanahalli et al., 2012). Furthermore, it is critical to recognize that monitoring FIB alone 

does not provide insights into the sources of contamination (Harwood et al., 2014; Demeter 

et al., 2023).

Microbial source tracking (MST) is a valuable technique employed for the discernment and 

quantification of fecal pollution origins within aquatic systems (Scott et al., 2002). MST 

includes many techniques but mainly leverages host-specific genetic markers to ascertain the 

presence of contaminants from distinct sources, such as human, livestock, or wildlife origins 

(Ahmed et al., 2019; Linke et al., 2021). This information plays a pivotal role in pinpointing 

and mitigating pollution sources, thus safeguarding public health. MST has proven effective 

in diverse contexts, including coastal watersheds, recreational waters, and potable water 

reservoirs (Araújo et al., 2014; Ahmed et al., 2013; Ahmed et al., 2018).

In a recent study, human wastewater-associated markers and enteric viruses were detected 

across ten estuary locations in Sydney, NSW subjected to wet weather overflows (WWOs) 

(Ahmed et al., 2023a). Wet weather overflows discharge diluted sewage into receiving 

waters. However, human health risk associated with WWOs in complex estuarine waters 

is not well understood. The potential risk to human health in aquatic environments hinges 

on the degradation of human wastewater, fecal matter, and the pathogens they carry once 

introduced into water bodies (Nelson et al., 2018; Korajkic et al., 2019; Tiwari et al., 

2023). A comprehension of the decay kinetics associated with human wastewater-associated 

markers, particularly of enteric viruses, in estuarine waters holds the potential to enhance 

health risk assessments and inform investments aimed at mitigating WWOs from sanitary 

sewage systems.

In a recent study, the degradation rates of wastewater indicators and enteric viruses were 

examined in laboratory-controlled microcosms replicating Sydney’s temperate estuarine 

conditions (Ahmed et al., 2023b). Using quantitative and reverse-transcription quantitative 

polymerase chain reaction (qPCR/RT-qPCR), we found significant reductions in key human 

wastewater-associated markers such as Bacteroides HF183 (HF183), Lachnospiraceae 
Lachno3 (Lachno3), cross assembling phage (crAssphage), pepper mild mottle virus 

(PMMoV), human adenovirus (HAdV 40/41), and enterovirus (EV) over 42 days under 

artificial sunlight, dark and two different temperatures. The decay patterns varied depending 

on experimental conditions, with average T90 values ranging from days to months.

That recent study was conducted in a controlled laboratory setting, allowing precise 

experimentation but cannot fully replicate the complexity and variability of real-world 

estuarine ecosystems. For example, predation and competition, sunlight and temperatures 

may differ significantly from what occurs in the environmental waters. Therefore, the main 
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objective of this research study is to determine the in-situ decay rates of four human 

wastewater-associated markers (HF183, Lachno3, crAssphage and PMMoV) and three 

enteric viruses (HAdV 40/41, EV, and HNoV GII) in estuarine water environments in 

temperate Sydney, NSW, Australia using qPCR and RT-qPCR assays. A secondary objective 

was to compare the decay rates of these targets obtained for in-situ (mesocosms) decay 

to our previously published laboratory microcosms (Ahmed et al., 2023b) decay rates to 

understand how long these markers and viruses can persist in different settings, which is 

critical for public health and environmental management.

2. Materials and methods

2.1. Mesocosms set up and treatments

In-situ mesocosm decay experiments were conducted from 08/03/2021 to 15/04/2021. To 

carry out the decay experiments, grab estuarine water samples of 50 L were collected from 

Port Hacking at GPS coordinates: −34.08666; 151.09547, with a depth range of 0.5 to 1.5 

m on 21/02/2021. Salinity, pH, dissolved oxygen, turbidity, and temperature were measured 

for estuarine water sample using a YSI EXO 2 sonde multiparameter meter (YSI Inc., 

Yellow Springs, OH, USA). The measurement of total organic carbon in estuarine water 

was conducted in the laboratory according to method APHA 5310B. In preparation for 

the mesocosm experiments, several 5-L grab samples of untreated municipal wastewater 

were obtained from the primary influent of two wastewater treatment plants (WWTPs) 

situated in Sydney, NSW, Australia. Bondi WWTP is located in North Bondi at coordinates 

−33.885397, 151.283728. This facility plays a crucial role in treating wastewater from 

approximately 500,000 residents living in the regions spanning from Bondi to Rozelle, 

which includes the central business district of Sydney. Conversely, the Cronulla WWTP, 

situated at coordinates −34.030902, 151.163707, is responsible for treating wastewater from 

an estimated 266,000 individuals. Collected estuarine water and untreated human wastewater 

were stored at 4 °C until the commencement of the study. A previous study demonstrated 

that the concentrations of human wastewater-associated markers were quite stable over the 

course of 12-month study with little variations observed within and between these two 

WWTPs (Ahmed et al., 2022).

Mesocosm experiments were conducted to assess the decay rates of markers associated with 

human wastewater and enteric viruses representing two different estuarine settings under 

ambient conditions. Davidson Park (DP) is about 10 km north of the Sydney central business 

district (CBD) in the channel of the upper Middle Harbour arm, 12 km to the mouth of 

Sydney Harbour. Hen and Chicken Bay (HCB) is a shallow embayment of the Parramatta 

River at the upper western arm of Sydney Harbour, approximately 10 km west of the Sydney 

CBD, and 17 km from the Sydney Harbour estuary mouth. Land cover in the DP urban 

catchment has native forest to the shoreline and more distant housing. In contrast to the DP 

catchment, land cover in the urban catchment of HCB is heavily urbanised, with a history of 

industrial and urban pollution impacts (Montoya, 2015).

To facilitate these experiments, two submersible mesocosm devices were constructed, 

following the design described by Korajkic et al. in 2014. These devices consisted of a 

polyvinyl chloride (PVC) pipe frame, with a diameter ranging from 3/4 to 1 in., enclosed 
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with plastic mesh wire. This setup was designed to protect the 50 mL dialysis tubes, which 

had a molecular weight cut-off (MWCO) of 6–8 kDa (Spectra/Por, Spectrum Laboratories, 

Inc., CA, USA), housed within them from potential damage caused by floating debris. The 

small pore size of the dialysis tubes prevents nutrients and microorganisms larger than 

6–8 kDa from diffusing across the membrane. Each dialysis tube was filled with 75:25 % 

(v/v) of estuarine water: untreated sewage so that enteric viruses whose concentration are 

low, can be measured. Dialysis tubes were sealed with a reusable universal closure (Spectra/

Por, Spectrum Laboratories, Inc.). One of the study goals was to examine the impact 

of sunlight exposure on the decay of human wastewater-associated markers and enteric 

viruses. Consequently, we divided each device into two sections: the lower half was covered 

with a black plastic sheet to create a dark treatment environment while the upper half 

remained uncovered to receive sunlight exposure (as depicted in graphical abstract). During 

deployment, the dialysis bags for the sunlight treatment were submerged approximately 0.5 

m below the water’s surface, while the dark treatment bags were submerged approximately 

1.5 m below the surface. We assessed the potential attenuation of sunlight by the dialysis 

bags by measuring UV light intensity using a radiometer, both with and without the dialysis 

bag cover. The variance in UV readings was minimal, approximately around 8 %.

2.2. Sample processing and nucleic acid extraction

Dialysis tubes were collected on days 0, 3, 10, 13, 17, 24 and 38 (for DP mesocosms) 

and 0, 3, 10, 13, 17, 24 and 38 (for HCB mesocosms). Each dialysis tube was mixed by 

carefully inverting 8–10-times. A 50 mL water sample from each dialysis tube was removed 

and concentrated using an adsorption-extraction (AE) method (Ahmed et al., 2023b). Prior 

to filtration, the pH of the sample was adjusted to 3.5 by adding 2.0 N HCl (Ahmed et 

al., 2023b). Each sample was filtered through HA electronegative membranes with a 0.45 

μm pore size (47 mm diameter) (Merck Millipore, Tokyo, Japan). Following filtration, 

the membrane was immediately removed, rolled, and inserted into a 5-mL-bead-beating 

tube (Qiagen, Hilden, Germany) for nucleic acid extraction. Nucleic acid was extracted 

directly from the HA membranes using the RNeasy PowerWater Kit (Cat. No. 14700–50-

NF) (Qiagen, Valencia, CA). Prior to homogenization, lysis buffer was added into each 

bead-beating tube. The bead-beating tubes were then homogenized using a Precellys 24 

tissue homogenizer (Bertin Technologies, Montigny-le-Bretonneux, FR) set for 3 × 15 s at 

10,000 rpm at a 10 s interval. After homogenization, the tubes were centrifuged at 4000 g 
for 5 min to pellet the filter debris and beads. Sample lysate supernatant ranging from 600 

to 800 μL in volume was then used to extract nucleic acid following the manufacturer’s 

specified protocol. DNase treatment step was omitted from the extraction protocol to obtain 

both DNA and RNA from each sample. Nucleic acid purity was verified by measuring 

A260/280 ratio using a DeNovix Spectrophotometer & Fluorometer (Wilmington, DE, USA).

2.3. PCR inhibition monitoring

An experiment was conducted to determine the presence of PCR inhibitors in nucleic 

acid extracted from water samples using a Sketa22 real-time PCR assay (Haugland et al., 

2005; Ahmed et al., 2023b). Water samples with a 2-Cq (quantification cycle) delay were 

considered to have PCR inhibitors (Staley et al., 2012).
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2.4. qPCR and RT-qPCR assays

Previously published qPCR and RT-qPCR assays were used for the analysis of HF183 

(Green et al., 2014), Lachno3 (Feng et al., 2018), crAssphage (Stachler et al., 2017), 

PMMoV (Rosario et al., 2009; Haramoto et al., 2013), HAdV 40/41 (Ko et al., 2005), EV 

(Cashdollar et al., 2013) and human norovirus GI and GII (HNoV GI and GII) (Jothikumar 

et al., 2005). The primers and probes for these qPCR and RT-qPCR assays are shown in 

Supplementary Table ST1 along with qPCR cycling parameters. For all qPCR and RT-qPCR 

assays, synthetic DNA (4 μg) in plasmid cloning vectors or gBlocks gene fragments were 

purchased from Integrated DNA Technologies (Coralville, IA, USA).

qPCR and RT-qPCR standards were prepared from the synthetic DNA, ranging from 106 to 

1 gene copy (GC)/μL of DNA. All qPCR amplifications were performed in 20 μL reaction 

mixtures using 10 μL SsoAdvanced Universal Probes Supermix (Bio-Rad Laboratories, 

Richmond, CA) or 100–1000 nM forward primer, 100–1000 nM of reverse primer, 80–400 

nM probe and 3 μL of template nucleic acid. The qPCR assays were performed using a 

Bio-Rad CFX96 thermal cycler. All qPCR reactions were performed in triplicate. For each 

qPCR run, a series of standard (i.e., also served as PCR positive controls) and PCR negative 

controls (n = 3) were included.

2.5. Quality control and data analysis

A reagent and extraction blank were included for each batch of nucleic acid extraction to 

ensure no carryover contamination occurred during extraction. No carryover contamination 

was observed in reagent blank samples. To minimize qPCR contamination, nucleic acid 

extraction and qPCR setup were performed in separate laboratories. qPCR and RT-qPCR 

standards were analyzed to determine the amplification efficiencies (E) and the correlation 

coefficient (R2). Plasmid controls were diluted (3 × 102 to 0.3 GC/reaction) and analyzed 

using qPCR and RT-qPCR. At each dilution, 12 replicates were analyzed. The 95 % assay 

limit of detection (ALOD) was defined by fitting an exponential survival model to the 

proportion of PCR replicates positive at each step along the gradient (Verbyla et al., 2016).

2.6. Data analysis

To facilitate comparisons with other studies, human wastewater-associated markers and 

enteric viruses’ nucleic acid concentrations greater than the qPCR/RT-qPCR ALOD for 

each treatment were used to calculate the decay rate. Observed nucleic acid concentrations 

were linearized using the natural log (ln)-transformation of the normalized concentrations 

as shown in Eq. (1) (Chick, 1908). These values and their associated time points (i.e., 

days) were used to calculate the first-order decay rate constants in units per day by linear 

regression using GraphPad Prism Version 8.3.1 (GraphPad Software, La Jolla, CA, USA). 

The runs test was used to evaluate the appropriateness of the linear model, and fit was 

assessed by r2 and root mean square error (RMSE). r2 assesses the proportion of the 

variance explained by the independent variable given the selected model, while the RMSE 

assesses fit by measuring the distance of the observed measures from the fitted line.
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Ln Ct/C0 = − k* T

(1)

The first-order decay rate constant and the associated 95 % confidence interval were 

estimated by linear regression, where Ct and C0 are the concentrations of GC in the 

mesocosms at time t and time 0, respectively, and k is the decay rate constant. The time 

required to achieve a 90 % (one log) reduction (T90) was calculated using Eq. (2).

T90 = − Ln 0.1 /k

(2)

After mean k values were estimated for each treatment, the values were log10−transformed 

and linear regression was used to characterize the relationship between treatments and first-

order decay rate constant. We also calculated log10 reduction rates for human wastewater-

associated markers and enteric viruses. The log10 reduction was calculated by subtracting 

the respective day zero concentrations from day 13 for DP and HCB mesocosms, and day 

14 for laboratory microcosms (Ahmed et al., 2023b). These days were chosen because 

that was the last sampling point when all the targets were detected above their respective 

qPCR/RT-qPCR ALOD. Additionally, laboratory microcosm was not sampled on day 13.

2.7. Statistical analysis

GraphPad Prism was used to perform two-way ANOVA with Tukey’s multiple comparison 

tests to evaluate the effect of each treatment on the log10 reduction rates of human-

wastewater associated markers and enteric viruses (Tables ST5–ST9). The same software 

was used to perform the paired t-tests (comparison between DP and HCB mesocosms) 

and unpaired t-tests (comparison between DP mesocosms and laboratory microcosms and 

comparison between HCB mesocosms and laboratory microcosm) to evaluate the log10 

reduction rates of each target between different meso/microcosms (Table ST9). All tests 

were considered significant if α = 0.05.

3. Results

3.1. Physico-chemical parameters of mesocosm samples

During the sampling period, various physico-chemical parameters were measured in dialysis 

tubes water sample deployed at two estuarine sites, namely DP and HCB sunlight and dark 

mesocosms. The salinity at DP exhibited a range of 28.1 ± 6.86 to 32.4 ± 1.86 ppt in 

sunlight and dark mesocosms, respectively, while HCB showed values ranging from 28.9 ± 

8.92 to 30.0 ± 5.78 ppt (Supplementary Table ST2). The pH levels at DP were 7.57 ± 0.18 

(sunlight) and 7.62 ± 0.13 (dark), whereas HCB recorded values of 7.84 ± 0.22 and 7.81 ± 

0.13 in sunlight and dark mesocosms, respectively. Dissolved oxygen concentrations at DP 

ranged from 4.76 ± 1.21 to 3.97 ± 1.04 mg/L in sunlight and dark mesocosms, while HCB 

displayed values of 7.18 ± 2.06 and 6.37 ± 0.98, respectively. Turbidity measurements at DP 

were 2.46 ± 2.49 (sunlight) and 2.20 ± 0.75 (dark), while at HCB, they were 5.47 ± 3.10 
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and 6.44 ± 3.10 in sunlight and dark mesocosms, respectively. The temperature at both sites 

remained relatively stable, with DP recording 23.5 ± 1.17 (sunlight) and 23.6 ± 0.98 (dark), 

and HCB showing values of 23.5 ± 1.88 and 23.2 ± 1.75 in sunlight and dark mesocosms, 

respectively. These data provide insights into the dynamic environmental conditions within 

the two estuarine ecosystems during the specified sampling period.

Throughout the study period, the temperatures of the water within the mesocosms remained 

relatively constant. In the DP mesocosm, the average temperatures were documented at 24.6 

°C under sunlight and 24.8 °C in the dark. Similarly, in the HCB mesocosm, temperatures 

were comparable, registering at 24.5 °C under sunlight and 22.2 °C in the dark, as recorded 

by HOBO data loggers (refer to Supplementary Table ST3). The amount of sunlight 

received by the DP and HCB mesocosms ranged from 0 to 39,761 and 0 to 64,737 lm/ft2, 

respectively. In dark mesocosms, the DP and HCB mesocosms received between 0 and 626, 

and 0 to 1497 lm/ft2, respectively.

3.2. qPCR/RT-qPCR performance characteristics

Standard curves exhibited a linear quantification range spanning from 3 × 106 to 3 GC/

reaction. Supplementary Table ST4 presents performance characteristics for various assays 

based on efficiency (E), linearity (R2), slope, and y-intercept. HF183 demonstrates an 

efficiency of 99.2 %, a high linearity of 0.99, with a slope of −3.342 and a y-intercept 

of −39.21. Similarly, crAssphage exhibited 101 % efficiency, 0.99 linearity, a slope of 

−3.301, and a y-intercept of −38.27. Lachno3, PMMoV, HAdV 40/41, EV, HNoV GI, 

and HNoV GII also show varying levels of efficiency and linearity with corresponding 

slope and y-intercept values that fell within the optimal range recommended by the MIQE 

guidelines (Bustin et al., 2009). The analytical limit of detection (ALOD) values for qPCR 

and RT-qPCR ranged from 6.02 to 21.7 GC/reaction (Ahmed et al., 2023b). There were 

no indications of carryover contamination observed in either the method or reagent blank 

samples. Nucleic acid contamination was diligently monitored throughout the study using no 

template controls, and there was no detected inhibition of PCR in the nucleic acid extracted 

from mesocosm samples.

3.3. Decay rates of wastewater-associated markers and enteric viruses in DP mesocosms

The decay rates (mean k values with 95 % CI) and mean T90 days with 95 % CI of 

human wastewater-associated markers and enteric viruses in DP mesocosms are shown 

in Table 1. Among the human-wastewater associated markers and enteric viruses, HF183 

decayed the fastest, while the decay of PMMoV was the slowest in both sunlight and 

dark mesocosms. For HF183, the mean first-order decay rate constant (k) in sunlight were 

−0.414/day, resulting in a T90 of 5.56 days, while in the dark, the decay rate was −0.240/day 

with a T90 of 9.59 days. Under sunlight, PMMoV displayed a decay rate of −0.162/day 

corresponding to a T90 of 14.2 days. In the dark, the decay rate was lower at −0.087/day and 

the T90 was notably greater at 26.5 days compared to other markers at the same condition. 

The decay patterns revealed striking similarities between Lachno3 and crAssphage within 

the DP mesocosms under sunlight (Lachno3 showing a rate of −0.272 and crAssphage at 

−0.259). Overall, HF183 (k = −0.414), Lachno3 (k = −0.272) and crAssphage (k = −0.259) 

decayed slightly faster than HAdV 40/41 (k = −0.237) and HNoV GII (−0.181), while EV 
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(k = −0.268) decayed slower than HF183 (k = −0.414) in sunlight mesocosms. However, in 

dark mesocosms, HF183 (k = −0.240), Lachno3 (k = −0.182), and crAssphage (k = −0.233) 

decayed faster than all three enteric viruses. Between the sunlight and dark mesocosms, 

sunlight induced greater decay rates of all human wastewater-associated markers and enteric 

viruses (Table 1).

3.4. Decay rates of wastewater-associated markers and enteric viruses in HCB 
mesocosms

Table 2 displays the mean k values and T90 days with 95 % CI of human wastewater-

associated markers and enteric viruses in HCB mesocosms. HF183 nucleic acid degraded 

most quickly in sunlight mesocosms among human-wastewater markers and enteric viruses. 

In dark mesocosms, crAssphage exhibited the fastest decay, whereas PMMoV decayed at 

the slowest rate in both sunlight and dark mesocosms. The mean k in sunlight for HF183 

was −0.328/day, leading to a T90 of 7.01 days, whereas crAssphage exhibited a decay rate 

of −0.200/day, resulting in a T90 of 11.5 days. In sunlight, PMMoV exhibited a decay 

rate of −0.064/day, resulting in a T90 of 36.0 days. Contrastingly, in dark mesocosms, the 

decay rate was −0.056/day, with the T90 extending to 41.1 days. The decay trends unveil 

remarkable parallels between HF183 and crAssphage in the HCB mesocosms, whether 

exposed to sunlight (HF183 demonstrating a rate of −0.328 and crAssphage at −0.289) 

or in the dark (HF183 at −0.195 and crAssphage at −0.200). Similar trends were also 

noted in dark mesocosms for both wastewater-associated markers and enteric viruses. In 

the interplay of sunlight and dark mesocosms, HF183, Lachno3, crAssphage, PMMoV, 

and HAdV 40/41 exhibited slightly higher decay rates under sunlight compared to dark 

mesocosms. Conversely, EV and HNoV GII displayed the opposite trend, with these two 

enteric viruses decaying slightly faster in dark mesocosms (Table 2).

3.5. Comparison of decay rates of wastewater-associated markers and enteric viruses 
between DP, HCB mesocosms and laboratory microcosms

In a recent study, we assessed the decay rates of markers and enteric viruses associated 

with human wastewater in laboratory microcosms designed to replicate estuarine water 

conditions in temperate Sydney, NSW, Australia using qPCR and RT-qPCR assays (Ahmed 

et al., 2023b). This basis allowed comparison to the decay rates observed in the current 

study with those in that previous study to gain insights into the persistence of these markers 

between mesocosms and microcosms. Notably, most human wastewater-associated markers 

and enteric viruses exhibited faster decay in DP than in HCB mesocosms, except for 

crassphage in sunlight (k = −0.289 in HCB and k = −0.259 in DP), EV (k = −0.113 in HCB 

and k = −0.097 in DP) and HNoV GII (k = −0.147 in HCB and k = −0.115 in DP).

Comparisons revealed that the decay rates of HF183 (both in sunlight and dark mesocosms), 

Lachno3, crAssphage, and HAdV 40/41 (in sunlight), as well as EV (in both sunlight 

and dark mesocosms), were marginally faster in laboratory microcosms than the DP and 

HCB mesocosms. Lachno3, crAssphage, PMMoV, and HAdV 40/41 in dark microcosms 

exhibited a slower decay rate compared to DP and HCB mesocosms. The sunlight treatment 

consistently led to accelerated decay rates and lower T90 values for markers and enteric 

viruses in both DP and HCB mesocosms and in laboratory microcosms. In several instances, 
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the decay rates of markers and enteric viruses closely resembled each other between 

mesocosms (this study) and laboratory microcosms (Table 3) (Ahmed et al., 2023b).

3.6. The effect of sunlight and dark treatments on log10 reduction values of markers and 
enteric viruses

For both mesocosms, exposure to sunlight and the type of markers and enteric viruses were 

significant contributors to decay p < 0.0001 (Table ST5). The percentage of contribution to 

the variability in the dataset was higher for the type of marker/virus (39–68 %) compared 

to sunlight exposure (6–11 %) (Table ST5). Of note, the interaction of variables was also 

significant factor (Table ST5) suggesting that the effect of sunlight exposure is dependent on 

the marker/virus.

For the DP mesocosm, exposure to sunlight significantly accelerated the decay of HF183, 

Lachno3 and EV (p ≤ 0.0152), but it’s effect on the remainder of the markers/viruses was 

unremarkable (Table ST6). In the DP mesocosm under sunlight exposure, HF183 decayed 

faster than any other marker/virus (p < 0.0001), and Lachno3 decayed faster than most of 

the viruses studied (p ≤ 0.0039) (Table ST7). CrAssphage decay was generally like that of 

other markers/viruses, while PMMoV tended to be the most persistent compared to other 

markers/viruses (p < 0.0001) (Table ST7). Enteric virus decay (i.e., EV, HAdV 40/41, and 

HNoV GII) was faster compared to PMMoV (p < 0.0001) but there was no difference in 

comparisons with the crAssphage (Table ST7). In the dark mesocosms, the patterns of decay 

were similar. HF183 and Lachno3 generally decayed faster than any of the enteric viruses (p 
≤ 0.0074), PMMoV was the most resilient, and the decay of enteric viruses was generally 

faster than PMMoV and crAssphage (p < 0.001) (Table ST7).

In the HCB mesocosms, the effect of sunlight exposure was not as pronounced as it affected 

the decay of HF183 only (p < 0.0001) (Table ST8). Aside from that, the general patterns of 

decay were similar to what was observed for the DP mesocosms. In sunlight mesocosms, the 

decay rates of HF183 and Lachno3 was generally faster compared to other markers/viruses 

(p ≤ 0.0039), PMMoV was the most persistent, and enteric viruses tended to decay faster 

than either PMMoV or crAspphage (p ≤ 0.0188) (Table ST8). Interestingly, in the dark 

mesocosms, HF183 decayed slower than any other marker/virus, while the crAssphage 

decayed the most (p < 0.0001) (Table ST8). Lachno3 continued to decay generally faster 

than most viruses (p ≤ 0.0004). The PMMoV remained the most resilient marker, and enteric 

virus decay was faster compared to PMMoV (p ≤ 0.0187), but not any other markers/viruses 

(Table ST8).

Comparison of decay of markers/enteric viruses between DP and HCB mesocosms, 

indicated that crAssphage, HAdV 40/41 and EV decayed faster in the sunlight mesocosms 

(p ≤ 0.0172), and HF183, PMMoV and HAdV 40/41 decayed faster in dark mesocosms 

(p ≤ 0.0082) in DP vs. HCB (Table ST9). Lachno3 is the only marker that decayed 

faster in HCB vs. DP (p = 0.0269), but there were no other statistically significant results 

(Table ST9). Comparisons between DP mesocosms and laboratory microcosms, as well 

between HCB mesocosms and laboratory microcosms were remarkably similar. For the DP 

comparison, under both sunlight and dark conditions, all markers/viruses except PMMoV 

decayed faster in laboratory microcosms compared to DP mesocosms (p ≤ 0.0046) (Table 
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ST9). In the comparisons between HCB mesocosms and laboratory microcosms, there was 

no statistically significant difference for HAdV 40/41 (sunlight and dark) and PMMoV 

(sunlight only) (Table ST9). In sunlight mesocosms, HF183, Lachno3, crAssphage and EV 

decayed faster in the laboratory microcosms (p < 0.0001) compared to the HCB mesocosms. 

In the dark mesocosms, HF183 and Lachno3 decayed faster in the laboratory microcosms 

(p < 0.0001), but opposite was observed for crAssphage and PMMoV (p ≤ 0.0275) (Table 

ST9).

4. Discussion

In our recent study, we reported the occurrence of HAdV 40/41, EV, alongside four specific 

human wastewater-associated markers: crAssphage, HF183, Lachno3, and PMMoV at ten 

estuary locations linked to WWOs (Ahmed et al., 2023a). In a subsequent study, we 

documented a decrease in these markers and enteric viruses within two estuarine waters 

over seven- and 12-days post WWOs (Ahmed et al., 2023c). Nevertheless, determining 

whether the observed reduction resulted from actual decay, tidal influences, or sedimentation 

presented a challenge. Therefore, we conducted a controlled laboratory microcosm study to 

determine the decay rates of these markers and enteric viruses under artificial sunlight, dark 

and two different temperatures mimicking real-world estuarine conditions (Ahmed et al., 

2023b).

The decay trends exhibited variations based on experimental circumstances, resulting in 

average T90 durations spanning from days to months. Although these investigations occurred 

in meticulously controlled laboratory environments, facilitating precise experimentation, 

they could not fully emulate the intricacies and fluctuations found in real-world estuarine 

ecosystems. Consequently, the current study focused on determining in-situ decay rates 

of markers associated with human wastewater and enteric viruses in estuarine water 

environments in temperate Sydney, NSW, Australia. The overarching goals of these studies 

were to offer a nuanced comprehension of how the nucleic acid from these microbial targets 

reacts to environmental conditions. This approach sheds light on their decay dynamics and 

fate in the environment.

For the mesocosm study, instead of using sealed microcosms such as glass bottles or 

vials, we opted for the use of dialysis tubes (Korajkic et al., 2014; Mattioli et al., 2017). 

These tubes allowed the passage of solutes, replicating conditions relevant to estuarine 

waters, while preventing the entry or exit of microorganisms or particles >6–8 kDa. A 

meta-analysis of decay studies on MST markers and fecal indicator bacteria suggested that 

sealed microcosms may have limited value in understanding the decay of these targets in 

the environment (Brooks and Field, 2016). Notably, dialysis tubes offer the advantage of 

allowing approximately 80 % transmission of sunlight within the 280–700 nm wavelength 

range (Maraccini et al., 2016). Specifically, the dialysis tubing used in our study was found 

to be permissible to the sunlight as it blocked <10 % of UV irradiation (Korajkic et al., 

2014). A drawback associated with dialysis bags is the risk of leakage in fast-flowing 

waters and susceptibility to biofouling. We observed both occurrences during the decay 

study, prompting us to suggest the deployment of extra dialysis bags as a precaution against 

potential leaks.
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To simulate real-life scenarios of sewage pollution, instead of using laboratory-cultivated 

strains, untreated sewage was used as an inoculum. The use of sewage as an inoculum 

provides the benefit of high concentrations of most microbial targets, facilitating their 

quantification over time. Among the markers associated with human wastewater and enteric 

viruses, only NoV GI was not detectable in human wastewater samples. Consequently, the 

decay rates of NoV GI could not be determined in this study. However, we were able to 

measure the decay rates of NoV GII, and it is likely that the decay rate of NoV GI will be 

similar to NoV GII. Mattioli et al. (2017) similarly sought to ascertain the decay of NoV in 

marine waters by introducing 50 mL of sewage into 1 L of water; however, the concentration 

of NoV in the inoculum was low. In this study, we added 25 mL of sewage into 75 mL of 

estuarine water which allowed us the detection of NoV GII. The current study took place 

during the swimming season in NSW, with two different swimming sites (DP and HCB) 

selected to explore environmental variability and its impact on the decay of the selected 

markers/viruses.

The site selection and the environmental conditions unique to DP and HCB affected the 

decay of HF183, Lachno3, PMMoV, HAdV 40/41 and crAssphage with most of them 

decaying faster at the DP site. Notably, the decay of enteric viruses was similar between 

the sites. While sunlight (Table ST1), salinity and pH were similar between the sites, the 

HCB had somewhat higher turbidity measurements (Table ST2). The elevated turbidity at 

HCB site likely slowed down the decay as it affected exposure of dialysis bags to sunlight 

effectively causing molecular shading. Similar findings were reported for the decay of 

enterococci in marine and estuarine waters (Kay et al., 2005), while others showed negative 

correlation between elevated turbidity and ability of the sunlight to penetrate lake water 

as well as rainwater (Amin and Han, 2009; Whitman et al., 2004). It is also possible that 

higher particulate matter at HCB allowed for binding of bacteria and viruses (and their 

nucleic acids) allowing for prolonged persistence. Comparison of decay between mesocosms 

(both DP and HCB) to that in laboratory microcosms, indicated generally faster decay 

of all analytes in the laboratory microcosms which is not surprising given the artificial 

conditions of closed microcosm system. However, there were a few notable exceptions 

where crAssphage, PMMoV and HAdV 40/41 decayed faster in the mesocosms compared 

to microcosms. Likely reason for this observation is that completely dark conditions cannot 

be created when experiments are conducted in situ. Indeed, our sunlight measurements 

(Table ST4) indicated that some sunlight was still reaching the dark treatments for both 

mesocosms. Studies conducted under similar conditions have shown comparable findings 

(Korajkic et al., 2023; McMinn et al., 2020).

The influence of ambient sunlight on microbial decay is arguably one of the most 

extensively studied environmental parameters. In our study, decay was generally faster in 

sunlight, and this was especially evident for the DP mesocosms. In these mesocosms, 

HF183, Lachno3 and EV decayed faster in sunlight but not PMMoV, HAdV 40/41 or 

HNoV GII. The resilience of PMMoV and HAdV 40/41 to degradation by sunlight has 

been described before (Bae and Wuertz, 2012) and similar has been suggested for HNoV 

through a recent systematic literature review (Boehm et al., 2019). In the HCB mesocosms 

exposed to sunlight accelerated the decay of only HF183 and this is likely a consequence of 

turbidity differences discussed earlier. While sunlight has been generally shown to accelerate 
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the decay of bacteria and viruses (and their nucleic acids), the effects are dependent on many 

different factors including turbidity, dissolved oxygen, sunlight intensity, time of the year 

and geographic region making it difficult to extrapolate our findings to other studies.

In this study, PMMoV persisted longer than any other analyte in both mesocosms. This 

is similar to the observation we made in our earlier study (Ahmed et al., 2023b), and 

consistent with its persistence through wastewater treatment train (Rosario et al., 2009; 

Hamza et al., 2011; Kitajima et al., 2014; Symonds et al., 2014). Combination of extended 

persistence and frequent detection in wastewater and surface waters (Kitajima et al., 2018), 

make PMMoV a conservative indicator of human fecal pollution in the environment. On 

the other hand, bacterial markers (HF183 and Lachno3), generally decayed faster than viral 

markers and enteric viruses. This observation is consistent with our earlier work, and that 

of others (Ahmed et al., 2023b; Mattioli et al., 2017). This is not surprising considering 

the inherent differences between the taxonomic groups. Furthermore, the accelerated decay 

of HF183 and Lachno3 suggests that when detected in surface waters, both markers are 

likely indicative of recent human fecal pollution but may not be indicative of viral pathogen 

presence. Interestingly, the decay of crAssphage was typically similar to that of enteric 

viruses suggesting that it may be a better surrogate for viral pathogens in temperate estuarine 

environments. Finally, all three enteric viral pathogens decayed similarly irrespective of the 

study site and exposure to sunlight. This finding is important as it suggests that a singular 

viral indicator, such as crAssphage, has the potential to be adequate surrogate for multiple 

viral pathogens.

5. Conclusions

• The decay rates of human wastewater-associated markers and enteric viruses 

varied significantly between DP and HCB mesocosms. HF183 consistently 

exhibited faster decay in both sunlight and dark mesocosms, whereas crAssphage 

decayed faster in HCB mesocosms under sunlight but displayed similar rates in 

the dark compared to DP mesocosms.

• Sunlight exposure had a notable impact on the decay rates of markers/viruses 

in both DP and HCB mesocosms. Generally, human markers and enteric 

viruses decayed faster under sunlight, with HF183, Lachno3, and EV showing 

particularly accelerated decay in DP mesocosms.

• Distinct patterns in the decay rates were observed among markers/viruses. 

HF183 consistently decayed faster than other markers/viruses, especially under 

sunlight conditions, while PMMoV tended to be the most persistent. Enteric 

viruses, including EV, HAdV 40/41, and HNoV GII, displayed faster decay rates 

than PMMoV and crAssphage, both in sunlight and dark mesocosms.

• When compared to laboratory microcosms replicating estuarine water conditions, 

most markers and viruses decayed faster in DP and HCB mesocosms. However, 

some exceptions, such as crAssphage in sunlight and EV, displayed faster decay 

in laboratory microcosms.
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• Decay rates of wastewater-associated markers and enteric viruses generated in 

this study could inform site-specific risk-based thresholds of human wastewater-

associated markers.
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HIGHLIGHTS

• HF183 decayed the fastest compared to PMMoV, which exhibited the slowest 

decay.

• Sunlight exposure significantly accelerated decay of HF183, Lachno3, and 

enterovirus.

• Enteric viruses showed faster decay than PMMoV and crAssphage.

• Decay rates vary between mesocosms, emphasizing the impact of sunlight 

exposure.

Ahmed et al. Page 19

Sci Total Environ. Author manuscript; available in PMC 2025 May 20.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Ahmed et al. Page 20

Ta
b

le
 1

D
ec

ay
 r

at
es

 (
k/

da
y)

 a
nd

 c
or

re
sp

on
di

ng
 T

90
 v

al
ue

s 
of

 h
um

an
 w

as
te

w
at

er
-a

ss
oc

ia
te

d 
m

ar
ke

r 
an

d 
en

te
ri

c 
vi

ru
se

s'
 n

uc
le

ic
 a

ci
d 

in
 D

av
id

so
n 

Pa
rk

 (
D

P)
 

m
es

oc
os

m
s.

M
ar

ke
rs

 a
nd

 e
nt

er
ic

 v
ir

us
es

T
re

at
m

en
ts

M
ea

n 
k 

(9
5 

%
 C

I 
sl

op
e)

R
 2

R
M

SE
R

un
s 

te
st

 p
 v

al
ue

M
ea

n 
T 9

0 
da

ys
 (

95
 %

 C
I 

T 9
0)

H
F1

83
Su

nl
ig

ht
−

0.
41

4 
(−

0.
45

7 
to

 −
0.

37
0)

0.
98

3
0.

58
4

p 
=

 0
.3

33
 (

N
S)

5.
56

 (
5.

03
 to

 5
.4

8)

D
ar

k
−

0.
24

0 
(−

0.
25

8 
to

 −
0.

22
3)

0.
99

0
0.

43
2

p 
=

 0
.9

00
 (

N
S)

9.
59

 (
8.

92
 to

 1
0.

3)

L
ac

hn
o3

Su
nl

ig
ht

−
0.

27
2 

(−
0.

30
4.

 to
 −

0.
24

0)
0.

96
9

0.
64

4
p 

=
 0

.5
00

 (
N

S)
8.

46
 (

7.
57

 to
 1

1.
3)

D
ar

k
−

0.
18

2 
(−

0.
19

4 
to

 −
0.

17
0)

0.
98

9
0.

42
9

p 
=

 0
.4

00
 (

N
S)

12
.6

 (
11

.9
 to

 1
3.

5)

C
rA

ss
ph

ag
e

Su
nl

ig
ht

−
0.

25
9 

(−
0.

30
0 

to
 −

0.
21

8)
0.

94
5

0.
83

2
p 

=
 0

.5
00

 (
N

S)
8.

88
 (

7.
67

 to
 1

0.
6)

D
ar

k
−

0.
23

3 
(−

0.
26

7 
to

 −
0.

19
8)

0.
94

9
0.

87
8

p 
=

 0
.5

00
 (

N
S)

9.
87

 (
8.

62
 to

 1
1.

6)

PM
M

oV
Su

nl
ig

ht
−

0.
16

2 
(−

0.
19

2 
to

 −
0.

13
3)

0.
91

1
0.

82
3

p 
=

 0
.9

99
 (

N
S)

14
.2

 (
12

.0
 to

 1
7.

3)

D
ar

k
−

0.
08

7 
(−

0.
10

8 
to

 −
0.

06
6)

0.
79

5
1.

03
6

p 
=

 0
.3

00
 (

N
S)

26
.5

 (
21

.3
 to

 3
4.

9)

H
A

dV
 4

0/
41

Su
nl

ig
ht

−
0.

23
7 

(−
0.

36
2 

to
 −

0.
10

6)
0.

72
9

1.
08

5
p 

=
 0

.6
66

 (
N

S)
9.

71
 (

6.
35

 to
 2

1.
7)

D
ar

k
−

0.
14

1 
(−

0.
20

4 
to

 −
0.

07
8)

0.
68

8
0.

77
3

p 
=

 0
.5

00
 (

N
S)

16
.3

 (
11

.3
 to

 2
9.

5)

E
V

Su
nl

ig
ht

−
0.

26
8 

(−
0.

52
4 

to
 −

0.
01

1)
0.

76
0

0.
79

4
p 

=
 0

.9
99

 (
N

S)
8.

60
 (

4.
39

 to
 2

09
)

D
ar

k
−

0.
09

7 
(−

0.
11

8 
to

 −
0.

07
7)

0.
93

7
0.

35
0

p 
=

 0
.5

00
 (

N
S)

23
.7

 (
19

.5
 to

 2
9.

9)

H
N

oV
 G

II
Su

nl
ig

ht
−

0.
18

1 
(−

0.
26

6 
to

 −
0.

09
6)

0.
80

7
0.

68
8

p 
=

 0
.6

66
 (

N
S)

12
.7

 (
8.

65
 to

 2
4.

0)

D
ar

k
−

0.
11

5 
(−

0.
15

2 
to

 −
0.

07
8)

0.
91

7
0.

30
1

p 
=

 0
.6

66
 (

N
S)

24
.0

 (
16

.2
 to

 4
5.

1)

N
S:

 n
on

-s
ig

ni
fi

ca
nt

 d
ev

ia
tio

n 
fr

om
 th

e 
m

od
el

.

Sci Total Environ. Author manuscript; available in PMC 2025 May 20.



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Ahmed et al. Page 21

Ta
b

le
 2

D
ec

ay
 r

at
es

 (
k/

da
y)

 a
nd

 c
or

re
sp

on
di

ng
 T

90
 v

al
ue

s 
of

 h
um

an
 w

as
te

w
at

er
-a

ss
oc

ia
te

d 
m

ar
ke

r 
an

d 
en

te
ri

c 
vi

ru
se

s'
 n

uc
le

ic
 a

ci
d 

in
 H

en
 a

nd
 C

hi
ck

en
 B

ay
 

m
es

oc
os

m
s.

M
ar

ke
rs

 a
nd

 e
nt

er
ic

 v
ir

us
es

T
re

at
m

en
ts

M
ea

n 
k 

(9
5 

%
 C

I 
sl

op
e)

R
 2

R
M

SE
R

un
s 

te
st

 p
 v

al
ue

M
ea

n 
T 9

0 
da

ys
 (

95
 %

 C
I 

T 9
0)

H
F1

83
Su

nl
ig

ht
−

0.
32

8 
(−

0.
38

1 
to

 −
0.

26
6)

0.
93

7
1.

16
9

p 
=

 0
.9

00
 (

N
S)

7.
01

 (
6.

04
 to

 8
.6

5)

D
ar

k
−

0.
19

5 
(−

0.
22

1 
to

 −
0.

17
0)

0.
95

0
0.

92
1

p 
=

 0
.3

33
 (

N
S)

11
.8

 (
10

.4
 to

 1
3.

5)

L
ac

hn
o3

Su
nl

ig
ht

−
0.

20
1 

(−
0.

22
2 

to
 −

0.
18

0)
0.

94
5

0.
96

7
p 

=
 0

.1
14

 (
N

S)
11

.5
 (

10
.4

 to
 1

2.
8)

D
ar

k
−

0.
18

1 
(−

0.
19

7 
to

 −
0.

16
6)

0.
96

2
0.

72
7

p 
=

 0
.1

14
 (

N
S)

12
.7

 (
11

.7
 to

 1
3.

9)

C
rA

ss
ph

ag
e

Su
nl

ig
ht

−
0.

28
9 

(−
0.

35
1 

to
 −

0.
22

6)
0.

92
4

1.
28

1
p 

=
 0

.5
00

 (
N

S)
7.

96
 (

6.
55

 to
 1

0.
2)

D
ar

k
−

0.
20

0 
(−

0.
22

2 
to

 −
0.

17
8)

0.
95

3
0.

78
4

p 
=

 0
.2

00
 (

N
S)

11
.5

 (
10

.4
 to

 1
2.

9)

PM
M

oV
Su

nl
ig

ht
−

0.
06

4 
(−

0.
08

1 
to

 −
0.

04
8)

0.
80

5
0.

74
9

p 
=

 0
.3

71
 (

N
S)

36
.0

 (
28

.4
 to

 4
8.

0)

D
ar

k
−

0.
05

6 
(−

0.
07

9 
to

 −
0.

03
4)

0.
65

3
0.

81
1

p 
=

 0
.5

42
 (

N
S)

41
.1

 (
29

.1
 to

 6
7.

1)

H
A

dV
 4

0/
41

Su
nl

ig
ht

−
0.

15
5 

(−
0.

18
5 

to
 −

0.
12

6)
0.

94
6

0.
39

6
p 

=
 0

.9
99

 (
N

S)
14

.9
 (

12
.4

 to
 1

8.
3)

D
ar

k
−

0.
12

9 
(−

0.
14

4 
to

 −
0.

11
3)

0.
94

9
0.

43
4

p 
=

 0
.1

00
 (

N
S)

17
.8

 (
17

.8
 to

 2
0.

4)

E
V

Su
nl

ig
ht

−
0.

13
4 

(−
0.

16
5 

to
 −

0.
10

3)
0.

92
1

0.
41

7
p 

=
 0

.3
33

 (
N

S)
18

.9
 (

14
.0

 to
 1

7.
2)

D
ar

k
−

0.
11

3 
(−

0.
15

6 
to

 −
0.

07
1)

0.
88

5
0.

34
6

p 
=

 0
.6

66
 (

N
S)

17
.1

 (
14

.7
 to

 3
2.

4)

H
N

oV
 G

II
Su

nl
ig

ht
−

0.
11

4 
(−

0.
15

0 
to

 −
0.

07
7)

0.
86

2
0.

49
0

p 
=

 0
.6

66
 (

N
S)

20
.2

 (
15

.3
 to

 2
9.

9)

D
ar

k
−

0.
14

7 
(−

0.
18

6 
to

 −
0.

09
7)

0.
82

9
0.

66
3

p 
=

 0
.6

66
 (

N
S)

15
.7

 (
12

.4
 to

 2
3.

7)

N
S:

 n
on

-s
ig

ni
fi

ca
nt

 d
ev

ia
tio

n 
fr

om
 th

e 
m

od
el

.

Sci Total Environ. Author manuscript; available in PMC 2025 May 20.



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Ahmed et al. Page 22

Ta
b

le
 3

C
om

pa
ri

so
n 

of
 d

ec
ay

 r
at

es
 (

k/
da

y)
 a

nd
 c

or
re

sp
on

di
ng

 T
90
 v

al
ue

s 
of

 h
um

an
 w

as
te

w
at

er
-a

ss
oc

ia
te

d 
m

ar
ke

r 
an

d 
en

te
ri

c 
vi

ru
se

s'
 n

uc
le

ic
 a

ci
d 

in
 D

av
id

so
n 

Pa
rk

 (
D

P)
 a

nd
 H

en
 a

nd
 C

hi
ck

en
 B

ay
 (

H
C

B
) 

m
es

oc
os

m
s 

w
ith

 la
bo

ra
to

ry
 m

ic
ro

co
sm

s.

M
ar

ke
rs

 a
nd

 
en

te
ri

c 
vi

ru
se

s
T

re
at

m
en

ts
D

P
 m

es
oc

os
m

s 
(t

hi
s 

st
ud

y)
H

C
B

 m
es

oc
os

m
s 

(t
hi

s 
st

ud
y)

L
ab

or
at

or
y 

m
ic

ro
co

sm
s 

(A
hm

ed
 e

t 
al

., 
20

23
b)

M
ea

n 
k 

(9
5 

%
 C

I 
sl

op
e)

M
ea

n 
T 9

0 
da

ys
 (

95
 %

 
C

I 
T 9

0)
M

ea
n 

k 
(9

5 
%

 C
I 

sl
op

e)
M

ea
n 

T 9
0 

da
ys

 (
95

 %
 

C
I 

T 9
0)

M
ea

n 
k 

(9
5 

%
 C

I 
sl

op
e)

M
ea

n 
T 9

0 
da

ys
 (

95
 %

 
C

I 
T 9

0)

H
F1

83
Su

nl
ig

ht
−

0.
41

4 
(−

0.
45

7 
to

 −
0.

37
0)

5.
56

 (
5.

03
 to

 5
.4

8)
−

0.
32

8 
(−

0.
38

1 
to

 
−

0.
26

6)
7.

01
 (

6.
04

 to
 8

.6
5)

−
0.

48
1 

(−
0.

61
1 

to
 

−
0.

35
1)

4.
78

 (
3.

76
 to

 6
.5

6)

D
ar

k
−

0.
24

0 
(−

0.
25

8 
to

 −
0.

22
3)

9.
59

 (
8.

92
 to

 1
0.

3)
−

0.
19

5 
(−

0.
22

1 
to

 
−

0.
17

0)
11

.8
 (

10
.4

 to
 1

3.
5)

−
0.

24
6 

(−
0.

32
5 

to
 

−
0.

16
6)

9.
36

 (
7.

08
 to

 1
3.

9)

L
ac

hn
o3

Su
nl

ig
ht

−
0.

27
2 

(−
0.

30
4.

 to
 

−
0.

24
0)

8.
46

 (
7.

57
 to

 1
1.

3)
−

0.
20

1 
(−

0.
22

2 
to

 
−

0.
18

0)
11

.5
 (

10
.4

 to
 1

2.
8)

−
0.

33
9 

(−
0.

39
9 

to
 

−
0.

27
9)

6.
79

 (
5.

77
 to

 8
.2

5)

D
ar

k
−

0.
18

2 
(−

0.
19

4 
to

 −
0.

17
0)

12
.6

 (
11

.9
 to

 1
3.

5)
−

0.
18

1 
(−

0.
19

7 
to

 
−

0.
16

6)
12

.7
 (

11
.7

 to
 1

3.
9)

−
0.

10
0 

(−
0.

11
8 

to
 

−
0.

08
2)

23
.0

 (
19

.5
 to

 2
8.

1)

C
rA

ss
ph

ag
e

Su
nl

ig
ht

−
0.

25
9 

(−
0.

30
0 

to
 −

0.
21

8)
8.

88
 (

7.
67

 to
 1

0.
6)

−
0.

28
9 

(−
0.

35
1 

to
 

−
0.

22
6)

7.
96

 (
6.

55
 to

 1
0.

2)
−

0.
42

6 
(−

0.
46

9 
to

 
−

0.
38

3)
5.

40
 (

4.
90

 to
 6

.0
1)

D
ar

k
−

0.
23

3 
(−

0.
26

7 
to

 −
0.

19
8)

9.
87

 (
8.

62
 to

 1
1.

6)
−

0.
20

0 
(−

0.
22

2 
to

 
−

0.
17

8)
11

.5
 (

10
.4

 to
 1

2.
9)

−
0.

11
0 

(−
0.

12
8 

to
 

−
0.

09
1)

20
.9

 (
18

.0
 to

 2
5.

3)

PM
M

oV
Su

nl
ig

ht
−

0.
16

2 
(−

0.
19

2 
to

 −
0.

13
3)

14
.2

 (
12

.0
 to

 1
7.

3)
−

0.
06

4 
(−

0.
08

1 
to

 
−

0.
04

8)
36

.0
 (

28
.4

 to
 4

8.
0)

−
0.

04
4 

(−
0.

05
8 

to
 

−
0.

02
9)

52
.3

 (
39

.7
 to

 7
9.

4)

D
ar

k
−

0.
08

7 
(−

0.
10

8 
to

 −
0.

06
6)

26
.5

 (
21

.3
 to

 3
4.

9)
−

0.
05

6 
(−

0.
07

9 
to

 
−

0.
03

4)
41

.1
 (

29
.1

 to
 6

7.
1)

−
0.

06
0 

(−
0.

07
6 

to
 

−
0.

04
4)

38
.4

 (
30

.3
 to

 5
2.

3)

H
A

dV
 4

0/
41

Su
nl

ig
ht

−
0.

23
7 

(−
0.

36
2 

to
 −

0.
10

6)
9.

71
 (

6.
35

 to
 2

1.
7)

−
0.

15
5 

(−
0.

18
5 

to
 

−
0.

12
6)

14
.9

 (
12

.4
 to

 1
8.

3)
−

0.
28

0 
(−

0.
31

3 
to

 
−

0.
24

7)
8.

22
 (

7.
35

 to
 9

.3
2)

D
ar

k
−

0.
14

1 
(−

0.
20

4 
to

 −
0.

07
8)

16
.3

 (
11

.3
 to

 2
9.

5)
−

0.
12

9 
(−

0.
14

4 
to

 
−

0.
11

3)
17

.8
 (

17
.8

 to
 2

0.
4)

−
0.

08
9 

(−
0.

10
7 

to
 

−
0.

07
1)

25
.9

 (
21

.5
 to

 3
2.

4)

E
V

Su
nl

ig
ht

−
0.

26
8 

(−
0.

52
4 

to
 −

0.
01

1)
8.

60
 (

4.
39

 to
 2

09
)

−
0.

13
4 

(−
0.

16
5 

to
 

−
0.

10
3)

18
.9

 (
14

.0
 to

 1
7.

2)
−

0.
45

0 
(−

0.
58

5 
to

 
−

0.
31

5)
5.

11
 (

3.
93

 to
 7

.3
0)

D
ar

k
−

0.
09

7 
(−

0.
11

8 
to

 −
0.

07
7)

23
.7

 (
19

.5
 to

 2
9.

9)
−

0.
11

3 
(−

0.
15

6 
to

 
−

0.
07

1)
17

.1
 (

14
.7

 to
 3

2.
4)

−
0.

24
8 

(−
0.

36
6 

to
 

−
0.

12
9)

9.
28

 (
6.

29
 to

 1
7.

8)

H
N

oV
 G

II
Su

nl
ig

ht
−

0.
18

1 
(−

0.
26

6 
to

 −
0.

09
6)

12
.7

 (
8.

65
 to

 2
4.

0)
−

0.
11

4 
(−

0.
15

0 
to

 
−

0.
07

7)
20

.2
 (

15
.3

 to
 2

9.
9)

N
/A

N
/A

D
ar

k
−

0.
11

5 
(−

0.
15

2 
to

 −
0.

07
8)

24
.0

 (
16

.2
 to

 4
5.

1)
−

0.
14

7 
(−

0.
18

6 
to

 
−

0.
09

7)
15

.7
 (

12
.4

 to
 2

3.
7)

N
/A

N
/A

N
/A

: n
ot

 a
pp

lic
ab

le
.

Sci Total Environ. Author manuscript; available in PMC 2025 May 20.


	Abstract
	GRAPHICAL ABSTRACT
	Introduction
	Materials and methods
	Mesocosms set up and treatments
	Sample processing and nucleic acid extraction
	PCR inhibition monitoring
	qPCR and RT-qPCR assays
	Quality control and data analysis
	Data analysis
	Statistical analysis

	Results
	Physico-chemical parameters of mesocosm samples
	qPCR/RT-qPCR performance characteristics
	Decay rates of wastewater-associated markers and enteric viruses in DP mesocosms
	Decay rates of wastewater-associated markers and enteric viruses in HCB mesocosms
	Comparison of decay rates of wastewater-associated markers and enteric viruses between DP, HCB mesocosms and laboratory microcosms
	The effect of sunlight and dark treatments on log10 reduction values of markers and enteric viruses

	Discussion
	Conclusions
	References
	Table 1
	Table 2
	Table 3

