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ding-based source attribution of
fecal indicator bacteria exceedances in urban
freshwater beaches, sand and rivers†

Faizan Saleem, Jennifer L. Jiang, Enze Li, Kevin L. Tran, Herb E. Schellhorn
and Thomas A. Edge *

Freshwater beach quality is routinely tested by measuring fecal indicator bacteria, which can assess water

quality but cannot identify sources of fecal contamination. We compared eDNA metabarcoding and

microbial source tracking (MST) digital PCR methods to identify fecal contamination sources in water

and sand at four urban Lake Ontario beaches and two nearby river mouth locations. eDNA sequences

matched mammal, bird, and fish taxa known in the study area. Human eDNA sequences were prominent

in all water and sand samples such that they had less value for discriminating between sewage

occurrence at sites. Mallard duck, muskrat, beaver, raccoon, gull, robin, chicken, red fox, and cow eDNA

sequences were common across all locations. Dog, Canada goose, and swan eDNA sequences were

more common in Toronto beach waters, suggesting localized sources. MST results were generally

consistent with eDNA, such as finding the Gull4 DNA marker and the human mitochondrial DNA marker

in most water and sand samples. Chicken, cow, and dog eDNA sequences and the human bacterial MST

DNA marker often showed a higher frequency of occurrence on Beach Action Value (BAV) exceedance

days. The surprisingly widespread detection of chicken and cow eDNA sequences was likely from

incompletely digested human food, raising caution for interpreting eDNA results related to food animals

in sewage-contaminated urban settings. Combined use of MST and eDNA methods provided a more

comprehensive characterization of potential fecal contamination sources, including diverse wildlife

species at the human–animal One Health interface, that can guide targeted beach-specific water

monitoring and risk management strategies.
Environmental signicance

Freshwater beaches are tested by measuring fecal indicator bacteria which assess water quality, but cannot identify sources of fecal contamination. Fecal source
tracking is needed to better assess human health risks and correctly target remedial actions. It usually involves performing multiple PCR assays for host-specic
gut microbes from humans and domestic animals (e.g. cow, dog). Our study applied a broader mammal and bird eDNAmetabarcoding approach to complement
microbial PCR assays. eDNA results detected numerous wildlife species likely contributing to fecal pollution in our urban settings. We also identied
incompletely digested food (e.g. chicken, cow) likely carried over into human sewage requiring further investigation. Use of both microbial and eDNA meta-
barcoding source tracking techniques provided more comprehensive fecal pollution proling.
Introduction

Fecal contamination is one of the main causes of the deterio-
ration of water quality and is a concern for the long-term
sustainability of recreational water ecosystems.1 Traditional
routine beach monitoring strategies rely on fecal indicator
bacteria levels for water quality assessment. However, control-
ling the impact of fecal contamination on the sustainability of
y, 1280 Main St W., Hamilton, Ontario,

r.ca; Tel: +1-4168941129

tion (ESI) available. See DOI:

6–468
recreational waters requires comprehensive identication of
fecal sources and such information cannot be obtained from
fecal indicator bacteria levels alone.2–4 Fecal source tracking to
date has been mainly based on a microbial source tracking
approach targeting microorganisms specic to a host organ-
isms' gut, including humans, birds, and mammals.5–7 Several
microbial fecal source tracking markers, like the human Bac-
teroides HF183 marker, have been extensively tested.8 However,
there are still relatively few well-validated host-specic micro-
bial DNA markers for animals, particularly for non-domestic
animals. Mitochondrial sequences from human, mammal,
and avian cells in environmental DNA (eDNA) offer another
approach to expand the toolbox for detecting fecal
© 2025 The Author(s). Published by the Royal Society of Chemistry
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contamination sources.9 These eukaryotic host cells are
continuously sloughed off in large numbers from the lining of
human, mammal, and bird gastrointestinal tracts into fecal
matter that is then shed into the environment.10

DNA derived from mammalian or avian cells in water
samples can provide information on the taxonomic diversity of
potential fecal contamination sources in aquatic ecosystems.9

Common methods for detecting human or animal host
sequences in eDNA have employed species-specic primers and
quantitative PCR10 or digital PCR.11 However, fecal contamina-
tion in environmental waters can be from diverse animal
sources, and such PCR-based approaches have typically targeted
onemarker at a time and are unable to provide a comprehensive
diversity prole of potential fecal sources. In contrast, next
generation sequencing-based metabarcoding facilitates the
comprehensive characterization of universal marker genes
(such as mitochondrial 16S rRNA gene) in environmental DNA.
This combination of mammal and avian eDNA metabarcoding,
along with growing numbers of host-specic microbial source
tracking DNA markers, offers the potential to comprehensively
identify potential fecal contamination sources for recreational
waters.12,13

In this study, we compared eDNA metabarcoding and
microbial source tracking DNA markers for more comprehen-
sive proling of potential fecal contamination sources in water
and sand at four urban Lake Ontario beaches and two nearby
river mouth locations. The questions we addressed were: (1)
What are the potential fecal contamination sources for our four
urban freshwater beaches? (2) How different are fecal contam-
ination sources as determined by eDNA metabarcoding and
microbial source tracking approaches? (3) What are the
different fecal contamination sources between urban beach
waters, beach sands, and rivers? And (4) Which fecal
Fig. 1 Geographical locations of Toronto and St Catherines (Niagara) sa
treatment plants.

© 2025 The Author(s). Published by the Royal Society of Chemistry
contamination sources are most associated with Beach Action
Value (BAV) exceedances at beaches?

Materials and methods
Study plan, sample collection and fecal indicator bacteria data

We collected water samples over the bathing season from four
freshwater beaches (two urban beaches in the City of Toronto
and two urban beaches in the City of St Catherines on Lake
Ontario), as well as from beach sands at the St Catherines
beaches and two rivers adjacent to the two Toronto beaches. For
Toronto sampling sites, water samples were collected on each
sampling day from Marie Curtis Park East Beach, Sunnyside
Beach, Humber River, and Etobicoke Creek. For St Catherines
sampling sites, water and sand pore water samples were
collected on each sampling day from Sunset Beach and Lake-
side Beach. Fig. 1 indicates the geographical locations of each
sampling location from beaches and rivers. There are municipal
wastewater treatment plants within one kilometer of each study
area that discharge treated effluent in the general vicinity of all
four beach sites. These wastewater treatment plants (WWTPs)
provide for at least secondary treatment, and include the
Humber WWTP (near Sunnyside Beach), Lakeview WWTP (near
Marie Curtis Beach), Port Dalhousie WWTP (near Lakeside
Beach) and Port Weller WWTP (near Sunset Beach).

For water sample collection from Toronto beaches and
rivers, samples were collected three times a week for the 2021
summer season between June 01 and August 26 (total = 309
samples). On each sampling day, eight samples were collected
across Marie Curtis Park East Beach (3 samples: transects 30W,
30W replicate, and 32W), Sunnyside Beach (3 samples: transects
18W, 21W, and 21W replicate), Etobicoke Creek (1 sample), and
Humber River (1 sample). Samples from St Catherines beaches
mpling sites. + symbols mark the approximate location of wastewater

Environ. Sci.: Adv., 2025, 4, 456–468 | 457
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were collected three times a week in the 2022 summer season
between May 31 and September 06 (total = 336 water and sand
pore water samples). Eight samples were collected for each
sampling day, including 2 water samples and 2 sand pore water
samples at Lakeside Beach (transects LK3 and LK5 sampling
sites) and 2 water and 2 sand pore water samples at Sunset
Beach (transects SS3 and SS5 sampling sites). Sand pore water
samples were obtained by digging to collect groundwater in the
beach swash zone within about 1 meter of the lake. Samples
were collected between 5:30 and 7 am for the 2021 sampling
season (Toronto) and 8:00 and 9 am for the 2022 sampling
season. Grab samples were collected in 500 ml sterile poly-
ethylene terephthalate (PET) bottles and were delivered to the
lab on ice within 1 hour of sample collection. Aer delivery to
the lab, samples were processed for E. coli by membrane
ltration and Enterococcus by qPCR within a few hours. Fecal
indicator bacteria data and categorizations of water samples in
relation to Beach Action Values (BAV) were taken from our
previously published work.14,15

DNA extraction and sample selection/pooling for
metabarcoding

For eDNA extraction, 300 ml of sample was ltered through
a 0.22-micron nitrocellulose membrane lter (Millipore Corp.,
Bedford, MA). Filters were then processed for DNA extraction
using the Norgen Soil Plus DNA Extraction kit (Norgen Biotek
Corp., Canada) with minor modications. We increased the
bead beating time and changed the glass beads to zirconium
beads to improve cell disruption. All the other steps were per-
formed using the manufacturer's protocol. Filters and DNA
extracts were stored at −80 °C prior to analysis. For digital PCR
and DNA sequencing (eDNA metabarcoding), a subset of 48
samples were selected from across beach water, beach sand,
and river sampling locations (ESI Table 1†). Sample selection
rst categorized samples as beach action value exceedance or
non-exceedance samples based on fecal indicator levels (E. coli
and Enterococcus). Then, for each beach location, 3 BAV-
exceedance and 3 non-exceedance samples were selected,
except for Lakeside Beach, for which we selected 2 samples each
(due to only two BAV exceedance days). The 3 BAV-exceedance
and 3 non-exceedance samples were selected for each river
location according to the same sampling dates for their adja-
cent beaches. For beach sand locations at Lakeside and Sunset
Beaches, the BAV-exceedance and non-exceedance samples
were selected, corresponding to the same sampling dates
selected for their adjacent beach water samples. DNA corre-
sponding to sampling sites from a single location and for
a single sampling day was pooled in equivalent volumes as
a single sample for library preparation and DNA sequencing.

eDNA metabarcoding sequencing

Mitochondrial 16S PCR was performed in two parts following
Ragot and Villemur (2022):13 (1) amplication of ∼400 bp frag-
ment with PCR cycles limited to 10 to attempt to reduce PCR
amplication bias due to dominant taxa, and (2) nested PCR
using Illumina linker-attached primers and PCR product from
458 | Environ. Sci.: Adv., 2025, 4, 456–468
rst PCR with 35 cycles. For the rst PCR, each PCR reaction (25
mL) comprised of 12.5 mL Hot Start PCR master mix (Thermo-
scientic Inc., USA), 1.0 mL of forward and reverse primers (10
mM), 2.0 mL DNA, and 8.5 mL of nuclease-free water. The PCR
protocol for the rst PCR included initial denaturation at 95 °C
for 10 min, 10 cycles of 95 °C for 30 s, 58 °C for 1 min, and 72 °C
for 40 s, followed by nal extension at 72 °C for 5 min. The
reaction composition and PCR protocol remained the same for
the nested PCR, except the PCR product from the rst PCR was
used as the DNA template, and the PCR protocol included
touchdown PCR for annealing (69 to 59 °C for 10 cycles) to
improve the annealing efficiency before the cycling steps. Aer
amplicon PCR, amplicons were puried using Ampure XP
magnetic beads (Beckman Coulter, California, USA). For index
PCR (attachment of unique DNA barcodes to each sample's
amplicons), we designed 7 P5 and 8 P7 primers, corresponding
to 56 unique barcode combinations and ordered as Ultramers
from IdtDNA (Coralville, USA). For the index PCR, each PCR
reaction (25 mL) comprised of 12.5 mL Hot Start PCR master mix
(Thermoscientic Inc, USA), 2.0 mL of P5 and P7 indexing
primers (5 mM), 5.0 mL of puried PCR product, and 6.5 mL of
Nuclease-free water. The index PCR protocol included initial
denaturation at 95 °C for 3 min, 8 cycles of 95 °C for 30 s, 55 °C
for 30 s, and 72 °C for 30 s, followed by nal extension at 72 °C
for 5 min. Indexed PCR amplicons were puried using Ampure
XP magnetic beads (Beckman Coulter, California, USA), fol-
lowed by normalization to 4 nm for each sample and pooling.
All the PCR reactions were performed on Bio-Rad CFX96 Touch
Real-Time PCR (Bio-Rad Inc. USA). Paired-end sequencing (2 ×

250, V2 kit) was performed on the Illumina Mi-Seq sequencing
platform at Farncombe Sequencing Institute (McMaster
University).
Digital PCR for microbial fecal source tracking markers

Assays for digital PCR (dPCR) used previously published primer
and probe sets for the human HF183/BacR287 marker,16 the
seagull Gull4 marker,17 the human mitochondrial DNA
marker,10 the Canada goose mitochondrial DNA marker,18 and
the dog Dog3 marker.19 The ruminant Rum2Bac DNA marker20

and the swine Pig2Bac DNA marker21 were run only on samples
with cattle and pig sequences detected from eDNA analysis.
Additional description of the dPCR method and sequences of
primers and probes are shown in ESI.† Digital PCR reactions
were conducted in singleton format as a duplex assay for HF183
and Gull4 markers and for the human mitochondrial and goose
mitochondrial markers, while other markers were run in a sin-
gleplex format. Comparative assay testing in singleplex and
duplex formats has not indicated any interference between
marker assays in each duplex. Yield and purity of DNA extracts
were assessed by spectrophotometer (NanoDrop Lite, Thermo-
Fisher) prior to dPCR analyses. Each duplex dPCR reaction
consisted of 1 mL nuclease-free water, 0.75 mL of each 900 nM
forward and reverse primer, 0.75 mL of each 250 nM probe, 7.5
mL of QuantStudio™ 3D Digital PCR Master Mix v.2 (Thermo-
Fisher) and 2.0 mL of extracted DNA template. Each singleplex
dPCR reaction consisted of 1.95 mL nuclease-free water, 1.4 mL
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4va00221k


Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 6
/2

5/
20

26
 1

2:
00

:0
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
of each 900 nM forward and reverse primer, 0.75 mL of 250 nM
probe, 7.5 mL of QuantStudio™ 3D Digital PCR Master Mix v.2
(ThermoFisher) and 2.0 mL of extracted DNA template. Reac-
tions were loaded onto a 20 000 micro-well chip (QuantStudio™
3D Digital PCR 20 K Chip v2 with partition volume = 755 pL)
using a QuantStudio™ 3D Chip Loader (ThermoFisher), and
PCR assays were carried out using the ProFlex PCR System
(ThermoFisher). Positive controls and a no-template negative
control was run for each batch of dPCR chips analyzed. Ther-
mocycler settings were 96 °C for 10 min, followed by 40 cycles of
60 °C for 2 min and 98 °C for 30 s, then 60 °C for 2 min. Chips
were then read using a QuantStudio™ 3D Digital PCR Instru-
ment (ThermoFisher). Results were analyzed using the
QuantStudio™ AnalysisSuite™, which automatically deter-
mined threshold uorescence values for the ROX reference dye
to identify the number of qualied PCR well partitions, as well
as for the FAM and VIC dye signals to identify positive reactions
for the DNAmarkers (all thresholds were manually checked and
occasionally corrected for accuracy). The AnalysisSuite™ so-
ware applies a Poisson Plus modelling technique to determine
concentrations of each target within the sample, and results
were reported as DNA copies per 100 ml.

All no-template PCR controls were negative, indicating a lack
of contamination to compromise dPCR assays. The number of
wells analyzed on dPCR chips was typically between 16 000 to
18 000 wells. The sensitivity and specicity of the dPCR assays
were outlined in Edge et al. (2021),11 and 2–3 additional samples
of gull feces, dog feces, cow feces, pig feces, sewage inuent, as
well as DNA standards prepared by the U.S. National Institute of
Standards and Technology (SRM 2917, Plasmid DNA for Fecal
Indicator Detection and Identication) for HF183, Dog3,
Rum2Bac, and Pig2Bac markers22 were used as positive refer-
ence materials for dPCR runs. At least 4 positive wells (clearly
cluster separated from negative wells) were set as a detection
threshold for a DNA marker in dPCR assays. This threshold
provided a clear basis for discriminating water sample dPCR
results from all dPCR results for lter and DNA extraction
blanks and no-template PCR control samples. The threshold
was equivalent to a detection limit of about 14 DNA copies per
100 ml.
Bioinformatics and data analysis

For each sample,∼200 000 paired-end sequences were obtained
following eDNA sequencing. Data quality was checked using
FastQC,23 and sequences below the quality threshold 30 were
removed using the Fastp FastQ preprocessing tool.24 Aer initial
quality control, the APSCALE pipeline25 for metabarcoding
analysis was used for downstream bioinformatics. Bio-
informatics pipeline steps included: (1) length ltration
(minimum length = 70, maximum length = 400 bp), illumina
barcodes removal and primer sequences trimming were per-
formed using Cutadapt,26 (2) paired-end merging (Maxdiffpct =
25, maxdiffs = 199, and minovlen = 5), and Denoising (Alpha =
2, and minsize = 8) were performed using VSEARCH27 to
identify Exact Seq., and (3) LULU algorithm28 was used for post-
clustering curation to remove erroneous Exact Sequence
© 2025 The Author(s). Published by the Royal Society of Chemistry
Variants (ESVs). Exact Sequence Variants were taxonomically
annotated using NCBI BLASTn (percentage identity >95% and
alignment length/query coverage %3e80%) against the RefSeq
nucleotide database. To normalize the datasets and remove
sequencing artifacts, ESVs or taxonomic groups lower than
0.003% in abundance were removed from the datasets, as
described previously for mt metabarcoding datasets.29 Statis-
tical comparison between groups was performed using Welch's
t-test with a p-value cutoff #0.05,30 while Principle Component
Analysis (PCA) was performed using Euclidean distances among
samples on GGPLOT and GGPUBR packages in R.31
Results
Quality control analyses

An initial trial was conducted to test for the validity of mito-
chondrial 16S rRNA gene fragment amplication (ESI Fig. 1†).
All the tested samples from rivers and beach sampling sites
amplied the gene fragment in the 300–400 bp range, similar to
the positive control (Salmon sperm DNA). Although a non-
specic gene fragment at ∼800 bp was detected, it was
removed during the gene library purication steps using
magnetic bead size selection. Aer the Next-generation
sequencing, more than ∼200 000 DNA reads (22.3 ± 2.2 ×

104) were generated for each sample (ESI Table 2†). About 95–
97% of the DNA reads passed the quality control parameters
aer primer trimming and removal of lower-quality (quality
score <30) sequences. In total, 369 Exact Sequence Variants
(ESVs) were identied, out of which 200 were processed for
sequence annotation aer removing potentially erroneous ESVs
using LULU ltering, which identies errors by searching for co-
occurrence patterns and sequence similarity measures.28
Taxonomic annotation and characterization of eDNA
sequences

Across all 48 samples (200 ESVs), mitochondrial DNA meta-
barcoding identied 61 taxa, including sh, birds, mammals
and arthropods (ESI Fig. 2†). The sh, mammal and bird taxa
identied were consistent with those known from our study
area, and lists of species for each sampling site are provided in
ESI Tables 3 and 4.† In a few cases, we corrected taxonomic
assignments to more generic identications (European herring
gull = gull; Northern house martin = martin; Eurasian tree
sparrow = sparrow). ESI Fig. 2† shows the distribution of ESVs
according to the mammal, bird, and sh categories in all
samples. Mitochondrial DNA sequences associated with sh
were relatively most abundant (55–78%), followed by mammals
(20–43%) and birds (2–5%). While not the focus of this study,
the most predominant sh species detected by eDNA sequences
in every sample was the round goby (Neogobius melanostomus),
consistent with a previous study on the Great Lakes.32 However,
alewife (Alosa pseudoharengus), green sunsh (Lepomis cya-
nellus), longnose dace (Rhinichthys cataractae), central stone-
roller (Campostoma anomalum), blacknosed dace (Rhinichthys
atratulus), rock bass (Ambloplites rupestris), and bluntnose
minnow (Pimephales notatus) were also widely prevalent.
Environ. Sci.: Adv., 2025, 4, 456–468 | 459
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Principle component analysis was performed using organism
types (shes, mammals, and birds) to assess the divergence
patterns among the sampling sites. Similarity matrix analysis
for sh and mammals sp. (ESI Fig. 3 and 4†) revealed two
distinct but closely associated clusters. Samples from Toronto
beaches and their adjacent rivers clustered together, while
Niagara beach water and their adjacent beach sand samples
aggregated into a separate cluster. Interestingly, compared to
beach samples that grouped together, samples from river
sources were more broadly distributed, indicating a higher
diversity of sh and mammal species sequences in rivers.
However, for bird species (ESI Fig. 5†), samples from both beach
locations (Toronto and Niagara) were closely associated in
a single cluster.
eDNA sequence detection frequency of potential fecal
contamination sources

Mitochondrial DNA sequences resolved and taxonomically
assigned to the most common mammalian and bird fecal
contamination sources are shown in ESI Fig. 6.† All 48 samples
were positive for human ESVs, followed by Castor canadensis
(Beaver: 97%), Ondatra zibethicus (Muskrat: 97%), Anas pla-
tyrhynchos (Mallard duck: 91%), Larus species (Gull: 87%),
Procyon lotor (Raccoon: 87%), Turdus migratorius (Robin: 77%),
Gallus gallus (Chicken: 73%), Vulpes vulpes (Fox: 50%), Bos
taurus (Cow: 48%), Canis lupis familiaris (Dog: 33%), and Branta
canadensis (Canada goose: 27%). Multiple ESVs were associated
with most potential fecal sources, notably: human (7), squirrel
(7), swan (7), robin (6), and 3 for beaver, dog, opossum, cow, red
fox, Canada goose gull, and pigeon.

ESI Fig. 7† shows human eDNA sequences were predomi-
nant in all the samples (87–96%), followed by beaver and
Fig. 2 Frequency of detection of most common mammalian eDNA seq

460 | Environ. Sci.: Adv., 2025, 4, 456–468
muskrat (3–8%), mallard (2–5%), gull (2–5%), raccoon (1–5%),
chicken (1–2%), and others (<1%). Fig. 2 and 3 show the
percentage detection of common mammalian and avian eDNA
sequences across all beach and river study locations. Among the
mammalian sequences, human (100%), muskrat/beaver (92–
100%) and raccoon (75–90%) eDNA sequences showed the
highest detection frequency across all four sample types. Dog,
vole and cat eDNA sequences were more frequently detected in
Toronto beach water and river samples than in Niagara beach
water and adjacent sand samples. Among avian sequences,
mallard (100%), gull (82–100%), robin (68–100%), and chicken
(70–82%) showed the highest detection frequency across all
sample types. Goose, swan, martin, and pigeon eDNA sequences
were more frequently detected for Toronto beaches and river
samples than Niagara beach water and adjacent sand samples.
Goose and swan eDNA sequences were more common at Tor-
onto beaches than rivers.
eDNA sequence differential abundance between the sample
types/locations

Several species eDNA sequences were signicantly more abun-
dant for beaver (p = 4.7 × 10−5), mallard (p = 1.0 × 10−3), and
chicken (p = 0.04) at Toronto locations (ESI Fig. 8–10†). A
comparison between Toronto beach and river samples identi-
ed that human (p = 0.08) and beaver (p = 0.09) eDNA
sequences were relatively more abundant in river samples, but
the observed difference was not statistically signicant.
Raccoon (p = 0.12), gull (p = 0.15), and chicken sequences were
relatively more abundant in Toronto beach samples (ESI
Fig. 11–15), though only chicken sequences were statistically
signicant (p = 0.004). No signicant differences were observed
between Niagara beach water and Niagara beach sand samples.
uences for beach, river, and sand samples.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Frequency of detection of most common avian eDNA sequences for beach, river, and sand samples.
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eDNA detection frequency in association to fecal indicator
beach action value exceedances

The occurrence of human, mammal, or bird eDNA sequences
associated with BAV exceedance water quality conditions was
determined (Table 1). Chicken and dog eDNA sequences were
notably more commonly detected at Toronto beaches during
BAV exceedances, while cow and chicken eDNA sequences were
more common in Toronto rivers during BAV exceedances. Only
fox eDNA sequences were notably more commonly detected at
Niagara beaches during BAV exceedances. Comparison between
beach action value exceedance and non-exceedance beach water
samples identied that beaver, muskrat, mallard and chicken
eDNA sequences were relatively more abundant in BAV
exceedance samples (ESI Fig. 16–19†). However, only chicken (p
= 0.02) were signicant. Specically, the higher abundance of
chicken eDNA sequences (p = 0.03) in BAV exceedance samples
was mainly associated with Toronto beaches (ESI Fig. 20).
Digital PCR detection frequency of potential fecal
contamination sources and beach action value exceedances

Four relatively common microbial source tracking markers for
human, mammalian and avian fecal pollution sources were
tested for the same 48 samples using a digital PCR method to
compare with results from eDNA metabarcoding (Fig. 4).
Human mt (68–100%) and Gull4 (75–100%) markers were
detected in the majority of the samples across our study loca-
tions, followed by human HF183 (9–82%) and Dog3 (22–42%).
The frequency of the Gull4 marker was higher for beach water
(100%) than for rivers (73%) and beach sand (82%) samples
© 2025 The Author(s). Published by the Royal Society of Chemistry
(Table 2). The highest concentrations of the Gull4 marker were
at Lakeside Beach (5300 DNA copies per 100 ml), Marie Curtis
Beach (2505 DNA copies per 100 ml), and in the sand at Sunset
Beach (1714 DNA copies per 100 ml).

Interestingly, the humanHF183marker was only detected on
BAV-exceedance beach days for Toronto beach sites. In contrast,
HF183 was detected for both BAV exceedance and non-
exceedance beach days for Niagara beach sites. Overall, the
HF183 marker was detected more frequently for Niagara beach
water (65%) than Toronto beach water (42%), however, the
frequency of detection of HF183 in association with BAV
exceedances was higher for Toronto beach water (83%) than
Niagara beach water (50%). The highest concentrations of
HF183 measured were at Sunnyside Beach (10 673 DNA copies
per 100ml) and the Humber River (1832 DNA copies per 100 ml)
on a BAV exceedance day. These concentrations are lower than
those previously found in other sewage-impacted Toronto
waters where HF183 could exceed 105 to 106 DNA copies per
100 ml in the Don River and at CSO outfalls respectively (Edge
et al. 2021). Interestingly, the HF183 DNA marker only occurred
in 8% of Niagara beach sand samples, in contrast to 100% sand
detections of the human mt DNA marker and human eDNA
sequences. The highest concentrations of the human mt DNA
marker were measured on BAV exceedance days in Sunset Beach
sand (1660 DNA copies/100 ml) and at Marie Curtis Beach (753
DNA copies/100 ml).

Although the overall detection frequency of the Dog3 marker
was higher for Niagara beach water (42%) than Toronto beach
water (25%), the frequency of occurrence of the Dog3 marker
association with BAV exceedances was higher for Sunnyside
Environ. Sci.: Adv., 2025, 4, 456–468 | 461
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Table 1 Frequency of occurrence of human, mammal, and bird eDNA sequences as potential fecal contamination sources for the beaches,
rivers and sand on BAV exceedance and non-exceedance days

Sampling
locations

Potential fecal
sources

Frequency of sequence detection
(BAV exceedance)

Frequency of sequence detection
(BAV non-exceedance)

Toronto beaches Human 100% 100%
Beaver 100% 100%
Mallard 100% 100%
Chicken 100% 50%
Gull 67% 100%
Racoon 100% 83%
Cow 33% 50%
Muskrat 83% 100%
Robin 50% 67%
Fox 67% 50%
Dog 83% 50%
Goose 67% 67%

Toronto rivers Human 100% 100%
Beaver 100% 100%
Mallard 100% 100%
Chicken 100% 67%
Gull 83% 100%
Racoon 100% 83%
Cow 83% 33%
Muskrat 100% 100%
Robin 67% 100%
Fox 33% 50%
Dog 50% 50%
Goose 33% 17%

Niagara beaches Human 100% 100%
Beaver 100% 100%
Mallard 83% 67%
Chicken 67% 50%
Gull 83% 83%
Racoon 83% 100%
Cow 50% 50%
Muskrat 100% 100%
Robin 83% 83%
Fox 67% 17%
Dog 17% 0%
Goose 0% 17%

Niagara beach sand Human 100% 100%
Beaver 100% 83%
Mallard 100% 83%
Chicken 67% 50%
Gull 83% 100%
Racoon 67% 83%
Cow 67% 17%
Muskrat 100% 83%
Robin 67% 100%
Fox 50% 67%
Dog 17% 0%
Goose Not detected
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Beach water (100%) than other beach waters (Table 2). All the
BAV exceedance samples positive for the Dog3 marker in Tor-
onto were from Sunnyside Beach. Interestingly, the association
of the Dog3 marker with BAV exceedances was higher for Tor-
onto beach water than its adjacent rivers. While the Canada
goose mt DNA marker was never detected by dPCR, Canada
goose eDNA sequences were found in 67% of Toronto beach
water samples, 25% of Toronto river samples, and 8% of
Niagara beach water samples.
462 | Environ. Sci.: Adv., 2025, 4, 456–468
The ruminant fecal bacterial Rum2Bac DNA marker was
tested on 16 of the cow eDNA +ve samples, and the pig fecal
bacterial Pig2Bac DNA marker was tested on the 3 pig eDNA +ve
samples. These two DNAmarkers for host-specic fecal bacteria
were not detected in these samples. A comparison of the
detection rate of food animal eDNA sequences (chicken, cow,
pig) with human HF183 and mt dPCR markers and human
eDNA sequences is provided in ESI Table 5.† Chicken, cow, and
pig eDNA sequences were almost always detected in Toronto
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Detection percentage of human, gull, and dog dPCR fecal source tracking DNA markers in beach, river and sand samples.

Table 2 Frequency of ocurrence of microbial source tracking DNAmarkers from beach, river, and sand locations on BAV exceedance and non-
exceedance days

Sampling
locations

Potential fecal
contamination sources

Frequencyof sequence detection
(BAV xceedance)

Frequency of sequence detection
(BAV non-exceedance)

Toronto beaches HF183 83% 0%
Human Mt 83% 100%
Gull4 100% 100%
Dog3 50% 0%

Toronto rivers HF183 100% 67%
Human Mt 75% 60%
Gull4 83% 67%
Dog3 25% 20%

Niagara beaches HF183 50% 83%
Human Mt 100% 100%
Gull4 100% 100%
Dog3 50% 33%

Niagara beach sand HF183 17% 0%
Human Mt 100% 100%
Gull4 83% 83%
Dog3 17% 50%
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river samples with the human HF183 DNA marker for sewage
contamination. In contrast, these food-animal eDNA sequences
were more commonly associated with human eDNA sequences
and the human mt DNA marker than human-specic bacterial
fecal marker (HF183) for Toronto and Niagara beach water and
Niagara beach sand. In particular, chicken and cow eDNA
sequences were always detected with human eDNA sequences
and the humanmt DNAmarker in Niagara beach sand, but only
rarely with the human HF183 DNA marker.

Discussion

Fecal indicator bacteria, including E. coli and Enterococcus,
commonly used for recreational water quality monitoring,
cannot differentiate between fecal sources.33 Most fecal source
© 2025 The Author(s). Published by the Royal Society of Chemistry
tracking studies have applied a microbial source tracking
approach focused on a limited number of targets (source-
specic microbial taxa). While targets like the HF183 DNA
marker have been widely tested for detecting human fecal
contamination, it is increasingly recognized that no marker is
100% host-specic and there is value in having multiple targets
to conrm fecal pollution sources.7 In this study, we applied
eDNA metabarcoding and dPCR assays for microbial DNA
markers as a more comprehensive approach to assess fecal
source proles for urban freshwater beaches along with their
adjacent water sources (rivers/creeks) and beach sands.

Our study found eDNA from shes, humans, beavers,
muskrats, mallard ducks, and gulls was predominant across all
our study locations. A study in two rural Quebec watersheds34

found generally similar results, although that study detected
Environ. Sci.: Adv., 2025, 4, 456–468 | 463
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black bear and moose eDNA, and had fewer dog, red fox,
raccoon and gull eDNA detections than our urban area. Our
results probably reected the continuous eDNA shedding by
specic animals living in close association with urban aquatic
settings and the large human populations in our study area. Our
study locations are large urban centers (Toronto and St Cath-
erines), and they are all in close proximity to municipal waste-
water treatment plants. The relatively high numbers of human-
associated sequences in all our samples were probably associ-
ated with treated effluent discharges from nearby municipal
wastewater treatment plants, combined sewer overows, and
sewage cross-connected stormwater outfalls. The regular
occurrence of sewage contamination at our Toronto study
locations has been well documented,35–37 and the results are in
agreement with previous studies nding higher levels of human
mitochondrial DNA associated with sewage
contamination.11,38–41

A challenge with mitochondrial DNA is that it may not be
exclusively derived from fecal sources. For example, in recrea-
tional water settings, the potential for bather shedding of
human skin cells, saliva and hair, in addition to fecal matter, is
well-established.12 Human mitochondrial DNA has even been
proposed as an indicator for detecting greywater from resi-
dential sources like showers or sinks that do not involve toilet
ush water.42 Human eDNA can be readily detected as a genetic
by-catch in water, sand, and air environmental samples, even in
areas with relatively low human habitation densities,43 which
raises caution for interpreting human eDNA results from water
samples as automatically inferring sewage contamination in
some areas. In our urban sewage-impacted study areas, the high
prevalence of human eDNA sequences in all water and sand
samples precluded our ability to discriminate between sites that
were differentially impacted by human fecal contamination.
The microbial source tracking HF183 marker was a better
indicator of human fecal contamination hotspots and contri-
butions to BAV exceedances than the human mt DNA marker or
human eDNA sequences.

An aspect requiring further examination is whether micro-
bial source tracking DNA markers from anaerobic bacteria, and
eukaryotic eDNA from different tissue compartments (e.g. feces,
skin, hair, feathers, rotting carcass) can decay at signicantly
different rates and have different persistence and transport
characteristics. Human mt DNA from sewage has been found to
have decay rates similar to those of the microbial HF183 marker
in freshwater mesocosms.44,45 However, it has been suggested
that if the mitochondrial (mt) membrane remains intact, this
could allow mt DNA to persist longer in the environment.46

Some studies examining decay rates of eDNA in the environ-
ment have identied a slower decay rate of mt DNA than nuclear
DNA,47–49 suggesting that mitochondrial eDNA markers may
persist longer in the environment compared to bacterial or
eukaryotic nuclear DNA markers. It is possible that a longer
persistence and accumulation in beach sand may have
contributed to human eDNA sequences and the human mito-
chondrial DNA marker occurring in 100% of our beach sand
samples compared to only 8% for the microbial HF183 marker.
464 | Environ. Sci.: Adv., 2025, 4, 456–468
Similar to studies in Ontario and Quebec watersheds,12,34 our
eDNA metabarcoding results detected a diverse range of
animals likely impacting water quality. This was particularly the
case for beavers and muskrats which may not be typically
associated with urban recreational water settings. Detection of
beavers and muskrats as a potential fecal contamination source
for recreational waters could be very important for beach
monitoring strategies as these animals are known to harbour
protist pathogens like Giardia and Cryptosporidium, whose
occurrence may be poorly correlated to conventional fecal
indicator bacteria like E. coli.50,51 An Ontario agricultural
watershed study found muskrats to commonly occur at some
sites, and they were also associated with an increased likelihood
of occurrence of Campylobacter species in water samples.52

While microbial source tracking Bacteroides DNA markers have
been developed for beavers53 and muskrats,54 they have not
been well tested, particularly in urban settings.

Other urban mammal eDNA sequences commonly detected
in our samples were for raccoons, red foxes, and dogs. Raccoons
occur widely in our study area, and their feces can signicantly
contribute to fecal pollution in stormwater systems55 and
present Salmonella and other pathogen health risks.56 Similar to
our results, dogs have also been identied as locally important
sources of fecal pollution at other beaches,57 which may guide
the need for beach-specic remedial actions. Many of these
urban wildlife species occur at the animal–human One Health
interface and have the potential to contribute to the trans-
mission of zoonotic pathogens or antimicrobial resistance to
people in recreational water settings.

eDNA metabarcoding results also detected diverse potential
avian fecal contamination sources, particularly Mallard ducks,
gulls, and robins. Both eDNA sequencing and the Gull4
microbial source tracking DNA marker indicated the promi-
nence of gull fecal contamination associated with beaches. The
signicance of gull fecal contamination at our sites is in
agreement with previous studies conducted at Sunnyside
Beach35,58 and in riverine and urban coastal areas of Southern
Ontario.59 Another study on Lake Michigan beaches identied
gulls as the predominant fecal contamination source, and
intervention strategies to reduce gull occurrence signicantly
improved beach water quality.60

Our ndings also commonly detected Canada goose eDNA
sequences at Toronto beaches, indicating their local impor-
tance, even though dPCR did not detect the Canada goose
mitochondrial DNA marker. This was consistent with our Tor-
onto river results, where human eDNA sequences were always
prevalent, but dPCR less frequently detected the human mito-
chondrial DNA marker. More common detection of human and
Canada goose eDNA sequences may reect the ability of eDNA
sequence data to detect multiple DNA sequence variants (ESVs)
for many fecal contamination sources.61 The ability to detect
a greater variability of DNA sequence variants may provide an
advantage of eDNA metabarcoding over the specicity of PCR
methods for detecting DNA markers.

An unexpected result from our eDNA metabarcoding was the
common detection of chicken and cow (and some pig)
sequences in all our urban study areas. These sequences could
© 2025 The Author(s). Published by the Royal Society of Chemistry
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have been transported from farms, food processing facilities, or
residential food waste further away from our study sites.
However, it is unlikely such sources would have been so wide-
spread to commonly impact all our study sites at two rivers and
four different beaches in two different cities, and for chicken
eDNA sequences to be signicantly associated with BAV
exceedances. Chicken, cow, and pig eDNA sequences were
always detected with human eDNA sequences, oen with the
human HF183 microbial source tracking marker, and in prox-
imity to wastewater treatment plants and other known sewage
sources in our study area. Potential concerns about human food
DNA sequences carrying over into human feces have been
previously identied.10,12,34,45,62 A previous study on one of our
Toronto watersheds12 used a broader CO1-based eDNA meta-
barcoding approach and raised a similar concern based on
detecting eDNA sequences for non-native food sh species like
Tilapia (Oreochromis sp.) and Sea bass (Serranidae sp.) in water
samples. The passage of food DNA through animal digestive
tracts is increasingly investigated by metabarcoding diet anal-
yses of wildlife scats, and a study63 recently used eDNA meta-
barcoding to demonstrate the high occurrence of domestic dog
DNA in red fox scats that was attributed to signicant cop-
rophagia. In some situations, such as sewage-impacted aquatic
ecosystems, it will be important to apply microbial source
tracking DNA markers for common human food sources,
including cattle, pig and chicken, alongside eDNA meta-
barcoding, to test for the possibility of eDNA sequences from
undigested food waste in human feces.

eDNA metabarcoding identied a broader range of animal
species likely impacting water quality in our study area than the
more limited range of microbial source-tracking DNA markers
available. However, we also identied limitations of eDNA
metabarcoding that require further investigation. eDNA meta-
barcoding studies of fecal pollution should use microbial
source tracking DNA markers in some situations as additional
lines of evidence for fecal source attribution. Human eDNA PCR
blocking techniques may prove useful for sewage-contaminated
urban settings to better associate the occurrence of animal
eDNA sequences with fecal contamination. Using fecal source
tracking information from both eDNA metabarcoding and
microbial source tracking DNA markers, combined with
conventional fecal indicator bacteria, can help design targeted
beach sustainability programs and risk management actions to
control fecal contamination.
Conclusions

(1) eDNA metabarcoding of mammal and avian 16S rRNA gene
sequences found human eDNA sequences to predominate in all
urban beach water, sand, and river samples. PCR blocking for
human eDNA sequences should be considered to avoidmasking
the detection of fecal contamination from less common
animals in sewage-impacted areas.

(2) Beaver, muskrat, gull, and mallard eDNA sequences were
the most prominent animals detected across our study sites,
indicating the potential for these wildlife species to contribute
© 2025 The Author(s). Published by the Royal Society of Chemistry
to fecal contamination and health risks at urban freshwater
beaches.

(3) Dogs and Canada goose eDNA sequences were most
common at Sunnyside Beach, suggesting that these fecal
contamination sources can be beach-specic and may require
targeted remediation strategies.

(4) Digital PCR assays for the bacterial Gull4 DNA marker
and a human mitochondrial DNA marker were consistent with
eDNAmetabarcoding in detecting the widespread occurrence of
these potential fecal sources.

(5) Chicken and cow eDNA sequences were widely detected
across all study sites but are suggested to be from sewage and
incompletely digested human food origins.

(6) eDNA metabarcoding can expand fecal source tracking
capabilities for assessing diverse wildlife contributions to fecal
pollution. However, microbial fecal source tracking markers for
common food animals (e.g. chicken, cattle, and pigs) should be
tested alongside eDNA metabarcoding analysis to address
questions about the signicance of coprophagy, non-fecal skin
sources or occurrence of eDNA sequences from incompletely
digested food in fecal pollution sources.
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