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Abstract
Brook trout are a species of conservation concern in Southwestern Ontario, Canada, and effective monitoring of their popula-
tions is crucial for making informed management decisions. Electrofishing is a traditional, yet invasive, method that allows 
for fish abundance estimation. Environmental DNA (eDNA) is an emerging molecular tool that presents a non-invasive 
alternative to electrofishing. This study was a collaborative effort between researchers in academia, industry, and an NGO, 
with the following objectives: 1) compare eDNA detections with electrofishing when monitoring brook trout populations 
in a site of known occupancy, 2) compare existing eDNA collection methods, and 3) extend eDNA surveys to regions of 
unknown occupancy that could be of conservation concern (Hanlon Creek and Twelve Mile Creek, Ontario). First, eDNA 
sampling methods were validated with standard electrofishing. Water samples were filtered in tandem at each site using two 
commercially available eDNA samplers. The results suggest a significant difference in total eDNA capture and incidence of 
PCR inhibitors between the two autosamplers. Brook trout eDNA was detected at all locations in Hanlon Creek in September 
and November, as well as 5/6 sampling locations in Twelve Mile Creek. Brook trout signal in Hanlon Creek was stronger 
in November compared to September 2019, suggesting possible spawning activity. Brook trout eDNA was also detected in 
Twelve Mile Creek where brook trout were previously unreported. This study provides a technical validation for the use of 
eDNA in brook trout monitoring and illustrates the opportunity to use eDNA surveys in regulated settings to complement 
and improve conventional biomonitoring methods for the management of elusive species.

Keywords Salvelinus fontinalis · Freshwater conservation · Environmental DNA · Target qPCR detection · Indicator 
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Introduction

A diverse freshwater biota is a vital indicator of watershed 
health, and understanding the trophic structure of the ecosys-
tems in which aquatic organisms interact is crucial in the con-
servation of natural water bodies (Herman and Nejadhashemi 
2015). Bony fish comprise a major trophic component in most 

freshwater ecosystems (Schindler and Scheuerell 2002). Sal-
monids are one family of bony fish that play an important 
role in creeks and streams as the link between terrestrial 
and aquatic food webs (Syrjänen et al. 2011). Some salmo-
nids, such as brook trout (Salvelinus fontinalis), also act as 
bioindicators of freshwater ecosystem health, particularly 
in cold headwater streams (Johnson et al. 2016; Chadwick 
and McCormick 2017; Hermann et al. 2020). Consequently, 
they are of great importance to ecosystem function, creating 
a need for accurate and timely monitoring of their popula-
tions. Despite its success as an invasive species in Western 
North America (Larranga et al. 2018), the brook trout popula-
tion is in decline in its native waters of Southeastern Ontario 
(Haxton et al. 2019). Being a cold-water species that relies 
on groundwater upwelling zones for spawning, the presence 
of brook trout has been viewed as an indicator of cool, clean, 
and undisturbed streams (Haxton et al. 2019).
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It is thought that brook trout have not been able to adjust 
well to the thermal change in water quality that accompa-
nies the large expansion of human built infrastructure in 
Southeastern Ontario (Wood 2017) and thus there is a need 
for effective population monitoring of the brook trout in this 
region.

Historically, bony fish have been monitored using direct 
capture methods, particularly via electrofishing, which 
uses an electrode to create electrical currents that stun fish 
(Schaeffer and Logan 2000). Fish are subsequently netted, 
placed into an aerated bucket, identified, counted, meas-
ured, and released. The invasive nature of the electrofishing 
method presents several drawbacks because the technique 
can cause considerable stress to organisms and the ecosys-
tem, which can lead to unwanted mortality. Electrofishing 
may also be seasonally restricted due to the life histories 
of study organisms as they spawn, and potentially danger-
ous because prohibitive winter sampling conditions makes 
electrofishing in frozen environments undesirable (Schaeffer 
and Logan 2000; Thalinger et al. 2019). Furthermore, elec-
trofishing surveys are time and labor intensive (Evans et al. 
2017) and subject to regulatory permits (Jerde et al. 2013).

A novel, alternative approach to aquatic population mon-
itoring is the use of environmental DNA (eDNA), which 
allows for the non-invasive detection of a species from an 
environmental sample (Lodge et al. 2012). Aquatic organ-
isms release genetic material into their surrounding envi-
ronment (eDNA) through dermal shedding and excretion, 
regurgitation, defecation, and other metabolic processes 
(Sassoubre et al. 2016). Additionally, eDNA can be accu-
mulated following the release of gametes during spawning 
(Bracken et al. 2018). An eDNA signal can be retrieved from 
the water system via micro-filtration of water samples col-
lected directly from the environment. The collection effort 
required for eDNA sampling is typically more efficient when 
compared to conventional techniques such as electrofish-
ing (Evans et al. 2017). Additionally, eDNA can be used 
when target species are in life stages that may be sensitive 
to invasive monitoring methods (Thalinger et al. 2019). Col-
lection and analysis of eDNA have aided global conservation 
efforts, particularly during monitoring of aquatic species at 
risk because it is typically more sensitive than conventional 
methods (Smart et al. 2015), making it particularly useful 
when monitoring species that are difficult to observe in their 
natural habitat (Beng and Corlett 2020). Furthermore, eDNA 
surveys can cover a broad geographic scale and access 
remote locations otherwise inaccessible with conventional 
surveys (Tucker et al. 2016).

The advantages and applications of eDNA technology are 
extensive. However, eDNA surveys have not yet been widely 
accepted by policy makers (i.e., government authorities) and 
the regulated community (i.e., industry, non-profits, private 
companies). This can be attributed to several limitations 

associated with targeted eDNA detection (Thomsen and 
Willerslev 2015; Beng and Corlett 2020), including the chal-
lenges posed by eDNA for directly estimating biomass and 
abundance of fish (Takahara et al. 2012; Pilliod et al 2013; 
Carraro et al. 2018; Bradley et al. 2022), and that eDNA 
can also be present in an ecosystem where the organism 
itself may not reside because of water movement carrying 
DNA from the organism of interest (Jane et al. 2014), or 
even from waste from other animals containing the DNA of 
interest (Jerde et al. 2013). Additionally, there is hesitancy 
to adopt targeted eDNA detection as a monitoring tool due 
to the perception of eDNA as an emerging field, and also 
because of the lack of standardized methods and reporting 
requirements (Evans et al. 2017; Jerde 2019; Loeza-Quin-
tana et al. 2020; Petruniak et al. 2021). Before the regulated 
community and applied ecologists can redirect resources and 
budgets towards eDNA techniques, they need to be confi-
dent that eDNA results will be accepted by policy makers 
as standalones or complementary best practices (Petruniak 
et al. 2021). Researchers and applied scientists continue to 
identify opportunities, value, and limits of eDNA to inform 
and advance the application of this technology in a regu-
latory framework. Studies comparing eDNA surveys with 
conventional monitoring methods, recognizing challenges, 
and advancing eDNA technology are essential for stand-
ard setting. More importantly, collaborative efforts among 
researchers, applied ecologists, and the regulated community 
are critical for the acceptance and implementation of eDNA 
in regulated settings (Loeza-Quintana et al. 2020; Petruniak 
et al. 2021). In order to advance eDNA research, we present 
a collaborative study approaching three main elements: effi-
ciency of eDNA for targeted salmonid detection, new tech-
nology, and application to biodiversity conservation.

The development and use of species-specific quantita-
tive polymerase chain reaction (qPCR) assays for detect-
ing eDNA in the context of environmental monitoring 
requires methodological validation (Thalinger et al. 2021). 
Many studies have applied qPCR to species-specific aquatic 
environmental monitoring (Berger and Aubin-Horth 2018; 
Harper et al. 2018; Thomas et al. 2020); however, rela-
tively few have validated these methods by pairing eDNA 
collection with physical measurements of fish abundance 
and biomass (Wilcox et al. 2016; Kamoroff and Goldberg 
2018; Knudsen et al. 2019). For example, Wilcox et al. 
(2016) found that qPCR analysis of eDNA was more sen-
sitive than electrofishing with respect to the detection of 
rare piscine populations. Additionally, an eDNA survey of 
brook trout paired with electrofishing in a continuous high 
alpine lake system found that eDNA concentration acted as 
a predictor of target species population size (Kamoroff and 
Goldberg 2018). Evans et al. (2017) compared brook trout 
eDNA detection with electrofishing and found that eDNA 
decreased sampling effort and cost 67% less compared to 
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triple-pass electrofishing, though eDNA cost more than pres-
ence/absence electrofishing and did not provide information 
on population structure (Evans et al. 2017).

Despite the broad implementation of eDNA methods in 
environmental studies, there is still a need for the stand-
ardization of methods for sample collection and analysis 
(Ruppert et al. 2019; Helbing and Hobbs 2019; Loeza-
Quintana et al. 2020). The first objective of this study was 
to compare the accuracy of eDNA detections with electro-
fishing for biomonitoring brook trout populations. Many 
methodological approaches have been developed for col-
lecting and processing eDNA samples, including portable 
technology that allows processing eDNA samples on-site, 
though this has resulted in a lack of standardized methods 
for eDNA sampling. One commercially available eDNA 
sampler is the portable filtration system developed by 
Smith‐Root (Thomas et al. 2018; Smith-Root 2020) which 
has been widely used (Thomas et al. 2018, 2020; Skin-
ner et al. 2020; Pope et al. 2020; Loeza-Quintana et al. 
2021). To inform best practices surrounding eDNA col-
lection, the second objective of this study compared two 
eDNA portable filtration systems: the Smith-Root eDNA 
sampler (Thomas et al. 2018; Smith-Root 2020), and the 
OSMOS eDNA sampler from Halltech Aquatic (Halltech 
2019). Both portable filtration systems are commercially 
available for use in eDNA monitoring, and both involve 
micro-filtration of water derived from environmental sam-
ples. The major difference between these sampling back-
packs lies in the water uptake mechanism; the Smith-Root 
eDNA Sampler pulls water through a plastic tube (2.54 cm 
diameter), while the Halltech pulls water through the sides 
of a metal filter cartridge (Fig. 1). The Smith-Root eDNA 
sampler filter cartridges are disposable and made of plastic, 
featuring a pre-sterilized eDNA filter (Thomas et al. 2018, 
2019) (Fig. 1). In contrast, the Halltech filter cartridges are 
made of aluminum and are reusable with many different 
types of filters, but these cartridges must be sterilized prior 
to use to avoid potential cross-contamination and the filters 
must be purchased separately (Halltech 2019) (Fig. 1). Use 
of the Smith-Root eDNA sampler has been reported in the 
previous scientific literature (Thomas et al. 2018, 2019, 
2020; Gasparini et al. 2020; Pope et al. 2020; Skinner et al. 
2020) while the use of the Halltech, to the authors’ best 
knowledge, has not.

This research was conducted in collaboration with Trout 
Unlimited Canada (TUC), a non-governmental organiza-
tion (NGO) with the aim of conserving, protecting, and 
restoring Canadian freshwaters (Trout Unlimited Canada 
2021). Industry partners also collaborated, namely the 
environmental consulting groups Natural Resource Solu-
tions Inc. (NRSI) and SLR Consulting. All of the collabo-
rators on this study were interested in monitoring brook 
trout (Salvelinus fontinalis) populations in the region. 

Brook trout are a native cold-water dwelling species that 
resides in southwestern Ontario streams and spawns in late 
autumn (Chadwick and McCormick 2017). Brook trout are 
of conservation concern in Ontario due to compounding 
habitat deterioration and developmental pressures, espe-
cially in the areas targeted in this study (Fig. 2) (Stephen-
son et al. 2009; Brenton 2010; Augustino et al. 2012). 
Effective and accurate monitoring of brook trout popula-
tions is integral to the conservation efforts of the species in 
these regions. Therefore, the third objective of our research 
was to employ eDNA surveys to aid monitoring efforts in 
regions of conservation concern (Hanlon Creek and Twelve 
Mile Creek) in Ontario, Canada (Fig. 2).

This study illustrates the opportunity to use eDNA sur-
veys to complement and improve conventional methods 
of monitoring for the management of species at risk and/
or invasive species. Our work included collaboration with 
industry partners, NGOs, scholars, and researchers, which 
represents an important step toward the acceptance and 
implementation of eDNA surveys in regulated settings. The 
interdisciplinary collaboration between diverse stakehold-
ers and the novel validation of eDNA detection with elec-
trofishing presented in this work are crucial steps towards 
integrating targeted eDNA surveys into conservation and 
management practices.

Fig. 1  Diagram of Smith-Root eDNA sampler (left) and Halltech 
(right) filter cartridges. Flow inlet and outlet are labelled along with 
10 cm bar for scale. The Smith-Root eDNA sampler filter cartridge is 
comprised of a pre-sterilized filter and plastic cartridge attached to a 
2.54-cm diameter tube which draws water vertically to pass through 
the filter housing. The Halltech filter cartridge requires insertion of a 
membrane prior to use and is made of aluminum with slots along the 
bottom edge that draw water in horizontally
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Methods

Field sampling methods

Sampling took place in two locales: 1) Preservation Park 
at Hanlon Creek in Guelph, Ontario on September  14th and 
November  4th, 2019; and 2) Twelve Mile Creek in the Nia-
gara region of Ontario on November  23rd, 2019 (Fig. 2). 
The largest straight distance between sites at Hanlon Creek 
was about 1.3 km (between sites 1 and 5), while the largest 
straight distance between sites at Twelve Mile Creek was 
6.2 km (between sites 1 and 5). These sampling locations 
were chosen due to the interest of TUC in these water-
sheds and to aid in the conservation efforts of brook trout in 
areas subject to developmental pressures and habitat dete-
rioration. Sites were ranked as “brook trout expected” or 
“brook trout not expected” according to the Environmental 

Implementation Report on Hanlon Creek Business Park con-
ducted by Natural Resources Solutions Inc. (Supplementary 
Material III, Table 1a-1b) (Stephenson et al. 2009; Brenton 
2010). Five sites on Hanlon Creek were selected, each con-
sisting of a 40-m transect (based on site accessibility) that 
had historically been electrofished by TUC. Six sites were 
chosen along Twelve Mile Creek which were also of inter-
est to TUC. The Twelve Mile Creek sites were not assigned 
40 m transects, as electrofishing did not occur there; only 
water filtration was required for eDNA sampling. The selec-
tion of these sites was also influenced by their accessibility, 
as many branches of this creek cross private property or 
were otherwise inaccessible.

The September sampling event in Hanlon Creek was 
the only event that included both electrofishing and eDNA 
sampling. In this event, eDNA sampling occurred prior to 
electrofishing to avoid cross-contamination or disturbance 

a

Fig. 2  a Map depicting the five locations sampled along Hanlon 
Creek in both September and November of 2019. Map was gener-
ated using the Atlas of Canada—Toporama online tool (Ministry of 
Natural Resources Canada 2021). Each site is labeled with a number 
encapsulated in a pale blue circle, creek footprint is outlined in dark 
blue, and flow direction is indicated with dark blue arrows. Contour 
lines showing elevation are provided in brown, municipal develop-
ment in red, and vegetation in green. For metadata associated with 
each sampling location (ex. latitude, longitude, and stream order), see 
Supplementary Material I. b: Map depicting the 6 locations sampled 

along the 12-Mile Creek watershed in November 2019. Map was gen-
erated using the Atlas of Canada—Toporama online tool (Ministry of 
Natural Resources Canada 2021). Each site is labeled with a number 
encapsulated in a pale blue circle, creek footprint is outlined in dark 
blue, and flow direction is indicated with dark blue arrows. Surround-
ing water bodies are indicated in cyan. Contour lines showing eleva-
tion are brown, and vegetation in green. For metadata associated with 
each sampling location (ex. latitude, longitude, and stream order), see 
Supplementary Material I
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of brook trout. The electrofishing unit implemented in this 
study was the HallTech Aquatic HT2000 electrofishing 
backpack, with pulse frequency between 40 and 60 Hz. 
The electrofishing unit had one operator while two people 
(netters) netted emergent fish on either side. Electrofish-
ing began downstream, moving upstream over the 40-m 
transect of each site using a single-pass method. Once fish 
were spotted, they were captured by netters and placed 
into an aerated bucket filled with local stream water. Once 
electrofishing was completed at each site, fish were identi-
fied and promptly placed back into the stream. Mortality 
due to electrofishing was not observed in any fish at any 
site during this process. This procedure was repeated at 
each site. Electrofishing could not be completed during 
either of the November sampling events on Hanlon Creek 
and Twelve Mile Creek because the brook trout spawning 

season was underway in the region. Spawning is a sensi-
tive life cycle stage that could be negatively affected by 
the stress caused by electrofishing (Schaeffer and Logan 
2000; Thalinger et al. 2019).

All water samples were collected from areas that had vis-
ibly free-flowing, clear water to avoid excessive sediment 
uptake and reduce filter clogging. Each sampling event was 
conducted within 12 h to ensure data from each sampling 
site was collected in relatively consistent conditions. Both 
eDNA portable filtration systems were sterilized with 5% 
bleach and rinsed with deionized water prior to use. To avoid 
potential cross-contamination of samples, Halltech filter car-
tridges were sterilized with 5% bleach and Eliminase, then 
sealed in clean plastic bags; pre-sterilized filter cartridges 
for the Smith-Root eDNA sampler were opened in the field 
immediately prior to eDNA collection.

b

Fig. 2  (continued)
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Both eDNA samplers (Smith-Root and Halltech) were 
positioned in parallel along the stream bank at each site. 
One-liter water samples were filtered through 5-µm mixed 
cellulose ester (MCE) filters. The 5-µm filter pore size was 
chosen over the 1-µm alternative pore size because the tur-
bidity of the creeks made filter clogging issues likely, so a 
larger pore size was deemed more suitable for this applica-
tion. Using both Smith-Root and Halltech eDNA samplers, 
two samples were taken with each filtration system at each 
site. At site five in Hanlon Creek in September, an additional 
sample was filtered on the Smith-Root eDNA sampler due to 
a filter tearing. Field negative controls consisting of 1 L of 
sterilized tap water were filtered and processed using both 
the Smith-Root eDNA sampler and Halltech following the 
same protocol described above for field sample collection.

Metadata such as water and air temperature (°C), dis-
solved oxygen (DO) concentration (ppm), salinity (ppt), con-
ductivity (uS□cm−1), flow velocity (m□s−1), and physical 
characteristics of each site were recorded (Supplementary 
Material I). To avoid potential cross-contamination of the 
water samples, all metadata parameters (temperature, DO, 
etc.) were measured after eDNA collection.

Field eDNA extractions

Filters were individually placed into 5-mL plastic vials 
containing lysis buffer solution and a steel ball bearing and 
shaken by hand for 60 s. DNA extractions were completed 
using the Biomeme M1 Sample Prep Cartridge Kit follow-
ing the manufacturer's protocol (Biomeme 2021) using 
molecular methods described by Hermans et al. (2018). All 
extractions from the September Hanlon Creek and Novem-
ber at Niagara sampling events were completed in the field. 
Due to precipitation posing a contamination risk, extrac-
tions from the November Hanlon Creek sampling event were 
completed at the University of Guelph workspaces within 
6 h of sample collection in a laboratory dedicated to eDNA 
processing that is isolated from high-concentration DNA. 
Samples of extracted DNA (in the cases of September and 
Niagara sampling events) and filters in lysis buffer (from the 
November sampling event) were then stored in a cooler on 
ice for transportation to the laboratory. Approximately 1 mL 
of the final elution derived from each Biomeme extraction 
was transferred into individually labeled plastic vials and 
then stored at − 20 °C.

eDNA detection using qPCR

Using similar methods described by Balasingham et al. 
(2018), Taqman qPCR analysis was conducted in the Han-
ner Laboratory at the University of Guelph using a pro-
prietary species-specific brook trout TripleLock™ qPCR 
assay provided by Precision Biomonitoring Inc (Precision 

Biomonitoring 2019). The brook trout TripleLock™ qPCR 
assay targets a 90-bp region of the mitochondrial genome. 
All qPCR reactions were performed using the MIC (Bio 
Molecular Systems) thermocycler with a final reaction 
volume of 20 μL, including 5 μL of total DNA extracted 
from each environmental sample and following the manu-
facturer’s protocol (brook trout TripleLock™ qPCR assay; 
Precision Biomonitoring Inc). All qPCR reactions used 
LyoDNA™2.0 + IPC Master Mix (Biomeme 2021), which 
includes an internal positive control (IPC) to test for inhibi-
tion. The successful amplification and quantification of the 
IPC in an environmental sample suggests the lack of inhibi-
tors in the sample. The absence of amplification or delayed 
amplification (≥ 3 cycles compared to the amplification in 
no-template control (NTC) samples) of the IPC is indicative 
of qPCR inhibition (Hartman et al. 2005). Four biological 
replicates were taken at each site, with two samples from 
each autosampling method. Six technical replicates were run 
per each biological sample (Buxton et al. 2021). A posi-
tive gBlock™ control (Integrated DNA Technologies 2021) 
and a negative no-template control (NTC) were included 
in each qPCR run. The various stages of qPCR were set 
up in spatially separated rooms to prevent contamination of 
eDNA samples, with all eDNA sample processing occur-
ring in a designated clean room. All stages of qPCR set-up 
were carried out in a laminar flow UV hood (AirClean 600 
PCR workstation), using 15 min of UV-decontamination of 
supplies and tools before setting up each reaction. Follow-
ing qPCR, the raw MIC files were exported and input to 
MDMAPR 2.0 (Yu et al. 2020) for visualization of brook 
trout detections.

Statistical methods

To obtain estimates of eDNA concentration in the original 
samples, an eight-point standard curve of serial dilutions 
ranging in concentration from 1.33 ×  10−1 to 1.33 ×  106 cop-
ies per µL was created using known concentrations of syn-
thetic brook trout gBlock DNA (IDT). The standard curve 
was analyzed once using the same targeted assay and qPCR 
method implemented on all samples (Fig. 3). According with 
Klymus et al. 2019, the limit of detection (LOD) was defined 
as the lowest standard concentration that can be detected 
with a 95% level of confidence. The limit of quantification 
(LOQ) was defined as the lowest standard concentration that 
could be quantified with a coefficient of variation (CV) value 
below 35%. The LOD and LOQ were both identified to be 
133 copies/µL from the standard curve. The relationship 
between eDNA concentration and cycle of quantification 
(Cq) values is displayed in Eq. 1.

Equation. 1: Regression equation used to calculate brook 
trout eDNA concentration as a function of cycle of quantifi-
cation, derived from the qPCR standard curve.
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All data analysis was conducted in R Studio (version 
1.1.463). Using the formula derived from the standard 
curve (Eq. 1), eDNA concentration was calculated from the 
Cq value of each technical qPCR replicate. Cq values are 
inversely proportional to brook trout eDNA concentration 
within the fluorescent range of the assay (determined to fall 
between 25 and 39 cycles for this assay). Thus, any Cq value 
outside of this range and its corresponding eDNA concentra-
tion were replaced with a zero. Additionally, a binary (yes/
no) column representing whether or not each qPCR replicate 
showed inhibition based on the red IPC Cq values was cre-
ated using the parameters outlined above in order to test the 
variation in inhibition between autosampling methods.

Preliminary data exploration showed a non-normal distri-
bution of eDNA concentration, which was confirmed with 
a Shapiro–Wilk test for normality (W = 0.48112, p < 0.05). 
Thus, non-parametric contrasts were used to address the 
objectives of this study. To assess whether brook trout eDNA 
concentration correlated with the abundance of brook trout 
caught via electrofishing (objective 1), a Spearman non-
parametric correlation test was used. This test was selected 
because the number of brook trout caught is an ordinal vari-
able, while the eDNA concentration at each site was a con-
tinuous non-normal variable.

To compare the concentration of eDNA obtained between 
the two autosamplers, mean brook trout eDNA concentration 

(1)log

(

Copies

uL

)

=
Cq value − 40.44

−3.733

at each sampling site and time was calculated in order to 
create a linear regression. Because the data was non-normal 
(Supplementary Material II), the data was transformed with 
the natural logarithm, and 0.5 was added to all eDNA con-
centration values prior to the transformation to avoid taking 
the natural log of zero. Following the natural log transforma-
tion, the assumptions for linear regression were tested (Sup-
plementary Material II), and upon meeting the assumptions, 
a linear regression was constructed incorporating the mean 
eDNA concentration with the Halltech as the dependent 
variable and the mean eDNA concentration with the Smith-
Root as the independent variable. To determine if inhibition 
varied significantly between autosamplers, a chi-square test 
was used to compare the binary inhibition measure (yes/no) 
between autosampler types. Finally, to determine if brook 
trout were present in Hanlon and Twelve Mile Creek (objec-
tive 3), the mean eDNA concentration for each site during 
each sampling event was calculated and plotted in boxplots. 
The number of brook trout caught via electrofishing during 
the September sampling event was also plotted on its cor-
responding boxplot.

Results

The brook trout TripleLock™ qPCR assay (Precision Bio-
monitoring 2019) was successful at detecting DNA from 
brook trout from water samples at Hanlon Creek and Twelve 
Mile Creek. All positive controls amplified as expected in 

Fig. 3  Standard curve of the 
brook trout TripleLock™ qPCR 
assay (Precision Biomonitor-
ing 2019) illustrating the 
linear dynamic range of the 
assay. Assay has an efficiency 
(Efficiency = [10(-1/slope)]-1) 
of 85.3% and R2 = 0.9935. The 
limit of detection (LOD) and 
limit of quantification (LOQ) 
were both identified to be 133 
copies/µL. LOD was defined as 
the lowest standard concentra-
tion that can be detected with 
a 95% level of confidence. The 
LOQ is the lowest standard 
concentration that could be 
quantified with a coefficient 
of variation (CV) value below 
35% (Klymus et al. 2019). This 
figure was created using MIC 
qPCR Analysis Software
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every run, demonstrating proper performance of the assay 
and qPCR reaction. None of the negative controls, includ-
ing field and laboratory NTC controls, yielded a positive 
detection. The results from the IPC control (delayed ampli-
fication ≥ 3 cycles compared to the amplification in NTC 
samples) suggest that qPCR inhibitors were present in 
September in three sites at Hanlon Creek. However, qPCR 
inhibition was only detected in samples collected using the 
Smith-Root eDNA sampler (Supplementary Material III, 
Table 1a). The LOD and LOQ were both identified to be 
133 copies/µL from the standard curve (Fig. 3).

Objective 1: Comparison of eDNA and electrofishing 
for brook trout monitoring

During the Hanlon Creek September electrofishing event, 
brook trout were netted and identified at all sites except site 
1 (Fig. 4). Most brook trout were caught at site 5, with a 
total of 10 animals caught. The identity and quantity of all 
fishes caught via electrofishing are provided in Supplemen-
tary Material IV; the number of species netted at sites 1, 2, 

3, 4, and 5 were 5, 4, 4, 6, and 5, respectively, for a total of 
137 fish netted. Brook trout eDNA was detected at all sites 
(Fig. 4). The Spearman’s correlation test showed no signifi-
cant correlation between brook trout eDNA concentration 
and number of brook trout caught (S = 312 627, p = 0.4888) 
(Fig. 4).

Objective 2: Comparison of Smith‑Root eDNA 
sampler and Halltech eDNA sampler portable 
filtration systems

Brook trout eDNA was detected using both the Smith-Root 
and Halltech eDNA samplers. To compare the DNA cap-
ture of both portable filtration systems, mean brook trout 
eDNA detected with each sampling apparatus at each site 
and time was calculated, then compared between autosam-
plers through a linear regression using the log-transformed 
values obtained from the Smith-Root as the independent 
variable, and the log-transformed values obtained from 
the Halltech as the dependent variable. The linear regres-
sion provided a y intercept (B0) of 1.0068, and a coefficient 
associated with the slope (B1) of 0.6284. Both values are 
significant (p < 0.05). This suggests a significant difference 
in total eDNA capture between the two autosamplers, and 
means that, for every 1% increase in the natural-log-trans-
formed eDNA concentration obtained with the Smith-Root, 
the natural-log-transformed eDNA concentration obtained 
with the Halltech increases by 0.6272%. In other words, 
the results from this study suggest that the Smith-Root has 
higher eDNA capture efficiency than the Halltech.

To determine whether the autosamplers showed signifi-
cant differences in the amount of qPCR inhibition, a Pear-
son’s Chi-square test with Yates’ continuity correction was 
used. This test compared the binary (yes/no) inhibition 
measure between the two sampling apparatuses and found 
that the inhibition varied significantly more than expected 
by chance between the two autosamplers (p < 0.05). Thus, 
the null hypothesis of this test, that the number of qPCR 
replicates with inhibition was the same between both autosa-
mplers, was rejected. The results of this test suggest that 
eDNA samples collected with the Smith-Root autosampler 
showed significantly more inhibition than those collected 
with the Halltech.

Objective 3: Detection of brook trout eDNA 
in Hanlon Creek and Twelve Mile Creek via qPCR

The brook trout TripleLock™ qPCR assay (Precision Bio-
monitoring 2019) was used to detect brook trout eDNA 
in Hanlon Creek and Twelve Mile Creek (Fig. 5). Box-
plots of eDNA concentration show that brook trout eDNA 
was present during all three sampling events (Figs. 6, 7, 
and 8). A summary of the results of targeted qPCR for 

Fig. 4  Comparison between the eDNA concentration obtained 
through technical qPCR replicates on the MIC thermocycler and the 
number of Brook Trout caught via electrofishing at all five sites on 
Hanlon Creek in September 2019. Boxplot represents median (bold 
line), interquartile ranges (grey box), and upper and lower range of 
data (whiskers) with outliers labelled with white points outlined in 
black; the boxplot corresponds with the axis labels on the left, indi-
cating the brook trout eDNA concentration in copies/μL. The number 
of fish caught via electrofishing at each site is indicated with a red 
diamond, and these points correspond with the red axis on the right 
side of the plot. A Spearman’s correlation test found no significant 
correlation between brook trout eDNA concentration and number of 
brook trout caught (S = 312 627, p = 0.4888)
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brook trout in Hanlon Creek and Twelve Mile Creek is 
provided in Supplementary Material III, Table 1a (Hanlon 
Creek, September), Table 1b (Hanlon Creek, November) 
and Table 1c (Twelve Mile Creek, November). The qPCR 
results from all three sampling events were uploaded into 
the MDMAPR 2.0 platform (Yu et al. 2020) for visualiza-
tion (Fig. 9). Additionally, a total of 15 adult brook trout 
were physically netted and observed in Hanlon Creek in 
September 2019 (Fig. 5).

Discussion

Hanlon Creek

Brook trout presence was confirmed in Hanlon Creek 
through electrofishing (Fig. 4) in September 2019. In 
addition, brook trout eDNA was detected at all sites 
(Figs. 6 and 7). These results indicate that the species 
is present in Hanlon Creek, and that biological material 
from this brook trout population was present in each sam-
pled site. Most notably, electrofishing in September at 
site 5 resulted in the catch-and-release of ten individual 
brook trout, the highest of any sampling site. The eDNA 
concentration for this site indicated the presence of brook 
trout but was relatively consistent with concentrations 
for most of the other sites, which had lower numbers 
of brook trout captured (Fig.  4). This would suggest 

Fig. 5  Comparison of brook trout eDNA concentration detected via 
qPCR between two commercially available autosampling platforms, 
Smith-Root eDNA sampler, and Halltech eDNA sampler. Boxplot 
represents median (bold line), interquartile ranges (gray box), and 
upper and lower range of data (whiskers) with outliers labelled with 
white points outlined in black. A linear regression revealed a statisti-
cally significant relationship between the mean eDNA concentration 
(0.5 added to all values, then transformed with natural logarithm) 
between the Smith-Root (X) and the Halltech (Y) autosamplers at 
each sampling site and time (slope = 0.6284, p < 0.05)

Fig. 6  Comparison of brook 
trout eDNA concentration 
detected in September at Han-
lon Creek via qPCR between 
two commercially available 
sampling platforms, Smith-Root 
eDNA sampler and Halltech 
eDNA sampler, split by site. 
Boxplot represents median 
(bold line), interquartile ranges 
(gray box), and upper and 
lower range of data (whisk-
ers) with outliers labelled 
with white points outlined in 
black. Samples filtered with 
the Smith-Root eDNA sampler 
are indicated in light grey, 
while samples filtered with the 
Halltech are indicated in dark 
gray. The qPCR LOD/LOQ is 
indicated with a horizontal red 
line at 133 copies/μL
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that although the eDNA sampling identified the pres-
ence of brook trout at site 5, the concentration of eDNA 
in the sample did not accurately represent their relative 

abundance at such a restricted spatial scale. Future effort 
is warranted to further delineate the relationship between 
target organism abundance and eDNA signal intensity.

Fig. 7  Comparison of brook 
trout eDNA concentration 
detected in November at Hanlon 
Creek via qPCR between 
two commercially available 
sampling platforms, Smith-Root 
eDNA sampler and Halltech 
eDNA sampler, split by site. 
Boxplot represents median 
(bold line), interquartile ranges 
(gray box), and upper and 
lower range of data (whisk-
ers) with outliers labelled 
with white points outlined in 
black. Samples filtered with 
the Smith-Root eDNA sampler 
are indicated in light gray, 
while samples filtered with the 
Halltech are indicated in dark 
gray. The qPCR LOD/LOQ is 
indicated with a horizontal red 
line at 133 copies/μL

Fig. 8  Comparison of brook 
trout eDNA concentration 
detected in November at Twelve 
Mile Creek via qPCR between 
two commercially available 
sampling platforms, Smith-Root 
eDNA sampler, and Halltech 
eDNA sampler, split by site. 
Boxplot represents median (bold 
line), interquartile ranges (gray 
box), and upper and lower range 
of data (whiskers) with outliers 
labelled with white points out-
lined in black. Samples filtered 
with the Smith-Root eDNA 
sampler are indicated in light 
gray, while samples filtered with 
the Halltech are indicated in 
dark gray
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During the September Hanlon Creek sampling event, only 
site 1 did not yield any brook trout from electrofishing. How-
ever, all sites yielded at-least some species of fishes (Sup-
plementary Material IV), and the ability to capture species 
abundance and community composition is one advantage of 
electrofishing over targeted detection methods. This further 
reinforces the point that perhaps electrofishing and targeted 
eDNA detection methods are complementary, each with 
their own associated pros and cons. Furthermore, the only 
site (site 1) where brook trout were not captured by elec-
trofishing had the closest proximity to a walking trail and a 
highway. This site was also observed to have little canopy 
cover. The lack of shade and runoff from the highway caused 
by these features may have adversely affected water tem-
perature and quality (e.g., by increasing turbidity), which 
may result in the gravitation of brook trout upstream towards 
cooler and/or less disturbed areas of the creek (Chadwick 
et al. 2015). A positive relationship between road density 
and water temperature has been identified in Southwestern 
Ontario, as well as a negative relationship between road 
density and both diversity and richness of fish and benthic 
invertebrates (Wallace et al. 2013). Interestingly, site 1 had 
eDNA concentrations at similar levels to all other sites at 
this time point, suggesting brook trout eDNA is being trans-
ported downstream and may be a better predictor of habitat 
occupancy at larger spatial scales than electrofishing. Down-
stream transport of eDNA could be one reason that brook 
trout signal was detected at the downstream sites, though 
further research is needed to determine this.

During the November sampling event, brook trout eDNA 
concentration was much higher at site 5 relative to the 
September sampling event (Figs. 6 and 7). The variation 
between sites observed for this sampling event was driven 
by the high concentration of eDNA at site 5; since these sites 
were in the same location as those sampled in September, 

this variation was likely not due to spatial resolution between 
tributaries. Rather, this spike in eDNA concentration at site 
5 in November may have been caused by preferential spawn-
ing activity in this tributary, which would imply that this 
region is of particular ecological importance. However, our 
study did not include visual spawning surveys; therefore, 
we cannot confirm that spawning activity was happening at 
the time of sampling. Future research on spawning activity 
in site 5 would allow for a better understanding of the cause 
of this eDNA spike.

Other environmental parameters that affect the longevity 
of eDNA could account for the observed variation in eDNA 
concentration between sites in November, including but not 
limited to canopy cover/light penetrance of the creek, water 
pH, dissolved oxygen (DO), or tannin concentration (Har-
rison et al. 2019). Some of these parameters (canopy cover, 
pH, DO) were measured in the current study, and there was 
no indication of correlation between those parameters and 
eDNA concentration. Tannin concentration, however, was 
not measured in this study; these molecules are associated 
with decaying leaves and have been shown to inhibit PCR 
in eDNA studies (Hunter et al. 2019). In this study, we used 
an IPC to evaluate the impact of inhibitors on our qPCR 
analysis. A sample was considered inhibited if a shift of ≥ 3 
cycles in the Cq value of the IPC was observed compared 
with the Cq of the NTC IPC. Our results suggest that qPCR 
inhibition was present in samples collected during Septem-
ber at Hanlon Creek using the Smith-Root eDNA sampler. 
Notably, it was raining only when we sampled at sites 1 
and 2, but not during our sampling at sites 3–5. The results 
from the IPC suggest PCR inhibition in samples from sites 
1, 2, and 5. We observed sediment in the filters from the 
Smith-Root sampler (Supplementary Material V) and had 
difficulty extracting DNA due to clogging. It seems plausible 
that the inhibition observed in samples from sites 1, 2, and 

Fig. 9  Map depicting number of qPCR technical replicates derived 
from each of the creeks sampled (Hanlon Creek and Twelve Mile 
Creek) and their resulting signal intensity for brook trout. Map gener-

ated using MDMAPR 2.0 (Yu et al. 2020) with raw MIC files. Quan-
tification cycle (Cq) strength is indicated by color, with both creeks 
exhibiting signal intensities in the moderate-strong range
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5 may be due to the amount of sediment collected in the 
Smith-Root sampler filters, which may be related to the flow 
dynamics of the Smith-Root sampler cartridge itself (Fig. 1). 
Since inhibitors have been known to be carried in sediments 
(Buxton et al. 2017; Stoeckle et al. 2017; Turner et al. 2015), 
and the filters from the Smith Root sampler contained more 
sediment than their Halltech counterparts (Supplementary 
Material V), we believe this could explain the observed 
inhibition. Our findings highlight the significance of using 
an IPC to ensure that PCR inhibitors are not introducing 
the presence of false negative results. This consideration 
also highlights the importance of metadata collection dur-
ing environmental DNA sampling (Nicholson et al. 2020).

Twelve Mile Creek

Brook trout eDNA was amplified in most sites sampled 
along Twelve Mile Creek, though at some of these sites, 
less than half of the technical qPCR replicates showed posi-
tive amplification (Supplementary Material III, Table 1c). 
The exception was at site 2, where no technical replicates 
indicated positive amplification. Despite not reaching the 
LOD/LOQ, there were still some technical replicates exhib-
iting positive amplification (Supplementary Material III, 
Table 1c); thus, it is reasonable to consider these as sus-
pected positive detections. Considering the very low levels 
of DNA concentration that this assay is detecting, repetitive 
positive amplification of eDNA in multiple technical rep-
licates of a biological replicate is grounds to suggest that 
there were brook trout present close to the sampling location 
and time. Moreover, it has been suggested that using a less 
stringent LOD (< 95% detection) would be more appropri-
ate when working with low content eDNA samples (Sieber 
et al. 2020). If we used the definition proposed by Sieber 
et al. (2020), where the LOD is the lowest standard con-
centration with 50% detection rate, the LOD for brook trout 
in this study would be 13.3 copies/uL supporting our sus-
pected positive detections. Furthermore, none of the nega-
tive controls resulted in positive amplification suggesting 
that cross-contamination was highly unlikely. Although we 
cannot discard the possibility that brook trout DNA might 
have been introduced to the sampled sites by other organ-
isms (e.g., via waste), we consider that this potential source 
of target DNA might not be significant given the amount of 
positive technical replicates per site.

Our results indicate that brook trout are likely present 
in the Twelve Mile Creek system, and that they preferen-
tially utilize the tributaries at site 1, 3, and 6 where higher 
eDNA concentrations were found. Brook trout DNA was 
also detected at sites 4 and 5, but with a lower detection rate. 
The only site where DNA from the species was not detected 
during our November sampling was at site 2. These findings 
could be validated in future studies by pairing environmental 

DNA monitoring with a catch-and-release based method, 
though this analysis was effective for the purposes of this 
study and yielded important management information of 
local conservation significance.

More variation in eDNA concentration between sites in 
Twelve Mile Creek compared to Hanlon Creek suggests a 
patchier distribution of brook trout DNA in Twelve Mile 
Creek; however, this may be due to the larger physical dis-
tance between sampling points (Fig. 2). Concentrated eDNA 
levels are more likely to occur when the habitat supports 
a high density of brook trout, as was observed in Hanlon 
Creek. Additionally, the sampled stretches of Twelve Mile 
Creek were much more developed than the sites chosen at 
Hanlon Creek, which indicates that habitat heterogeneity 
likely plays an important role in where brook trout can exist 
in this region (Studinski et al. 2012).

Technical implications

Environmental DNA monitoring using the PBI brook trout 
assay as a detection method for brook trout populations has 
been validated at a site of demonstrated occupancy (Hanlon 
Creek) with this study. It also validated the utility of two 
alternative eDNA sampling systems, as brook trout were 
successfully detected using qPCR-based eDNA technology 
in locations where the presence of the species was confirmed 
in tandem with electrofishing. Finally, the eDNA detection 
method was used to suggest the presence of brook trout in 
a region of unknown occupancy with conservation implica-
tions. Importantly, qPCR technology aided in the detection 
of brook trout eDNA in Twelve Mile Creek, an area where 
the species was previously undetected with electrofishing 
methods. The eDNA approach also allowed for monitoring 
of brook trout populations late into the season (November) 
with minimal habitat disturbance. This would not be possi-
ble when using conventional electrofishing techniques due to 
the sensitivity of populations to extraneous pressures during 
spawning season (Thalinger et al. 2019; Schaeffer and Logan 
2000) when provincial regulations would prohibit the use of 
electrofishing. The ability to extend the monitoring season to 
any point in the year gives new opportunities and advantages 
to aquatic population monitoring (Thalinger et al. 2019; 
Bylemans et al. 2017). These findings should inform future 
conservation efforts in these regions.

Our linear regression suggested that the Smith-Root autosa-
mpler yielded higher average brook trout eDNA concentra-
tions than the Halltech autosampler. However, the Smith-Root 
autosampler also yielded higher overall inhibition than the 
Halltech as per the results of the Chi-square test. It is known 
that fish eDNA can be found in higher concentrations in sedi-
ments compared with aqueous eDNA (Sakata et al. 2020). 
Therefore, the overall higher concentrations of brook trout 
eDNA retrieved with the Smith-Root eDNA autosampler, 
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compared with the Halltech eDNA autosampler, could be 
due to the amount of species DNA present in the sediments 
observed in the filters from the Smith-Root autosampler. Fur-
thermore, the flow dynamics of the Smith-Root sampler car-
tridge (Fig. 1) imply that the sample is collected closer to the 
bottom where the eDNA concentration is likely to be higher 
as the DNA settles into bottom substrates (Jo and Yamanaka 
2022). Thus, according to the results, this study concluded 
that 1) the Smith-Root yielded higher detections in the water-
sheds sampled in this study and its use would be advanta-
geous when sampling shallow waters, but 2) if sediment 
load/inhibitors are a concern, then the use of the Halltech is 
recommended. Since the Smith-Root eDNA sampler draws 
water straight up through the cartridge, while the Halltech 
draws water through the slots on the side, it is possible that 
inhibitory substances or sediments may have been selectively 
collected based on horizontal versus vertical hydrodynamic 
flow conditions within the filter cartridges. Future research 
should investigate the mechanisms underlying system-specific 
flow dynamics and their effect on eDNA recovery in aquatic 
systems. Additionally, the Halltech has heating capabilities 
and could be more effective for cold-weather sampling.

Aside from the advantages to eDNA monitoring men-
tioned above, there were some drawbacks to this technique 
in comparison with electrofishing. Considering eDNA moni-
toring is a relatively new technique, there are some gaps in 
the knowledge of characteristics of eDNA (Harrison et al. 
2019). Due to an incomplete understanding of eDNA decay 
rates and transportation within aquatic systems, the spatial 
resolution of this type of monitoring is not as clearly defined 
as electrofishing. With electrofishing, precise abundance, 
spatial and temporal information is known about the ani-
mals in an area. With eDNA monitoring, it is difficult to 
know precisely where and when the animal has shed the 
detected eDNA, as well as the physical location of the organ-
ism itself. Hence, it may be a useful screening method when 
paired with electrofishing to establish a baseline. Future 
eDNA detection can then be contextualized using the veri-
fied baseline, and our initial detections can be strengthened 
by additional eDNA sampling events in future years.

An additional drawback of current on-site eDNA capturing 
techniques is the potential physical clogging of the filters that 
are used within the sampling apparatus to catch eDNA prior 
to DNA extraction. During the sampling, there were issues 
with clogged microfilters which increased the potential of 
retention of inhibitory compounds like tannins (Kumar et al. 
2020). DNA extractions were also made more challenging by 
physical clogging of the DNA extraction kits. This is more 
likely to occur when there is an increased load of sediment in 
the water, which is a potential limitation to eDNA filtration 
efficiency. Further research should address this issue by con-
sidering implementing a pre-filter when working in aquatic 
systems with a high sediment load.

Studies that focus on technical validation are an important 
contribution to the field of applied ecology. Proof of concept 
experiments and validation of new eDNA methodological 
approaches are essential to provide support for the use of 
this tool in a regulatory framework. The present study found 
that targeted eDNA detection corroborates a conventional 
approach (electrofishing), providing support for the use of 
this technology in place of or alongside established monitor-
ing methods.

Ecological implications

Brook trout are a valuable bioindicator of pristine headwa-
ters due to their status as cold-water dwellers (Chadwick 
et al. 2015). The findings of this study support the need 
for conservation of cold-water habitat in Hanlon Creek in 
Guelph and Twelve Mile Creek in Niagara region due to the 
presence of brook trout DNA. Considering that brook trout 
were detected in both sampling locations, and at both time 
points in Hanlon Creek with increased eDNA signal sug-
gestive of spawning, these locations have strong conserva-
tion value. Future studies should consider carrying out more 
robust sampling of these sites, including seasonally relevant 
time points and increased distances between sites to get a 
more complete profile of brook trout eDNA dynamics in 
these creek systems. One relevant avenue for future research 
lies in habitat occupancy modelling (Wilcox et al. 2018) and 
increased spatial sampling would support its implementa-
tion. Additionally, more intensive downstream sampling 
should be conducted to help inform whether the populations 
detected in this study are isolated from one another. This will 
allow for more accurate modelling and conservation of fish 
populations in a non-invasive manner.

Conclusion

Brook trout eDNA was detected throughout Hanlon Creek 
and at two main branches of Twelve Mile Creek. The use 
of the PBI kit for eDNA monitoring was validated in the 
field with electrofishing at a site of expected occupancy. 
Further, two eDNA samplers were compared (Smith-Root 
and Halltech), revealing the need to consider sampling 
depth, filter intake flow dynamics, and rate of filtration to 
minimize sediment loading of filters. Finally, brook trout 
eDNA presence was confirmed through qPCR at sites of 
unknown occupancy in Twelve Mile Creek. These find-
ings have substantial implications with respect to aquatic 
conservation of brook trout in the city of Guelph and Nia-
gara region, as well as the potential applications of eDNA 
to aquatic biodiversity monitoring of species at risk and 
invasive species. Here we have demonstrated the reliabil-
ity of and confidence in three eDNA survey components. 
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First, we demonstrated the success of a commercial assay 
to detect brook trout genetic material from environmental 
samples. Second, we demonstrated the successful perfor-
mance of both eDNA samplers. Lastly, we validated the 
concurrence of the eDNA detection with fish capture using 
conventional methods. Furthermore, we showed the high 
sensitivity of eDNA surveys for species detection when 
conventional methods are not an accessible option (e.g., 
spawning season). This research serves as a pilot study 
that can be used to guide future research in aquatic biodi-
versity monitoring and will help establish confidence in 
eDNA surveys among applied ecologists, NGOs, and other 
potential users of eDNA technology.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13412- 022- 00800-x.
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