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It is difficult to understand the composition and diversity of biological communities in complex and heterogeneous environments using traditional sampling methods. Recently, developments in environmental DNA metabarcoding have emerged as a powerful, non-invasive method for comprehensive community characterization and biodiversity monitoring in different types of aquatic ecosystems. In this study, water eDNA targeting fish (wf-eDNA) and four traditional fish sampling methods (electrofishing, gill netting, seining, trawling) were compared to evaluate the reliability and efficiency of wf-eDNA (vertebrate mitochondrial 12S ribosomal RNA (rRNA) as an alternative approach to assess the diversity and composition of freshwater fish communities. The results of wf-eDNA showed a consistency between the traditional sampling methods regarding species detection. However, some fish species detected using wf-eDNA assay were not detected using traditional sampling methods and vice versa. Comparison of wf-eDNA and traditional sampling methods revealed spatial homogeneity in fish community composition in all reservoirs. Ordination analysis showed that the wf-eDNA approach covers all traditional sampling methods and occupies an intermediate position. In addition, based on the Shannon diversity index, we found that in one reservoir the wf-eDNA method yielded similar fish community diversity to traditional sampling methods. However, in other reservoirs, the calculated Shannon diversity index of the wf-eDNA method was significantly higher than traditional sampling methods. In general, significant positive correlations were found between the wf-eDNA method and almost all traditional sampling methods. We conclude that wf-eDNA seems to be a reliable and complementary approach for biomonitoring and ecosystem management of freshwater ichthyofauna.
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INTRODUCTION

Assessing fish community composition is central to provide information on species structure and characteristics of whole aquatic ecosystems (Facey and Grossman, 1990; McElroy et al., 2020). Despite the implementation of the EU Water Framework Directive (2000/60/EC), the ecological status of natural water bodies requires a broader collection of information on the composition of the fish community. Reservoirs are considered widespread examples of heterogeneous aquatic ecosystems that are intermediate between rivers and lakes (Banerjee et al., 2017). Therefore, monitoring ecological indicators such as fish composition in reservoirs based on traditional sampling methods provides fragmented information and is challenging because they represent a transitional environmental system between lakes and rivers (Irz et al., 2002; Straškraba, 2005). Reliable assessment of fish species diversity in these systems is difficult to achieve using traditional sampling methods. Different fish species utilize different depths, flows, and water temperature habitats due to which, multi-gear sampling approaches require high demand for know-how and professional labor (Eggleton et al., 2010; Mueller et al., 2017). Information on fish abundance and composition has traditionally been obtained using electrofishing, fish traps, gill nets, and seine nets (Fischer and Quist, 2014; Merz et al., 2021). However, the limitations in commonly used sampling methods have hampered standardization and comparison of monitoring in a range of freshwater habitats (Revenga et al., 2005; Jurajda et al., 2009). Furthermore, the implementation of traditional sampling methods in the field is relatively laborious, expensive, and destructive (Iknayan et al., 2014; Thomsen and Willerslev, 2015; Blabolil et al., 2021a), resulting in low precision in fish community monitoring (Kubečka et al., 2009). Therefore, to standardize an accurate and reliable monitoring method for fish communities in aquatic ecosystems we need to implement a universal and affordable non-invasive tool that characterizes the richness, relative abundance, and presence of taxa throughout a water body.

Recently, environmental DNA metabarcoding (eDNA) has been considered as a promising non-invasive tool for monitoring the spatial and temporal distribution of species and communities in aquatic ecosystems (Deiner et al., 2017; Bylemans et al., 2018; Lawson Handley et al., 2019; Crane et al., 2021). The eDNA technique is based on the molecular identification of organisms whose genetic material has entered the water (Olds et al., 2016), soil (Epp et al., 2012), and sediment (Evrard et al., 2019). Water eDNA targeting fish (hereafter), wf-eDNA based on the two-level terminology proposed by Pawlowski et al. (2020) and Rodriguez-Ezpeleta et al. (2021) has recently been suggested as a complementary biomonitoring strategy for the European Union Water Framework Directive (2000/60/EC) to detect elusive and rare species (Seymour et al., 2020). It is particularly useful for detecting cryptic species and identifying new taxa (Grey et al., 2018; McElroy et al., 2020; Seymour et al., 2020). This approach has also facilitated remote sampling in diverse water bodies, such as rivers, ponds, reservoirs, and marine environments (Yamanaka and Minamoto, 2016; Harper et al., 2019; Djurhuus et al., 2020; Hayami et al., 2020). However, sampling strategies, laboratory protocols, and analytical pipelines can affect wf-eDNA performance (Bylemans et al., 2018). The main advantage of traditional sampling methods is that biometric data (e.g., length, weight, sex, maturity stage, etc.) can be obtained during sampling, whereas the wf-eDNA approach can only identify samples at genus or species level. Most comparisons of the wf-eDNA approach with traditional sampling methods to characterize ecological communities have been conducted at the local scale and show how wf-eDNA and traditional sampling methods represent community composition in lakes, reservoirs, and rivers (Murienne et al., 2019; Czeglédi et al., 2021; Gehri et al., 2021). Several studies have also shown that wf-eDNA is a complementary approach to traditional sampling methods to assess fish community composition in lakes and rivers (Shaw et al., 2016; Doi et al., 2019; Sard et al., 2019; Antognazza et al., 2021; Ritterbusch et al., 2022). In general, wf-eDNA may characterize a large number of taxa with less sampling effort than traditional sampling methods for detecting fish in low-diversity freshwater systems (McElroy et al., 2020). In this context, Hänfling et al. (2016) showed that water samples collected for wf-eDNA along gillnet sampling sites detected 14 of the 16 fish species previously detected in a lake in the United Kingdom. Several studies have also shown that wf-eDNA can detect more taxa than traditional capture methods (Civade et al., 2016; Yamamoto et al., 2017; Sard et al., 2019; Zou et al., 2020).

In the present study, the wf-eDNA approach was used to assess fish communities in three reservoirs in the Czech Republic for two consecutive years. This study was conducted to compare the ability of wf-eDNA with data from traditional survey methods (day and night electrofishing, multiple mesh gill nets, day and night seine nets, and night trawling) to identify differences and/or similarities regarding fish community composition. Specifically, we aimed to (1) characterize and estimates of fish community composition between traditional and wf-eDNA sampling methods in each reservoir (2) compare and assess fish species diversity and richness across sampling methods in each reservoir, and (3) examine the relationships between wf-eDNA and site occupancy (i.e., number of positive samples divided by total number of samples) and scores derived from all traditional sampling methods in each reservoir.



MATERIALS AND METHODS


Site Description

This study was conducted in three reservoirs (Římov, Klíčava and Žlutice) in the Czech Republic, which were constructed as drinking water reservoirs and are not accessible to the public. All reservoirs possess canyon-shape morphology with one main inflow (Supplementary Figure 1), resulting in longitudinal gradients of nutrients and water quality from the inflow to the dam. All studied reservoirs serve as drinking water storages and are therefore restricted to public access. The reservoirs have different trophic conditions but similar canyon-shaped morphologies with the main inflow and a side bay (see Supplementary Table 1). Římov and Žlutice reservoirs are eutrophic reservoirs (average year total phosphorus concentration, TP: 22 and 24 μg/L), while Klíčava possesses mesotrophic condition (TP: 17 μg/L). The largest one is the Římov (surface area 2.1 km2), middle size Žlutice (1.1 km2) and the smallest Klíčava (0.54 km2). The maximum depth in Klíčava, Římov, and Žlutice was 31, 41, and 22 m, respectively.



Traditional Sampling

Traditional fish sampling was conducted during summer (August) 2018 and 2019 using gill nets, day and night electrofishing, seine nets, and trawls. Benthic and pelagic gillnets with 12 mesh sizes following the protocol of CEN (2015) [hereafter standard benthic (SBG) and pelagic gillnets (SPG)] and additional gillnets with four mesh sizes (70, 90, 110, and 135 mm) to capture larger fish (Šmejkal et al., 2015); [hereafter benthic (LBG) and pelagic (LPG) large-mesh gillnets] were distributed across the sampling area of each reservoir to sample benthic and pelagic habitats, respectively (Supplementary Table 17; Blabolil et al., 2021b). All gillnets were deployed 2 h before sunset and lifted 2 h after sunrise to capture the maximum peaks of fish activity. The total length of the standard gillnets was 30 m (12 m × 2.5 m panels) and that of large-mesh gillnets was 40 m (4 m × 10 m panels). Electrofishing from a boat was limited to nearshore areas (i.e., less than 2 m deep) to capture species during the day (DE) and night (NE) (Miranda and Kratochvíl, 2008). Electrofishing (electrofisher EL 65 II GL DC, Hans Grassel, Schönau am Königsee, Germany, 13 kW, 300/600 V) was conducted in transects at a distance of 100 m (Supplementary Table 18). Seining was conducted at night (NAS) to capture adult fishes using a 50 m long and 4 m high net with a mesh size of 10 mm (Říha et al., 2008), and also during the day (DFS) and at night (NFS) for juveniles using a 10 m long and 2 m high net with a mesh size of 1.7 mm (Supplementary Table 19; Blabolil et al., 2016). In addition, a fixed-frame pelagic trawl (FT) with a mouth opening of 3 m × 3 m, length of 5.4 m, and a mesh size of 6 mm at the belly and 3 mm at the cod end was used for fry night trawling. Trawling was conducted throughout the reservoir at depths of 0–3 m and based on the maximum depth in the depth strata of 3–6 and 6–9 m (Supplementary Table 20).

Catches from each net or transect were processed separately. All fish caught were identified to the species level, measured (standard length in mm) and weighted (in g). To compare the different sampling methods and obtain comparable data sets, catch data were standardized to an area of 1,000 m2 for gillnets, 100 m2 for seine, the trajectory of 100 m for electrofishing, and a volume of 1,000 m3 for trawling. Data were quantified using two quantitative methods: catch estimation rate, biomass per unit effort (BPUE), and catch per unit effort (CPUE) for species caught. All calculations and statistical analyses were performed using the calculated BPUE and CPUE datasets.



wf-eDNA Sampling, Extraction, and Library Preparation

Water samples were collected for two consecutive years (2018 and 2019) during the same weeks as traditional fish sampling following Blabolil et al. (2021a). The total number of samples collected during the summer in each reservoir were 38, 29, and 28 in Římov, Klíčava, and Žlutice respectively (Supplementary Table 21). Eight localities across the longitudinal gradient from the dam toward the tributary were sampled in Římov and five sites in Klíčava and Žlutice (Supplementary Figure 1). At each locality, water samples were collected from different depth layers (surface, 5, 10, and 20 m) to capture different ecological gradients (Prchalová et al., 2008). A Friedinger sampler was used for water collection. In the field, water samples (2 L) were pre-filtered to prevent clogging by excessive seston, stored in sterile, labeled bottles, and kept in an icebox until laboratory processing. Within 24 h of sampling, 1 L of each sample was filtered individually through open filters in the laboratory. The Mu-DNA water protocol (Sellers et al., 2018) was used to extract the DNA. Primers (forward 12S-V5-F, 5′-ACTGGGATTAGATACCCC-3′ and reverse 12S-V5-R, TAGAACAGGCTCCTCTAG) were used to amplify a 73–110 bp fragment of the vertebrate mitochondrial 12S ribosomal RNA (rRNA) gene (Riaz et al., 2011). Field blanks (purified water passed through the sampler and sterile plankton net), negative PCR controls (molecular grade water) and positive PCR controls (tissue of Maylandia zebra DNA 0.05 ng μl–1) were included in each set of the individual sampling campaign to detect possible contamination and inhibition. All PCRs were performed with individually attached caps in a UV and bleach sterilized laminar flow hood in the eDNA laboratory to minimize the risk of contamination. The sequencing library was generated from the PCR amplicons and run on an Illumina MiSeq sequencer.

Raw sequences were demultiplexed and processed using the metaBEAT v0.97.11 pipeline1. Average read quality was assessed in 5-bp sliding windows starting at 3′ of the read, and reads were clipped until the average quality per window was above Phred score of 30. Reads shorter than 90 bp were discarded. The filtered sequences were clustered with 100% identity. Clusters represented by less than three sequences were excluded from further analysis. Non-redundant sequences were compared with a reference database using BLAST (Zhang et al., 2002). The reference database was developed at the University of Hull, England2 and supplemented with Leuciscus aspius (GenBank accession numbers: MT163435, MT163450, MT163449) and Coregonus maraena (GenBank accession numbers: MT163451, MT163458, MT163460) to represent all fish species in the study catchment. The BLAST output was interpreted using a custom Python function that implements the lowest common ancestor approach for taxonomic assignment, and the hits were only considered if they had a minimum identity of 99% and query coverage of 90%. Taxa with a read frequency below 0.1% were excluded as possible false-positive detections. Compared to Blabolil et al. (2021a), the assigned species pairs presented identical sequences in the amplified regions of Leuciscus aspius + Scardinius erythrophthalmus, Sander lucioperca + Perca fluviatilis, and L. leuciscus + L. idus were retained in the downstream analyses. On the other hand, detection of lampreys (Lamperta spp.) in wf-eDNA was excluded as the taxa are not the target of any of the traditional methods used. To follow the wf-eDNA data consistency, the six species determined by the traditional methods were merged into two species pairs. Similarly, uncertain species (species with identical sequences in amplified regions creating natural and/or artificial hybrids) were assigned to genus level Coregonus, Hypophthalmichthys, and Acipenser.



Data Analysis

Prior to statistical analysis and comparison of all traditional sampling methods with eDNA, Hellinger’s transformation was employed on datasets (Laporte et al., 2021). Beta diversity (non-metric multidimensional scaling) was calculated using the vegdist function from the vegan package with Jaccard and Bray-Curtis dissimilarity matrices (Oksanen et al., 2019). Permutational multivariate analysis of variance (PERMANOVA) was performed using the adonis function to test whether species composition showed statistically significant differences between the methods. Alpha diversity, including Shannon (H = −Σ[(pi) × ln(pi)]) and richness indices, was calculated using the diversity function from the vegan package (Oksanen et al., 2019). Analyses of variance and post hoc Tukey honest significant difference tests were performed to test whether the difference in alpha diversity between groups was statistically significant and to compare the diversity of each group. The aov, ANOVA, and TukeyHSD functions from the package stats were used to perform the analysis of variance and Tukey’s tests (R Core Team, 2020). We calculated sample-based site occupancy estimates for each taxon (calculated detection rates and relative rank abundance of species detected in both eDNA and traditional approaches). Spearman’s rank correlation coefficient was used to test the relationship between eDNA-based site occupancy and the taxon score derived from traditional sampling methods (R Core Team, 2020). All statistical analyses were performed using R software version v4.0.3 (R Core Team, 2020).




RESULTS

The 12S libraries generated 22.06 million raw sequence reads, with 17.63 million reads passing bioinformatic filters. During the quality filtering and removal of chimeric sequences 9.9 million reads were discarded.


Comparisons of Traditional Capture and wf-eDNA Data

The number of taxa captured/detected by traditional sampling methods and their assigned wf-eDNA sequences in each reservoir is listed in Table 1. Of the traditional sampling methods, only DE recorded more taxa than the other methods in all the reservoirs. More taxa were detected with wf-eDNA than with traditional methods in all the reservoirs (Table 1). A total of 31 fish taxa were identified in all reservoir samples. The Římov reservoir had the highest number of taxa (28), while the Klíčava reservoir had the lowest number (13 each) (Supplementary Tables 2–4). In the Klíčava reservoir, the wf-eDNA method detected all listed species, except for Hypophthalmichthys sp. (Supplementary Table 2). Two taxa (Carassius gibelio and Gobio gobio) were only identified using the wf-eDNA method and were not captured using traditional sampling methods (Supplementary Table 2). Cyprinids were the dominant taxa, with nine species (Supplementary Table 2).


TABLE 1. Number of taxa (species) caught or detected in sampled reservoirs using different sampling methods in 2018 (before slash) and 2019 (after slash).

[image: Table 1]
In the Římov reservoir, almost all taxa were identified by the wf-eDNA method, except for three taxa that were captured only by traditional sampling methods (Coregonus sp., Pseudorasbora parva, and Squalius cephalus) (Supplementary Table 3). Indeed, the number of taxa detected or captured between the wf-eDNA and traditional sampling methods did not show significant differences (Supplementary Table 3). The dominant taxa were cyprinids, with 14 species (Supplementary Table 3).

In the Žlutice reservoir, a total of 20 taxa were detected by combining all traditional sampling methods and the wf-eDNA assay (Supplementary Table 4). Of the taxa identified by the traditional sampling methods, 12 species belonged to the cyprinid family as the dominant taxa (Supplementary Table 4). All taxa listed in Supplementary Table 4 were identified using the wf-eDNA assay, except for four fish species (Anguilla anguilla, Carassius carassius, Hypophthalmichthys sp., and Lota lota).



Comparing Fish Communities Between Traditional Capture and wf-eDNA Data

In the Klíčava reservoir, NMDS analysis of BPUE datasets showed that fish communities varied slightly between gillnet methods and wf-eDNA, although there were similarities in fish composition between wf-eDNA and the other traditional methods (Figures 1A,B). PERMANOVA analysis (Supplementary Tables 5, 6) revealed significant similarity between all methods, but statistically no significant similarity was found between some methods, such as DE and NE (F = 5.60, R2 = 0.02, p = 0.640), LBG and FT (F = −2.07, R2 = 1.00, p = 1.0), SPG and FT (F = 2.69, R2 = 0.02, p = 0.681), SBG and wf-eDNA (F = 2.42, R2 = 0.05, p = 0.065), FT and wf-eDNA (F = 7.72, R2 = 0.02, p = 0.597), and DE and FT (F = 4.44, R2 = 0.28, p = 0.069). There were slight differences in community composition between wf-eDNA, LPG and LBG in the CPUE datasets, however, there were similarities between wf-eDNA and all traditional sampling methods (Figures 2A,B). Furthermore, PERMANOVA analysis revealed no significant similarity between DE and NE (F = 1.87, R2 = 0.07, p = 0.098), DE and FT (F = 3.64, R2 = 0.24, p = 0.161), FT and SPG (F = 2.03, R2 = 0.01, p = 0.801), FT and wf-eDNA (F = 6.45, R2 = 0.02, p = 0.686), FT and SBG (F = 1.30, R2 = 0.06, p = 0.305), LBG, and FT (F = −2.07, R2 = 1.00, p = 1.0) in CPUE 2018 (Supplementary Tables 7, 8). However, in CPUE 2019, no statistically significant similarity (Supplementary Table 8) was observed between DE and NE (F = 1.70, R2 = 0.07, p = 0.223) and DFS and NFS (F = 1.52, R2 = 0.05, p = 0.146).
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FIGURE 1. Beta- diversity visualized using non-metric multidimensional scaling (NMDS) based on BPUE data in 2018 (left plots) and 2019 (right plots) with Bray-Curtis dissimilarity distances of community compositions for the wf-eDNA assay and traditional sampling methods in Klíčava, Římov and Žlutice reservoirs. NMDS plots on rank order using Bray-Curtis distances were used to evaluate relationships based on intersample variation in estimated fish community composition between sampling methods. Plot ellipses represent the 95% confidence regions for the group clusters. Traditional sampling methods are abbreviated as follows: DE = day electrofishing, NE = night electrofishing, SBG = standard benthic gillnets, SPG = standard pelagic gillnets, LBG = large mesh-size benthic gillnets, LPG = large mesh-size pelagic gillnets, NAS = night-time adult seining, DFS = day-time fry seining, NFS= night-time fry seining, FT = fry trawl and wf-eDNA = eDNA from water targeting fish.
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FIGURE 2. Beta-diversity visualized using non-metric multidimensional scaling (NMDS) based on CPUE data in 2018 (left plots) and 2019 (right plots) with Bray-Curtis dissimilarity distances community compositions for wf-eDNA assay and all traditional sampling methods in Klíčava, Římov and Žlutice reservoirs. NMDS plots on rank order using Bray-Curtis distances were used to assess relationship based on intersample variation in estimated fish community composition between sampling methods. Plot ellipses represent the 95% confidence regions for group clusters. Traditional sampling methods are abbreviated as follow: DE = day electrofishing, NE = night electrofishing, SBG = standard benthic gillnets, SPG = standard pelagic gillnets, LBG = large mesh-size benthic gillnets, LPG = large mesh-size pelagic gillnets, NAS = night-time adult seining, DFS = day-time fry seining, NFS= night-time fry seining, FT = fry trawl and wf-eDNA = eDNA from water targeting fish.


In Římov reservoir, NMDS in the BPUE dataset showed similarities in fish community between wf-eDNA and almost all traditional methods, however, community composition revealed slight differed between methods such as LBG, DE, SBG, and wf-eDNA (Figures 1C,D). The PERMANOVA test showed statistically significant similarity between all sampling methods in the 2018 sampling year, except between DE and SBG (F = 0.77, R2 = 0.01, p = 0.552). In 2019, BPUE datasets showed that fish communities varied slightly between gillnet LBG, SPG, DFS and wf-eDNA. PERMANOVA analysis revealed statistically significant similarity between all sampling methods, but no statistically significant similarity was found between LPG and LBG (F = 0.40, R2 = 0.01, p = 0.617) (Supplementary Tables 9, 10). For the CPUE datasets in 2018, NMDS ordinations of fish communities were partially differed between the wf-eDNA and LBG, SPG, and DE methods (Figure 2C). Only PERMANOVA analysis revealed no statistically significant similarity between LPG and LBG (F = 0.50, R2 = 0.02, p = 0.784) (Supplementary Table 11). In the 2019 CPUE datasets, NMDS ordinations of fish communities differed in part between the wf-eDNA and LBG, SPG, and DE methods (Figure 2D). In addition, PERMANOVA test showed no statistically significant similarity between wf-eDNA and NAS (F = 2.31 R2 = 0.06, p = 0.083), wf-eDNA and FT (F = 1.53, R2 = 0.03, p = 0.162), DE and FT (F = 1.53, R2 = 0.06, p = 0.172), SBG and FT (F = 2.01, R2 = 0.038, p = 0.101), SPG and FT (F = 2.20, R2 = 0.08, p = 0.107), DFS and FT (F = 2.44, R2 = 0.08, p = 0.083), and DFS and NFS (F = 2.43, R2 = 0.06, p = 0.059) (Supplementary Table 12).

In the Žlutice Reservoir, community composition analysis of BPUE records with NMDS showed slight difference between wf-eDNA, LBG and LPG (Figures 1E,F). The PERMANOVA analysis showed significant similarities among most methods, however, no statistically significant similarity was found between DE and NE (F = 2.16, R2 = 0.08, p = 0.080), NE and SPG (F = 2.35, R2 = 0.08, p = 0.073), and SPG and wf-eDNA (F = 2.03, R2 = 0.05, p = 0.097) in the 2018 (Supplementary Table 13). No statistically significant similarity was also observed between DE and NE (F = 1.36, R2 = 0.05, p = 0.245), DE and SPG (F = 1.77, R2 = 0.06, p = 0.171), DE and DFS (F = 0.73, R2 = 0.02, p = 0.534), SBG and SPG (F = 1.77, R2 = 0.06, p = 0.632), DFS and SPG (F = 1.92, R2 = 0.05, p = 0.139) (Supplementary Table 14). For the CPUE datasets, NMDS ordinations of fish communities were partially differed between the wf-eDNA, LBG and SPG methods (Figures 2E,F). Moreover, PERMANOVA analysis revealed no statistically significant similarity between wf-eDNA and DE (F = 2.22, R2 = 0.05, p = 0.079), wf-eDNA and NE (F = 1.69, R2 = 0.60, p = 0.086), DE and NE (F = 1.36, R2 = 0.05, p = 0.264), NE and SPG (F = 2.17, R2 = 0.07, p = 0.079), NE and FT (F = 2.01, R2 = 0.07, p = 0.131), and LPG and LBG (F = 1.35, R2 = 0.07, p = 0.276) in the 2018 CPUE dataset (Supplementary Table 15). In contrast, in the 2019 CPUE dataset, no statistically significant similarity was observed between DE and NE (F = 0.21, R2 = 0.01, p = 0.919), wf-eDNA and NE (F = 2.26, R2 = 0.05, p = 0.053), DE and DFS (F = 2.14, R2 = 0.07, p = 0.096), DE and SPG (F = 0.95, R2 = 0.03, p = 0.378), NE and SBG (F = 1.91, R2 = 0.05, p = 0.112), NE and SPG (F = 1.61, R2 = 0.05, p = 0.187), NE and DFS (F = 1.73, R2 = 0.06, p = 0.139), and DFS and NFS (F = 0.83, R2 = 0.02, p = 0.481) (Supplementary Table 16).



Fish Species Diversity Between Traditional Sampling and wf-eDNA Methods

Fish species diversity in the Klíčava reservoir showed a statistically significant difference in the Shannon diversity index. The value was significantly higher (p < 0.05) for NE than for other traditional sampling methods and wf-eDNA in the BPUE dataset of 2018 (Figure 3A). However, in the sampling year 2019, the value of wf-eDNA was significantly higher (p < 0.05) than that of other traditional sampling methods (Figure 3B). In addition, the Shannon index in NE was significantly higher (p < 0.05) than that of the other methods in the 2018 CPUE dataset, while wf-eDNA had a significantly higher (p < 0.05) than the traditional sampling methods in 2019 (Figures 4A,B). Based on the BPUE datasets of Římov reservoir in 2018 and 2019, the Shannon diversity index was significantly higher in NAS (p < 0.05) (Figures 3C,D). The highest value of the index in the NAS followed by wf-eDNA and NFS sampling approaches. A similar trend was also observed in the CPUE dataset of the 2018 sampling year, as it was significant in NAS sampling (p < 0.05) (Figure 4C), while in the 2019 sampling year the values were significantly higher in wf-eDNA, NE and DE (p < 0.05) (Figure 4D). In the Žlutice reservoir, the Shannon index for NE was significantly higher (p < 0.05) than that of other traditional methods and wf-eDNA in the BPUE dataset of 2018, while the value for wf-eDNA in 2019 was significantly higher (p < 0.05) than that of the traditional sampling methods (Figures 3E,F). In addition, the Shannon index in wf-eDNA in the CPUE dataset was statistically higher (p < 0.05) than that of the traditional methods in both sampling years (Figures 4E,F).
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FIGURE 3. Box plots comparison of alpha diversity (Shannon) based on BPUE data in 2018 (left plots) and 2019 (right plots) between wf-eDNA assay and traditional sampling methods in Klíčava, Římov and Žlutice reservoirs. Significant differences are indicated by different upper superscripts. Horizontal line inside the box indicates the calculated median, box 1st and 3rd quartile, whiskers data range and dots outliers of Shannon value. Traditional sampling methods are abbreviated aS follow: DE = day electrofishing, NE = night electrofishing, SBG = standard benthic gillnets, SPG = standard pelagic gillnets, LBG = large mesh-size benthic gillnets, LPG = large mesh-size pelagic gillnets, NAS = night-time adult seining, DFS = day-time fry seining, NFS= night-time fry seining, FT = fry trawl and wf-eDNA = eDNA from water targeting fish.
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FIGURE 4. Box plots comparison of alpha diversity (Shannon) based on CPUE data in 2018 (left plots) and 2019 (right plots) between wf-eDNA assay and traditional sampling methods in Klíčava, Římov and Žlutice reservoirs. Significant differences are indicated by different superscripts. Horizontal line inside the box indicates the calculated median, box 1st and 3rd quartile, whiskers data range and dots outliers of Shannon value. Traditional sampling methods are abbreviated as follow: DE = day electrofishing, NE = night electrofishing, SBG = standard benthic gillnets, SPG = standard pelagic gillnets, LBG = large mesh-size benthic gillnets, LPG = large mesh-size pelagic gillnets, NAS = night-time adult seining, DFS = day-time fry seining, NFS= night-time fry seining, FT = fry trawl and wf-eDNA = eDNA from water targeting fish.


In the Klíčava reservoir, there was also a significant difference in richness value (p < 0.05) in NE compared to other traditional sampling methods and wf-eDNA in the 2018 AND 2019 BPUE dataset, (Figures 5A,B). A similar trend was observed in the CPUE datasets (Figures 6A,B). There was also a significant difference in richness value (p < 0.05) in NAS method compared to other traditional methods and wf-eDNA in BPUE dataset (Figures 5C,D) in the Římov reservoir. Based on the CPUE dataset, there was a significant difference in richness between the traditional methods and wf-eDNA. The values were significantly different (p < 0.05) in DFS compared to other traditional sampling methods and wf-eDNA (Figures 6C,D). In addition, the value of species richness in the Žlutice reservoir in DE was significantly higher (p < 0.05) than traditional methods and wf-eDNA in the 2018 BPUE dataset (Figures 5E,F), while wf-eDNA had significantly higher values than traditional methods in 2019. A similar pattern of species richness was also found in the CPUE dataset (Figures 6E,F).
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FIGURE 5. Box plots comparison of alpha diversity (Richness) based on BPUE data in 2018 (left plots) and 2019 (right plots) between wf-eDNA assay and traditional sampling methods in Klíčava, Římov and Žlutice reservoirs. Significant differences are indicated by different superscripts. The horizontal line inside the box indicates calculated median, box 1st and 3rd quartile, whiskers data range and dots outliers of Richness value. Traditional sampling methods are abbreviated as follow: DE = day electrofishing, NE = night electrofishing, SBG = standard benthic gillnets, SPG = standard pelagic gillnets, LBG = large mesh-size benthic gillnets, LPG = large mesh-size pelagic gillnets, NAS = night-time adult seining, DFS = day-time fry seining, NFS= night-time fry seining, FT = fry trawl and wf-eDNA = eDNA from water targeting fish.
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FIGURE 6. Box plots comparison of alpha diversity (Richness) based on CPUE data in 2018 (left plots) and 2019 (right plots) between wf-eDNA assay and traditional sampling methods in Klíčava, Římov and Žlutice reservoirs. Significant differences are indicated by different superscripts. The horizontal line inside the box indicates the calculated median, box 1st and 3rd quartile, whiskers data range and dots outliers of Richness value. Traditional sampling methods are abbreviated as follow: DE = day electrofishing, NE = night electrofishing, SBG = standard benthic gillnets, SPG = standard pelagic gillnets, LBG = large mesh-size benthic gillnets, LPG = large mesh-size pelagic gillnets, NAS = night-time adult seining, DFS = day-time fry seining, NFS= night-time fry seining, FT = fry trawl and wf-eDNA = eDNA from water targeting fish.




Correlations Between Methods

In the Klíčava reservoir, Spearman’s rank correlation coefficient between wf-eDNA and all traditional sampling methods was highly significant in the 2018 BPUE dataset, except that the correlation between wf-eDNA and LBG was not found. Similarly, a moderately significant Spearman’s rank correlation coefficient was found between wf-eDNA site occupancy and all traditional sampling methods in the 2019 BPUE dataset, but the correlation between wf-eDNA and LPG was not observed (Supplementary Figures 1A,B). In addition, similar to the 2018 BPUE dataset, a moderately significant Spearman’s rank correlation coefficient was observed between wf-eDNA and all traditional sampling methods in the 2018 CPUE dataset. However, Spearman’s rank correlation coefficient was highly significant between wf-eDNA and all traditional sampling methods in the 2018 BPUE dataset, except that the correlation between wf-eDNA, DE, and LPG was not observed in the 2019 CPUE dataset (Supplementary Figures 2A,B). Similar to the Klíčava reservoir, the 2018 Římov BPUE dataset showed a highly significant Spearman’s rank correlation coefficient between wf-eDNA and almost all traditional sampling methods; however, there was no significant Spearman’s rank correlation coefficient between wf-eDNA, NE, and LBG (Supplementary Figures 3A,B). A similar relationship was also observed in the CPUE dataset (Supplementary Figures 4A,B). In addition, Spearman’s rank correlation coefficients between wf-eDNA and all traditional sampling methods were highly significant in the BPUE dataset in Žlutice reservoir in 2018 and 2019 (Supplementary Figures 5A,B), although no correlation was found between wf-eDNA, LBG, LPG, and DE. A similar trend in Spearman’s rank correlation coefficient was also observed between wf-eDNA and all traditional sampling methods in the CPUE dataset in 2018 and 2019 (Supplementary Figures 6A,B).




DISCUSSION

This study is the first to compare multiple traditional sampling methods and wf-eDNA in three independent lentic ecosystems. To date, few studies have used multiple sampling methods (different types of nets and electrofishing) and wf-eDNA to investigate the composition and diversity of biological communities in aquatic environments. Compared to our study, previous studies have used only one or relatively few established traditional methods compared to wf-eDNA to investigate fish community composition and diversity in heterogeneous temperate waters. Most studies have used single or relatively fewer traditional sampling methods, such as electrofishing and gill netting (Lawson Handley et al., 2019; Czeglédi et al., 2021), fyke net and gill netting (Sard et al., 2019; Gehri et al., 2021), cast netting, gill netting, and stationary netting (Hayami et al., 2020) to compare the performance of wf-eDNA with traditional sampling methods and to characterize the ecological communities of an aquatic ecosystem at a regional scale. Fuji et al. (2019) used multiple and complex established traditional sampling methods (traps, longline fishing, gill nets, cast nets, dip nets, trawls, and electrofishing) for community analysis in reservoirs in Japan.


Species Composition Assessment

In our study, NMDS ordination was used to characterize fish community composition between established traditional sampling methods and the wf-eDNA assay. Despite most overlap of most methods in all reservoirs examined in this study, fish communities showed partial difference between traditional methods and wf-eDNA (electrofishing, multiple gillnets, and wf-eDNA). This pattern is confirmed by the results of Boivin-Delisle et al. (2021), who showed that wf-eDNA and fish caught with gillnets provide significantly different portraits of fish communities. Previous studies have also confirmed that the greatest discrepancy in community patterns is based on electrofishing and gill netting (Goffaux et al., 2004; Sutela et al., 2008; Czeglédi et al., 2021). However, in support of our findings, Fuji et al. (2019) found no significant difference between NMDS ordinations using traditional sampling methods and wf-eDNA at different study sites. In the present study, it was found that the similarities in the composition of detected fish between wf-eDNA and traditional sampling methods in the Římov were relatively low compared to other reservoirs studied. This result could be due to the different trophic statuses of the studied reservoirs, where eutrophication-tolerant species (common carp, bream, and roach) are more abundant. This shows some spatial structuring that accurately reflects the ecology of the species (Lawson Handley et al., 2019). In agreement with our results, significantly fewer genera and families of the macroinvertebrate community were found with the traditional sampling method than with wf-eDNA (Erdozain et al., 2019). This is likely due to a combination of limitations associated with primer biases, incompleteness of the reference database, or possible stochasticity in low biomass species. The slight heterogeneity in fish community composition between traditional methods and wf-eDNA observed in the current study is consistent with the congruence between electrofishing, gillnet, and wf-eDNA sampling methods in characterizing fish community structure in oxbow lakes in Hungary (Czeglédi et al., 2021). It has been shown that differences in fish community structure may be due to sampling methods rather than actual differences in fish communities between habitats (Eros et al., 2009a,b). Nevertheless, several studies support the research showing that wf-eDNA provides a practical and comprehensive characterization of fish communities (Hänfling et al., 2016; Port et al., 2016; Valentini et al., 2016; Yamamoto et al., 2017; Lawson Handley et al., 2019; Li et al., 2019). Several authors have shown that capturing actual fish community structure and monitoring using either established traditional methods or wf-eDNA alone cannot provide robust and accurate data, although their combination as complementary approaches can reliably provide a true picture of communities in dynamic freshwater habitats (Lacoursière-Roussel et al., 2016; Hering et al., 2018; Lecaudey et al., 2019; García-Machado et al., 2021), which was evident in the present study. Therefore, we propose that wf-eDNA can be used in the assessment of fish communities in aquatic ecosystems with different trophic statuses to complement traditional sampling methods rather than replace them.



Diversity and Site Occupancy of Fish Communities

Biodiversity estimation is the most fundamental key to ecosystem function through the measurement of Shannon and species richness indices (Gotelli and Colwell, 2011; Goutte et al., 2020). Limited information is available on the effectiveness and performance of wf-eDNA compared to traditional sampling methods for measuring biodiversity indices. However, wf-eDNA has been shown to detect more species than traditional survey methods, particularly in freshwater systems with fewer than 100 species (McElroy et al., 2020). In Římov reservoir, Shannon and richness indices between methods were statistically significant; however, the degree of difference between wf-eDNA and other traditional surveys (DE, NE, and NAS) was negligible. Accordingly, a congruency was found in the regional estimation of richness by comparing wf-eDNA with traditional sampling methods, confirming the potential of wf-eDNA for biodiversity assessment in aquatic ecosystems. Consistent with our results, similarity was found between wf-eDNA and electrofishing for estimating richness in the St. Joseph River, United States (Olds et al., 2016). This shows several advantages, such as identification of species by wf-eDNA without increased effort and habitat disturbance for biomonitoring of fish fauna (Adamson and Hurwood, 2016). The Shannon index calculated from wf-eDNA was significantly higher than traditional sampling methods in the present study in the Klíčava and Žlutice Reservoirs. In contrast, congruence in the richness index was observed in the present study, regardless of the statistically significant differences between the approaches, especially between wf-eDNA and NAS. This discrepancy in the richness index could be related to the less abundant species composition and methods used in the Klíčava and Žlutice reservoirs, suggesting that the wf-eDNA method is sensitive to very rare species that occur at low abundance. In support of our data, species richness was significantly different across methods and consistently higher for the wf-eDNA method than for traditional sampling methods (electrofishing, seining, trawling), despite extensive sampling using traditional methods (Hallam et al., 2021). Recent evidence also confirms that wf-eDNA outperforms gillnet and fyke net methods in measuring species richness in Boardman Lake (Gehri et al., 2021). Correlations between the detection sensitivity and relative abundance of wf-eDNA and conventional survey methods are essential to obtain a comprehensive overview of the distribution of freshwater species in different aquatic environments. Several studies have shown that semi-quantitative abundance estimates of wf-eDNA in reservoirs (i.e., site occupancy) are consistent with data from traditional sampling methods (Evans et al., 2016; Hänfling et al., 2016; Andruszkiewicz et al., 2017; O’Donnell et al., 2017; Lawson Handley et al., 2019; Blabolil et al., 2021a). In the present study, a positive and significant correlation was found between eDNA and BPUE and CPUE data in all the reservoirs studied. Several studies have reported a positive correlation between eDNA and biomass or abundance data in freshwater (Evans et al., 2016; Lacoursière-Roussel et al., 2016; Sard et al., 2019; Czeglédi et al., 2021) and marine aquatic environments (Port et al., 2016; Thomsen et al., 2016; Andruszkiewicz et al., 2017; Afzali et al., 2021). Takahara et al. (2012) highlighted that data on species biomass in natural environments can be obtained more easily and quickly with wf-eDNA than with traditional sampling methods. Nevertheless, a weak quantitative relationship was found between wf-eDNA, and the biomass of marine fish caught with trawls (Knudsen et al., 2019). Lamb et al. (2019) also conducted a meta-analysis and showed a weak quantitative relationship between biomass and wf-eDNA. The insufficient or lack of correlation between abundance and wf-eDNA observed in different natural systems could be attributed to variations associated with environmental factors (Yates et al., 2019; Czeglédi et al., 2021). However, the importance of the environmental factors considered is likely to depend on the species (e.g., body size, age distribution, temperature, time of day, season, etc.) and the system used to measure wf-eDNA (Wilcox et al., 2016).



Utility of wf-eDNA Versus Traditional Survey Methods

In the present study, we demonstrated that wf-eDNA generally covers the broadest taxon range, indicating a more comprehensive characterization of community species diversity and composition than traditional sampling methods. Our results are consistent with those studies that have shown that wf-eDNA surveys provide taxa-detection data and, in many cases, outperform traditional survey methods (Fuji et al., 2019; Lawson Handley et al., 2019; Goutte et al., 2020; Zou et al., 2020; Czeglédi et al., 2021). It can be noted that in the present study, large-mesh gillnets and trawling provided the least information on community composition and diversity compared to other traditional sampling methods. Of the traditional methods used in the present study, daytime electrofishing and standard benthic gill netting surveys provided more comprehensive data in the evaluated reservoirs. Together with the above-mentioned traditional methods and wf-eDNA, we were able to capture and detect most species in each reservoir. Consistent with our results, there is further evidence of higher fish species detection rates with wf-eDNA compared to traditional survey methods in freshwater ecosystems (Civade et al., 2016; Hänfling et al., 2016; Valentini et al., 2016). More species were also detected in the marine ecosystem using wf-eDNA than bottom trawls, with mainly rare species with low abundance (Afzali et al., 2021). In the present study, some fish species collected using traditional methods were not detected with wf-eDNA in any of the reservoirs. These discrepancies are likely due to inconsistent species distribution or different detection methods for species in the three reservoirs studied. This could also be attributed to the fact that the lower detection of species with wf-eDNA and using other traditional methods is due to the different sampling efforts in each reservoir. In Římov reservoir, Coregonus sp., Pseudorasbora parva and Squalius cephalus as well as Hypophthalmichthys sp. in Klíčava reservoir and Carassius carassius and Lota lota in Žlutice reservoir were caught only by traditional methods. This is probably due to the limited amount of eDNA in the water samples released by rare species or the larger spatial structure in the reservoir during the summer months, which failed to detect wf-eDNA. This limitation has also been reported in other studies (Takahara et al., 2012; Dougherty et al., 2016; Doi et al., 2019; Lawson Handley et al., 2019). Numerous studies have also quantitatively assessed the cost-effectiveness of wf-eDNA compared to traditional sampling methods and have shown that the wf-eDNA approach is relatively more cost-effective than traditional methods (Biggs et al., 2015; Davy et al., 2015; Huver et al., 2015; Sigsgaard et al., 2015)., although some technical challenges remain, such as target taxa, site-specific detection rates and budgets (Smart et al., 2016). For instance, a quantitative comparison of financial costs and sampling effort to assess the distribution of native brook trout Salvelinus fontinalis in the Namekagon River watershed in northern Wisconsin found that wf-eDNA analysis required less sampling effort and was 67% cheaper than triple-pass electrofishing (Evans et al., 2017). Similarly, Smart et al. (2016) showed that eDNA analysis is relatively inexpensive compared to traditional sampling methods. Sigsgaard et al. (2015) found that wf-eDNA for the detection of European weather loach (Misgurnus fossilis) was 1.9 times cheaper than a combination of traditional methods. Davy et al. (2015) showed that the cost of detecting nine sympatric freshwater turtles using capture-based methods was 2–10 times higher than that using eDNA. The major drawbacks of wf-eDNA analysis includes the inability of mitochondrial eDNA to distinguish “pure” species from hybrids and the movement of eDNA from site to site both in water and in the organism (Evans et al., 2017; Evans and Lamberti, 2018). However, the latter can be managed through careful wf-eDNA sampling plans and collections. Furthermore, the trade-offs between the accuracy, cost, coverage, and speed of each method in biodiversity monitoring are strongly recommended for managers to assess biodiversity in aquatic environments (Qu and Stewart, 2019).




CONCLUSION

In summary, the wf-eDNA and traditional sampling methods used in the present study should not be considered as alternative methods for biodiversity assessment and monitoring because they can provide different information. To maximize the number of species detected and obtain a complete overview of species composition and diversity estimates, while reducing the cost, time, and effort associated with sampling, the combination of day electrofishing, benthic gill nets, and wf-eDNA is the most appropriate strategy in aquatic systems, especially for science-based policy decisions. On the other hand, large-mesh gillnets and trawling added little additional information. In addition, how the combination of wf-eDNA and traditional sampling methods is proposed in this study may be influenced by practical considerations, such as the availability of resources (including funding, time, and the knowledge and skills of the individuals conducting the research) and the issues addressed in the study.
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