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the water quality of these vital ecosystems. Our study 
reveals that E. coli levels vary significantly across dif-
ferent locations and times, suggesting varied sources 
of contamination from humans, wildlife, and livestock 
animals. MST techniques, alongside eDNA analysis, 
provided insights into the complex patterns of fecal 
pollution, allowing for the distinction between human 
and animal contributions to water contamination. 
Our findings highlight the importance of combining 
various analytical methods to track fecal pollution 
sources effectively, and to develop targeted strategies 
for water quality management.

Abstract  Aquatic ecosystems in mountainous 
regions are crucial for fulfilling natural and anthro-
pogenic water demands around the world. This study 
integrates Escherichia coli (E.  coli) enumeration, 
microbial source tracking (MST), and environmental 
DNA (eDNA) analysis to identify sources of fecal 
contamination in oligotrophic mountain waters. Con-
ducted in an area with intense tourism and traditional 
reindeer herding, this research addresses the urgent 
need to identify fecal pollution sources to safeguard 
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Introduction

Aquatic ecosystems in mountain areas worldwide 
play a critical role in meeting natural and anthropo-
genic water demands. In recognition of their immense 
importance, mountains have been called the “Water 
Towers” of the world, providing freshwater to a sub-
stantial part of the world’s population (Immerzeel 
et al., 2020; Messerli et al., 2004). These freshwater 
mountain ecosystems, however, are under significant 
threat (Vári et  al., 2022), while providing essential 
ecosystem resources and safe drinking water for their 
surrounding and downstream rural and urban com-
munities. The Intergovernmental Panel on Climate 
Change (IPCC) has highlighted alpine regions as 
climate change hotspots (IPCC, 2018) and it is pro-
jected that overshooting global temperatures by more 
than 1.5 °C will result in irreversible adverse impacts 
on certain low-resilience ecosystems (IPCC, 2023). 
Increasing and diversifying tourism in these regions 
also exerts pressure (e.g., through the increase of dif-
fuse fecal pollution by campers hiking in the terrain 
and increasing pressure on local sewage systems at 
tourist facilities) on these areas and their sensitive 
aquatic ecosystems (Evander & Ahlm, 2009; Maes 
et  al., 2022). Indeed, the degradation of water qual-
ity due to fecal pollution can have severe negative 
ecosystem impacts, which can in turn affect the sur-
rounding wildlife, visitors, and inhabitants, as well 
as the Indigenous communities that depend on the 
land for their daily income. In light of this, the major 
importance of clean drinking water to human health 
has been recognised through Sustainable Develop-
ment Goal 6.1, which aims to: “Ensure availability 
and sustainable management of water and sanitation 
for all” (United Nations, 2015).

Since many transmissible pathogens are present 
in the feces of warm-blooded organisms, fecal pollu-
tion has been recognized as a major cause of water-
borne diseases (Leclerc et al., 2002). Escherichia coli 
(E.  coli) is often used as an indicator of fresh fecal 
pollution (and accordingly pathogens) in water (Hol-
comb & Stewart, 2020) because of its ubiquitous 
presence in the lower intestine of warm-blooded ani-
mals (Savageau, 1983), and the availability of reliable 

and quick methods for its detection. If E.  coli is of 
human origin, it can also be an indicator of anthro-
pogenic contaminants, including pharmaceuticals, 
personal care products, and endocrine-disrupting 
chemicals with direct or indirect impacts on human 
and environmental health (Paruch & Paruch, 2021). 
Additionally, E. coli is also considered an important 
carrier of antibiotic resistance genes in freshwater 
river systems, especially from anthropogenic sources 
(Ågerstrand et al., 2023; Bong et al., 2022).

To limit or prevent the discharge of fecal contami-
nation into rivers, it is important to know the location 
and source of pollution. Structured water sampling 
alone, however, may fail to pinpoint the sources of 
fecal pollution (Holcomb & Stewart, 2020; Maes 
et  al., 2022). Apart from contamination prevention, 
tracking the source of fecal pollution is also impor-
tant for evaluating any potential risks this pollution 
may pose to human and animal health. Indeed, water 
contaminated with animal faeces has been associ-
ated with gastrointestinal and other zoonotic diseases 
(Penakalapati et  al., 2017). Furthermore, approxi-
mately 60% of human infectious diseases can be 
spread by animals, while 75% of emerging human 
diseases appear to have originated from animal 
sources (Centers for Disease Control & Prevention, 
2021). Therefore, contamination of drinking water by 
animal faeces may also represent an important risk to 
human health.

Analysing E.  coli using conventional microbio-
logical techniques generally offers no information 
about the source of a given strain. To address this, 
microbial source tracking (MST) techniques can 
discriminate between sources of fecal contami-
nation in environmental waters (Harwood et  al., 
2014; Rock et al., 2015). A distinction can be made 
between library-dependent and library-independent 
methods: library-dependent methods use a refer-
ence library of bacterial strains with a known fecal 
source to identify the source of unknown strains 
by comparison, while library-independent meth-
ods detect source-informative, host-specific genetic 
markers (Harwood et  al., 2014; Rock et  al., 2015; 
Simpson et al., 2002). Recently, the use of machine 
learning has also been explored for MST, in com-
bination with the use of E.  coli as a suitable tar-
get for source tracking purposes. Indeed, although 
this microbe has conventionally been long con-
sidered to be a host- and niche-generalist capable 
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of colonizing and transmitting across its various 
niches (Tenaillon et  al., 2010), a growing body of 
evidence has highlighted a significant degree of 
niche-specificity within the species (Tiwari et  al., 
2023; Yu et  al., 2021). Machine learning can reli-
ably capture this in the form of host- and niche-spe-
cific genetic markers, as shown in the use of a novel 
logic regression-based method for the identification 
of host-informative intergenic single nucleotide pol-
ymorphisms (SNPs) across the E. coli genome (Zhi 
et  al., 2015, 2016a, 2016b). Interestingly, genetic 
markers identified using logic regression analysis 
could distinguish between E.  coli strains from dif-
ferent human and animal host sources with high 
specificity and sensitivity. They were found to be 
suitable for source tracking efforts when applied for 
the source attribution of unknown E.  coli isolates 
collected from the Indalsälven river in Northwest-
ern Sweden (Yu et al., 2024).

Since there is no universal method available 
that can distinguish between sources of fecal con-
tamination, it is helpful to use several methods in 
tandem. Specifically, combining MST results with 
Geographic Information System (GIS) tools and 
environmental DNA (eDNA) monitoring provides 
a powerful approach for characterizing sources 
of fecal pollution in aquatic environments (Kro-
lik et  al., 2014; Staley et al., 2018). By combining 
eDNA with MST, potential sources of fecal pollu-
tion that are not targeted in the MST analysis can be 
identified (Staley et  al., 2018), which is especially 
useful for identifying non-point pollution sources. 
In addition, eDNA can help refine which potential 
MST targets to look for in an aquatic ecosystem. 
GIS tools can then complement these other methods 
by supporting the identification of additional point 
sources of fecal pollution, or high-risk areas that 
may contribute pollution to a given watershed (e.g., 
human/animal densities).

Herein, we present a novel approach to source 
tracking that integrates E. coli enumeration methods 
with logic regression-based MST and eDNA sam-
pling in a geospatial framework. This approach was 
tested on an oligotrophic mountain water system in 
Sweden in an area impacted by tourism and tradi-
tional reindeer herding. As such, we sought to unravel 
the dominant sources of fecal pollution within this 
oligotrophic mountain area, with a specific focus on 
pollution from human sources.

Materials and methods

Research area and sampling

This study focused on the river basins of Handölan 
(454 km2) and Enan (325 km2) (Fig.  1, a and b), 
two tributaries in the catchment area of the most 
upstream part of the Indalsälven River in Jämtland 
County, Sweden, Europe. Enan has a yearly average 
water temperature of 3.1 °C and an average river flow 
rate of 10.7 m3 s−1, while Handölan´s yearly average 
water temperature and river flow rate are 2.8 °C and 
15.1 m3 s−1, respectively (SMHI, 2023). These river 
basins are surrounded by mountain ranges approxi-
mately 1700 m above sea level, with the surrounding 
area containing few roads or permanent settlements 
(Maes et al., 2022). The main activities impacting the 
area during the extended summer season include tour-
ism and reindeer herding by the Sami community. An 
estimated 100,000 tourists and 7000–8000 reindeer 
(including calves) roam the area each summer. Dogs 
are also commonly brought to the area by hiking tour-
ists. The dominant wild mammal species commonly 
found in the summer are moose and beaver, though it 
can also include otter, hare, red fox, marten, weasel, 
bear, lynx, wolverine, and smaller rodents.

Sampling spots in the research area were chosen 
based on previous work exploring the prevalence of 
E. coli (Maes et al., 2022), suspected point sources of 
fecal contamination, weather conditions, accessibil-
ity, and activities impacting the area (e.g., the annual 
gathering of all female reindeer and their calves for 
calf marking). A total of 60 water samples were taken 
for E.  coli enumeration and MST purposes, along-
side 60 additional water samples for eDNA analysis 
between June 14 and August 18, 2021 (Supplemen-
tary data 1). Additionally, 32 beaver and reindeer 
fecal samples were collected to augment the library 
of E. coli strains used for MST analyses designed for 
the host identification of the E. coli isolates collected 
from water samples (Yu et al., 2024).

Collection of metadata in the research area during 
sampling

The number of tourists in the area around Storulvån 
Mountain Station on each specific day was estimated 
using the number of individual crossings at a pedes-
trian bridge near the station (Data retrieved from the 
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County Administration Board, personal communi-
cation, Lansstyrelsen, Tommy Dadell, January 12, 
2024).

Water temperature was measured with an analogue 
thermometer with 0.5 °C precision, with recordings 
taken following five minutes of submersion. UV radi-
ation was measured using a UV light meter (Center® 
532), with the recorded value taken as the average of 
the minimum and maximum values over one minute. 
The measured precipitation at the nearest Swedish 
Meteorological and Hydrological Institute (SMHI) 
weather station (i.e., Storlien-Storvallen) was used to 
estimate the precipitation in the whole research area 
on the corresponding sampling days (SMHI, 2025), 
and categorized as “high” or “low” after comparison 
with the average monthly precipitation levels (i.e., 6.4 
mm, 2.7 mm, and 6.4 mm for June, July, and August, 
2021, respectively) at the same weather station.

The modelled water flow rate data at the corre-
sponding sampling locations and days were retrieved 
from the SMHI website (SMHI, 2023). Calculations 
for the sub-catchment areas were performed with the 
hydrological model S-HYPE. SMHI validated the 
model using the total water flow data measured at 
several stations along the river, thereby representing 
the model-calculated water flow at the outlet of the 
chosen sub-catchment area, including contributions 
from all possible sub-catchment areas upstream of the 
selected location. An assessment of the river flow rate 
as high or low was made after comparison with the 
average modelled monthly flow rate.

All additional information related to the environ-
mental conditions (i.e., tourism, water temperature, 
UV radiation, precipitation, and river flow rate) at 
each sampling location is included in the supplemen-
tary material (Supplementary data 1).

Microbial source tracking of E. coli isolates

Collection of E. coli isolates and DNA extraction

Fecal samples were collected from a variety of animal 
hosts for E.  coli enumeration and isolation (i.e., for 
MST) purposes. One gram of each fecal sample was 
diluted in 100 mL of Peptone water (Oxoid, LP0037), 
serially diluted, and then passed through a 0.45 µm 
filter (ReliaDisc™, Ahlstrom-Munksjö, 760,245): 
The filters were transferred to Membrane Faecal 
Coliform Agar (mFC, Difco™ mFC agar, BD Bio-
sciences, 267,720) with 0.01% Rosolic acid (Difco™ 
Rosolic acid, BD Biosciences, 232,281), and incu-
bated at 44 ± 0.5 °C for 22 ± 2 h. Morphologically 
distinct blue colonies on the mFC plates, representing 
potential E. coli, were inoculated in Lactose Tryptone 
Lauryl Sulphate Broth (LTLSB, Oxoid, CM0921) 
supplemented with 4-methylumbelliferyl-β-D-
glucuronide (MUG supplement, Oxoid, BR0071E) 
and incubated for 21 ± 3 h at 44 ± 0.5 °C for confir-
mation. Tubes that fluoresced under UV light were 
confirmed to be E.  coli strains, and then stored at 
−18 °C in Brain Heart Infusion Broth (BHI, Oxoid, 
CM1135) with 20% glycerol (Apl, 33868), accord-
ing to their original morphological appearance (i.e., 
to reduce clonal representation in the library). In this 
way, a total of 5 reference isolates from beaver and 52 
from reindeer were collected.

River water samples for E.  coli enumeration and 
isolation, were collected in sterilized plastic 500 mL 
bottles. All samples were collected by hand as far 
away from the shore as possible by completely sub-
merging the bottles under the water surface with the 
opening facing upstream to avoid contamination from 
the sampler. After sampling, the water bottles were 
stored at 0–7 °C in an electric cooler (storage time 
given in Supplementary data 1). E. coli enumeration 
was performed in the lab by passing 10 mL and 100 
mL of each water sample through a 0.45 µm filter. 
Further processing and isolate collection were per-
formed as described earlier. The limit of quantifica-
tion for the enumeration of E.  coli was 1 CFU/100 
mL.

To ensure no contamination had occurred during 
handling, all stored E.  coli isolates were inoculated 
from their BHI glycerol stocks on mFC and incubated 
at 44 ± 0.5 °C for 22 ± 2 h. Only isolates that showed 
a typical blue E.  coli morphology were chosen for 

Fig. 1   The river basins of Handölan (a) and Enan (b) with an 
indication of the rivers, tributaries and lakes, highways and 
roads, walkways, mountain stations, shelters with dry toilet, 
reindeer fence area and East Norwegian/West Swedish border. 
Water samples (n = 58) are indicated with dots, where the color 
and size correspond to the E. coli level. Each dot represents a 
water sample for E. coli collection and a second water sample 
for eDNA analysis. Two additional samples were taken 18 km 
Southeast of Sylarna Mountain Station, upstream and down-
stream Helags Mountain Station (not shown on map). A: Rein-
deer fence in Tjallingen, B: Storulvån Mountain Station, C: 
Handöl village, D: Sylarna Mountain Station, E: Ranglan, F: 
Sevedholm, G: Tväråbäcken, H: Blåhammaren Mountain Sta-
tion, I: Enkroken, J: Bridge Enan

◂
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DNA extraction using DNeasy® Blood & Tissue Kits 
(Qiagen, 69,506) according to the manufacturer´s 
instructions. The quality and quantity of the purified 
DNA for each isolate were checked using a Nanodrop 
2000 (Thermo Scientific), and DNA extracts were 
stored at −20 °C.

Amplification, sequencing, and analysis of intergenic 
regions

Two intergenic regions (ITGRs) that were previ-
ously shown to be host-informative (Yu et al., 2024; 
Zhi et  al., 2015, 2016a, 2016b) were selected for 
logic regression analysis, including: 1) the csgBAC-
csgDEFG region, encoding regulators of the synthesis 
of curli fimbriae, and 2) the asnS-ompF locus encod-
ing a regulator of an outer membrane protein related 
to low osmolality conditions. These two regions 
were amplified separately using the same PCR reac-
tion mixture and cycling conditions. Each PCR reac-
tion contained 10 µL of genomic E.  coli DNA, 10 
µL KAPA2G Buffer A 5× (Merck, KK5005), 10 µL 
KAPA Enhancer1 5× (Merck, KK5005), 2 µL MgCl2 
25 mM (Merck, KK5005), 1 µL of each primer 25 
µM (Table  1, Sigma-Aldrich), 1 µL dNTPs 10 mM 
(Merck, KK5005), 0.4 µL KAPA2G Robust DNA 
Polymerase 5 U/µL (Merck, KK5005), and 14.6 µL of 
sterile distilled water.

PCR amplifications were performed on an auto-
mated thermal cycler (LifeTouch) with an initial 
denaturation (4 min at 95 °C) followed by 33 cycles of 
denaturation (30 s at 95 °C), annealing (30 s at 58 °C) 
and extension (1 min at 72 °C) and a final extension (7 
min at 72 °C). PCR products were subject to gel elec-
trophoresis (CBS Scientific, SGE01402 and Consort, 
E863) in a 1% agarose gel (VWR, 438792U), TBE 
buffer 1× (diluted from TBE buffer 10×, Invitrogen, 
15,581–044) and GelRed® Nucleic Acid Gel Stain 
1× (Biotium, 37–41,001) and visualized following 

exposure to UV light. All PCR products that showed 
one band of the desired size were excised, sequenced 
bidirectionally using Sanger sequencing by Macro-
gen Inc. (Amsterdam), and then aligned with Clustal 
Omega (Sievers et al., 2011). The aligned sequences 
for each ITGR were then manually edited to trim the 
3’ and 5’ ends to remove missing data, and then con-
catenated into a single sequence for each E. coli iso-
late for logic regression analysis using the R code as 
described in Yu et al. (2024).

All concatenated sequences were added to an exist-
ing library of ITGR sequences from E.  coli strains 
(available in Supplementary data 2) collected from 
various hosts (Zhi et al., 2016a, 2016b). Logic regres-
sion was then used to analyse the sequence variation 
contained within these aligned ITGR sequences to 
identify host-informative SNP markers that can then 
be used for MST purposes. The ITGR sequences of 
the river water E.  coli isolates (i.e., from unknown 
host sources) were then compared to each host-spe-
cific logic model to classify them according to their 
potential original host source, as previously outlined 
by Yu et al. (2024).

eDNA analysis

Collection of eDNA samples and extraction

eDNA samples were collected from downstream 
to upstream locations to avoid introducing inciden-
tal contamination. All sampling supplies were first 
cleaned with bleach (10% NaClO) and then rinsed 
with clean water before sampling. Gloves and mouth 
masks were used to further prevent contamination of 
the samples. For eDNA sampling, kits provided by 
AquaBiota Water Research were used. In cases where 
the water surface could be easily reached, samples 
were taken directly from the river. If this were not 
the case, five subsamples of the river were collected 

Table 1   PCR primers Target Primer Sequence (5´ → 3´) Reference

csgBAC-csgDEFG csgD-1 GGA​CTT​CAT​TAA​ACA​TGA​TG Zhi et al., 2015
csgD-2 TGT​TTT​TCA​TGC​TGT​CAC​ Zhi et al., 2015

asnS-ompF ompF-F TAC​GTG​ATG​TGA​TTC​CGT​TC Zhi et al., 2015
ompF-R TGT​TAT​AGA​TTT​CTG​CAG​CG Zhi et al., 2015

12S rRNA gene F1 ACT​GGG​ATT​AGA​TAC​CCC​ Kelly et al., 2014
R1 TAG​AAC​AGG​CTC​CTC​TAG​ Kelly et al., 2014
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using buckets, and 1 L of each subsample was pooled 
together. A minimum of 1500 mL and maximum of 
3000 mL (Supplementary data 1) for water samples 
(depending on the number of total particles in the 
water) and 1500 mL for field negatives were filtered 
over enclosed double filter, 5 μm glass fibre/0.8 μm 
polyether sulfone membranes (NatureMetrics Ltd, 
United Kingdom). Air was then pushed through the 
filter three times to remove any remaining water. All 
samples were fixed with 96% molecular grade etha-
nol, and the ends of the filter were closed with locks 
and parafilm to minimize the risk of leakage. All fil-
ters were collected in clean plastic bags, stored at 7 
°C, and then sent to the laboratory (MoRe Research 
AB) for DNA extractions. Filters were stored at 7 
°C until DNA extraction on all samples could be 
performed.

DNeasy® Blood & Tissue Kits (Qiagen, 69,506) 
were used for all eDNA extractions. The supplier’s 
protocol was used with optimizations by Spens et al. 
(2017) and further modified by Kačergytė et  al. 
(2021) for eDNA analysis. These modifications 
involved pooling the lysate, following the overnight 
lysis of the filter capsule DNA and the ethanol pel-
let DNA into one sample. The extracted samples were 
sent to a commercial laboratory (Nature Metrics Ltd, 
United Kingdom) for further analysis.

Metabarcoding of eDNA samples

All extracted eDNA samples were meta-barcoded 
following the “DNA survey – Vertebrates pipeline” 
from Nature Metrics Ltd. Purified DNA was used for 
PCR analysis to amplify a hypervariable region of the 
12S rRNA gene, using primers described by Kelly 
et al. (2014) (Table 1). The analysis included 12 repli-
cate PCRs per sample and included both negative and 
positive control samples. PCR replicates were pooled 
and purified, and sequencing adapters were added. 
Amplicons were purified and subsequently quanti-
fied using a Qubit broad-range kit according to the 
manufacturer´s protocol. Sequencing was performed 
using an Illumina MiSeq V3 kit at 10.5 pM with a 
20% PiX spike in. The resulting sequence data were 
processed using a custom bioinformatics pipeline for 
quality filtering, operational taxonomic unit (OTU) 
clustering, and taxonomic assignment. The OTU 
table was filtered to remove low-abundance OTUs 
from each sample (< 0.025% or < 10 reads, whichever 

was the greatest threshold for the sample). After this, 
taxonomic information was added by sequence simi-
larity searches against the NCBI nt reference database 
(Genbank). The presented species level identifica-
tion reflected the top hit based on species identity 
with a minimum of 99% similarity. When equally 
good matches with multiple species were observed, 
public records from the Global Biodiversity Informa-
tion Facility were used to assess the match with the 
highest likelihood based on each species´ presence in 
Sweden.

Results

Microbial enumeration in water samples across the 
research area

E.  coli enumeration varied between locations and 
sampling dates throughout the research area (Fig. 1) 
from < 1 CFU/100 mL to 210 CFU/100 mL. The 
high frequency of yellow and red dots indicates that 
the water is generally not suited as a direct source of 
drinking water (without pretreatment such as boiling 
or filtering). Samples taken in the river basin of Enan 
contained significantly higher E. coli levels than the 
river basin of Handölan (p = 0.021).

The highest E.  coli prevalence in Handölan was 
at the tributary within the reindeer fence and around 
the Storulvån mountain station (Fig. 1, A and B). It 
should be noted that high E. coli counts in the tribu-
tary within the reindeer fence were only observed on 
one occasion when approximately 5000 female rein-
deer and calves were gathered for two days for calf 
marking. E.  coli originating mainly from reindeer 
was therefore expected in the fenced tributary on 
that occasion. In contrast, low E.  coli counts were 
observed at this site during the month before the rein-
deer gathering. The area further downstream around 
the Storulvån mountain station was expected to 
reflect contamination from human and human-associ-
ated animal sources (i.e., dogs) as well as from wild 
animals and reindeer.

The corresponding hotspots for Enan were at the 
tributaries Ranglan and Tväråbäcken (Fig.  1, E and 
G) and at the two downstream locations in the main 
river at Sevedholm and Enkroken (Fig.  1, F and I). 
The tributary Ranglan comes from a remote area in 
Norway with little or no human infrastructure. The 



	 Environ Monit Assess         (2025) 197:849   849   Page 8 of 20

Vol:. (1234567890)

tributary and main river are located within a large 
wetland area with many observed beaver dens, thus, 
the dominant source of E.  coli in this tributary was 
thought to come from wild animals, including beaver 
and reindeer. Sevedholm is a resting area for tourists 
and a popular fishing and bathing site. Enkroken is 
a downstream reference point where the Indalsälven 
Water Conservation Association has monitored water 
quality six times per year since 1993 (IWCA, 2024). 
The second tributary (Tväråbäcken) comes from 
the area around the Blåhammaren mountain station 
(Fig. 1, H), where there have been frequent problems 
with the sewage treatment due to inadequate condi-
tions for proper infiltration given the rocky terrain 
and very thin soil. Consequently, human sources of 
E. coli were expected to dominate at these locations, 
although contributions from wildlife and reindeer 
could not be excluded. These sampling sites are dis-
cussed in more detail in the sections below.

Microbial source tracking of E. coli isolates

One hundred and ninety-five E. coli strains were col-
lected from water samples from the research area. For 
113 of those strains, the 2 target ITGRs were success-
fully amplified, concatenated, and analysed by logic 
regression analysis. With a sufficient level of con-
sensus (i.e., ≥ 80% across all classification iterations, 
achieving congruency as previously described by Yu 
et  al. (2024)), 16, 13, and 19 of the E.  coli isolates 
could be classified as originating from human, rein-
deer, and beaver, respectively. Two isolates showed 
an indistinguishable match with all three models and 
were left unclassified, while the remaining 63 E. coli 
isolates were inconsistently classified and were also 
consequently reported as unclassified.

In the catchment area of Handölan, E.  coli col-
lected in the tributary within the reindeer fence 
(Fig. 1, A) were mostly classified as originating from 
reindeer, though there was also a significant propor-
tion of unclassified strains and a small proportion 
of human strains (Fig.  2). Interestingly, the propor-
tion of strains classified as originating from reindeer 
increased drastically from when reindeer were roam-
ing freely in the area (June 14/15) to when they were 
gathered in the fenced area for calf marking (July 
7/8). The proportion of human strains also increased, 
in a less pronounced way, between the two distinct 
situations. Further downstream, near the Storulvån 

Mountain Station (Fig.  1, B), most E.  coli strains 
were classified as beaver- or reindeer-derived (Fig. 3); 
however, at Handöl village (Fig.  1, C), which col-
lects all water in the Handölan catchment area, most 
E. coli strains were left unclassified, with a small por-
tion originating from beaver and reindeer.

Few to no E. coli were recovered in the area around 
the Sylarna Mountain Station (Fig.  1, D), the most 
upstream sampling location in the Enan tributary, and 
consequently, limited MST data were generated for 
this area. The tributary to Enan, Ranglan (Fig. 1, E), 
contained many unclassified strains but also strains 
originating from reindeer, beaver, and human in 
increasing prevalence (Fig.  4). Further downstream, 
around the rest area Sevedholm (Fig.  1, F), most 
strains were again unclassified, but an increase in the 
contribution of beaver strains was observed. On one 
specific sampling occasion (July 7/8) when E.  coli 
numbers were particularly high (31 CFU/100 mL), 
the proportion of human strains was much higher than 
at other times. At this location, there is also an incom-
ing tributary (i.e., Tväråbäcken, Fig. 1, G) collecting 
water from the area around the Blåhammaren Moun-
tain Station (Fig.  1, H). This creek contained more 
reindeer and human E. coli strains, with fewer strains 
remaining unclassified (Fig. 5). At Enkroken (Fig. 1, 
I) most strains remained unclassified, though some 
strains could be classified as originating from human 
and beaver sources (Fig. 6).

Interestingly, samples taken at locations represent-
ing a large catchment area (> 200 km2) contained 
significantly larger proportions (p = 0.019) of E. coli 
strains that remained unclassified (64%) following 
logic regression analysis compared to locations that 
represent a small catchment area (< 50 km2, 23%).

eDNA analysis

High-quality vertebrate sequence data were obtained 
for all the eDNA samples, detecting 12 different 
mammal species: beaver, dog, human, mink, moose, 
otter, pig, reindeer, shrew, vole, whitetail deer and 
wolverine. The results are presented as the proportion 
per species represented in a sample, where the focus 
was on human, dog and pig (collectively reported as 
“human-associated species”), as well as reindeer and 
beaver sources. The other mammalian species that 
contributed to the DNA content of a sample were 
grouped and reported as “other”.
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The samples taken from the tributary within the 
reindeer fence (Fig. 1, A) mostly contained reindeer 
and human DNA (Fig.  2). The samples upstream of 
the reindeer fence additionally contained a significant 
proportion of beaver DNA. In the tributary within the 
reindeer fence, there was an increase in the proportion 
of reindeer DNA (and a drop in human DNA) when 
the reindeer were gathered for calf marking within the 
fenced area (July 7/8) compared to when the reindeer 
were roaming freely in the whole research area (June 
14/15). Samples taken near the Storulvån Mountain 
Station (Fig. 1, B) were mostly dominated by human 
or human-associated species DNA (Fig. 3). Only the 
samples taken in August contained less than 50% 
of human DNA, supplemented by reindeer DNA or 
DNA from other mammals. At Handöl village (Fig. 1, 

C), the eDNA samples contained beaver DNA and, to 
a lesser extent, human, reindeer, and other DNA.

For samples taken around the Sylarna Mountain 
Station (Fig.  1, D), eDNA results showed a signifi-
cant contribution from human DNA. In August, the 
reindeer DNA proportion was higher than the sam-
ples taken in July. Around 22 km downstream of this 
mountain station, eDNA samples taken at a foot-
bridge (i.e., Enan bridge, Fig.  1, J) were still domi-
nated by human DNA but also contained significant 
proportions of reindeer and other DNA. In Ranglan 
(Fig.  1, E) and the rest area of Sevedholm (Fig.  1, 
F), located further downstream, all samples were 
dominated by beaver DNA (Fig.  4). Tväråbäcken 
(Fig. 1, G), the creek collecting water from the area 
around the Blåhammaren Mountain Station, mostly 

Fig. 2   MST and eDNA results from samples taken in the tributary originating from the reindeer fence on June 14 and July 7, 2021. 
The number of E. coli strains per sampling occasion applied in the logic regression models for classification is indicated by n
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Fig. 3   MST and eDNA 
results from samples taken 
downstream Storulvån 
Mountain station on June 
14, June 29, July 7, August 
4, and August 17, 2021. The 
number of E. coli strains 
per sampling occasion 
applied in the logic regres-
sion models for classifica-
tion is indicated by n
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contained human DNA, however, at one sampling 
occasion (July 7/8), the sample in Tväråbäcken con-
sisted almost completely of moose DNA (Fig.  5). 
The reference point for Enan, i.e., Enkroken (Fig. 1, 
I), contained mostly beaver DNA, with only samples 

that were taken on June 14/15 containing a significant 
portion of human and reindeer DNA (Fig. 6).

The number of species other than human, human-
associated species, reindeer and beaver were simi-
lar between large (> 200 km2) and small (< 50 km2) 

Fig. 4   MST and eDNA results from samples taken in Ranglan on June 30, August 4, and August 17, 2021. The number of E. coli 
strains per sampling occasion applied in the logic regression models for classification is indicated by n



	 Environ Monit Assess         (2025) 197:849   849   Page 12 of 20

Vol:. (1234567890)



Environ Monit Assess         (2025) 197:849 	 Page 13 of 20    849 

Vol.: (0123456789)

catchment areas (p = 0.421) but the proportion of 
DNA contributed by these other mammal species var-
ied significantly (p = 0.048), with an average of 6% 
for large catchment areas and 14% for small catch-
ment areas.

eDNA and MST results from locations of specific 
interest

Data from specific locations of interest are presented 
in more depth in the following section. The rea-
son for this is that they: 1) represent a location with 
well-known activities in relatively small catchment 
areas (i.e., the tributary within the reindeer fence for 
reindeer activity, Ranglan for beaver activity, and 
Tväråbäcken for human activity) or 2) represent a 
large catchment area including many potential con-
tamination sources (i.e., Storulvån Mountain Station 
and Enkroken).

Water samples from the tributary within the rein-
deer fence were taken on two occasions (Fig. 2), from 
a relatively small catchment area of about 5 km2 with 
very little to no tourist activity and few reindeer pre-
sent over the summer, except for the very short time 
they were gathered for calf marking. E.  coli counts 
increased from 1 to 62 CFU/100 mL during increased 
reindeer and human activity in the area on July 7 
compared to June 14. MST of the only collected 
E. coli isolate on June 14 was left unclassified, while 
77.4% and 19.4% of the collected strains on July 7 
were classified as originating from reindeer or human, 
respectively. Both eDNA samples were dominated by 
reindeer and human or human-associated species, but 
the proportion of reindeer DNA increased on July 7 
when more reindeer were present in the area.

Further downstream in Handölan, samples were 
taken below the Storulvån Mountain Station (Fig. 1, 
B) with a catchment area of approximately 420 km2. 
The estimated number of tourists in the area around 
the station over the extended summer season (May 1 
until October 31, 2021) was approximately 43,000, 
during which E. coli numbers varied between 4 and 
35 CFU/100 mL. E. coli strains collected on June 14, 

August 4, and August 17 were used in the MST mod-
els for classification. On June 14, one strain appeared 
to originate from a human host, and five strains origi-
nated from reindeer hosts, but besides these strains, 
most were left unclassified. Strains collected on 
August 4 were all classified as originating from bea-
ver, while the sample taken on August 17 contained 
a mix of reindeer and unclassified strains. Most 
eDNA samples taken at this location were dominated 
by DNA from human or human-associated species. 
Samples taken in July and August had a larger frac-
tion of reindeer eDNA compared to the samples taken 
in June. The sample taken on July 7 also contained 
a significant proportion of beaver DNA (28%), and 
the sample taken on August 17 was the only sample 
containing a significant proportion of eDNA coming 
from other mammals (Fig. 3).

One of the tributaries to Enan, Ranglan (Fig.  1, 
E), was sampled on three different occasions. This 
sampling point collects water from a catchment 
area of approximately 44 km2, which is mainly situ-
ated in a remote Norwegian territory. This area is 
believed to be affected mostly by wildlife (such as 
beaver and reindeer), with little to no human activity. 
E. coli counts were always high, ranging from 24 to 
98 CFU/100 mL. Most of the E. coli strains collected 
at this location remained unclassified, though strains 
collected on August 17 could be attributed to rein-
deer (29%), beaver (21%), and human (7%) sources. 
Despite this, all eDNA samples showed a clear domi-
nance of beaver (Fig. 4).

Further downstream, the Tväråbäcken tribu-
tary consisted of a catchment area of 16 km2, which 
included the area around the Blåhammaren Moun-
tain Station. It should be noted in this context that 
the sewage treatment plant at Blåhammaren Moun-
tain Station has had recurring problems leading to the 
release of untreated sewage to the recipient area on 
occasions. Apart from this, the main sources of con-
tamination are expected to be from hikers, reindeer, 
and other wildlife in the area. E.  coli counts varied 
widely from 2 to 210 CFU/100 mL. At this loca-
tion, E.  coli strains in the sample taken on July 7 
(containing 210 CFU/100 mL E.  coli) mainly origi-
nated from reindeer (62%), human (19%), and beaver 
(19%). In contrast, the sample taken on August 4 con-
tained strains that were mainly unclassified (57%) or 
human-derived (43%). Most eDNA samples taken in 
Tväråbäcken were dominated by human DNA, though 

Fig. 5   MST and eDNA results from samples taken in 
Tväråbäcken on June 30, July 7, August 4, and August 17, 
2021. The number of E.  coli strains per sampling occasion 
applied in the logic regression models for classification is indi-
cated by n

◂
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Fig. 6   MST and eDNA 
results from samples taken 
at Enkroken on June 14, 
June 15, June 30, July 7, 
August 4, and August 17, 
2021. The number of E. coli 
strains per sampling occa-
sion applied in the logic 
regression models for clas-
sification is indicated by n
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in some samples this was complemented by DNA 
from reindeer, beaver, human-associated species, and 
other mammals. The only exception was the sample 
taken on July 7, in which 99% of the eDNA belonged 
to other mammals (i.e., moose, Fig. 5).

At the reference point of Enan (i.e., Enkroken), 
water quality monitoring has been performed since 
1993. This location receives water from a large catch-
ment area of ~ 325 km2, including two mountain sta-
tions, Blåhammaren and Sylarna, and includes many 
kilometers of hiking trails and shelters as well as 
wildlife and reindeer herding in the wetlands of the 
lower lying parts of the Enan valley. During this study 
from June until August, 2021, E.  coli counts fluctu-
ated from 4 to 155 CFU/100 mL. Interestingly, the 
number of E.  coli increased considerably (from 15 
to 33 CFU/100 mL) on two consecutive days (June 
14/15) with heavy rainfall. Using MST, 79% of all 
strains collected at this location were left unclassi-
fied, while the remaining 21% could be attributed to 
human (14%) and beaver (7%) sources. Interestingly, 
the water sample taken on June 14 contained only 
unclassified strains, while the sample taken following 
heavy rainfall contained strains that were classified 
as beaver and human origin. All eDNA samples were 
dominated by beaver DNA, though samples taken on 
June 14/15 contained a slightly more diverse eDNA 
pattern. The sample taken on June 14 contained 
mostly DNA originating from human and human-
associated species (50%), followed by beaver (46%) 
and reindeer (4%), which shifted to predominantly 
beaver (60%), followed by reindeer (28%), other 
mammals (8%), and human (4%) on the day after 
heavy rainfall (Fig. 6).

Discussion

General findings from microbial enumeration, MST, 
and eDNA analysis

The E. coli levels found in this study 
(< 1  CFU/100  mL to 210  CFU/100  mL) may seem 
low compared to levels that are commonly found in 
many rivers worldwide. Against this background, 
these clear and nutrient-poor aquatic ecosystems 
appear unique from an international perspective 
(Jonsson & Agerberg, 2015; Maes et  al., 2022) and 
evidence of fecal pollution should therefore be taken 

seriously. Measurements carried out at Enkroken by 
the IWCA (2024) showed that at the onset of the mon-
itoring program in 1993, the water quality frequently 
met national standards for drinking water without 
purification, but also that the situation has gradu-
ally worsened since then. The results from this study 
highlight the fact that the water quality is impacted by 
fecal contamination that frequently makes it unsuit-
able as a direct source of drinking water.

Similar to our study conducted in 2020 (Maes 
et al., 2022), E. coli counts appeared to show a com-
plex pattern across the research area over the sum-
mer of 2021. At all but two of the investigated loca-
tions where fresh fecal contamination was established 
based on E. coli counts, at least part of the contami-
nation could be allocated to a host source based on 
MST results. At specific locations, we were able to 
demonstrate the contribution of human, reindeer, 
and/or beaver fecal pollution to the mountain rivers 
of the research area. Despite this, many of the col-
lected E. coli strains could not be classified by logic 
regression and were not allocated to a host source. 
The large fraction of unclassified E. coli strains raises 
questions about the origin of these isolates and their 
supposed host source(s). As discussed in a previous 
paper (Yu et  al., 2024), there are several possible 
explanations for the high proportion of unclassified 
strains in these samples. First, there may be areas of 
improvement (i.e., increasing strain representation, 
using other ITGRs, etc.) for the MST workflow to 
increase the classification power of the logic regres-
sion algorithm. Secondly, various other mammal spe-
cies (i.e., moose, vole, lemmings, etc.), that could 
potentially introduce fecal contamination to the sam-
pling sites, were not represented in the MST classifi-
cation scheme and E. coli isolates derived from these 
alternative host sources could comprise a proportion 
of the environmental isolates that were left unclassi-
fied. Thirdly, some of the unclassified isolates could 
alternatively have belonged to naturalized E. coli pop-
ulations that have become adapted to the natural envi-
ronment as a primary niche. Considering that distinct 
naturalized populations have been described to reside 
in river water, sediments and even wastewater (Jang 
et al., 2011, 2015, 2017; Zhi et al., 2016a), some of 
the river water isolates that were left unclassified in 
this study could instead represent naturalized strains 
not captured by a classification workflow focused on 
host source attribution. Finally, the MST approach 
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used in this study focused on the identification of host 
specialists in a population (i.e., those exclusive to a 
single animal host), thereby leaving E. coli generalists 
(i.e., multiple hosts) unclassified in the analysis.

Interestingly, there was a distinct relationship 
between the fraction of unclassified E. coli strains and 
the size of the catchment area, where samples taken 
within small catchment areas often had a low fraction 
of unclassified strains, whereas samples taken within 
large catchment areas often had a large fraction of 
unclassified strains. However, the eDNA results did 
not suggest a significantly greater contribution from 
mammals other than humans, reindeer, and beaver 
in the large catchment areas, reducing the likeli-
hood that the large proportion of unclassified strain 
in these areas originated from mammal sources that 
were not targeted in the MST analysis. As the E. coli 
inactivation rate is expected to be low in these cold 
and oligotrophic rivers (Blaustein et  al., 2013; Jons-
son & Agerberg, 2015), transport distances from the 
contributing source to the sampling points may be 
considerable. This could affect the viability of E. coli 
originating from human/animal host populations in 
the distal reaches of the watershed without affecting 
the stability of the eDNA signatures.

On average, 90% of the eDNA from the research 
area could be attributed to human, human-associ-
ated species (i.e., dog and pig), reindeer, and bea-
ver sources. It was only on two occasions that more 
than 50% of the DNA in a sample originated from 
other mammals. This confirms the results from 
exploratory samples taken in the research area in 
2018 and 2020 (unpublished reports from Naturhis-
toriska Riksmuseet 4.1–147-2019 and Nature Met-
rics 101,807, respectively), showing that the most 
dominant sources of mammal DNA contributing to 
this research area originated from human, beaver, 
and reindeer populations. For locations representing 
a small catchment area, we can deduce which mam-
mals likely contribute fecal contamination to the 
surrounding water based on knowledge about the 
area and ongoing activities. For these types of loca-
tions, there is generally a good connection between 
the MST and eDNA results. For example, it was 
predicted that during reindeer calf marking, con-
tamination from human and reindeer sources would 
increase in the tributary within the reindeer fence 
compared to the rest of the summer when reindeer 

were scattered across the whole research area and 
when there is little human activity inside the fenced 
area, which was confirmed by both MST and eDNA 
results. Another location representing a small catch-
ment area with known activities (i.e., concentrated 
human activity around Blåhammaren Mountain Sta-
tion and wildlife in the lower part of the Enan val-
ley) is Tväråbäcken. At this location, human activ-
ity was mostly confirmed by the eDNA results. For 
samples representing large catchment areas, it is 
much more difficult to predict the predominant host 
sources of fecal pollution, since the area includes 
many more potential contributing sources that can 
impact the surrounding waters. For these locations, 
MST and eDNA results usually did not correlate 
notably, as a large proportion of E. coli strains col-
lected in these areas were left unclassified by MST. 
For locations where there is little information about 
possible contamination sources (e.g., Ranglan), 
eDNA can provide useful insight since this method 
is not restricted to the targeted animal sources 
as in the MST approach. Accordingly, MST data 
alone did not show the dominant presence of bea-
vers in this area, likely due to the large proportion 
of unclassified strains, even though eDNA results 
identified beavers as the predominant host source 
impacting the surrounding waters in this area.

In this study, we have shown that wildlife, includ-
ing beavers and domestic reindeer, are important 
sources of fecal pollution in the research area. This 
contamination can be considered the baseline pollu-
tion level in such mountain rivers, since wildlife is 
naturally present, and the Sami community has been 
practicing traditional reindeer herding for centuries. 
On top of this basic/natural pollution level, fecal 
contamination in the mountain rivers from human 
sources appears to be significant and mostly a result 
of increasing tourism in the area. Our findings are 
in accordance with many studies included in the 
review by Paruch and Paruch (2022), in which 
humans were often identified as the main source of 
fecal pollution in freshwater river systems. Expo-
sure to this pollution source can increase risk due 
to exposure to potentially harmful pathogens (Åger-
strand et al., 2023; Bong et al., 2022), which can in 
turn impact the Indigenous Sami community and 
their way of life, as it is highly dependent on a clean 
environment.
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Evaluation of the used approach for source tracking 
of fecal pollution in oligotrophic mountain waters

In this study, a combination of three methods (i.e., 
microbial enumeration, MST, and eDNA analysis) 
was used to track sources of fecal contamination in 
oligotrophic mountain rivers. Microbial enumera-
tion, specifically E.  coli colony counts, is tradition-
ally used for monitoring the quality of water intended 
for human consumption, however, this method alone 
is not suitable for tracking potential contamination 
sources (Paruch & Paruch, 2022). Rather, know-
ing the sources of fecal pollution allows for mitiga-
tion measures to reduce or even prevent pollution, 
and will ultimately lead to a better estimation of the 
possible impacts of fecal contamination from a “One 
Health” perspective (Centers for Disease Control & 
Prevention, 2024).

Therefore, microbial enumeration was comple-
mented with a logic regression-based MST approach 
to determine the potential source of E.  coli isolates 
collected in this study. This method was successful 
in attributing a portion of the detected E. coli in the 
research area to their respective host origins; how-
ever, the MST analysis was mostly restricted by the 
preselected target species that were used to develop 
the reference library. Species not represented in the 
reference library were thus unable to be attributed 
to the E.  coli strains collected from river samples. 
In this study, the chosen host sources were based on 
the main activities in the area (i.e., tourism, reindeer 
husbandry, and wildlife) and the results of explora-
tory eDNA analyses showing the dominant presence 
of human, beaver, and reindeer DNA. Ideally, the 
selection of host sources should correlate strongly 
with the water sources and the surrounding area in 
question (Harwood & Stoeckel, 2011). However, due 
to the limited number of isolates collected, we sup-
plemented our library with human E. coli sequences 
from the NCBI database and beaver E. coli sequences 
collected from Canada. It remains unclear whether 
the geographical variability in the reference library 
may have impacted the classification results. Further-
more, our MST approach involves a complex analysis 
procedure requiring specialist knowledge, with a long 
turnaround time to obtain the results, thus, it may not 
be applicable for use in continuous monitoring pro-
grams (Holcomb & Stewart, 2020). This could partly 
be overcome by screening for library-independent 

host-specific markers in the water samples, such as 
Bacteroides-based markers. However, while library-
independent markers for human, domestic animals 
(i.e., cows, pigs, and dogs), and bird hosts have been 
described (Paruch & Paruch, 2022), to our knowl-
edge, such markers have not yet been described for 
reindeer and beaver hosts, which were of main impor-
tance in this study.

Even though the monitoring of eDNA does not 
directly target fecal contamination, it can be used to 
map the presence of species that could potentially 
contribute to fecal contamination in an area, espe-
cially given that eDNA has been argued to originate 
predominantly from fecal matter (Paruch & Paruch, 
2022). Analyses using eDNA, however, require spe-
cialist training for sampling and downstream analy-
ses, thus precluding its routine implementation for 
water quality monitoring.

By integrating all three methods (i.e., microbial 
enumeration, MST, eDNA), the study minimized the 
individual limitations of each technique and enabled 
us to achieve a more comprehensive understanding 
of fecal pollution in our study area. This multifac-
eted approach, representing the first to our knowl-
edge, enabled us to 1) assess fecal contamination 
levels in the research area, 2) pinpoint problematic 
sites in terms of fecal pollution, 3) determine which 
animal species had the biggest impact at certain 
sites, 4) attribute a proportion of the contaminating 
E. coli isolates to a corresponding host source and 5) 
clearly distinguish between human and animal pollu-
tion, which is particularly important in distinguish-
ing between the basic/natural pollution level caused 
by wildlife and reindeer and the excessive pollution 
caused by human activity. This outcome would not 
have been possible through any single method alone.

Conclusions

Despite variations in E. coli counts across sampling 
locations and dates, problematic sites regarding 
fecal pollution were identified in the catchment area 
of the most upstream part of the Indalsälven River 
in Jämtland County, Sweden. Microbial source 
tracking of the collected strains made it possible to 
identify the original host source (i.e., human, rein-
deer and/or beaver) of E.  coli isolates impacting 
the waters within the sampling area; however, the 
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high proportion of strains that were left unclassified 
highlights some of the challenges for fecal source 
tracking, especially when conducted in large catch-
ment areas. The analysis of eDNA further enhances 
the understanding of fecal pollution sources in cold 
oligotrophic mountain rivers and can highlight the 
contribution of unexpected pollution sources that 
were not targeted in MST. Thus, the integration of 
microbial enumeration, MST, and eDNA analyses 
has allowed us to unravel the dominant sources of 
fecal pollution in the study area and to distinguish 
between human and animal sources of fecal con-
tamination. Importantly, our results emphasize the 
need for interdisciplinary approaches for sustain-
able water management and can support future 
policy and regulations aimed at protecting sensitive 
ecosystems in mountain areas.

Acknowledgements  Funding for this work was provided by 
the Knowledge Foundation (KKS), a Swedish foundation for 
knowledge and competence development, the Swedish Foun-
dation for International Cooperation in Research and Higher 
Education (STINT), and the Natural Sciences and Engineering 
Research Council of Canada (NSERC). Geodata to create an 
image of the research area was provided by Lantmäteriet.

Author contribution  Authors: Sharon Maes (SM), Martin 
Andersson-Li (MAL), Jessica Sjöstedt (JS), Jon Hildahl (JH), 
Daniel Yu (DY), Norman Neumann (NN), Monica Odlare 
(MO) and Anders Jonsson (AJ).  Author´s contributions: Con-
ceptualization of the study was initiated by MO and AJ, and 
was finalized together with SM, MAL, JS, JH, DY and NN. 
The investigation and data collection were mostly executed by 
SM and AJ. The development of the methodology, with focus 
on the novelty of the MST analysis, and programming in this 
analysis was done by MAL and DY. The application of the 
methodology for microbial enumeration and eDNA analysis 
was done by SM, MAL, JS and JH. The formal analysis of the 
data and validation of the results was done by SM, MAL and 
DY. Visualization of the data was done by SM and DY. The 
provision of resources was secured by MAL and JH. The writ-
ing of the original draft of this manuscript was done by SM, 
MAL, DY and AJ, while the review and editing was done by all 
authors. Project administration was the responsibility of SM, 
MO and AJ. Funding acquisition was done by SM, MO and AJ.

Funding  Open access funding provided by Mid Sweden Uni-
versity. Funding for this work was provided by the Knowledge 
Foundation (KKS), a Swedish foundation for knowledge and 
competence development, the Swedish Foundation for Interna-
tional Cooperation in Research and Higher Education (STINT), 
and the Natural Sciences and Engineering Research Council of 
Canada (NSERC).

Data availability  All data generated or analysed during this 
study are included in this published article and its supplemen-
tary information files or available from the authors.

Declarations 

Ethics approval  Not applicable.

Consent to participate and/or publish  Not applicable.

All authors have read, understood, and complied as applicable 
with the statement on “Ethical responsibilities of Authors” as 
found in the “Instructions for Authors”.

Conflicts of interest  The authors declare no competing inter-
ests.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Ågerstrand, M., Josefsson, H., Wernersson, A.-S., & Larsson, 
D. G. J. (2023). Opportunities to tackle antibiotic resist-
ance development in the aquatic environment through 
the water framework directive. Ambio, 52(5), 941–951. 
https://​doi.​org/​10.​1007/​s13280-​022-​01828-7

Blaustein, R. A., Pachepsky, Y., Hill, R. L., Shelton, D. R., & 
Whelan, G. (2013). Escherichia coli survival in waters: 
Temperature dependence. Water Research, 47(2), 569–
578. https://​doi.​org/​10.​1016/j.​watres.​2012.​10.​027

Bong, C. W., Low, K. Y., Chai, L. C., & Lee, C. W. (2022). 
Prevalence and diversity of antibiotic resistant Escheri-
chia coli from anthropogenic-impacted Larut River. Fron-
tiers in Public Health, 10. https://​doi.​org/​10.​3389/​fpubh.​
2022.​794513

Centers for Disease Control and Prevention. (2021). Zoonotic 
Diseases. https://​www.​cdc.​gov/​onehe​alth/​basics/​zoono​tic-​
disea​ses.​html

Centers for Disease Control and Prevention. (2024). About 
One Health. https://​www.​cdc.​gov/​one-​health/​about/​index.​
html#:​~:​text=​One Health is a collaborative,plants%2C 
and their shared environment.

Evander, M., & Ahlm, C. (2009). Milder winters in north-
ern Scandinavia may contribute to larger outbreaks of 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s13280-022-01828-7
https://doi.org/10.1016/j.watres.2012.10.027
https://doi.org/10.3389/fpubh.2022.794513
https://doi.org/10.3389/fpubh.2022.794513
https://www.cdc.gov/onehealth/basics/zoonotic-diseases.html
https://www.cdc.gov/onehealth/basics/zoonotic-diseases.html
https://www.cdc.gov/one-health/about/index.html#:~:text=One
https://www.cdc.gov/one-health/about/index.html#:~:text=One


Environ Monit Assess         (2025) 197:849 	 Page 19 of 20    849 

Vol.: (0123456789)

haemorrhagic fever virus. Global Health Action, 2(1). 
https://​doi.​org/​10.​3402/​gha.​v2i0.​2020

Harwood, V. J., Staley, C., Badgley, B. D., Borges, K., & Kora-
jkic, A. (2014). Microbial source tracking markers for 
detection of fecal contamination in environmental waters: 
Relationships between pathogens and human health out-
comes. FEMS Microbiology Reviews, 38(1), 1–40. https://​
doi.​org/​10.​1111/​1574-​6976.​12031

Harwood, V. J., spsampsps Stoeckel, D. M. (2011). Perfor-
mance criteria. In C. Hagedorn, A. R. Blanch, spsampsps 
V. J. Harwood (Eds.), Microbial source tracking: Meth-
ods, applications, and case studies (pp. 7–30). Springer 
New York. https://​doi.​org/​10.​1007/​978-1-​4419-​9386-1_2

Holcomb, D. A., & Stewart, J. R. (2020). Microbial indica-
tors of fecal pollution: Recent progress and challenges 
in assessing water quality. Current Environmental 
Health Reports, 7, 311–324. https://​doi.​org/​10.​1007/​
s40572-​020-​00278-1

Immerzeel, W. W., Lutz, A. F., Andrade, M., Bahl, A., Bie-
mans, H., Bolch, T., Hyde, S., Brumby, S., Davies, B. J., 
Elmore, A. C., Emmer, A., Feng, M., Fernández, A., Har-
itashya, U., Kargel, J. S., Koppes, M., Kraaijenbrink, P. D. 
A., Kulkarni, A. V, Mayewski, P. A., … Baillie, J. E. M. 
(2020). Importance and vulnerability of the world’s water 
towers. Nature, 577, 364–369. https://​doi.​org/​10.​1038/​
s41586-​019-​1822-y

Intergovernmental Panel on Climate Change (IPCC). (2023). 
Climate change 2023: Synthesis report. Contribu-
tion of Working Groups I, II and III to the Sixth Assess-
ment Report of the Intergovernmental Panel on Climate 
Change. https://​doi.​org/​10.​59327/​IPCC/​AR6-​97892​91691​
647

Intergovernmental Panel on Climate Change (IPCC). (2018). 
Global Warming of 1.5°C. https://​www.​ipcc.​ch/​sr15/

IWCA. (2024). Indalsälvens vattenvårdsförbund. http://​www.​
indal​salven.​se/

Jang, J., Unno, T., Lee, S. W., Cho, K. H., Sadowsky, M. J., 
Ko, G., Kim, J. H., & Hur, H.-G. (2011). Prevalence of 
season-specific Escherichia coli strains in the Yeongsan 
River Basin of South Korea. Environmental Microbiology, 
13(12), 3103–3113. https://​doi.​org/​10.​1111/j.​1462-​2920.​
2011.​02541.x

Jang, J., Hur, H.-G., Sadowsky, M. J., Byappanahalli, M. N., 
Yan, T., & Ishii, S. (2017). Environmental Escherichia 
coli: Ecology and public health implications a review. 
Journal of Applied Microbiology, 123(3), 570–581. 
https://​doi.​org/​10.​1111/​jam.​13468

Jang, J., Di, D. Y. W., Han, D., Unno, T., Lee, J.-H., Sadowsky, 
M. J., & Hur, H.-G. (2015). Dynamic changes in the 
population structure of Escherichia coli in the Yeongsan 
River basin of South Korea. FEMS Microbiology Ecology, 
91(11). https://​doi.​org/​10.​1093/​femsec/​fiv127

Jonsson, A., & Agerberg, S. (2015). Modelling of E. coli trans-
port in an oligotrophic river in northern Scandinavia. 
Ecological Modelling, 306, 145–151. https://​doi.​org/​10.​
1016/j.​ecolm​odel.​2014.​10.​021

Kačergytė, I., Petersson, E., Arlt, D., Hellström, M., Knape, J., 
Spens, J., Żmihorski, M., & Pärt, T. (2021). Environmen-
tal DNA metabarcoding elucidates patterns of fish coloni-
sation and co-occurrences with amphibians in temperate 

wetlands created for biodiversity. Freshwater Biology, 
66(10), 1915–1929. https://​doi.​org/​10.​1111/​fwb.​13800

Kelly, R. P., Port, J. A., Yamahara, K. M., & Crowder, L. B. 
(2014). Using environmental DNA to census marine 
fishes in a large mesocosm. PLoS ONE, 9(1). https://​doi.​
org/​10.​1371/​journ​al.​pone.​00861​75

Krolik, J., Evans, G., Belanger, P., Maier, A., Hall, G., Joyce, 
A., Guimont, S., Pelot, A., & Majury, A. (2014). Micro-
bial source tracking and spatial analysis of E. coli contam-
inated private well waters in southeastern Ontario. Jour-
nal of Water and Health, 12(2), 348–357. https://​doi.​org/​
10.​2166/​wh.​2013.​192

Leclerc, H., Schwartzbrod, L., & Dei-Cas, E. (2002). Micro-
bial agents associated with waterborne diseases. Critical 
Reviews in Microbiology, 28(4), 371–409. https://​doi.​org/​
10.​1080/​1040-​84029​10467​68

Maes, S., Odlare, M., & Jonsson, A. (2022). Fecal indicator 
organisms in northern oligotrophic rivers: An explorative 
study on Escherichia coli prevalence in a mountain region 
with intense tourism and reindeer herding. Environmental 
Monitoring and Assessment, 194(264), 1–23. https://​doi.​
org/​10.​1007/​s10661-​022-​09865-1

Messerli, B., Viviroli, D., & Weingartner, R. (2004). Moun-
tains of the world: Vulnerable water towers for the 21st 
century. Ambio: A Journal of the Human Environment, 
33(sp13), 29–34. https://​doi.​org/​10.​1007/​0044-​7447-​33.​
sp13.​29

Paruch, L., & Paruch, A. M. (2022). An overview of micro-
bial source tracking using host-specific genetic markers to 
identify origins of fecal contamination in different water 
environments. Water, 14(11). https://​doi.​org/​10.​3390/​
w1411​1809

Paruch, L., & Paruch, A. M. (2021). Cross-tracking of faecal 
pollution origins, macronutrients, pharmaceuticals and 
personal care products in rural and urban watercourses. 
Water Science and Technology, 83(3), 610–621. https://​
doi.​org/​10.​2166/​wst.​2020.​603

Penakalapati, G., Swarthout, J., Delahoy, M. J., McAliley, L., 
Wodnik, B., Levy, K., & Freeman, M. C. (2017). Expo-
sure to animal feces and human health: A systematic 
review and proposed research priorities. Environmental 
Science and Technology, 51(20), 11537–11552. https://​
doi.​org/​10.​1021/​acs.​est.​7b028​11

Rock, C., Rivera, B., & Gerba, C. P. (2015). Microbial source 
tracking. In I. L. Pepper, C. P. Gerba, & T. J. B. T.-E. M. 
(Third E. Gentry (Eds.), Environmental microbiology (3rd 
ed., pp. 309–317). Academic Press. https://​doi.​org/​10.​
1016/​B978-0-​12-​394626-​3.​00014-4

Savageau, M. A. (1983). Escherichia coli habitats, cell types, 
and molecular mechanisms of gene control. The American 
Naturalist, 122(6), 732–744. http://​www.​jstor.​org/​stable/​
24609​14

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., 
Li, W., Lopez, R., McWilliam, H., Remmert, M., Söding, 
J., Thompson, J. D., & Higgins, D. G. (2011). Fast, scal-
able generation of high-quality protein multiple sequence 
alignments using Clustal Omega. Molecular Systems Biol-
ogy, 7(1), 539. https://​doi.​org/​10.​1038/​msb.​2011.​75

Simpson, J. M., Domingo, J. W. S., & Reasoner, D. J. 
(2002). Microbial source tracking: State of the science. 

https://doi.org/10.3402/gha.v2i0.2020
https://doi.org/10.1111/1574-6976.12031
https://doi.org/10.1111/1574-6976.12031
https://doi.org/10.1007/978-1-4419-9386-1_2
https://doi.org/10.1007/s40572-020-00278-1
https://doi.org/10.1007/s40572-020-00278-1
https://doi.org/10.1038/s41586-019-1822-y
https://doi.org/10.1038/s41586-019-1822-y
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://www.ipcc.ch/sr15/
http://www.indalsalven.se/
http://www.indalsalven.se/
https://doi.org/10.1111/j.1462-2920.2011.02541.x
https://doi.org/10.1111/j.1462-2920.2011.02541.x
https://doi.org/10.1111/jam.13468
https://doi.org/10.1093/femsec/fiv127
https://doi.org/10.1016/j.ecolmodel.2014.10.021
https://doi.org/10.1016/j.ecolmodel.2014.10.021
https://doi.org/10.1111/fwb.13800
https://doi.org/10.1371/journal.pone.0086175
https://doi.org/10.1371/journal.pone.0086175
https://doi.org/10.2166/wh.2013.192
https://doi.org/10.2166/wh.2013.192
https://doi.org/10.1080/1040-840291046768
https://doi.org/10.1080/1040-840291046768
https://doi.org/10.1007/s10661-022-09865-1
https://doi.org/10.1007/s10661-022-09865-1
https://doi.org/10.1007/0044-7447-33.sp13.29
https://doi.org/10.1007/0044-7447-33.sp13.29
https://doi.org/10.3390/w14111809
https://doi.org/10.3390/w14111809
https://doi.org/10.2166/wst.2020.603
https://doi.org/10.2166/wst.2020.603
https://doi.org/10.1021/acs.est.7b02811
https://doi.org/10.1021/acs.est.7b02811
https://doi.org/10.1016/B978-0-12-394626-3.00014-4
https://doi.org/10.1016/B978-0-12-394626-3.00014-4
http://www.jstor.org/stable/2460914
http://www.jstor.org/stable/2460914
https://doi.org/10.1038/msb.2011.75


	 Environ Monit Assess         (2025) 197:849   849   Page 20 of 20

Vol:. (1234567890)

Environmental Science and Technology, 36(24), 5279–
5288. https://​doi.​org/​10.​1021/​es026​000b

SMHI. (2023). SMHI och Havs Vatten myndigheten - Hydrolo-
giskt nuläge. http://​vatte​nweb.​smhi.​se/​hydro​nu/

SMHI. (2025). Års- och månadsstatistik. https://​www.​smhi.​se/​
klimat/​klima​tet-​da-​och-​nu/​manad​ens-​vader-​och-​vatten-​
sveri​ge/​manad​ens-​vader-i-​sveri​ge/​ars-​och-​manad​sstat​istik

Spens, J., Evans, A. R., Halfmaerten, D., Knudsen, S. W., Sen-
gupta, M. E., Mak, S. S. T., Sigsgaard, E. E., & Hellström, 
M. (2017). Comparison of capture and storage methods 
for aqueous macrobial eDNA using an optimized extrac-
tion protocol: Advantage of enclosed filter. Methods in 
Ecology and Evolution, 8(5), 635–645. https://​doi.​org/​10.​
1111/​2041-​210X.​12683

Staley, Z. R., Chuong, J. D., Hill, S. J., Grabuski, J., Shokralla, 
S., Hajibabaei, M., & Edge, T. A. (2018). Fecal source 
tracking and eDNA profiling in an urban creek following 
an extreme rain event. Scientific Reports, 8, 1–12. https://​
doi.​org/​10.​1038/​s41598-​018-​32680-z

Tenaillon, O., Skurnik, D., Picard, B., & Denamur, E. (2010). 
The population genetics of commensal Escherichia coli. 
Nature Reviews Microbiology, 8(3), 207–217. https://​doi.​
org/​10.​1038/​nrmic​ro2298

Tiwari, S. K., van der Putten, B. C. L., Fuchs, T. M., Vinh, T. 
N., Bootsma, M., Oldenkamp, R., La Ragione, R., Mata-
moros, S., Hoa, N. T., Berens, C., Leng, J., Álvarez, J., 
Ferrandis-Vila, M., Ritchie, J. M., Fruth, A., Schwarz, S., 
Domínguez, L., Ugarte-Ruiz, M., Bethe, A., … Schultsz, 
C. (2023). Genome-wide association reveals host-specific 
genomic traits in Escherichia coli. BMC Biology, 21(1), 
76. https://​doi.​org/​10.​1186/​s12915-​023-​01562-w

United Nations. (2015). Sustainable Development Goals 2030 
Agenda. SDGs. https://​sdgs.​un.​org/​goals

Vári, Á., Podschun, S. A., Erős, T., Hein, T., Pataki, B., Iojă, 
I.-C., Adamescu, C. M., Gerhardt, A., Gruber, T., Dedić, 
A., Ćirić, M., Gavrilović, B., & Báldi, A. (2022). Fresh-
water systems and ecosystem services: Challenges and 
chances for cross-fertilization of disciplines. Ambio, 51, 
135–151. https://​doi.​org/​10.​1007/​s13280-​021-​01556-4

Yu, D., Banting, G., & Neumann, N. F. (2021). A review of the 
taxonomy, genetics, and biology of the genus Escherichia 
and the type species Escherichia coli. Canadian Journal 
of Microbiology, 67(8), 553–571. https://​doi.​org/​10.​1139/​
cjm-​2020-​0508

Yu, D., Andersson-Li, M., Maes, S., Andersson-Li, L., Neu-
mann, N. F., Odlare, M., & Jonsson, A. (2024). Devel-
opment of a logic regression-based approach for the 
discovery of host- and niche-informative biomarkers in 
Escherichia coli and their application for microbial source 
tracking. Applied and Environmental Microbiology, 90(7), 
1–24. https://​doi.​org/​10.​1128/​aem.​00227-​24

Zhi, S., Li, Q., Yasui, Y., Edge, T., Topp, E., & Neumann, N. 
F. (2015). Assessing host-specificity of Escherichia coli 
using a supervised learning logic-regression-based analy-
sis of single nucleotide polymorphisms intergenic regions. 
Molecular Phylogenetics and Evolution, 92, 72–81. 
https://​doi.​org/​10.​1016/j.​ympev.​2015.​06.​007

Zhi, S., Banting, G., Li, Q., Edge, T. A., Topp, E., Sokurenko, 
M., & Scott, C. (2016a). Evidence of naturalized stress-
tolerant strains of Escherichia coli in municipal wastewa-
ter treatment plants. Applied and Environmental Microbi-
ology, 82(18), 5505–5518. https://​doi.​org/​10.​1128/​AEM.​
00143-​16.​Editor

Zhi, S., Li, Q., Yasui, Y., Banting, G., Edge, T. A., Topp, E., 
McAllister, T. A., & Neumann, N. F. (2016b). An evalua-
tion of logic regression-based biomarker discovery across 
multiple intergenic regions for predicting host specificity 
in Escherichia coli. Molecular Phylogenetics and Evolu-
tion, 103, 133–142. https://​doi.​org/​10.​1016/j.​ympev.​2016.​
07.​016

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1021/es026000b
http://vattenweb.smhi.se/hydronu/
https://www.smhi.se/klimat/klimatet-da-och-nu/manadens-vader-och-vatten-sverige/manadens-vader-i-sverige/ars-och-manadsstatistik
https://www.smhi.se/klimat/klimatet-da-och-nu/manadens-vader-och-vatten-sverige/manadens-vader-i-sverige/ars-och-manadsstatistik
https://www.smhi.se/klimat/klimatet-da-och-nu/manadens-vader-och-vatten-sverige/manadens-vader-i-sverige/ars-och-manadsstatistik
https://doi.org/10.1111/2041-210X.12683
https://doi.org/10.1111/2041-210X.12683
https://doi.org/10.1038/s41598-018-32680-z
https://doi.org/10.1038/s41598-018-32680-z
https://doi.org/10.1038/nrmicro2298
https://doi.org/10.1038/nrmicro2298
https://doi.org/10.1186/s12915-023-01562-w
https://sdgs.un.org/goals
https://doi.org/10.1007/s13280-021-01556-4
https://doi.org/10.1139/cjm-2020-0508
https://doi.org/10.1139/cjm-2020-0508
https://doi.org/10.1128/aem.00227-24
https://doi.org/10.1016/j.ympev.2015.06.007
https://doi.org/10.1128/AEM.00143-16.Editor
https://doi.org/10.1128/AEM.00143-16.Editor
https://doi.org/10.1016/j.ympev.2016.07.016
https://doi.org/10.1016/j.ympev.2016.07.016

	Unravelling sources of fecal pollution in oligotrophic mountain waters: Integrating Escherichia coli enumeration, microbial source tracking, and eDNA analysis
	Abstract 
	Introduction
	Materials and methods
	Research area and sampling
	Collection of metadata in the research area during sampling
	Microbial source tracking of E. coli isolates
	Collection of E. coli isolates and DNA extraction
	Amplification, sequencing, and analysis of intergenic regions

	eDNA analysis
	Collection of eDNA samples and extraction
	Metabarcoding of eDNA samples


	Results
	Microbial enumeration in water samples across the research area
	Microbial source tracking of E. coli isolates
	eDNA analysis
	eDNA and MST results from locations of specific interest

	Discussion
	General findings from microbial enumeration, MST, and eDNA analysis
	Evaluation of the used approach for source tracking of fecal pollution in oligotrophic mountain waters

	Conclusions
	Acknowledgements 
	References


