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Abstract
Multiple parasites and pathogens cause disease in aquatic wildlife and in aquaculture 
species, generating a need for monitoring and management. Conventional disease 
monitoring methods involve laborious, costly, and invasive capture and examination 
of host species, and require specialized expertise for every host and pathogen of 
interest. Environmental DNA could provide simultaneous occurrence data for multiple 
pathogens across different host taxa, valuable for using parasite diversity as, for 
example, a bioindicator of ecosystem disturbance. Here, we tested the potential for 
simultaneous detection of four wildlife pathogens in water samples from 280, mainly 
riverine, sites across Switzerland. We targeted the crayfish pathogen Aphanomyces 
astaci, the amphibian pathogen Batrachochytrium dendrobatidis, and the fish pathogens 
Saprolegnia parasitica and Tetracapsuloides bryosalmonae. The eDNA detection showed 
a widespread distribution of A. astaci, S. parasitica, and T. bryosalmonae, although A. 
astaci and T. bryosalmonae were not detected in some alpine river catchments. B. 
dendrobatidis was detected only rarely, which was expected since the sampling did 
not target amphibian breeding sites. Co-detection rates were higher in rivers than in 
lakes, likely reflecting the habitat preferences and distributions of the host species. 
We discuss the advantages and limitations of eDNA-based pathogen monitoring 
and list a set of recommendations for managers. Our study illustrates how eDNA-
based techniques can monitor several pathogen species concurrently, thus facilitating 
more comprehensive disease monitoring schemes. Combined with metabarcoding 
approaches in the future, eDNA-based sampling and detection can facilitate the 
incorporation of parasite and pathogen occurrence and diversity as an indicator for 
aquatic ecosystem health, and for revealing the hidden biodiversity and structure of 
parasite communities.
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1  |  INTRODUC TION

The emergence of infectious diseases among many aquatic species 
(Daszak et al.,  2000) continues with on-going climatic and envi-
ronmental change (Marcogliese, 2008; Mitchell et al., 2005) and 
species introductions (Peeler et al., 2011). Mitigating the spread of 
wildlife diseases and reducing their consequent negative impacts 
is of both conservation and economic interest (Gupta et al., 2020). 
At the same time, pathogens are sensitive bioindicators of vari-
ous anthropogenic stressors and may thus serve as bioindica-
tors of environmental degradation (Shea et al.,  2012; Taglioretti 
et al., 2018). Either goal requires detailed knowledge of the occur-
rence and abundance of pathogens to employ successful manage-
ment strategies. This can be gained by implementing regular and 
comprehensive monitoring campaigns. However, most conven-
tional disease monitoring methods involve capture of host species 
and subsequent examination for infection and are therefore detri-
mental to the host, laborious, and costly. For example, electrofish-
ing is used to capture brown trout (Salmo trutta), their kidneys are 
subsequently extracted and examined for Tetracapsuloides bryosal-
monae infections which cause proliferative kidney disease (PKD; 
Wahli et al.,  2007). Conventional pathogen and disease surveys 
are also often limited to specific host species, or species inhabit-
ing specific habitats. Thus, conventional methods are not practical 
for surveys with the goal of providing a comprehensive picture of 
the distribution of multiple aquatic pathogens across taxonomic 
and habitat boundaries. Environmental DNA (eDNA) sampling is 
an increasingly applied monitoring method with the potential to 
detect multiple pathogens directly from an environmental matrix 
such as water (Thomsen & Willerslev, 2015). Non-invasive patho-
gen eDNA detection may be particularly important when the 
host species is rare, threatened or of fisheries and conservation 
importance. For example, several salmonid disease agents, par-
ticularly those with water-borne transmission stages, have been 
detected using eDNA techniques: Ceratonova shasta (Hallett & 
Bartholomew, 2006), Gyrodactylus salaris (Rusch et al., 2018) and 
Myxobolus cerebralis (Richey et al., 2018), the PKD agent, T. bryosal-
monae (Fontes, Hartikainen, Holland, et al., 2017) and the shellfish 
pathogen, Perkinsus marinus (Audemard et al.,  2004). The possi-
bility of detecting the DNA of multiple pathogens from the same 
environmental matrix could facilitate comprehensive monitoring 
of parasite and pathogen communities, which is of importance for 
disease risk mapping, wildlife management and advancing the use 
of parasites as bioindicators.

The aim of this study was to map the occurrence of four 
aquatic pathogens (A. astaci, B. dendrobatidis, S. parasitica and T. 
bryosalmonae) using eDNA from water samples and to compare 
with previous pathogen occurrence data. All four target pathogens 
are transmitted through water-borne stages and are distributed 
across the study area in Switzerland. The hosts of the studied 
pathogens exhibit partially overlapping habitat requirements and 
seasonal development patterns, which were used to interpret the 
eDNA detection frequencies. A newly developed eDNA sampling 

method (Sieber et al., 2020) was used in 280 sites to collect tripli-
cate 5 L water samples, and four species-specific quantitative real-
time PCR (qPCR) assays were used to analyze each eDNA extract. 
The country-wide pathogen occurrence derived from eDNA data 
was compared to several geographical factors and earlier studies 
investigating disease occurrence in host species. The research 
demonstrates the applicability of pathogen eDNA detection for 
updating and extending existing pathogen surveillance and mon-
itoring and highlights opportunities for its use in population and 
ecosystem health monitoring.

2  |  METHODS

2.1  |  Study species

All four pathogens we monitored are associated with disease 
outbreaks and are ecologically important in aquatic environments. 
Aphanomyces astaci causes the crayfish plague and is associated 
with population collapses of native European crayfish species 
(Holdich et al.,  2009). While European crayfish species are highly 
susceptible to the disease, the introduced invasive North American 
crayfish species are asymptomatic carriers and act as pathogen 
reservoirs (Alderman et al.,  1987; Nyhlén & Unestam,  1980). A. 
astaci zoospores are released from cadavers and during host molting 
(Oidtmann et al., 2002) and are transmissive to susceptible crayfish 
in water for at least several weeks (Svoboda et al., 2017).

The chytrid fungus Batrachochytrium dendrobatidis (Longcore 
et al.,  1999) causes chytridiomycosis in amphibians (Kilpatrick 
et al., 2010), and is also spread by anthropogenic means, including 
the illegal trading of animals. Most amphibian species are suscep-
tible (Daszak et al.,  2004; Lips et al.,  2006), and chytridiomycosis 
has been linked with the decline and extinction of many amphibian 
species worldwide (Cunningham et al., 2017), however no mass mor-
talities have been noted in Switzerland (Tobler et al., 2012). B. den-
drobatidis releases free-swimming zoospores (Berger et al.,  2005), 
which can survive several months in sterile lake water (Johnson & 
Speare, 2005).

Proliferative Kidney Disease is caused by Tetracapsuloides 
bryosalmonae (Phylum Cnidaria, Subphylum Myxozoa), severely 
impacting wild and farmed salmonids (Okamura et al., 2011). T. bryo-
salmonae has a complex life cycle and transmits between fish and 
freshwater bryozoans (Phylum Bryozoa, Class Phylactolaemata) via 
malacospores released into the water (reviewed in Hartikainen & 
Okamura, 2015). The bryozoans may act as long-lived parasite res-
ervoirs through condition-dependent development of the parasite in 
asexually reproducing colonial hosts (Fontes, Hartikainen, Taylor, & 
Okamura, 2017). Once released, the malacospores are infective for 
12–24 h (De Kinkelin et al., 2002; Feist et al., 2001), although dura-
tion of detection in eDNA is not known.

The “water mold” Saprolegnia parasitica, an oomycete pathogen, 
has a global freshwater distribution and causes significant economic 
losses in aquaculture (van West, 2006). Outbreaks of highly virulent 
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    |  3SIEBER et al.

strains of S. parasitica have also been observed in wild fish popu-
lations of brown trout (S. trutta) and grayling (Thymallus thymallus; 
Paul & Belbahri, 2012). Further infections of S. parasitica have been 
observed in arctic char (Salvelinus alpinus), common barbel (Barbus 
barbus), catfishes (Silurus sp) common minnow (Phoxinus phoxinus), 
European perch (Perca fluviatilis), marble trout (Salmo marmora-
tus), northern pike (Esox lucius), rainbow trout (Oncorhynchus my-
kiss), and whitefish (Coregonus wartmanni; Ravasi et al., 2018). The 
transmission of S. parasitica is via swimming primary and secondary 
zoospores, which are released into water in multiple cycles from in-
fected fish (van West, 2006).

The use of eDNA to detect pathogens directly from water sam-
ples creates an opportunity to simultaneously discover all four 
discussed pathogens, even though they affect a range of different 
hosts. Detection of B. dendrobatidis (Kirshtein et al.,  2007) and A. 
astaci (Strand et al., 2011) using water samples has been previously 
established (Barnes et al., 2020; Hyman & Collins, 2012; Kamoroff & 
Goldberg, 2017; Strand et al., 2014; Wittwer et al., 2018). Detection 
of A. astaci has been tested in large lakes (Strand et al., 2014) and 
streams (Wittwer et al.,  2019); whereas, B. dendrobatidis was de-
tected in ponds (Hyman & Collins, 2012; Walker et al., 2007), wet-
lands (Chestnut et al., 2014), and lakes (Kamoroff & Goldberg, 2017). 
Assays detecting T. bryosalmonae (Carraro et al.,  2018; Fontes, 
Hartikainen, Holland, et al., 2017; Hutchins et al., 2018) and S. par-
asitica (Rocchi et al., 2017) have been tested in rivers, however, the 
eDNA collection methods and isolation procedures vary widely be-
tween the different pathogens.

2.2  |  Study sites and eDNA sampling

Sampling sites were chosen to cover the major waterways through-
out Switzerland. Sampling sites were located in eleven major water-
sheds: Aare, Adda, Adige, Alpenrhein, Doubs, Inn, Limmat, Reuss, 
Rhein, Rhône, and Ticino (Figure 1). The sites were chosen to reflect 
the distribution of host species and therefore most sites were situ-
ated in the Swiss midlands. Distribution maps of a selection of host 
species are depicted in Figure S1 in the supplement. Additional sites 
of interest were chosen by the cantonal authorities who provided 
funding to this project. Consequently, 280 sites, 212 running, and 
68 standing waters were selected (Figure 1 and see Table S1 in the 
Supplement for site details). Sampling was conducted from May to 
September in 2017 and from May to October in 2018. Water sam-
ples were collected using an in situ filtration system described in 
Sieber et al. (2020). Briefly, three 5 L water samples were taken per 
site. In case the filter clogged before reaching 5 L, a maximum of six 
filters were collected. A negative control was performed using 5 L of 
clean MilliQ water pumped through the equipment before sampling 
at each site. The tubes containing the eDNA filters were stored on 
ice; however, for multi-day trips in canton Grisons and Ticino a dry 
shipper was used for transportation, which was cooled with liquid 
nitrogen before the trip. After returning from the field, collected 
samples were stored at −80°C until extraction.

2.3  |  DNA extraction and real-time 
quantitative PCR

Extraction of eDNA samples was conducted in two laboratories 
which were only used for pre-PCR processes (Eawag Dübendorf 
and FHNW Muttenz). The DNEasy Power Water kit (Qiagen AG) 
with modifications described in Sieber et al.  (2020; Text S1 in the 
Supplement) was used and extracted samples were stored at −20°C 
until further analysis.

All water sample extracts were analyzed for all four patho-
gen species in separate reactions using probe-based TaqMan 
real-time quantitative PCR (qPCR) performed on a LightCycler® 
480 (Roche). Multiplexing was avoided to reduce potential inter-
ference between assays. Triplicate reactions were set up using 
a QIAgility pipetting robot (Qiagen AG) with negative controls 
included in each run. A standard dilution series of each patho-
gen's target DNA sequence was run on each detection plate (see 
below, based on GBlocks fragments). The samples were tested 
in separate runs for different pathogen species. An overview of 
the assays and their original references are listed in Table  S2 in 
the Supplementary materials. Reaction setup and thermal cycling 
for B. dendrobatidis and T. bryosalmonae are described in Sieber 
et al. (2020). For A. astaci amplification, we targeted the ITS region 
according to Vrålstad et al. (2009), with a modified thermal cycling 
regime for increased specificity (Strand et al.,  2011, 2014). The 
10 μL reactions contained 5 μL of the LightCycler® 480 Probes 
Master buffer (Roche), forward primer (AphAstITS-39F) at a con-
centration of 50 nM, reverse primer (AphAstITS-97R) at 900 nM, 
the MGB probe (AphAstITS-60T) at 200 nM and 2.5 μL of the tem-
plate DNA. Thermal cycling was initiated for 10 min at 95°C, fol-
lowed by 50 cycles for 15 s at 95°C and 30 s at 62°C. At the end, a 
cooling step for 10 s at 40°C was implemented as suggested by the 
manufacturer of the thermal cycler. The assay for S. parasitica de-
tection (Rocchi et al., 2017) targets the ITS1 and ITS2 regions. The 
reactions contained 5 μL of the LightCycler® 480 Probes Master 
buffer (Roche), the forward primer (Primer-F) and the reverse 
primer (Primer-R), each at a concentration of 900 nM, as well as 
containing the probe (Probe-R) at 200 nM and 2.5 μL of template 
DNA. Thermal cycling for S. parasitica included an initial 10 min at 
95°C followed by 45 cycles for 15 s at 95°C and 60 s at 60°C, with a 
final 10 s cooling step at 40°C. In addition to the pathogen assays, 
and to test for inhibition, an internal positive control (IPC) was 
spiked into each eDNA sample in a separate qPCR run (see Sieber 
et al. (2020) for detailed procedures).

To quantify the DNA content of samples and to determine 
both the limit of detection (LOD) and quantification (LOQ) for each 
assay we used a double-stranded Gblocks fragment (Integrated 
DNA Technologies) containing target sequences of all pathogen 
assays (see Text S2). The definition of LOD and LOQ we discussed 
in previous publications (Sieber,  2020; Sieber et al.,  2021). LOD 
and LOQ for B. dendrobatidis and T. bryosalmonae are reported in 
Sieber et al. (2020). For A. astaci, the LOD was determined to be at 
quantification cycle value (Cq-value) of 38.844 and the LOQ at a 
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concentration of 11.09 copies μL−1 (Sieber et al., 2021). For S. para-
sitica, the LOD was determined to be at Cq-value of 35.752 and the 
LOQ at a concentration of 22.2 copies μL−1 using the same proce-
dures as in Sieber et al.  (2020). Dilution series results are listed in 
Table S3 in the Supplementary materials. The standard curves which 
were used to define to LOD and LOQ of all four pathogens are visu-
alized in Figure S2 in the Supplementary materials.

2.4  |  Data analysis

The qPCR raw output data were processed as described in Sieber 
et al.  (2020). The pathogen DNA concentration from each water 
sample was defined as above LOD, and therefore as positive detec-
tion, if the DNA concentration in one or more of the qPCR repli-
cates exceeded the LOD. A site was considered positive for the 
presence of a pathogen if at least one of the three replicate water 
samples from that site was positive for the tested pathogen DNA. 
Mean DNA concentrations per water sample were calculated with 
positive qPCR replicate values. Mean DNA concentrations per site 
were calculated from mean sample concentrations. Some sites were 

excluded from analysis for A. astaci, S. parasitica and T. bryosalmo-
nae due to amplification in the sampling negative controls (n = 18 
for A. astaci, n = 2 for S. parasitica and n = 1 for T. bryosalmonae). All 
analyses were conducted in R version 3.6.1. (R Core Team,  2019) 
and with following packages installed: car (Fox & Weisberg, 2019), 
dplyr (Wickham et al.,  2023), lme4 (Bates et al.,  2015), lmerTest 
(Kuznetsova et al., 2017), and nlme (Pinheiro et al., 2023). The gradi-
ent of sampled river stretches was assigned into flat, semi-steep, and 
steep slope categories according to Swiss river typology categories 
(Zeh Weissmann et al., 2009). The effect of the waterbody type (lake 
or river), sampling site elevation (meters above sea level, m.a.s.l.), 
lake surface area, river Strahler order, and gradient on pathogen de-
tection was investigated using binomial generalized linear mixed ef-
fects models with watershed as the random factor.

The estimates of pathogen DNA concentration in the water 
samples were power-transformed for analysis to meet parametric 
assumptions, using Tukey's Ladder of Powers (Tukey,  1977). We 
then applied linear mixed effects models to test the effects of wa-
terbody type and elevation, lake surface area, river Strahler order, 
and gradient on mean DNA concentrations per survey site. Since 
surface area and Strahler order are only defined for lakes and rivers, 

F I G U R E  1  Map of Switzerland with sampling sites color-coded according to catchment. Background maps were drawn by swisstopo 
(Swiss Federal Office of Topography, Berne).
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    |  5SIEBER et al.

respectively, they were tested separately for each waterbody type. 
Waterbody type was not analyzed for B. dendrobatidis DNA con-
centrations because B. dendrobatidis was only found in rivers. The 
same analyses were also conducted on a reduced dataset which 
only included DNA concentrations above LOQ. Samples where T. 
bryosalmonae DNA concentrations were above the LOQ were only 
found in rivers, therefore, they were not analyzed with waterbody 
type and lake surface area. Association between DNA concentra-
tions of two disease agent species in the same water sample were 
examined using linear mixed models with survey site as random 
factor for each pathogen pairing, except for the pairing of B. den-
drobatidis and T. bryosalmonae. For that pairing, a linear model was 
implemented without random effect, because only single samples 
from sampling sites had concentrations for both agents. Effects of 
waterbody type, elevation, lake surface area, river Strahler order, 
and river gradient on the number of pathogens co-detected at each 
site (no detections to all four detected: 0–4) were analyzed using 
binomial generalized linear mixed effects models with watershed 
as the random factor. Co-detection between pathogen pairs was in-
vestigated with Pearson's Chi-squared tests with Yates' continuity 
correction for each agent pairing. The inhibition in water samples 
was measured as described in Sieber et al. (2020) using an internal 
positive control.

Hierarchical occupancy models were run according to Dorazio 
and Erickson (2018) to calculate occupancy probabilities at the level 
of sampling site, water sample and qPCR replicate for each pathogen 
except B. dendrobatidis, which was excluded from this analysis due 
to very low detection rates. All models were run in R with 11,000 
Markow-Chain-Monte-Carlo (MCMC) iterations and the effects of 
elevation, waterbody type, river Strahler order and lake surface area 
were analyzed by model selection using Posterior Predictive Loss 
(PPLC, Gelfand & Ghosh, 1998) and Watanabe-Akaike Information 
criterion (WAIC, Watanabe, 2010) criterions. Furthermore, we used 
the equation 1 − (1 − θ)n ≥ 0.95 to determine the number of water 
samples (n) required per sampling site to reach detection success of 
95% or above for estimated pathogen DNA detection probabilities 
per water sample (θ).

A. astaci and T. bryosalmonae eDNA occurrence data was com-
pared with A. astaci and PKD prevalence data from crayfish and fish 
tissue, respectively, which was collected in previous studies (Jean-
Richard, 2013; Wahli et al., 2008). From these surveys, 45 sites for 
A. astaci and 79 sites for T. bryosalmonae were surveyed in the same 
river stretch or the same lake and could therefore be compared to 
our survey data. The association between pathogen detection in the 
hosts and in water was analyzed with a Pearson's Chi-squared test 
with Yates' continuity correction and a McNemar's Chi-squared test 
with continuity correction.

We used binomial generalized linear mixed effects models to in-
vestigate the effect of waterbody type, elevation, lake surface area, 
river Strahler order, and gradient on qPCR inhibition in water. The 
effect of inhibition on detection rates in water samples was ana-
lyzed for each disease agent with Pearson's Chi-squared tests with 
Yates' continuity correction. Furthermore, influence of inhibition on 

disease agent concentrations in water samples were analyzed with 
linear mixed effects models with survey site as a random factor.

3  |  RESULTS

3.1  |  Pathogen detection in water

Aphanomyces astaci was detected in 87 of 262 (33.21%) sites 
(Figure 2a), B. dendrobatidis in 5 out of 280 (0.02%) sites (Figure 2b), 
S. parasitica in 205 out of 278 (73.74%) sites (Figure 2c) and T. bry-
osalmonae in 59 out of 279 (21.15%) sites (Figure  2d). The corre-
sponding site occupancy estimates for each species are shown in 
Table 1. Detailed results are listed in Table S1 in the Supplementary 
materials. A. astaci was found in all major watersheds except for the 
two alpine rivers Inn and Adige (Figure 2a). B. dendrobatidis was de-
tected in single locations of the Adda, Alpenrhein, Limmat, Rhein, 
and Ticino catchments (Figure  2b). S. parasitica was present in all 
major catchments, while T. bryosalmonae was not found in the alpine 
Adda, Adige and Inn catchments (Figure  2d). A. astaci (χ2 = 5.773, 
df = 1, p = 0.016), S. parasitica (χ2 = 23.650, df = 1, p < 0.001) and T. 
bryosalmonae (χ2 = 9.815, df = 1, p = 0.002) were significantly more 
often detected in river than in lake sites. Due to low detection rate, 
B. dendrobratidis occurrence in waterbody type was not assessed 
(n = 5 detections, all in rivers). A. astaci, T. bryosalmonae and S. para-
sitica detection frequency did not change significantly with elevation 
(χ2 = 3.329, df = 1, p = 0.068; χ2 = 1.973, df = 1, p = 0.160; χ2 = 0.670, 
df = 1, p = 0.413, respectively), despite a trend for more detections at 
lower elevations in the former two species. Elevational differences 
regarding detection were not assessed for B. dendrobatidis due to 
low detection rate. S. parasitica detection increased with lake sur-
face area (χ2 = 14.668, df = 1, p < 0.001), which was not observed 
for A. astaci (χ2 = 0.177, df = 1, p = 0.674) nor for T. bryosalmonae 
(χ2 = 0.200, df = 1, p = 0.655). However, the sample sizes in lakes for 
the latter two species were lower. Neither river Strahler order nor 
river gradient categories had a significant effect on the detection 
of any pathogens (see Table S4 in the Supplementary material for 
analysis results).

Hierarchical occupancy models revealed a consistent (≥80%) 
qPCR replicate level detection for all analyzed pathogens (Table 1) 
and high site occupancy probability of S. parasitica (Ψ(.) = 0.808). The 
occupancy probability among the three replicate water samples was 
similar for all three pathogens included. The inclusion of elevation, 
water type, river Strahler order, and lake surface area did not im-
prove model fit (see Table S5 in the Supplementary material for de-
tailed results).

3.2  |  Pathogen DNA concentrations in water

The mean DNA concentration of S. parasitica decreased in water 
samples with increasing elevation (r = −0.272, χ2 = 9.807, df = 1, 
p = 0.002); however, this was not observed for the other pathogen 
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F I G U R E  2   (Continued)

(a) Aphanomyces astaci

(b) Batrachochytrium dendrobatidis
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    |  7SIEBER et al.

(c) Saprolegnia parasitica

(d) Tetracapsuloides bryosalmonae

F I G U R E  2  Distribution maps across Switzerland indicating the occurrence of (a) Aphanomyces astaci, (b) Batrachochytrium dendrobatidis, 
(c) Saprolegnia parasitica and (d) Tetracapsuloides bryosalmonae. Red = positive detection, yellow = uncertain detection (below the LOD), 
green = negative detection. Background maps were drawn by swisstopo (Swiss Federal Office of Topography, Berne).
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8  |    SIEBER et al.

species. No other explanatory variables had a significant effect on 
pathogen DNA concentrations (see Table S6 in the Supplementary 
material for test results). When only above LOQ DNA concentra-
tions were included, negative elevation-dependent DNA concentra-
tions of both T. bryosalmonae (r = −0.356, χ2 = 5.171, df = 1, p = 0.023) 
and S. parasitica (r = −0.186, χ2 = 4.048, df = 1, p = 0.044) were ob-
served; while this effect was not observed for A. astaci (r = −0.296, 
χ2 = 3.195, df = 1, p = 0.074). S. parasitica DNA concentrations above 
LOQ decreased with increasing river Strahler order (r = −0.134, 
χ2 = 4.246, df = 1, p = 0.039). Higher A. astaci DNA concentrations 
correlated with larger lake surface area (r = 0.803, χ2 = 20.773, df = 1, 
p < 0.001). River gradient was not found to influence the DNA con-
centration above LOQ for any of the pathogens (see Table  S7 for 
test results).

3.3  |  Patterns of co-occurrence

All four infectious agents were detected at one site (in the river 
Simmi, in the Alpenrhein catchment), all tested pathogens except 
B. dendrobatidis were present in 29 sites and all tested pathogens 
except A. astaci occurred in two sites. In 70 sites, two of the four 
pathogens were detected. Co-detection was higher in rivers 
compared to lakes (χ2 = 33.860, df = 1, p < 0.001). In rivers, most 
co-detections were observed in sites with semi-steep slopes 
(χ2 = 15.707, df = 2, p < 0.001). Elevation, lake surface area and river 
Strahler order did not show significant association with number 
of co-detected pathogens (χ2 = 2.321, df = 1, p = 0.128; χ2 = 0.094, 
df = 1, p = 0.760 and χ2 = 0.276, df = 1, p = 0.599, respectively). The 
detections of A. astaci and S. parasitica, A. astaci and T. bryosalmonae, 
and S. parasitica and T. bryosalmonae were positively correlated 
(χ2 = 12.488, df = 1, p < 0.001, χ2 = 17.736, df = 1, p < 0.001, and 
χ2 = 14.643, df = 1, p < 0.001, respectively). Pairwise co-detection 
of A. astaci with S. parasitica and of A. astaci with T. bryosalmonae 
did not show significant patterns with any sampling site properties 
(see Table S8 in the Supplementary materials for test results). As an 
exception, pairwise co-detection of S. parasitica with T. bryosalmonae 
decreased with elevation (χ2 = 4.164, df = 1, p = 0.041) and a similar, 
but insignificant trend was observed for pairwise detection of A. 
astaci with T. bryosalmonae (χ2 = 2.912, df = 1, p = 0.088).

DNA concentrations in water samples correlated positively be-
tween S. parasitica and T. bryosalmonae (r = 0.355, χ2 = 19.209, df = 1, 
p < 0.001), S. parasitica and A. astaci (r = 0.103, χ2 = 22.591, df = 1, 
p < 0.001), S. parasitica and B. dendrobatidis (r = 0.729, χ2 = 22.294, 
df = 1, p < 0.001), and to a lesser degree between A. astaci and B. 

dendrobatidis (r = 0.025, χ2 = 4.053, df = 1, p = 0.044). No other asso-
ciations between disease agent DNA concentrations in water sam-
ples were found (A. astaci – T. bryosalmonae: r = 0.132, χ2 = 1.238, 
df = 1, p = 0.266; B. dendrobatidis – T. bryosalmonae: r = 0.462, 
F1,4 = 1.181, p = 0.338).

3.4  |  Comparison of pathogen DNA detection in 
water with previous survey data

Among the 208 sites sampled here, 45 had previously been inves-
tigated for presence of A. astaci using tissue samples from invasive 
crayfish (Jean-Richard, 2013). Environmental DNA confirmed the 
presence of A. astaci in 9 of these sites and was absent in eDNA 
samples of 13 sites where no A. astaci had been detected in cray-
fish before. A. astaci DNA was found in eDNA samples in additional 
12 sites where no infected crayfish had previously been recorded 
but failed to detect it in 11 sites with previous detection in cray-
fish. T. bryosalmonae was detected in both water samples and fish 
in 25 of the 79 river sites where both datasets were available (see 
Table  S9 in the Supplementary material for site information and 
detection results). In 27 sites, neither of the sample types (water 
or tissue) detected the parasite. T. bryosalmonae DNA was present 
in eDNA samples of only one additional site where no infected fish 
had been previously recorded but failed to detect it in 26 sites with 
previous detection in fish. While the detection results of the two 
methods were correlated (χ2 = 14.914, df = 1, p < 0.001), in the 79 
analyzed river sites, T. bryosalmonae was more commonly detected 
in fish (McNemar's χ2 = 21.333, df = 1, p < 0.001) compared with 
water samples.

3.5  |  Inhibition of water samples

Only 2.37% (n = 21/887) of the eDNA samples from 13 sites (total 
sites analyzed n = 266) showed signs of inhibition, meaning they ex-
hibited IPC ∆ Cq-values ≥3. The elevation of a sampling site, lake 
surface area, river Strahler order, and river gradient (χ2 tests, all 
p > 0.195) did not influence the probability of inhibited water sam-
ples. When present, inhibition affected detection rates of S. parasit-
ica (χ2 = 14.59, df = 1, p < 0.001): the oomycete was detected in only 
one of the 21 samples with an IPC ∆ Cq-value ≥3; whereas, S. para-
sitica detection rate in uninhibited samples (with IPC ∆ Cq-values 
<3), was almost 50% (n = 424/859). Detection was not significantly 
influenced by inhibition in other pathogens (data not shown).

TA B L E  1  Occupancy probabilities of sampling site Ψ(.), water sample θ(.), qPCR replicate p(.), and number of water samples (n) required 
per sampling site to reach detection probabilities of ≥95% according to θ(.). Probability estimates are listed per pathogen species.

Species Ψ(.) θ(.) p(.) # water samples (n)

Aphanomyces astaci 0.371 0.544 0.804 4

Saprolegnia parasitica 0.808 0.605 0.908 4

Tetracapsuloides bryosalmonae 0.247 0.490 0.810 5
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    |  9SIEBER et al.

4  |  DISCUSSION

Applying eDNA and molecular detection to parasites of diverse host 
groups that share the same habitat provides an efficient approach 
to characterizing parasite communities. Parasite communities can 
serve as indicators of ecosystem state, and eDNA methods may 
improve the incorporation of pathogens into ecosystem health as-
sessment. Ultimately, understanding pathogen distribution and co-
existence can lead to better disease management strategies. Here, 
we evaluate the potential of large-scale eDNA surveys to update and 
re-direct the surveillance and monitoring efforts of harmful amphib-
ian, fish, and crayfish pathogens from the same water samples.

4.1  |  Pathogen eDNA distribution, detection, and 
quantification

The 280 sites sampled were mainly rivers and streams in Switzerland. 
The most widespread pathogen was S. parasitica (Figure  2c), 
aligning with its endemic distribution throughout freshwater 
environments within the temperature range found in most Swiss 
lakes and rivers (Kitancharoen et al.,  1996; van West,  2006). 
Although clinical saprolegniosis in fish is most often observed during 
stressful periods, particularly during the breeding season (Howe & 
Stehly, 1998; Neish, 1977) and during winter (Quiniou et al., 1998), 
the pathogen is detectable in many populations and environments 
year-round (Pickering & Willoughby,  1982; van West,  2006). The 
frequent S. parasitica detection across the entire study area, and 
the lack of association of detection probability with elevation in 
this study demonstrates the suitability of the sampling method for 
capturing pathogen stages from water samples with differing water 
chemistries and varied catchment features.

Conversely, B. dendrobatidis was detected very infrequently, 
with only 5 sites out of 280 with positive detection (Figure  2b). 
The amphibian host species mostly occur in smaller streams and 
ponds than targeted in this survey (e.g., midwife toad [Alytes obstet-
ricans obstetricans], natterjack toad [Bufo calamita]), and presence 
in larger waterbodies is seasonal (Barnes et al., 2020; Kamoroff & 
Goldberg,  2017; Mosher et al.,  2018). Furthermore, the sampling 
period from end of May to October did not closely consider species-
specific temporal dynamics. Ranavirus and B. dendrobatidis concen-
trations in pond water were observed to be closely linked to host 
developmental stages, rising when anuran hosts reach later tadpole 
stages (Hall et al., 2018; Julian et al., 2019; Miaud et al., 2019). The 
strong developmental synchronicity of most amphibian species re-
quires a more focused sampling period for maximized detection suc-
cess of pathogens The contrasting detection patterns of S. parasitica 
(a generalist pathogen known to persist and occur in most types of 
aquatic environments) and B. dendrobatidis (a specialist pathogen 
whose amphibian host prefers a habitat not targeted in the study) 
thus indicate both sensitivity and specificity of the eDNA method 
for characterizing pathogen occurrence patterns across broad spa-
tial scales.

A. astaci and T. bryosalmonae have in previous surveys been 
found across the study area, with distributions aligning largely with 
their invasive North American crayfish and brown trout/bryozoan 
host ranges, and with some evidence for decreasing occurrence 
with increasing elevation. Accordingly, A. astaci was detected in a 
third of all surveyed sites (87 of 262) and in all major Swiss water-
ways, consistent with the occurrence of plague-carrying invasive 
North American crayfish in all major lowland rivers and lakes across 
Switzerland (Stucki & Zaugg,  2011). A. astaci was not detected in 
the high alpine catchments of the Adige and the Inn rivers, where 
crayfish are absent due to low temperatures (Chucholl, 2017), sup-
porting our findings of higher occurrence of A. astaci in lower ele-
vations. T. bryosalmonae was found in 21% (59 of 279) of sites and 
appears mostly at low elevations in the northern part of Switzerland 
(Figure 2d). Wahli et al.  (2002) observed a similar association with 
elevation in a survey of PKD among trout populations.

The eDNA survey showed that T. bryosalmonae DNA concen-
trations in water samples increased at lower elevations (when con-
sidering samples where the pathogen concentration was above 
LOQ). PKD affected trout populations are generally not found 
above 800 meters above sea level (m. a. s. l.) in Switzerland (Wahli 
et al.,  2008) and this study independently confirms this pattern 
for T. bryosalmonae presence from water samples. Only one de-
tection of T. bryosalmonae was found at an elevation of more than 
800 m.a.s.l. This positive water sample was taken from the river 
Orbe, at 1014 m.a.s.l., where fish infected with T. bryosalmonae have 
been observed (Wahli et al.,  2008). The eDNA evidence suggests 
that the absence of PKD in most sites above 800 m.a.s.l. could be 
attributed to infrequent occurrence of the parasite, rather than lack 
of PKD development at low temperatures associated with high el-
evations. The proliferation of T. bryosalmonae and the severity of 
PKD increases with temperature in laboratory studies in the bryo-
zoan host (Tops et al., 2009) and fish host (Bailey et al., 2018), and 
therefore detection rates of T. bryosalmonae in water likely reflect 
the temperature dependence of parasite development in both hosts 
(Fontes, Hartikainen, Holland, et al., 2017). Further studies should 
investigate the elevation limits of bryozoan distribution, as the spe-
cific habitat requirements of this primary host may rarely be met at 
high elevation and thus limit the distribution T. bryosalmonae (trout 
commonly occur above 800 m.a.s.l.). The rare occurrence, or even 
absence, of A. astaci and T. bryosalmonae in alpine regions indicates 
the importance of high elevation refugia from disease agents, which 
may become threatened by the changing climate.

Despite collecting relatively large 5 L water samples, the limit of 
quantification for each pathogen was reached in relatively few of the 
samples with positive detection (proportion of samples exceeding 
LOQ; A. astaci: 21%, B. dendrobatidis: 0%, S. parasitica: 61%, T. bryo-
salmonae: 28%). Parasites and pathogens often show aggregated 
distribution among host populations, which could result in heterog-
enous release of pathogen eDNA into the water, making pathogen 
eDNA detection and quantification in larger water bodies challeng-
ing. Accordingly, the results for the widely distributed S. parasitica 
showed that pathogen eDNA concentration (when above the LOQ) 
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10  |    SIEBER et al.

decreased in rivers with higher Strahler order. Therefore, higher 
sampling effort, involving sampling at several locations of a lake or 
a large river is required to reach similar detection levels as in smaller 
waterbodies. Contrary to these results, we found that the detection 
frequency of S. parasitica, and the DNA concentration of A. astaci, 
increased with increasing lake surface area. This result could re-
flect different dilution factors and eDNA degradation dynamics in 
lakes and rivers, or the low number of lakes sampled in this study, or 
high variation in qPCR quantification of low DNA content samples 
(Mauvisseau et al., 2019).

Qualitative associations have previously been described be-
tween disease agent DNA concentrations and infection prevalence 
in host populations for the amphibian parasite, Ribeiroia ondatrae 
(Huver et al., 2015), A. astaci (Strand et al., 2014), Ceratomyxa shasta 
(Hallett et al.,  2012) and various species of Enterococcus (Wade 
et al.,  2010). However, to use pathogen eDNA detection to un-
derstand disease dynamics, further experimental data are needed 
to improve the understanding of quantitative or semi-quantitative 
relationships between pathogen DNA concentrations in water and 
disease prevalence and risk in host populations.

4.2  |  Comparisons with previous surveys

To assess the variation in pathogen eDNA detection, we contrasted 
the eDNA survey results with previous surveys of parasite presence 
in host populations (A. astaci surveyed in 2012 and T. bryosalmonae 
in 2000–2006) (Jean-Richard,  2013; Wahli et al.,  2008). It should 
be noted that these surveys were conducted >15 years ago in some 
cases, highlighting the need for methods that can be used to update 
such monitoring results more frequently.

The pathogen eDNA survey confirmed the results of the pre-
vious surveys in approximately half of the sampled sites for both 
pathogens. Notably, T. bryosalmonae eDNA revealed only one site 
where no infected fish were previously discovered (see Table S8 in 
the Supplement). Previous work shows a positive relationship be-
tween increasing water temperatures and the occurrence of PKD, 
and our results indirectly suggest that since 2006, when some of 
these sites were last tested, T. bryosalmonae distribution may not 
have changed significantly. This underlies the importance of tem-
perature in provoking PKD outbreaks in areas where T. bryosalmonae 
is found to be present now and in the past.

A. astaci eDNA revealed pathogen presence in half of the sites 
where tissue samples from 2012 did not detect crayfish plague, 
however, A. astaci was not detected in eDNA from a similar number 
of sites where crayfish plague had previously been detected in cray-
fish. The timing and duration of the previous surveys, as well as dis-
ease dynamics and pathogen life-cycle differences may explain the 
variation in eDNA detection and survey results. A. astaci often ap-
pears in low prevalence in host populations of invasive crayfish spe-
cies which are asymptomatic carriers (Sieber et al., 2021; Unestam 
& Weiss,  1970). Detection of the low zoospore release from as-
ymptomatic hosts requires large sampling effort, yet is important 

when there is a danger of pathogen introduction to susceptible na-
tive crayfish populations (Schrimpf et al., 2013). Previous work has 
highlighted the importance of combined application of both conven-
tional and DNA-based methods to create a more accurate indication 
of A. astaci distribution (Sieber et al., 2021).

4.3  |  Patterns of co-occurrence of pathogen eDNA

The detections of A. astaci and T. bryosalmonae were correlated, with 
the two pathogens co-occurring more frequently than expected 
by chance. Although A. astaci and T. bryosalmonae parasitise 
different hosts (crayfish and bryozoans/fish, respectively), their co-
occurrence may reflect similarity in the host habitat requirements. 
Further, S. parasitica occurrence was positively associated with both 
T. bryosalmonae and A. astaci occurrence, and eDNA concentrations 
were also observed to correlate between A. astaci and S. parasitica 
and T. bryosalmonae and S. parasitica. As S. parasitica can infect 
both fish and crayfish (Diéguez-Uribeondo et al., 1994), this result 
suggests some sites are particularly prone to harbor multiple 
pathogens. This could arise via opportunistic S. parasitica infection 
of fish and crayfish already weakened by either A. astaci or T. 
bryosalmonae (Edgerton et al., 2002; van den Berg et al.,  2013). 
Furthermore, multiple pathogens might be more abundant in sites 
where their host populations are exposed to the same stressors, such 
as habitat degradation or temperatures near their thermal tolerance 
limits (Shea et al., 2012; Taglioretti et al., 2018). This suggests that 
the occurrence and concentration of generalist pathogens could be 
explored as an indicator for the severity of stressors driving disease 
in aquatic systems.

Inhibition was tested in this study using an internal positive con-
trol, showing minimal impacts on detection, and DNA was extracted 
using a standardized protocol. Despite this, we cannot fully exclude 
that frequent co-detection could have a technical reason, such as 
variation in eDNA extraction efficiency or inhibition among samples. 
Therefore, to confirm the co-occurrence patterns and ground-truth 
the eDNA-derived conclusions, complimentary sampling of hosts 
could be conducted in selected sites in future.

4.4  |  Considerations for eDNA-based 
pathogen indicators

Pathogen detection in water samples is complicated by the host–
parasite metapopulation dynamics, which can impact the distribu-
tion, magnitude, and timing of release of pathogen transmission 
stages into water (Miaud et al., 2019; Wittwer et al., 2018). In this 
study, each site was visited once and if the pathogens were not 
producing transmission stages at that time, their detection in water 
samples would have been unlikely. Thus, the timing of eDNA surveys 
to capture water-borne pathogens is a crucial consideration, and 
temporally repeated sample collection may be even more important 
than when assessing the occurrence of a free-living species.
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Aquatic systems are complex and dynamic, leading to stochas-
ticity in detection and limiting the accuracy of eDNA quantifica-
tion due to heterogeneous distribution of pathogen DNA in the 
system (Sieber et al., 2020). In this study, sampling generally con-
sisted of three 5 L water samples per site, exceeding the volume 
sampled in previous studies by a large margin (up to 5 water sam-
ples with volumes between 60 and 600 mL [Chestnut et al., 2014]). 
Despite the large sample volumes, occupancy modeling suggested 
similar number of samples (n = 5) should have been collected to 
exceed 95% probability of detection (Table 1). The results there-
fore suggest that for B. dendrobatidis, and possibly other patho-
gens with heterogenous zoospore distribution in water, pooled or 
integrated sampling from different positions of a site may be par-
ticularly beneficial (Goldberg et al., 2018). Occupancy models can 
be used to support sample collection decisions, particularly when 
large-scale surveillance and monitoring operations are planned. 
Our results suggest that managers should remain open to adapt-
ing collection methods to account for parasite aggregation and 
seasonal developmental cycles, in lieu of increasing water vol-
umes and sample numbers.

5  |  CONCLUSIONS

Pathogen surveys in wildlife populations currently require the col-
lection of large numbers of hosts and are often limited in scope 
and restricted to a single species of host or pathogen. Yet, it is clear 
that host populations are threatened by multiple disease agents, 
which may have synergistic or cumulative effects on population 
and ecosystem health. eDNA sampling and qPCR detected mul-
tiple aquatic pathogen occurrence from the same water samples. 
We confirmed the widespread distribution of A. astaci and T. bry-
osalmonae, and the ubiquitous presence of S. parasitica, which has 
also been observed in previous surveys (Jean-Richard, 2013; Wahli 
et al., 2008). Factors that likely affect pathogen detection in water 
samples include the timing of surveys and the aggregated distri-
bution of pathogens, which should be considered when planning 
sample collection. A major limiting factor in using eDNA meas-
urements to understand disease risk are the mostly unknown re-
lationships between disease agent DNA concentrations in water 
and disease prevalence in host populations. Experimental data on 
host–pathogen dynamics and field method comparisons are there-
fore required to better integrate pathogen eDNA detection to 
inform management decisions. We conclude that careful compila-
tion of environmental factors and conventional disease monitoring 
methods, in addition to data gleaned from eDNA methods, could 
inform on host–parasite ecology and evolution, as well as parasite 
community ecology. This information will greatly help in enforc-
ing appropriate and effective disease management plans, drive the 
development of new bioindicators for ecosystem and population 
health and provide a toolset for rapidly updating existing monitor-
ing records.
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