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A B S T R A C T

We investigated the factors shaping bacterial water quality at rural wild swimming sites located in catchments 
that are dominated by peatland, woodland, grassland, and arable land, with <3% (sub)urban land cover. We 
quantified faecal indicator bacteria and environmental DNA (eDNA) derived markers, including antimicrobial 
resistance traits (AMR), in the influent and effluent of a village sewage treatment works (STW) and across five 
river sampling locations. If formally designated and monitored, the wild swimming sites in this study would be 
unlikely to meet bathing standards, primarily due to elevated Escherichia coli concentrations. E. coli concentra
tions were positively correlated with other culture-based faecal pollution indicators (faecal coliforms, faecal 
streptococci, intestinal enterococci; Spearman ρ ≥ 0.88, p < 0.05), and with 24-h antecedent rainfall (Spearman ρ 
= 0.66, p < 0.05). Human gut-associated microbial markers (HF183, crAss64, and/or crAss56) were detected in 
all samples, indicating a widespread human contribution to faecal pollution. In a catchment with less than 1% 
(sub)urban land cover, treated STW effluent contributed an estimated 30 ± 7% of the riverine E. coli load. 
Assuming no attenuation during river transport and using the highest measured discharge loads, we estimated 
that treated sewage contributed <0.2% of river flow, <1% of bacterial loads, <4% of resistome traits, and <44% 
of general faecal pollution indicators. Diffuse sources thus dominated faecal pollution, with agriculture repre
senting the most plausible source based on catchment land cover. Microbial water quality was insufficient for 
bathing at wild swimming sites that met nutrient criteria under the Water Framework Directive, demonstrating 
that nutrient status alone cannot be used to infer recreational safety. Microbial water quality should be included 
in regulatory monitoring programmes for all surface waters used for recreation.

1. Introduction

Immersion in water is often associated with a sense of oneness with 
nature and escape from daily life (Dawe et al., 2025). While outdoor 
swimming in natural environments has been linked with physical and 
mental health benefits, it also exposes participants to human health risks 
(Oliver et al., 2023). These include unintentional injury and cold-water 
shock, which can lead to drowning (Christie and Elliott, 2024). Beyond 
these immediate hazards, concerns about microbiological risks have 
intensified in recent years (Armitage, 2022). Accidental ingestion of 
polluted river water during activities such as swimming, rowing, or 
wading could result in infections by faecal microorganisms, including 
antibiotic-resistant bacteria (Whitty et al., 2022). Sewage pollution of 
recreational waters is a global concern (WHO, 2021). In the European 

Union, the latest revision of the Urban Wastewater Treatment Directive 
(UWWTD, Directive (EU) 2024/3019) introduces stricter measures for 
wastewater treatment where the receiving waters are used for bathing. 
However, recreation also occurs outside the officially designated bath
ing sites. In the United Kingdom, wild swimming grew rapidly during 
the Covid-19 pandemic, when public pools and gyms were closed and 
international travel was restricted (Lemmin-Woolfrey, 2021; Pett et al., 
2022). During this period, many people turned to local rivers for outdoor 
exercise, stress relief, and social connection (Wood et al., 2022), while 
increasing awareness of river pollution via storm overflows from com
bined sewers raised public health concerns (GOV.UK, 2021).

Despite these risks, current regulatory frameworks do not adequately 
address microbiological hazards in freshwater environments. Under the 
European Union's Water Framework Directive (2000/60/EC), which has 
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been transposed into English law (GOV.UK, 2017), freshwater protec
tion standards do not include microbiological quality (Zan et al., 2023). 
Consequently, the Environment Agency monitors microbial water 
quality only at designated bathing waters in England and Wales, where 
regulatory limits are set for E. coli and intestinal enterococci (GOV.UK, 
2013). However, the number of river bathing sites in England and 
Wales is small (GOV.UK, 2022), leaving the microbiological quality of 
most rivers, and the associated risks to recreational users, 
uncharacterised.

This study was motivated by concerns raised by local community 
activists and councilors regarding water quality at wild swimming lo
cations on the Tyne in Northeast England, where some sites are located 
just a short distance downstream of a village sewage treatment work 
(STW). In 2022, an application for bathing water designation was sub
mitted but subsequently declined by the Department for environment, 
food and rural affairs (Defra), leaving these concerns unresolved. 
Despite this decision, the issues raised by local communities reflect 
wider policy debates, for example about the contribution of treated 
sewage discharges to faecal contamination in rivers (Whitty et al., 
2022).

In response to these uncertainties, we aimed to (i) evaluate whether 
water quality at wild swimming sites in sparsely populated catchments 
meets Bathing Water Regulations standards and (ii) if not, test the hy
pothesis that treated effluent from village sewage treatment works is the 
primary source of faecal pollution and associated antimicrobial resis
tance (AMR) traits. We also sought to determine whether nutrient and 
physicochemical status can reliably indicate where a river is microbio
logically safe for recreation. To address these aims, we combined 

conventional methods with environmental DNA-based approaches to 
comprehensively characterize physicochemical water quality, bacterial 
communities, and their AMR potential in rural river and sewage 
samples.

2. Methods

2.1. Sampling sites

The wild swimming sites and other sampling sites investigated in this 
study are situated in the catchment of the Tyne (Fig. 1). The River Tyne 
drains a catchment of about 3000 km2 in northeast England. In its upper 
reaches, the river splits into two main branches, the South Tyne and the 
North Tyne, which drain a sparsely populated landscape of peatland, 
woodland, and grassland with <3% urban or suburban land use.

We conducted the sampling over two years, with a more limited 
sampling schedule in 2024 to establish if bacterial water quality at river 
sites could meet bathing water standards, that informed a more exten
sive analytical program with inclusion of untreated and treated sewage 
treatment work samples as a faecal pollution source in the summer of 
2025 (Table S1 in supporting information).

In 2024, samples were collected at the unofficial Wylam wild 
swimming site in the Tyne, and at the unofficial wild swimming sites 
north and south of Chollerford bridge in the River North Tyne. These 
sites were selected to compare bacterial water quality at unofficial wild 
swimming sites, that were reported by our community stakeholders, 
with standards for designated inland bathing sites as defined in The 
Bathing Water Regulations (2013) (GOV.UK, 2013). Additionally, water 

Fig. 1. Sampling locations and land cover in the catchment of the rivers North Tyne, South Tyne, Whittle Burn, and Tyne. Land cover was obtained from UKCEH's 
Land Cover Map on Digimap.
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was sampled from the Whittle Burn tributary at Ovingham bridge up
stream of the Wylam wild swimming sites. This site represented water 
quality in a small subcatchment (29 km2) with mainly agricultural land 
use, encompassing three farm septic tanks, and a trickling filter works 
serving a hamlet of 55 people as known human sewage pollution sour
ces. The wild swimming sites in the River North Tyne are located 
downstream of the Humshaugh Sewage Treatment Work (STW) which 
serves a village population of 495 people. To observe if this point source 
discharge significantly impacted river water quality at the Chollerford 
Bridge wild swimming sites, we also collected river water samples up
stream of the STW. In the year 2025 we gained access to Humshaugh 
STW and sampled its influent and effluent in addition to the five river 
sampling sites.

2.2. River flow, rainfall, and population data

River flow data were obtained from the Reaverhill and Bywell 
gauging stations, located 5 km upstream of the River North Tyne sam
pling site at Chollerford, and 7.5 km upstream of the River Tyne sam
pling site at Wylam, respectively. Rainfall data were also downloaded 
from the Defra Hydrology Data Explorer for the project period, together 
with catchment land-use information (GOV.UK, 2025a). Rainfall data 
for the North Tyne catchment to Chollerford were taken from the 
Chirdon, Kielder–Ridge End, and Catcleugh gauges. For the Tyne 
catchment to Wylam, rainfall gauges additionally included Knarsdale, 
Alston, Hartside, Garrigill-Noonstone, Allenheads-Allen Lodge, Halt
whistle, Hexham Firtrees, and Acomb Codlaw Hill. The Whittle Burn 
catchment includes the rainfall gauge at Albemarle. Mean rainfall in 
each catchment was calculated as the average of all contributing gauges.

Information on population equivalents served by the sewage treat
ment works upstream of the wild swimming sites at Chollerford bridge 
were shared by Northumbrian Water Ltd.

2.3. Sampling

In the morning of each sampling day, water samples were collected 
with a stainless bucket on a rope or rod into autoclaved 1L PE bottles 
that were then transported to Newcastle University for processing on the 
same day (membrane filtration, plating, incubation, and physicochem
ical water quality analysis). University researchers collected samples on 
30/05/2024, 25/06/2025, and 24/07/2025, while local community 
members collected the samples after observing the initial sampling event 
and transported them to the university on the other sampling days. 
Northumbrian Water Ltd assisted with the sampling of Humshaugh STW 
on 25/06/2025, and 24/07/2025, by providing site access and 
discharge flow measurements for these days. Northumbrian Water Ltd 
also provided storm overflow data for the inlet of Humshaugh STW 
covering the study period with 15 min resolution.

2.4. Microbial water quality analysis

Conventional coliform plate counts were obtained by vacuum- 
assisted filtration of an appropriate river water sample volume 
dispersed in autoclaved ringers solution through sterile mixed cellulose 
ester membranes with 0.45 μm poresize (Whatman, Little Chalfont, UK). 
Membranes were placed on petri dishes with a growth medium. Three 
growth media were used in accordance with manufacturer instructions: 
m-FC agar (Millipore, Burlington, MA, USA) to enumerate faecal co
liforms, KF streptococcus agar (Millipore, Burlington, MA, USA) to 
enumerate faecal streptococci, and Coliform Chromoselect agar (Milli
pore, Burlington, MA, USA) to enumerate presumptive E. coli. In the year 
2025 we additionally included SLANETZ and BARTLEY agar (Millipore, 
Burlington, MA, USA) to enumerate intestinal enterococci. All plates were 
done in triplicates.

Samples were further investigated using molecular microbiology 
methods. In brief, biomass from between 200 and 350 mL of river water 

was concentrated on sterile mixed cellulose ester membranes with 0.2 
μm poresize (Whatman, Little Chalfont, UK), which were preserved at 
− 20 ◦C. Following manufacturer instructions, DNA was extracted with a 
DNeasy PowerWater Kit (Qiagen, Crawley, UK) and quantified with an 
Invitrogen™ Qubit Fluorometer 4.0 (Thermo Fisher Scientific, Lough
borough, UK) using the Qubit ds DNA HS assay kit (Life Technologies 
Limited, Paisley, UK).

From portions of the purified DNA, three genetic markers were 
measured using quantitative polymerase chain reaction (qPCR) assays as 
previously described (Zan et al., 2022). The first qPCR assay targeted the 
16S rRNA gene as a marker of total bacteria, the second assay targeted 
the rodA gene as a marker for total E. coli (Chern et al., 2011), and the 
third assay targeted the HF183 16S rRNA gene cluster as a human 
sewage marker. The HF183 genetic marker targets members of the genus 
Bacteroides that are typically associated with human faecal samples 
(Ahmed et al., 2019). Each qPCR assay was done in duplicates.

Another portion of the DNA was used for bacterial community 
characterization by full-length 16S rRNA gene sequencing with devices 
and sample preparation kits from Oxford Nanopore Technologies (Ox
ford, UK). Amplicon sequencing libraries were prepared with the rapid 
sequencing DNA - 16S Barcoding Kit 24 V14 (SQK- 16S114.24), loaded 
onto flow cells type R10.4.1, and sequenced with the MinION™ device 
(MK1B) using MinKNOW version 24.11.12 for the data acquisition. The 
pod5 output files were base-called with Guppy version 4.3 using the 
super accurate mode, Kraken2 for the taxonomy assignment, a read 
length threshold of 1400 to 1800 bps, and a minimum Q-score threshold 
of 10 as settings in the epi2me-labs/wf-16s nextflow workflow (v1.5.0). 
Over 100,000 reads were obtained per sample with a median length of 
1590 bps and median Q-score 18.

Finally, a portion of the DNA from samples taken in 2025 was sub
mitted to a commercial laboratory (Resistomap, Helsinki, Finland) for 
characterization of resistomes by high-throughput qPCR (HT-qPCR) 
comprising 4 integrons, 19 mobile genetic elements (MGEs) and 66 
antimicrobial resistance (AMR) traits, and 7 microbial markers that 
include two crAss phage markers for human host associated bacterio
phages (Stachler et al., 2017), and the 16S rRNA gene as a marker for 
total bacteria.

2.5. Physicochemical water quality data

Alkalinity was measured by titration with an Alkalinity Test Kit, 
Model AL-DT (HACH, Manchester, UK), while turbidity was measured 
with 2100Q turbidity meter (HACH, Manchester, UK). Ammonium-N, 
Nitrate-N, total-N, ortho-P, and total-P was determined for the unfil
tered samples with cuvette tests evaluated on a DR3900 spectropho
tometer according to the manufacturer instructions (HACH, Manchester, 
UK).

2.6. Data analysis

Bacterial water quality at the wild swimming sites was compared 
with standards for E. coli set in The Bathing Water Regulations (2013) 
(GOV.UK, 2013). In accordance with the regulations, the 90-percentile 
was derived from the average (μ) and standard deviation (σ) of log10 
counts per 100 mL across the sampling dates according to 90-percentile 
= antilog (μ + 1.282 σ).

Spearman rank correlation analysis using Matlab© (Mathworks, 
Natick, MA, USA) was used to study relationships between faecal 
pollution indicators and to assess the impact of antecedent rainfall on 
faecal bacteria in river samples.

Loads of faecal bacteria and marker genes were calculated by 
multiplying measured concentrations by flow data. To estimate the 
contribution of treated sewage discharges to the loads of faecal bacteria 
transported in the River North Tyne at Chollerford, discharged loads 
were first calculated from measurements at Humshaugh STW. The loads 
from the other STWs upstream of Chollerford were then estimated in 
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proportion to the populations served. This assumes broadly comparable 
per-capita E. coli loads, treatment performance, effluent flow, opera
tional conditions and discharge behaviour across the different STWs.

To estimate the removal of E. coli by inactivation and settling be
tween the STWs and Chollerford, river transit times were estimated by 
dividing the river length x (m) between locations by the mean river flow 
velocity v (m/s). The velocity was estimated from the discharge Q (m3/ 
s) recorded at the Reaverhill gauging station according to 

v≈ n
−

(
3 /5

)

⋅ Q

(

2 /5

)

⋅ w
−

(
2 /5

)

⋅S

(

3 /10

)

eq (1) 

The equation assumes that the wetted perimeter of the River North 
Tyne is approximately equal to its width w (m), which is about 39 m at 
Reaverhill. A slope S of 0.00208 (m/m) was estimated from the river 
length and elevation difference between Wark upstream and Hum
shaugh downstream of Reaverhill, while a Manning coefficient n of 
0.055 was adapted from a previous study of the North Tyne (Petts et al., 
1985).

The E coli load at Chollerford LChollerford (CFUs per s) was then 
calculated from the treated discharges LSTW,i of the nine STWs, located a 
distance xi (m) upstream of Chollerford, according to 

LChollerford =
∑9

i=1
LSTW,ie

−

(
(kinactivate+ksedimentation)⋅

xi
v

)

eq (2) 

The E. coli inactivation rate kinactivate (s− 1) and sedimentation rate 
ksedimentation (s− 1) were assumed to be similar to values reported in the 
literature, with values of 2.9*10− 6 and 2.3*10− 6 (s− 1), respectively 
(Vinten et al., 2004b).

To estimate an upper limit for the contribution of village sewage 
treatment works to the riverine loads of various groups of pollution 
indicators at Chollerford we applied a maxmin approach. This approach 
combined the maximum contribution measured across all indicators in 
each group on either of two sampling days, with the assumption of no 
pollution attenuation during riverine transport. Thus, the highest % 
contribution of faecal coliforms, faecal streptococci, intestinal enterococci, 
E. coli, 16S derived gut genera, and rodA genes was picked amongst the 
general faecal pollution indicators, while the human-faecal pollution 
indicator group included the HF183 and crAss phage markers, and the 
AMR indicator group the sum of AMR and sum of integron/MGE traits.

The high-throughput methods reported marker gene copies 
normalized by the total number of 16S rRNA gene copies, used here as a 
proxy for bacterial abundance. From such relative abundance data, ab
solute gene copy numbers were obtained by multiplication with the 16S 
rRNA gene copies quantified by qPCR. Sampling location effects on the 
sum of 50 gut genera, crAss phage markers, AMR traits, and integrons/ 
MGEs were evaluated using a stratified permutation test. This test was 
based on F-statistics from linear models, with permutations restricted 
within sampling dates to account for temporal blocking. Sample 
dissimilarity was quantified using Euclidean distance. The analysis was 
based on square-root transformed relative abundance data (Hellinger 
transformation) to reduce the dominance of highly abundant traits and 
downweigh joint absences (double zeros) in the calculation of Euclidean 
distances as the (dis)similarity metric (Legendre and Gallagher, 2001). 
These dissimilarities were visualised in a principal component analysis 
(PCA) with biplots generated using Matlab© scripts (Mathworks, Natick, 
MA, USA).

3. Results and discussion

3.1. Bathing water quality

At all three wild swimming sites, the 90th-percentile E. coli con
centrations calculated according to the Bathing Water Regulations 2013 
(GOV.UK, 2013), exceeded the “sufficient” bathing water quality stan
dard of 900 CFUs per 100 mL by a wide margin (Table 1). The 

90th-percentile concentrations of intestinal enterococci exceeded the 
standard of 330 CFUs per 100 mL at two sites and were at the threshold 
at the third. The underpinning data are presented in Table S2 in sup
porting information.

If these sites were formally designated as bathing waters, they would 
likely be classified as having poor bathing water status. These findings 
are consistent with a preliminary citizen science investigation by the 
Wylam Clean Tyne Group in 2023, which reported E. coli concentrations 
of up to 13,700 CFUs per 100 mL during periods of elevated river flow 
(Teasdale, 2023). They also align with official assessments of the UK's 
first designated inland river bathing site, the River Wharfe at Ilkley, 
West Yorkshire, which has been classified as having poor bathing water 
status in every assessment year since its designation in 2021 (GOV.UK, 
2025b).

Because E. coli is the primary cause of the failure to meet bathing 
water quality criteria in this study, we will first discuss the factors 
influencing E. coli levels before exploring additional insights that can be 
gained from the other water quality indicators. We first assess the 
contribution of treated sewage discharges, then consider the effect of 
rainfall and the role of diffuse rural sources.

3.2. Treated sewage as a source of E. coli in the North Tyne at low flow

Measured E. coli concentrations in raw and treated sewage at Hum
shaugh STW indicated a removal efficiency of 99.2 ± 0.2% by two-stage 
treatment (settlement and trickling filters with secondary clarification) 

Table 1 
90-percentile concentration of E. coli and intestinal enterococci per 100 mL 
derived from the measured data and corresponding status, according to the 
Bathing Water Regulations 2013 [2].

Wild swimming site 90-percentile 90-percentile Status

​ E. coli per 100 
mL

Intestinal enterococci per 
100 mL

​

Wylam 26,847 (n = 6) 946 (n = 2) Poor
Chollerford Bridge 

North
15,230 (n = 4) 330 (n = 2) Poor

Chollerford Bridge 
South

9944 (n = 4) 4233 (n = 2) Poor

All wild swimming 
sites

15,510 (n = 14) 1114 (n = 6) Poor

Table 2 
Underpinning data and estimation of the contribution of treated sewage to E. coli 
loads in the North Tyne at Chollerford.

Parameter 25.06.2025 24.07.2025

E. coli in untreated sewage, Humshaugh 
STW, (CFUs per 100 mL)

17,933,333 ±
1,958,094

29,822,222 ±
6,106,220

E. coli in treated sewage, Humshaugh 
STW, (CFUs per 100 mL)

113,333 ±
14,047

281,111 ±
28,005

North Tyne upstream of Humshaugh 
STW, (E. coli per 100 mL)

467 ± 306 567 ± 351

Discharge Humshaugh STWsa (L/s) 2.36 1.28
Discharge North Tyne upstream of 

Humshaugh STW b (L/s)
11,787 9154

Estimated river flow velocity (m/s) 0.55 0.50
Contribution of Humshaugh STWs to 

E. coli load in the North Tynec (%)
4.6% 6.5%

Estimated contribution all STWs to E. coli 
load in the North Tyne**** (%)

25.3% 34.8%

a For the sampling time.
b At Reavershill for the sampling time.
c The total load is calculated as the load discharged by Humshaugh STWs plus 

the load of the River North Tyne upstream of Humshaugh STWs.
**** Calculated based on discharge from Humshaugh, STWs, adjusted for 

population served by other STWs, and using first-order inactivation and sedi
mentation coefficients of 2.9*10− 6 and 2.3*10− 6 (s− 1), respectively (Vinten 
et al., 2004b).

D. Werner and A. Badrinath                                                                                                                                                                                                                 Environmental Pollution 406 (2026) 128691 

4 



across the two sampling dates in summer 2025 (Table 2). This exceeds 
the 91.8–96.5% removal reported at seven sewage treatment works in 
northern Italy (Raboni et al., 2016). Despite effective treatment, E. coli 
concentrations in the treated effluent at Humshaugh remained factors of 
243 and 496 above concentrations measured in the River North Tyne 
upstream of the STW on the same sampling dates.

To assess the impact of this discharge on the receiving river, E. coli 
loads were calculated as the product of concentration and flow at the 
sampling time. On the two summer 2025 sampling days, Humshaugh 
STW contributed 4.6% and 6.5%, respectively, of the E. coli load 
transported by the River North Tyne (Table 2). While Humshaugh STW 
alone contributes only a modest fraction of the riverine E. coli load, the 
cumulative effect of multiple STWs may be more substantial.

There are nine village STWs upstream of Chollerford (Fig. 1), serving 
a total population of 3223 people, of whom 495 are connected to 
Humshaugh STW. If pollution loads in treated effluents are assumed to 
be proportional to the populations served, the combined contribution of 
treated sewage from all upstream STWs could be up to 6.5 times that of 
Humshaugh STW alone, corresponding to 30 and 42% of the riverine 
E. coli load. However, bacteria are subject to inactivation and sedi
mentation during river transport, such that more distant STWs are likely 
to contribute proportionally less to concentrations at Chollerford.

Using transit times derived from river flows at the Reaverhill gauging 
station, together with first-order E. coli inactivation and sedimentation 
rates reported in the literature (Vinten et al., 2004b), we estimated that 
treated discharges from the nine upstream STWs accounted for 25.3% 
and 34.8% of the E. coli load measured at Chollerford on the two summer 
2025 sampling days. The assumptions underpinning these estimations 
have been stated in the method section, while full details of these cal
culations are provided in Table S3 of the Supporting Information.

3.3. Correlations of E. coli concentrations with antecedent rainfall

Positive and significant Spearman rank correlations were observed 
between antecedent rainfall (Table S4) and E. coli levels (ρ = 0.59, 0.66, 
and 0.48 with antecedent rainfall over 4 h, 24 h, and 7 days, respec
tively, all p < 0.05). The strongest correlation was observed with rainfall 
in the preceding 24 h, indicating the influence of recent runoff. Increases 
of faecal bacteria in rivers following rainfall are well-known, but 
catchment-specific responses (Kay et al., 2010), and understanding it 
can inform advice to river users, such as avoiding recreational activities 
in the River Tyne and North Tyne for at least 24 h following rainfall.

3.4. Potential contribution of STWs to E. coli loads at high flow

During prolonged or intense rainfall, runoff entering combined sewer 
systems can exceed STW storage and treatment capacity, resulting in the 
discharge of untreated sewage via inlet storm overflows to nearby water 
bodies. Water company records confirm that the storm overflow at 
Humshaugh STW was active on 30 May 2024, when the highest E. coli 
concentrations and highest river flow of this study were recorded at the 
North Tyne wild swimming sites (Table S2 and Fig. S1 in supporting 
information). However, site access was not available at the time, and 
direct measurements of storm overflow E. coli loads could not be ob
tained. Storm overflows are not the only source of elevated E. coli during 
rainfall events. Diffuse sources, particularly faecally contaminated 
runoff from agricultural land, are also mobilised under wet conditions 
(Kay et al., 2010; Suslovaite et al., 2024). Even under the unlikely sce
nario in which 100% of the influent load bypasses treatment at each of 
the nine STWs upstream of Chollerford, and assuming no pollution 
attenuation during transport in the river, the estimated combined STWs 
contribution would still account for only 38% of the E. coli load trans
ported by the River North Tyne at Chollerford on 30 May 2024 (Table S5
in supporting information).

While the contribution of storm overflows to riverine E. coli loads 
warrants further investigation, such discharges would typically occur for 

wet weather conditions and higher river levels that may deter recrea
tional use of rivers. Consequently, an opinion paper of UK government 
officials emphasizes the risks of continuous release of treated sewage 
during all weather conditions (Whitty et al., 2022).

3.5. Diffuse rural sources of E. coli

Our analysis indicates that treated sewage can account for up to one 
third of the E. coli load in the River North Tyne at Chollerford. This 
implies that the riverine E. coli load predominantly originates from 
diffuse rural sources. E. coli concentrations in the Whittle Burn 
(1033–16,500 per 100 mL) and the Rivers Tyne (383–23,167 per 100 
mL) and North Tyne (467–12,833 per 100 mL) were all in a range 
consistent with values reported for agricultural sources in the literature. 
Vinten et al. (2004a) measured E. coli concentrations in drainage water 
from sheep-grazed plots in Scotland ranging from an average 1400 per 
100 mL during dry conditions to 28,000 per 100 mL during wet weather. 
In fields amended with cattle slurry containing 2,200,000 to 57,000,000 
E. coli per 100 mL, drainage water concentrations reached 100,000 to 1, 
000,000 per 100 mL during initial runoff events before declining to 
around 100 to 1000 per 100 mL within a week and persisting at that 
level for several months (Vinten et al., 2002). These reported ranges 
match the concentrations observed in the Whittle Burn, Tyne and North 
Tyne, indicating that diffuse agricultural sources could plausibly ac
count for the majority of the observed E. coli pollution.

3.6. Correlations between E. coli levels and other faecal pollution 
indicators determined by culturing and qPCR

In this study, bacterial water quality was comprehensively charac
terized to assess whether additional measurements could deepen un
derstanding of the nature and origin of faecal pollution at wild 
swimming sites, and the associated risks to recreational water users. 
Spearman rank correlation coefficients were positive and exceeded 0.64 
for all six faecal pollution indicators determined by culturing and qPCR, 
which are quantitative methods (Fig. S2 in supporting information). The 
strongest correlation in the present study (Spearman's ρ = 0.99) was 
between E. coli and faecal coliforms, in line with reports that E. coli 
contribute 84.3% percent of the mFC count (Hachich et al., 2012). 
Significant correlations (p < 0.05) were observed among the four 
culture-based indicators and among the two eDNA-based indicators, 
whereas only one significant correlation was detected between 
culture-based and eDNA-based metrics (E. coli and HF183, ρ = 0.77). 
Although positive (ρ = 0.67), the Spearman correlation between cul
turable E. coli and its genetic marker rodA was not statistically signifi
cant. This may be due to the limited number of samples and subtle but 
important methodological differences, as culture-based indicators 
reflect the growth and viability of target organisms, whereas 
eDNA-based indicators indicate the presence of genetic material, which 
may include extracellular DNA, DNA from unculturable organisms or 
from damaged cells (Acharya et al., 2019).

3.7. Additional insights gained from high-throughput eDNA analysis

For samples collected in summer 2025, we additionally applied high- 
throughput eDNA sequencing and qPCR approaches to assess how 
advanced molecular microbiology tools could enhance the evaluation of 
recreational water quality (Fig. 2). Sampling location had a statistically 
significant effect on the summed abundances of all genetic traits shown 
in Fig. 2, as determined by stratified permutation tests blocked by 
sampling date (p < 0.05).

In these plots, absolute abundance (plots a–d) is the most relevant 
metric for discussing potential exposure risks associated with accidental 
water ingestion because it reflects the actual number of genes present. In 
contrast, relative abundance (plots e–f) is more informative for ecolog
ical interpretation, as it highlights changes in community composition 
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and reveals which bacterial taxa or functional traits are proportionally 
more prominent in a given environment. It is also important to keep in 

mind that the measured gene abundances reflect the prevalence of intra- 
or extracellular genes from diverse bacterial communities but does not 

Fig. 2. Absolute (a–d) and relative (e–h) abundance of genetic markers for gut genera (a,e), human-host–associated bacteriophage markers (b,f), AMR traits (c,g), 
and integrons and MGEs (d,h), in influent and effluent from the Humshaugh sewage treatment works, and at the various river locations shown in Fig. 1, sampled on 
25/06/2025 and 24/07/2025. Error bars indicate the standard deviation of the summed abundances of all genes included in each stacked bar. Stratified permutation 
tests (blocked by date) showed a significant effect of sampling location for the sum of traits shown in the plots (p < 0.05 for plot g, p < 0.001 for the other plots).

Fig. 3. Principal component analysis (PCA) of the bacterial community composition (a), and resistome (b) of untreated sewage (STWInf), treated sewage (STWEff), 
and river water samples characterized by full-length 16S rRNA gene sequencing and HT-qPCR of 89 AMR traits, integrons, and mobile genetic elements (MGEs). In 
the PCA, symbols show the scores of different samples, while arrows show the most notable variables (loadings) in the principal component (PC) 1&2 space. The close 
alignment of arrows suggests a strong positive correlation between the respective variables. The percent variance explained by each PC is given in the axis legends.
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firmly establish the presence of viable resistant pathogens or associated 
infection risks.

From full-length 16S rRNA gene amplicon sequencing data, we 
extracted the numbers of 16S rRNA genes assigned to 50 bacterial 
genera commonly reported in studies of the human gut microbiome 
(Table S6 (Dai et al., 2021)). As expected, the highest absolute and 
relative abundances of these gut-associated genera were observed in 
untreated sewage. Sewage treatment removed 96 ± 5% of these genes 
(Fig. 3a–e). Comparable removal efficiencies (94–99%) for 
gut-associated 16S rRNA genes have been reported for a UASB–trickling 
filter sewage treatment works (Hiruy et al., 2022).

Although these bacterial genera were selected based on their prev
alence in the human gut microbiome, they are not host-specific and may 
also occur in warm-blooded animals. We therefore included genetic 
markers for human-associated bacteriophages (crAss64 and crAss56) in 
the high-throughput qPCR analysis. The absolute and relative abun
dances of these human host-specific markers closely mirrored the trends 
observed for gut-associated bacterial genera, with 97 ± 3% removal by 
sewage treatment (Fig. 3b–f). Such removal is consistent with reports of 
an average 95% removal of crAssphage markers by activated sludge 
sewage treatment works (Hamza and Abd-Elmaksoud, 2023).

Untreated sewage exhibited the highest absolute antimicrobial 
resistance (AMR) potential, with sewage treatment reducing the abso
lute abundance of AMR traits by approximately 62 ± 51% (Fig. 3c). 
However, when normalized to 16S rRNA gene copy number, used here 
as a proxy for total bacterial abundance, the summed AMR traits in 
untreated sewage, treated sewage, and river water samples fell within a 
narrow range (Fig. 3g). The relative abundances of 0.25–0.41 AMR traits 
per 16S rRNA gene are consistent with values reported for two rural UK 
catchments (Robins et al., 2024), noting differences between the 66 
AMR traits targeted in the present study and the 80 traits analysed 
previously.

Genetic traits associated with AMR transmission, including integrons 
and mobile genetic elements (MGEs), were enriched in terms of absolute 
abundance in untreated and treated sewage compared with river water 
samples, with approximately 60 ± 51% removal during sewage treat
ment (Fig. 2d). The highest relative abundance of integrons and MGEs 
was observed in treated sewage samples (Fig. 2h).

We conducted PCA to identify which individual genetic traits explain 
most of the variance between samples in the 16S rRNA gene amplicon 
sequencing and HT-qPCR data sets (Fig. 3). The bacterial community of 
untreated sewage was dominated by gut-associated bacteria such as 
Blautia, Faecalibacterium, and Subdoligranulum (King et al., 2019; Van 
Hul et al., 2020), as well as sewer-environment taxa like Trichococcus 
(VandeWalle et al., 2012) (Fig. 3a). Treated sewage was enriched in 
metabolically diverse degraders of biowaste previously observed in 
wastewater treatment plant microbiomes, such as Tolumonas and Arco
bacter (McLellan and Roguet, 2019; Velazquez-Meza et al., 2025), along 
with biofilm-forming bacteria in trickling filters, including Aqua
bacterium (Zhang et al., 2016). River microbiomes were characterized by 
genera often abundant in freshwater environments, such as Pseudarci
cella, Polynucleobacter, and Limnohabitans (Cruaud et al., 2020; Plaimart 
et al., 2024).

A PCA plot of 89 AMR traits, integrons, and mobile genetic elements 
(MGEs) revealed distinct clusters representing untreated sewage, treated 
sewage, and river resistomes (Fig. 3b). Untreated sewage resistomes 
were characterized by a higher prevalence of three AMR traits 
frequently associated with MGEs (ermB_1, msrE, tet_39), as well as 
markers for several MGEs (tnpA_5, ISPps, IS1247_2, ISEcp1, ISAba3) 
that facilitate resistance dissemination and expression.

The ermB gene, which confers macrolide resistance, is frequently 
located on transposons encoding tnpA transposases 
(Miklasińska-Majdanik, 2021). ISAba3 has been reported in Acineto
bacter baumannii genomes adjacent to carbapenemase genes, and in this 
context was associated with increased gene expression and carbapenem 
resistance (Słoczyńska et al., 2021). The tet39 tetracycline resistance 

determinant has also been reported together with the macrolide resis
tance gene msrE on a plasmid recovered from a strain of Acinetobacter 
baumannii (Blackwell and Hall, 2017). Such co-occurrence may explain 
the close alignment of the corresponding arrows illustrating the con
tributions of these genes to PC1 and PC2, which together explain 71% of 
the variance in the AMR data set. Treated sewage was characterized by a 
high prevalence of the class 1 integron integrase genes (intl1_1, intl1_2), 
which encode an enzyme involved in the capture and expression of gene 
cassettes and are widely used as a proxy for anthropogenic pollution and 
AMR selection pressure in the environment (Gillings et al., 2015). 
Compared with river resistomes, sewage resistomes therefore appear to 
be enriched in traits that facilitate resistance gene spread and expression 
rather than in specific AMR determinants. River water samples from the 
Whittle Burn and one event in the North Tyne (NTBridgeS:24Jul 2025) 
shift toward more sewage-like characteristics in the PCA plots of both 
community and resistome data.

It is expected that a more sewage-like bacterial community in rivers 
may correspond to a more sewage-like resistome, potentially posing 
higher risks to recreational water users (Whitty et al., 2022). However, 
explicit linkages between taxonomy and resistance traits cannot be 
demonstrated with the methods employed in this study. Future work 
using long-read shot-gun sequencing of eDNA, or whole-genome 
sequencing of river isolates, could provide direct evidence linking bac
terial taxa to antimicrobial resistance (Mao et al., 2025).

3.8. STW load contribution for different faecal pollution indicators

We repeated the E. coli load calculation for the other pollution in
dicators (Table S7 in the Supporting Information). While substantial 
variability in STW contributions was observed between the two summer 
sampling dates, especially for eDNA-based methods, relative STW con
tributions were consistently the highest for faecal pollution indicators, 
lower for resistome-associated traits, and lowest for eDNA and total 
bacterial abundance as indicated by 16S rRNA genes.

As discussed above, under a worst-case assumption of no attenuation 
during downstream transport, the combined contribution of all STWs 
upstream of Chollerford could be up to 6.5-fold higher than that of 
Humshaugh STW alone, if we assume proportionality between the 
treated effluent loads and populations served. Under these assumptions 
and taking the higher of the two calculated percent contribution values 
for Humshaugh STW, the total estimated contribution of all village STWs 
to riverine loads at Chollerford would remain below 44% for general 
faecal pollution indicators, below 4% for resistome-associated traits, and 
below 1% for eDNA and total bacterial abundance. Only for the human 
sewage markers could STW contributions potentially account for up to 
75% of riverine loads. Consistent with the E. coli analysis, these addi
tional indicators point towards a predominance of diffuse sources 
driving general faecal and AMR pollution in this rural river system.

3.9. Comparison of human sewage marker concentrations with proposed 
risk-based thresholds (RBT) for recreational bathing waters

Proposed RBTs for recreational bathing waters range widely from 
525 HF183 copies per 100 mL for aged sewage contamination (Boehm 
and Soller, 2020) to 27,400 copies per 100 mL for fresh sewage 
contamination (Schoen et al., 2020). Mean HF183 concentrations 
exceeded these RBT for aged sewage at all wild swimming sites, whereas 
the RBT for fresh sewage was exceeded at the Wylam and Chollerford 
Bridge North sites (Table S2 in supporting information).

In addition, a proposed RBT of 21,300 crAssphage gene copies per 
100 mL (Ahmed et al., 2024) was exceeded at all wild swimming sites, 
based on the average of two crAssphage markers (crAss56 & 64).

Taken together, these assessments indicate that human-derived 
faecal pollution alone, originating from sewage treatment works 
(STWs) and other human sources like septic tanks and sewage sludge 
applied to land, exceeded levels considered safe at all wild swimming 
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sites. This conclusion holds despite our earlier findings that agricultural 
sources most likely contribute more to overall faecal pollution.

This interpretation is also consistent with the conventional bathing 
water quality assessment. If 25–35% of E. coli at the North Tyne wild 
swimming sites were attributable to treated STW discharges, as previ
ously argued, the resulting concentrations from treated sewage alone 
(90th percentile values of 2486–9396 E. coli per 100 mL) would still 
exceed the threshold for “sufficient” bathing water status (900 E. coli per 
100 mL).

Overall, these results suggest that both human sewage and agricul
tural sources of faecal pollution must be addressed concurrently to 
achieve acceptable bathing water quality at the rural wild swimming 
sites investigated in this study.

3.10. Physicochemical water quality

In addition to microbial water quality, alkalinity, turbidity, 
ammonium-N, nitrate-N, total N, ortho-P, and total P were measured for 
all water samples (Table S8 and 9, Supporting Information). Evaluation 
of these data in accordance with Water Framework Directive criteria 
(GOV.UK, 2017) indicates high and good nutrient status for the North 
Tyne at Chollerford and the Tyne at Wylam, respectively.

Despite this favourable nutrient status classification, the wild 
swimming sites at Chollerford and Wylam are unlikely to meet the 
“sufficient” bacterial water quality criteria under the Bathing Water 
Regulations (Table 1), nor the proposed risk-based thresholds (RBTs) for 
genetic human sewage markers reported in the literature (Ahmed et al., 
2024; Boehm and Soller, 2020; Schoen et al., 2020). This divergence 
highlights a regulatory gap whereby compliance with existing water 
environment standards does not necessarily ensure microbiological 
safety for recreational river users (Zan et al., 2023).

3.11. Extending microbial water quality regulation beyond bathing waters

Microbial water quality and associated safety standards should be 
defined for the broad range of recreational activities occurring in rivers. 
For example, paddle boarding has also been observed at the wild 
swimming sites in the Rivers Tyne and North Tyne, which are further
more considered one of the best river systems in England and Wales for 
salmon and sea trout fishing. Thresholds should be based on activity- 
specific exposure risks, particularly accidental water ingestion 
(Dorevitch et al., 2011), to provide proportionate and relevant guidance 
for different river users. Compliance monitoring should then cover all 
rivers that are used for recreation.

4. Conclusions

• Wild swimming sites in the Rivers Tyne and North Tyne would be 
unlikely to meet bathing water quality standards if they were 
designated and formally monitored as bathing waters.

• Treated effluent from village sewage treatment works (STWs) 
contributed an estimated 30 ± 7% of the E. coli load, indicating that 
the majority of faecal contamination originates from diffuse rural 
sources, likely dominated by agricultural inputs.

• E. coli concentrations in rural rivers aligned with values reported for 
runoff from sheep-grazed land in the literature (Vinten et al., 2004b).

• Overall, village STWs appear to be a minor contributor to general 
faecal pollution (<44%), and an even smaller contributor to total 
riverine resistomes (<4%), at rural sampling sites, with diffuse 
sources dominating.

• However, the widespread detection of human-associated microbial 
markers (HF183, crAss64 or crAss56) across all sampling locations 
suggests a human faecal pollution contribution that exceeds 
threshold values for bathing sites proposed in the literature (Ahmed 
et al., 2024; Boehm and Soller, 2020; Schoen et al., 2020).

• Microbial water quality monitoring and reporting should be based on 
risk-based thresholds for all forms of river recreation, providing 
activity-specific guidance to river users.
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