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Effective management of both endangered native and invasive alien crayfishes requires knowledge about distribution, monitoring of existing and early detection of newly established populations. Complementary to traditional survey methods, eDNA sampling has recently emerged as a highly sensitive non-invasive detection method to monitor crayfish populations. To advance the use of eDNA as detection tool for crayfish we used a twofold approach: 1) we designed a novel set of specific eDNA-assays for all native (Austropotamobius torrentium, Austropotamobius pallipes, Astacus astacus) and the most relevant invasive crayfish species (Pacifastacus leniusculus, Faxonius limosus, Faxonius immunis) in Central Europe. To ensure specificity each primer pair was tested in silico, in vitro, and in situ; 2) we assessed the influence of spatio-temporal variables (distance to upstream population, season, stream size) on eDNA detection in seven streams using two different detection methods (qualitative endpoint PCR and quantitative droplet digital PCR, ddPCR). The newly developed eDNA assays successfully detected all crayfish species across different lotic and lentic habitats. eDNA detection rate (endpoint PCR) and eDNA-concentration (ddPCR) were significantly influenced by distance and season. eDNA detection was successful up to 7 km downstream of the source population and across all seasons, although detectability was lowest in winter. eDNA detection rate further decreased with increasing stream size. Finally, eDNA-concentration correlated positively with estimated upstream population size. Overall, we provide near operational eDNA assays for six crayfish species, enabling year-round detection, which represents a clear benefit over conventional methods. Due to its high sensitivity, eDNA detection is also suitable for the targeted search of as-yet unrecorded or newly emerging populations. Using quantitative ddPCR might further allow for a rough estimation of population size, provided that the identified spatio-temporal factors are accounted for. We therefore recommend implementing eDNA-detection as a complementary survey tool, particularly for a large-scale screening of data-deficient catchments or a year-round monitoring.
Keywords: environmental DNA, species detection, crayfish, freshwater systems, monitoring
INTRODUCTION
Freshwater crayfish (Crustacea, Decapoda, Astacidae) are among the most threatened animal taxa in Central European fresh waters (Souty-Grosset et al., 2006; Chucholl and Schrimpf, 2016). All of the three indigenous crayfish species (ICS; Astacus astacus, Austropotamobius pallipes, Austropotamobius torrentium) are listed under the Habitats Directive and their conservation status is “unfavourable-inadequate” to “unfavourable-bad” in all biogeographical regions of the European Union with deteriorating population trends (Habitats Directive 92/43/EEC). The alarming population declines of native crayfish are driven by several threats, of which the most imminent is the ongoing spread of invasive non-indigenous crayfish species (NICS) of North American origin (Holdich et al., 2009). These act as a reservoir host for the causative agent of crayfish plague (Aphanomyces astaci), a lethal disease for native crayfish (Almeida et al., 2014; Chucholl and Schrimpf, 2016). In addition to displacement by NICS and crayfish plague, ICS suffer from pollution and degradation of habitats, and the increasing frequency of summer droughts due to climate change (Chucholl and Schrimpf, 2016).
Effective management of both ICS and NICS requires knowledge about distribution, early detection of newly emerging and monitoring of existing populations (Chucholl and Dehus, 2011; Kouba et al., 2014; Agersnap et al., 2017). However, conventional detection methods, such as manual search and trapping, are often hampered by the nocturnal behavior and elusive nature of crayfish (Peay, 2004). Specifically, crayfish populations are very hard to detect at low population densities, which are typical for early invasion stages of NICS and deteriorating populations of ICS (Cowart et al., 2018; Rice et al., 2018). What is more, conventional methods are mostly successful during summer when animals are active, and are normally associated with a disturbance of the habitat (Peay, 2004; Olarte et al., 2019).
In recent years, environmental DNA (eDNA) has emerged as new monitoring tool to survey aquatic environments (Ficetola et al., 2008; Goldberg et al., 2015; Yates et al., 2019), including crayfish (Dougherty et al., 2016; Mauvisseau et al., 2017; Rusch et al., 2020). The advantages of eDNA as monitoring tool are the high sensitivity of the method, the possibility to screen large sections of running waters with only a few sampling sites and the non-invasive nature of the sampling (Larson et al., 2017; Geerts et al., 2018). Detection by means of eDNA therefore shows considerable promise for both the early detection of new or spreading biological invasions (Jerde et al., 2011; Cowart et al., 2018), as well as the monitoring of rare or endangered species that also often occur at low abundances (Atkinson et al., 2019; Ikeda et al., 2019). Moreover, the simultaneous detection of both ICS and NICS is possible (Robinson et al., 2018). Studies on eDNA detection of crayfish show general applicability of this novel method and confirm its high sensitivity (Agersnap et al., 2017; Mauvisseau et al., 2017; Rusch et al., 2020). For instance, in small headwater streams in Japan, crayfish detection by means of eDNA was more sensitive than conventional methods, i.e. eDNA was found in sampling sites where a manual capture failed to detect crayfish (Ikeda et al., 2016).
However, it is still largely unknown how environmental factors and population properties affect detectability of crayfish populations. For instance, eDNA transport distances in lotic systems, that are often taxon-specific (Deiner and Altermatt, 2014; Wacker et al., 2019), are unknown for freshwater crayfish, although persistence of eDNA was assessed in laboratory and mesocosm experiments (Dunn et al., 2017; Harper et al., 2018). Moreover, unlike in other taxa (Buxton et al., 2018; Wacker et al., 2019; Curtis et al., 2020), seasonal variation of crayfish eDNA detectability has never been consistently assessed; existing studies either sampled only during one season or included preliminary field experiments (Ikeda et al., 2016; Harper et al., 2018; Rusch et al., 2020). Finally, water volume, e.g. during flood conditions, has been found to influence eDNA detectability (Curtis et al., 2020). This might imply an influence of stream size on crayfish eDNA detectability, which, however, has not been investigated yet. Overall, this lack of information is unfortunate as the routine application of eDNA detection, for instance in applied conservation projects, generally requires knowledge about these relationships.
To advance eDNA as detection tool for Central European crayfish we used a twofold approach: 1) we designed a novel set of specific endpoint eDNA-assays for all native (Austropotamobius torrentium, Austropotamobius pallipes, Astacus astacus) and the most relevant invasive crayfish species (Pacifastacus leniusculus, Faxonius limosus, Faxonius immunis) using a consistent multiple step approach, including an in silico, in vitro and in situ evaluation; 2) we assessed the influence of spatio-temporal variables (distance to upstream population, season, stream size) on eDNA detection. For this, we took water samples from 40 sampling sites in seven streams using two different detection methods (qualitative endpoint PCR and quantitative droplet digital PCR, ddPCR). All samples were subjected to endpoint PCR, whereas only a subset of samples (30 sampling sites in four streams) was analyzed with ddPCR. Finally, ddPCR was used to assess the relationship between estimated population size and eDNA concentration in the water.
We expected that eDNA detection probability is highest within or directly downstream of the population (Rice et al., 2018) and during the main activity time from spring to autumn (Harper et al., 2018). For small streams we expected a higher eDNA detection probability than for large rivers because the eDNA signal is probably diluted in a larger volume of water. Furthermore, we hypothesized a correlation between eDNA concentration in the water and estimated upstream population size, as the eDNA signal probably integrates with the populated stretch through downstream flow (Rice et al., 2018).
MATERIALS AND METHODS
Primer Design and Evaluation
For each crayfish species a specific eDNA-assay with species-specific primers was developed. Primers were initially designed by visually screening alignments using the software Geneious Prime 2020.0.5 and evaluated for specificity using the program ecoPCR (Ficetola et al., 2010). Species-specific primers, amplifying fragments of 58–295 bp, were designed using alignments of the standard animal barcoding marker Cytochrome c Oxidase subunit I (COI). Alignments were built using published sequences of the respective target species and sequences of a range of non-target species. Accession numbers of the sequences used are listed in Supplementary Table S1.
For Astacus astacus, Faxonius limosus and Faxonius immunis all European sequences were used as target sequences. For Austropotamobius pallipes only sequences from the West European haplotype were included in the alignment, as A. pallipes represents a species complex with several proposed (sub)species, of which only the western form occurs in Central and Northern Europe (Grandjean et al., 2000; Gouin et al., 2006). For Austropotamobius torrentium, only haplotypes from the North of the Alps were included as target sequences, as haplotypes from the South of the Alpes belong to genetically different lineages (Trontelj et al., 2005) For non-native Pacifastacus leniusculus only sequences that belong to the subspecies P. l. leniusculus were included, because the other subspecies have never been imported from North America into Europe (Larson et al., 2012). As outgroups, sequences of all native and non-native crayfish species occurring in Europe, aquatic species that are likely to occur in the same habitats (e.g., Cottus gobio, Salmo trutta, and Gammarus fossarum) and species that represent common contaminants (e.g., humans and chicken) were included in the alignment.
The alignment was visually inspected for suitable primer pairs, which were subsequently tested in an in silico PCR for their specificity against the public NCBI database, covering approximately 160,000 taxa, using the program ecoPCR (Ficetola et al., 2010). The specified conditions for the in silico amplification allowed for a maximum of three mismatches for each primer, but demanded a perfect match on the last two nucleotides of the 3’ end of each primer. The minimum and maximum amplified sequence lengths (excluding primers) were 5 and 1,000 bp, respectively. Output of the ecoPCR was subsequently screened to ensure that amplified non-target species do not occur in European freshwater habitats (i.e. they were marine species, terrestrial species or species with a distribution range outside Europe).
After the in silico evaluation, the most suitable primer pairs were tested in vitro for their efficiency and specificity against tissue and environmental samples (see below) in an endpoint PCR. Each primer pair was tested with DNA extractions from tissue samples of both the target species and of non-target crayfish species, using DNA of the following: A. torrentium, A. pallipes, A. astacus, P. leniusculus, F. limosus, F. immunis, Procambarus virginalis. Finally, the best performing primer pair for each crayfish species was selected (Table 1).
TABLE 1 | Specific primer pairs for all crayfish species investigated in this study and ddPCR probes for A. torrentium and A. pallipes (species name and status, primer/probe name, primer sequence, length in basepairs, annealing temperature (Ta) used in the PCR reaction).
[image: Table 1]To ensure that the selected primers correctly amplified the target amplicon, also in DNA extractions of environmental samples, PCR-products of at least one environmental sample for each primer were purified with ExoSAP-ITTM PCR Product Cleanup (ThermoFisher Scientific) and DNA sequences were obtained through Sanger-Sequencing (performed by Microsynth Seqlab, Göttingen).
Study Populations
To test the efficiency and specificity of the novel set of eDNA-assays in situ, a total of 13 water bodies with known populations of the six target species were sampled (Figure 1). Detailed information on water body characteristics and eDNA sampling is summarized in Table 2. To prevent accidental transmission of the crayfish plague agent between water bodies, the used sampling equipment was cleaned and thoroughly dried for a minimum of 7 days upon each sampling occasion (OIE, 2019). In streams with several sampling locations, sites were visited in direction of stream flow to avoid upstream transmission of A. astaci spores. Furthermore, in streams with both manual capture and eDNA sampling (see Population Abundance and Size), the eDNA sampling was always done before the manual capture, to prevent contamination of eDNA sampling equipment with crayfish DNA.
[image: Figure 1]FIGURE 1 | Map of the study area (federal state of Baden-Württemberg, southwestern Germany) showing all investigated water bodies. Native and invasive crayfish populations are presented by blue- and red-colored symbols, respectively. Sampling sites with diamonds were used for spatio-temporal eDNA sampling, whereas sampling sites with circles were only used for primer evaluation. SeeTable 2 for habitat characteristics.
TABLE 2 | Overview of the investigated water bodies with information on the target species, name and catchment of water body, habitat characteristics, sampling date and sampling method.
[image: Table 2]eDNA Sample Collection and Extraction
At each sampling site and occasion, four replicates of water samples were taken using sterile standup Whirl-Pak® sampling bags (V = 2041 ml, Nasco). Upon sampling, water samples were immediately put on ice in an opaque box and transported to the laboratory. Per sample 2 L of water were filtered, but in some cases, where the filter was clogged, the filtered volume was reduced to 1.5 L. All water samples were filtered on the same day using a membrane vacuum pump (VWR vacuum pump/compressor VCP 130) connected to a filter flask attached to a sterile analytical filter funnel with a Cellulose-Nitrate filter inside (analytical filter funnels, CN, Nalgene®, pore size 0.45 µm). For each sample, a new sterile filter funnel was used. Filters were removed from the funnel with sterile forceps and the filter was loosely rolled and put into a sterile 8 ml tube (Sarstedt). Subsequently, samples were frozen at −20°C until DNA-extraction. Extractions of eDNA samples were performed in a clean laboratory that had never been exposed to crayfish DNA. All extractions were carried out under an eDNA-extraction hood in a pre-PCR lab that is physically separated from the PCR and post-PCR lab to avoid back-contamination from PCR products. Before and after every DNA-extraction the bench of the extraction hood was cleaned with DNA-exitus, wiped with ddH2O and sterilized with UV-light for 15 min. Extractions were carried out using the DNeasy Power Water kit from Qiagen, following the protocol of the manufacturer. For every 18 samples, one extraction blank was included.
Spatio-Temporal Sampling Design
To test for spatio-temporal effects (distance to upstream population, season, and stream size) on eDNA detection a total of 40 sampling sites in seven streams with known populations of either A. torrentium (N = 3), A. pallipes (N = 1) or P. leniusculus (N = 3) were sampled (Table 2). Contemporary population extent was either known from monitoring surveys within the last 6 months or was surveyed during this study in May and August 2020 using manual capture following Chucholl and Schrimpf (2016). To account for spatial effects on eDNA detection, each of these streams was sampled with two to seven sampling sites. The most upstream sampling site was always located within the core population and the remaining sampling sites were distributed downstream of the population in an equally spaced distance from each other. The distance to the upstream crayfish population was measured as in-stream distance between the lower distribution limit of the population and the respective sampling site and ranged between 800 and 7,000 m. The number of sampling sites downstream of the core population was determined by the distance between the lower distribution limit and the confluence of the stream with the main water course. To make sure that eDNA-concentration in the flow was not significantly diluted by other waters, only streams without major tributaries were selected. To investigate seasonal effects on eDNA detection, a year-round sampling in spring, summer, autumn and winter was done in two streams (c.f. Table 2). To assess the effect of stream size on eDNA detection all investigated streams were categorized into four size classes, according to their width (0–5 m = small stream, >5–10 m = stream, >10–20 m = small river, >20 m = river).
PCR Procedures
Endpoint PCR
Qualitative endpoint PCR was performed for all tissue and environmental samples using a Flex Cycler (Analytik Jena). All PCR assays were prepared in a prePCR lab either on a bench (tissue samples) or under a UV hood reserved for PCR setup of eDNA extractions (environmental water samples) that was cleaned as outlined above for the UV hood used for DNA extraction.
For runs that contained only tissue samples, each 21.5 µl reaction contained 10 µl myTaq mix (MyTaqTM Mix, Bioline), 8 µl DEPC treated H2O, 0.5 µl BSA (4 mg/ml), 1 µl of each primer (10 µM) and 1 µl template DNA. For amplification the following cycling protocol was used: 95°C for 1 min (initial denaturation), 35 cycles of 95°C for 20 s (denaturation), 55 °C for 30 s (annealing), 72°C for 20 s (elongation), and a final elongation step at 72°C for 2 min.
For environmental water samples, all reactions were run in triplicates including a positive control (tissue), an extraction blank and a negative template control (NTC) for every run of N = 22 samples. Prior to use, the PCR buffer, MgSO4 and BSA solution were subjected to 5 min of UV irradiation at short distance from the light bulbs in a UVP crosslinker CL-1000 (see recommendations by Champlot et al. 2010). Each subsequent 25 µl reaction contained 15.05 µl water, 2.5 µl buffer (10x), 0.25 µl dNTPs (25 mM), 1 µl BSA (4 mg/ml), 1 µl MgSO4 (50 mM), 1 µl of each Primer (10 µM), 0.2 µl polymerase (PlatinumTMTaq DNA-Polymerase High Fidelity, InvitrogenTM, ThermoFisher Scientific, 5 U/ul) and 3 µl template DNA. For amplification the following cycling protocol was used: Initial denaturation at 94°C for 4 min, 55 cycles of denaturation at 94°C for 30 s, primer-specific annealing at 52°C (F. limosus), 56°C (F. immunis, A. astacus), 58°C (A. torrentium), 60°C (A. pallipes, P. leniusculus) for 30 s, elongation at 72°C for 20 s, and a final elongation step at 72°C for 2 min. After amplification PCR products were visually checked for bands of the correct amplicon size using a 2% agarose gel electrophoresis stained with GelRed (Biotium, Hayward, CA). If only one technical PCR replicate was positive, at least one PCR product from this site was purified with ExoSAP-ITTM PCR Product Cleanup (ThermoFisher Scientific) and subjected to Sanger-Sequencing (performed by Microsynth Seqlab, Göttingen) to exclude the possibility of false positives. Finally, the detection rate was calculated as proportion of positive PCR replicates per sampling site by dividing the number of positive PCR replicates per site by the total number of PCR replicates per site. The lower and a upper 95% confidence interval (CI) of the detection rate was calculated using the R package epiR (R Core Team, 2019; Nunes et al., 2020).
Droplet Digital PCR
In addition to the endpoint PCR, environmental samples from the A. pallipes and A. torrentium streams (cf. Table 2) were subjected to a quantitative droplet digital PCR (ddPCR) using a BioRad QX200 system. To quantify target DNA of A. pallipes and A. torrentium a double-quenched TaqMan probe was developed according to the assay design guidelines for ddPCR (Bio-Rad). The A. pallipes probe had a length of 22 base pairs: Pallipes_COI_353P (/56-FAM/CAT CAG CTA/ZEN/TTG CCC ACG CAG G/3IABkFQ/) and the A. torrentium probe had a length of 23 base pairs: Torrentium_COI_381P (/56-HEX/CTC ACG CAG/ZEN/GAG CCT CTG TAG AT/3IABkFQ/). In the ddPCR every sample is partitioned in 20,000 droplets and target and non-target DNA is distributed randomly. In every single droplet a PCR reaction takes place. The target DNA is marked by the fluorescence probe and the number of positive droplets is measured by a droplet reader. All ddPCR reactions were run in triplicates with a positive control (tissue), an extraction blank and an NTC for each 96 well PCR plate. Each 22 µl reaction contained 11 µl of ddPCR Supermix for Probes (Bio Rad), 1 µl of the probe (5.5 µM), 1 µl of each primer (19.8 µM), 6 µl of DEPC treated H2O and 3 µl of template DNA. Of each 22 µl reaction 20 µl were transferred to a BioRad QX200 droplet generator, which partitioned each reaction mixture into nanodroplets by combining 20 µl of the reaction mixture with 70 µl of BioRad droplet oil for Probes. After processing, this resulted in a total nanodroplet volume of 40 μl, which was transferred to a 96 well PCR plate for amplification on Bio Rad C1000 Touch™ thermal cycler using the following cycling protocol: hold at 95°C for 10 min, 40 cycles of 94°C for 30 s (denaturation), 58°C (A. torrentium) or 60°C (A. pallipes) for 30 s (annealing), 60°C for 30 s (elongation), and a final enzyme deactivation step at 98°C for 10 min. The plate was then analyzed on a QX200 droplet reader. The DNA copies in each reaction were calculated (absolute quantification) using the manufactures software (QuantaSoftTM Analysis Pro 1.0.596), which separates negative from positive droplets. A ddPCR replicate was scored as positive, when two or more droplets were positive. The QuantaSoftTM software automatically calculates the number of copies per µl of the final PCR Mix, which was subsequently converted to copies per µl of the starting sample using the following formula: number of copies per μl × 25 μl (the initial volume of the PCR Mix used for each reaction)/3 µl (the volume of template DNA used for each reaction). As for the endpoint PCR, a water sample was considered as positive, when one or more of the three technical ddPCR replicates were positive. Finally, the mean number of DNA copies per µl was calculated for each water sample by averaging the three technical ddPCR replicates.
Population Abundance and Size
To assess whether eDNA-concentration obtained by ddPCR was related to upstream crayfish population size, the size of six A. pallipes and A. torrentium populations was estimated from point abundance data and the population extent upstream of the sampling site. Abundance (indiv./m2) of crayfish was estimated with the “removal capture”-method (two-pass depletion approach) in August 2020 (Gouin et al., 2011). For this, a defined stretch of the stream was searched twice for crayfish by carefully inspecting potential shelters (e.g. stones, submerged roots) with a standardized effort. After the first pass, captured animals were temporarily removed from the stream until the second pass was undertaken. From the number of crayfish caught in the first and the second pass and the sampled area an estimate for the abundance (±confidence interval, CI) was calculated using the R package FSA (Ogle et al., 2020). Upstream population extent was assessed as in-stream distance between the respective eDNA sampling site and the upper distribution limit of the population. The distribution limit was taken from recent crayfish surveys in the course of the Habitats Directive (survey years: 2017–2019, fish and crayfish database of the federal state of Baden-Württemberg, FiAKa). Upstream population size was then calculated from the point abundance estimate and the upstream population extent, with confidence intervals propagated from the CI of the removal capture estimate. All crayfish samplings were done in agreement with the federal fisheries and nature conservation laws.
Statistical Analyses
All statistical analyses were performed using the software R 4.0.3 (R Core Team, 2019). Prior to statistical analyses, all variables were checked for normality and nonparametric tests were used when appropriate. Multiple linear mixed-effect models (LMM) were used to assess the effects of the spatio-temporal candidate predictors (distance to upstream population, season, and stream size) on eDNA detection rate (endpoint PCR) and eDNA-concentration (ddPCR), respectively. For the endpoint PCR, the proportion of positive PCRs per sampling site (detection rate) and for the ddPCR, the mean eDNA concentration per sampling site was used as dependent response variable. The stream ID was included as a random factor, as samplings sites were not independent from each other. Distance to upstream population (Dist. [m]), season (factor with four levels) and stream size (ordered factor with four levels) were included as independent explanatory variables. To identify the optimal model, four candidate models containing different combinations of the predictor variables were compared based on the Akaike information criterion, corrected for small sample size (AICc). The AICc is a model selection tool that measures model fit based on likelihood, with a penalty for model complexity (Chambers and Hastie, 1992; Zuur et al., 2009). Then the model with the highest Akaike weight (wAICc) and the highest relative likelihood (rel. LL) was selected and its performance was tested against a null model that only included a constant predictor as a fixed effect. For all model comparisons, individual models were fitted with maximum likelihood (ML) (Zuur et al., 2009). To examine the optimal model in detail, it was fitted with restricted maximum likelihood (REML) and predictor effects were assessed by analysis of deviance (Type II Test) (Zuur et al., 2009). As a measure of goodness of fit of the optimal model, marginal R2 were calculated following Nakagawa et al., 2017. To test for a correlation between estimated population size and eDNA concentration a Pearson’s product-moment correlation was undertaken. Then a linear model (LM) was used to assess the effect of estimated population size on eDNA concentration.
RESULTS
Primer Evaluation
In silico evaluation of the primers for the six target crayfish species showed high specificity (no amplification of non-target species at zero nucleotide mismatches for all primers). When allowing for 1–3 mismatches amplification of N = 0 (A. torrentium primers), N = 7 (A. pallipes primers), N = 6 (A. astacus primers), N = 19 (F. limosus primers), N = 4 (F. immunis primers), and N = 285 (P. leniusculus primers) non-target species occurred, none of which are known to inhabit European freshwaters. In vitro validation with tissue samples confirmed that all six primer pairs amplified their target species successfully, with no cross-amplification of tissue from other crayfish species (A. torrentium, A. pallipes, A. astacus, P. leniusculus, F. limosus, F. immunis, P. virginalis). In environmental water samples, taken in situ, detection of target-DNA was also successful for all tested crayfish species, but detectability varied across species and habitats (Table 3). None of the negative controls (extraction blank or NTC) was positive. Moreover, sanger sequencing of a subset of PCR products from water samples confirmed the correct amplicon for each species.
TABLE 3 | Results of species-specific eDNA detection from sampling sites used for primer evaluation (see Figure 1 and Table 2 for location and characteristics of water bodies). Detection rate is given as proportion of positive endpoint PCRs (including 95% confidence interval).
[image: Table 3]Spatio-Temporal Effects on eDNA Detectability
Multiple mixed regression analysis revealed a significant effect of distance, season and stream size on eDNA detectability (Figure 2). A ranking of the best performing candidate models is shown in Table 4. LMM 1 and LMM A were considered optimal models based on the applied model selection criteria (δAICc, ωAICc, and rel. LL). Both models were highly significant and performed better than the respective null models with a constant predictor as a fixed effect (chi-square test: χ2= 61.14, p < 0.001 and χ2 = 38.17, p < 0.001 for LMM 1 and LMM A, respectively). Goodness of fit of the optimal models, as assessed by marginal R2, ranged between 0.69 (LMM A) and 0.72 (LMM 1).
[image: Figure 2]FIGURE 2 | Effect plots of the LMM used to predict the effect of the three independent variables distance (A), season (B) and stream size (C) on the detection rate (proportion of positive PCRs; blue-shaded areas and error bars represent the 95% confidence intervals; N = 40, seeTable 5 for model statistics). Small ticks on the axes indicate the marginal distribution of the data.
TABLE 4 | Ranking of the three best performing candidate models to explain the detection rate (proportion of positive PCRs) and eDNA concentration in relation to the respective null model (with a constant predictor as fixed effect).
[image: Table 4]The fixed effects of the spatio-temporal predictors on detection rate and eDNA concentration, as contained in the optimal model, are summarized in Table 5. Distance had a strong negative effect on detection rate and eDNA concentration (Figures 2,3, respectively). Season showed a clear effect on both response variables, with a lower detection rate and eDNA concentration in winter compared to the other seasons (Figures 2,3, respectively). Stream size was negatively associated with detection rate (Figure 2). The detection rate was independent of the PCR method (endpoint PCR vs. ddPCR) (Wilcoxon Signed Rank Test, N = 30, p > 0.3).
TABLE 5 | Fixed effects of spatio-temporal variables on the detection rate (proportion of positive PCRs) and eDNA concentration as assessed by mixed-model analysis with stream ID as a random factor (seeTable 4 for model statistics).
[image: Table 5][image: Figure 3]FIGURE 3 | Effect plots of the LMM used to predict the effect of the two independent variables distance (A) and season (B) on the eDNA concentration (blue-shaded area and error bars represent the 95% confidence intervals; N = 30, seeTable 5 for model statistics). Small ticks on the axes indicate the marginal distribution of the data.
Relationship Between eDNA Concentration and Estimated Population Size
There was a significant correlation between estimated upstream population size and eDNA concentration in the water from sampling sites within populations (Pearson’s product-moment correlation, N = 6, R = 0.93, p < 0.01). Linear regression analysis revealed a positive effect of estimated population size on eDNA concentration (Figure 4, adj. R2 = 0.83, p < 0.01).
[image: Figure 4]FIGURE 4 | eDNA concentration within populations (median per sampling site) in relation to estimated upstream population size. Trend line is given by linear regression (R2 = 0.83, p < 0.01, red-shaded area represents the 95% confidence interval). Light-blue and dark-blue dots represent populations of A. pallipes and A. torrentium, respectively. Horizontal error bars indicate the lower and upper 95% CI for the population estimate.
DISCUSSION
Primer Evaluation and eDNA Detection
We designed a novel set of specific assays for all native (A. torrentium, A. pallipes, A. astacus) and the most relevant invasive crayfish species (P. leniusculus, F. limosus, F. immunis) in Europe. To ensure specificity and sensitivity of our assays we used a consistent multiple step approach, consisting of in silico, in vitro and in situ evaluation as well as Sanger sequencing to confirm correct amplification of each amplicon.
Our approach is largely consistent to the recently proposed validation scale for targeted eDNA assays (Thalinger et al., 2020). According to this scale there are five levels ranging from “incomplete” to “operational.” Within this scale our assays can be classified from level 4 “substantial” to level 5 “operational.” Except for establishing a limit of detection (LOD), which is not possible when using endpoint PCR, our assays met all criteria propagated by the validation scale (Thalinger et al., 2020).
Our study shows successful eDNA detection of all investigated native and invasive crayfishes in a variety of habitats. Detection efficiency was 100%, i.e. crayfish were successfully detected at all sites where they have been known to occur (c.f. Table 3). This is in line with results of previous studies that investigated the suitability of eDNA as monitoring tool for freshwater crayfish (Tréguier et al., 2014; Dougherty et al., 2016; Ikeda et al., 2016; Agersnap et al., 2017; Mauvisseau et al., 2017; Ikeda et al., 2019; Troth et al., 2019; Rusch et al., 2020). However, detection efficiency varied among studies. For example, Treguier et al. (2014) detected the invasive crayfish Procambarus clarkii in 59% of ponds where it was trapped. Mauvisseau et al. (2017) investigated ponds in the same region but with a different assay and detected P. clarkii in 70% and F. limosus in 66% of the ponds, where presence was confirmed. Dougherty et al. (2016) investigated eDNA detection of Faxonius rusticus at low abundances in inland lakes of North America and showed a 100% accordance with conventional methods. A recent study of Rusch et al. (2020) investigated eDNA detection of native (A. astacus) and invasive (P. leniusculus, F. limosus and P. virginalis) crayfishes in a wide range of habitats in Central Europe and found crayfish in 95% of the habitats, where presence was confirmed.
Detection rate, i.e. the number of positive PCRs, in our study ranged between 17 and 100% for the respective sampling sites (Table 3). Ikeda et al. (2016), by comparison, showed a lower eDNA detection rate (range 12–50%) for their sampling sites in small headwater streams. This difference might be explained by the lower filter volume (0.25 L vs 2 L) used by Ikeda et al. (2016), the differences in extraction methods (DNeasy Blood & Tissue kit vs. DNeasy Power Water Kit) and the polymerase used (Taq Man Environmental Master Mix 2.0 vs. PlatinumTMTaq DNA-Polymerase High Fidelity).
Spatio-Temporal Effects on eDNA Detectability
Our study is among the first to coherently assess eDNA detectability of crayfish using a spatial and temporal sampling design. Previous field studies on eDNA detection of crayfish have primarily focused on either determining presence/absence (Tréguier et al., 2014; Harper et al., 2018; Mauvisseau, 2019) or on correlations between abundance/biomass and eDNA concentrations (Dougherty et al., 2016; Larson et al., 2017; Rice et al., 2018).
Our results show successful eDNA detection of crayfish species up to 7 km downstream of the source population (Figures 2, 3), whereby detection rate was independent of the PCR method. As expected, both detection rate and eDNA concentration were highest within or directly downstream of the source population and decreased with increasing in-stream distance. This represents a known effect, as eDNA in lotic waters is transported downstream through advection, until settlement and decay processes lead to a complete vanishing of eDNA from the water column (Sansom and Sassoubre, 2017). Over which distances detectable eDNA persists, is variable and depends on hydraulic properties of the water body (e.g., flow rate) as well as species-specific eDNA shedding rates (Nukazawa et al., 2018) and upstream population size (this study, Rice et al., 2018). Observed eDNA distances in previous studies vary therefore between less than 1 km in mesocosm and field experiments (Pilliod et al., 2014; Jane et al., 2015; Wilcox et al., 2016) to more than 100 km for a large river, where eDNA of a lake-dwelling fish species was detected (Pont et al., 2018). For freshwater crayfish, specific eDNA transport distance have not been assessed until now but are presumably more comparable with distances reported for other benthic invertebrates rather than fish and amphibians. Indeed, eDNA detection distances observed for Unio tumidus, a lake-dwelling benthic freshwater mussel, were with a maximum distance of 9 km relatively similar to detection distances in our study (Deiner and Altermatt, 2014). Generally, it seems that each species or taxon has its own spatial eDNA footprint, depending on individual eDNA shedding rates that are determined by the biology of the investigated species (Deiner and Altermatt, 2014; Wacker et al., 2019). Compared to fish and amphibians, freshwater crayfish are expected to have low eDNA shedding rates, because crayfish lack mucous producing structures present in fish and amphibians. Additionally, crayfish exhibit a hard exoskeleton that limits the release of extracellular eDNA into the water (Tréguier et al., 2014; Cai et al., 2017).
Detection of crayfish was successful year-round. However, LMM analysis indicated that there is a difference in eDNA detectability between winter and summer samples both with regard to detection rate and eDNA concentration (Figures 2, 3). This result is in line with previous studies, showing that eDNA detectability can be affected by season, depending on the biology of the target species (e.g., reproduction period, activity) (Buxton et al., 2018; Curtis et al., 2020). For crayfish, reduced detection rates in winter were an anticipated effect, since all European crayfish species show reduced activity and metabolism during winter (Bubb et al., 2002), which likely results in reduced eDNA shedding rates. Nonetheless, detection rate in winter never dropped below a threshold of 50% (range 50–100%), even at the most downstream sites, suggesting a reliable eDNA detection. Previous studies that analyzed winter samples for eDNA detection of crayfish showed contrasting results (Ikeda et al., 2016; Harper et al., 2018; Rusch et al., 2020). A Scottish study from Harper et al. (2018) completely failed to detect eDNA of P. leniusculus in three streams in winter. Another study from Japan was able to detect Cambaroides japonicus at one site with a low detection rate (12.5%), but failed at two other sites, where it was presumed to occur (Ikeda et al., 2016). A recent study from Rusch et al. (2020) investigated two lakes and two streams in winter, three of them with syntopic occurrences of F. limosus and P. virginalis and one of them with an abundant F. limosus population. eDNA detection was successful in all habitats, where species presence was currently confirmed, but failed in one habitat, where historic presence was documented. Differences in detectability among studies might be in part related to varying filter volumes and/or differences in extraction methods. For example, Harper et al. (2018) used a filter volume of 15 ml combined with precipitation as extraction method, whereas Rusch et al. (2020) filtered a total volume of 10 L and used the CTAB method for extraction (Strand et al., 2019).
Finally, stream size also had a negative effect on eDNA detection rate (Figure 2). In addition, the lakes examined in this study also tended to show a lower detection rate with increasing water body size (cf.Table 3). This was an expected outcome as the eDNA signal is probably diluted in a larger volume of water. Rusch et al. (2020) made a similar observation in a large river in Hungary, where the detection of an abundant F. limosus population failed. In contrast to that, Pont et al. (2018) were able to successfully detect a fish species in a large river habitat. This difference is probably due to the fact that crayfish are benthic littoral species that usually only colonize the area near the shore due to the increased flow rate in the middle of streams (Bohl, 1999). Population size of crayfish is therefore not linearly related to water body size and the eDNA signal is presumably disproportionally more diluted in large water bodies. This is a marked difference to pelagic taxa, whose population size can be expected to be more closely related to water body size, suggesting similar eDNA concentrations across different sized habitats.
Relationship Between eDNA Concentration and Estimated Population Size
eDNA concentration correlated positively with estimated upstream population size (Figure 4). This result met our expectations as eDNA concentrations in lotic environments probably depend on both abundance and length of the populated stretch. According to Rice et al. (2018) it is very likely that the eDNA signal integrates with the populated stretch through downstream transport of water and accumulates with increasing stream distance. For that reason, it might be difficult to infer abundance from eDNA concentration in lotic environments, in particular when population extent is unknown and not accounted for. In line with this reasoning, Rice et al. (2018) found that the likelihood to detect Faxonius eupunctus in a large lotic system was independent from local crayfish abundance but increased with the upstream length of the populated stretch. In lentic situations, previous studies mostly reported a relationship between eDNA copy number and relative abundance of crayfish, estimated by trapping (Dougherty et al., 2016; Larson et al., 2017) or visual counts (Cai et al., 2017), although a recent study found no correlation between trapping data and eDNA concentration (Johnsen et al., 2020). In our study, manual capture was used as reference method, which is known to have a very high capture probability in streams of the study region (seeChucholl and Schrimpf, 2016), and, which is also known as the least biased conventional sampling method (Peay, 2004; Hilber et al., 2020). In general, rough quantification of crayfish abundance using eDNA copy numbers seems therefore possible (cf. Yates et al., 2019), provided that population extent and habitat type (lotic vs lentic) as well as sampling season are accounted for.
CONCLUSION
Our results highlight that eDNA is a suitable tool for year-round detection of native and invasive crayfish species in a wide variety of habitats. Opposed to most conventional methods, eDNA based monitoring allows detection of crayfish independent of their activity pattern, even in natural habitats with abundant or inaccessible shelters, where detection with conventional methods is difficult and labor intensive (Peay, 2004). Typical applications could include non-invasive monitoring of native populations, for instance following reintroductions or population bottlenecks, and control of functionality of invasive species barriers (Cowart et al., 2018). Moreover, eDNA detection allows to scan large sections of running waters with only few sampling sites, which can be used for the targeted search of as-yet unrecorded or newly emerging populations. This feature makes eDNA an excellent tool for initial large-scale surveys, whereby sampling effort should be higher in large water bodies and winter to maximise the detection rate and, thus, detection probability. Subsequent validation and fine-scale localization of populations should include conventional monitoring methods, though (c.f. Johnsen et al., 2020). Finally, eDNA might allow for a rough quantification of upstream population size. However, further research across different habitats and natural settings is needed to refine our ability to predict population size or abundance from eDNA surveys.
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