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Marine biodiversity is threatened by human activities. To understand the changes happening in aquatic ecosystems and to inform management, detailed, synoptic monitoring of biodiversity across large spatial extents is needed. Such monitoring is challenging due to the time, cost, and specialized skills that this typically requires. In an unprecedented study, we combined citizen science with eDNA metabarcoding to map coastal fish biodiversity at a national scale. We engaged 360 citizen scientists to collect filtered seawater samples from 100 sites across Denmark over two seasons (1 p.m. on September 29th 2019 and May 10th 2020), and by sampling at nearly the exact same time across all 100 sites, we obtained an overview of fish biodiversity largely unaffected by temporal variation. This would have been logistically impossible for the involved scientists without the help of volunteers. We obtained a high return rate of 94% of the samples, and a total richness of 52 fish species, representing approximately 80% of coastal Danish fish species and approximately 25% of all Danish marine fish species. We retrieved distribution patterns matching known occurrence for both invasive, endangered, and cryptic species, and detected seasonal variation in accordance with known phenology. Dissimilarity of eDNA community compositions increased with distance between sites. Importantly, comparing our eDNA data with National Fish Atlas data (the latter compiled from a century of observations) we found positive correlation between species richness values and a congruent pattern of community compositions. These findings support the use of eDNA-based citizen science to detect patterns in biodiversity, and our approach is readily scalable to other countries, or even regional and global scales. We argue that future large-scale biomonitoring will benefit from using citizen science combined with emerging eDNA technology, and that such an approach will be important for data-driven biodiversity management and conservation.
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INTRODUCTION

Global biodiversity is threatened by anthropogenically driven changes (Dirzo et al., 2014; Ceballos et al., 2020; Habibullah et al., 2021). In marine environments, biodiversity has been negatively affected by factors such as climate change (Doney et al., 2012), acidification and overfishing (McCauley et al., 2015; Luypaert et al., 2020; Rastelli et al., 2020). For example, global fish abundance has declined by approximately 38% in the last 50 years (Hutchings et al., 2010). However population trends are regularly monitored for only a limited number of commercially important open water species (Hutchings et al., 2010; Heessen et al., 2015). Coastal areas are particularly important for biodiversity, providing among other things nursery areas for fishes and essential ecosystem services to society (Berglund et al., 2018). However, marine fish biodiversity in coastal areas is not monitored regularly due to lack of direct commercial value, difficulties in standardizing monitoring methods, safety of observing personnel, and/or lack of taxonomic expertise (Kristensen et al., 2014; Andersen et al., 2015; Heessen et al., 2015; Gold et al., 2021). In Denmark, ca. 210 marine fish species have been registered to date, of which 64 are associated with coastal areas (Carl and Møller, 2021). Three Danish citizen science projects, at present, continuously register coastal fishes. These are; (i) the web-based “catch journal” (in Danish “fangstjournalen”), where recreational anglers register their catches (Gundelund et al., 2021), (ii) the “key fishermen” (in Danish: “Nøglefisker”) project, where amateur fishermen using standardized gill and fyke nets continuously register their catches from specific locations (Kristensen et al., 2014), and (iii) The Atlas of Danish Fishes (Hereafter, Fish Atlas) (in Danish: “Fiskeatlas”), managed by the Natural History Museum of Denmark, University of Copenhagen. While the former two initiatives focus only on five to ten species that are valuable to fishermen and anglers, the Fish Atlas has since 2009 been gathering verified registrations spanning 200 years, for all the ca. 210 marine species found in Danish waters. The Fish Atlas is a citizen science project, because it relies partly on observations made by citizens from all over Denmark, and currently provides the most comprehensive national overview of past and current fish diversity (Carl and Møller, 2021).

The recent increase in citizen science-based research has created a new platform for large-scale research in the natural sciences (Newman et al., 2012; Sutherland et al., 2015; Kelly et al., 2020). In biodiversity research, citizen science was initially used to collect specimens for identification and registration by experts, and often on a relatively small scale (Roger and Klistorner, 2016). However, new methods like smartphone apps, [e.g., the Danish platform Arter (in English: Species) (Arter, 2022), the global platforms iNaturalist (2022) and eBird (Sullivan et al., 2009)] and eDNA analyses simplify the collection of samples and observations, making them more suitable for involving volunteers (i.e., citizen scientists) in large-scale biodiversity analyses.

The use of eDNA approaches (eDNA metabarcoding in particular) has in the last decade settled as a robust method for studying biodiversity of entire communities (Thomsen and Willerslev, 2015; Taberlet et al., 2018). Various environmental samples have been applied to this end, including freshwater (Agersnap et al., 2017; Strand et al., 2019; Jensen et al., 2021a), seawater (Thomsen et al., 2016; Sigsgaard et al., 2017; Knudsen et al., 2019), and terrestrial samples (Yoccoz et al., 2012; Thomsen and Sigsgaard, 2019; Zinger et al., 2019). The degradation rate of eDNA varies significantly across substrates, but relatively fast degradation within days or weeks has been demonstrated for aquatic samples (Thomsen et al., 2012a,b; Sigsgaard et al., 2016). For aquatic samples, the eDNA approach thus provides a close to immediate picture of species presence, and changes in aquatic eDNA composition have been shown to reflect seasonal turnover in fish communities (Sigsgaard et al., 2017; Stoeckle et al., 2017; Ushio et al., 2017). However, the large short-term variation in eDNA compositions (West et al., 2020; Zhang et al., 2020) makes it challenging to separate spatial variation in species composition from temporal variation, especially when monitoring eDNA across large geographical areas.

Monitoring large areas is also time-consuming and labor intensive, and several studies have thus identified the considerable potential in using eDNA together with citizen science to cover larger spatial scales (Larson et al., 2020; Meyer et al., 2021; Tøttrup et al., 2021). One of the first attempts to integrate citizen science and eDNA-based monitoring focused on the great crested newt (Triturus cristatus) in a national survey in the United Kingdom (Biggs et al., 2015). Here, citizen scientists collected water samples from local ponds during the breeding season of T. cristatus and shipped the samples to a research laboratory for eDNA analysis. Samples were analyzed using species-specific quantitative PCR (qPCR) assays. The study showed that citizen scientists were able to collect high quality eDNA samples, and that a citizen science-based eDNA approach can supplement traditional monitoring methods for endangered species. Today, citizen science-based eDNA projects monitoring entire communities of organisms are emerging. Meyer et al. (2021) recently presented an ambitious long-term citizen science project, “CALeDNA,” which seeks to investigate statewide biodiversity in California using eDNA. They have successfully involved more than a thousand “community scientists” in collecting eDNA samples and have built up the necessary infrastructure to receive and analyze large amounts of samples. Data from this project have been coupled with multiple environmental variables by Lin et al. (2021), illuminating the potential to use citizen science to establish new biodiversity baselines across the tree of life.

Here, we present the first citizen science-based eDNA study investigating marine biodiversity at a national scale. Marine water samples were filtered on the same day at the same time by volunteers in autumn 2019 and spring 2020 from 100 locations along the Danish coast. Analyzing the samples by means of eDNA metabarcoding, we performed a nationwide, seasonal “BioBlitz” of marine fish. Comparing the obtained eDNA data with the Fish Atlas database (Carl and Møller, 2021), we show that eDNA samples collected by untrained citizen scientists are of sufficient quality to provide reliable data on coastal fish communities. Although citizen science in combination with eDNA remains in its infancy (Larson et al., 2020), we argue that this combination will become an important means for large-scale biomonitoring of marine biodiversity in the future.



MATERIALS AND METHODS


Citizen Scientist Recruitment and Framework

The research project described here was named ‘‘HavBlitz’’ (HB) (English: SeaBlitz)1 and represents a research collaboration between three universities and a Danish NGO. The Danish Society for Nature Conservation (DN) was in charge of recruitment of volunteers and communication with citizen scientists. DN is the largest environmental NGO in Denmark. It has a member base of 130,000 and more than 1,300 volunteers and is represented by local units in 96 out of 98 Danish municipalities. DN has experience in engaging their members in citizen science from previous projects in Denmark (‘‘Biodiversity now’’).2 Our aim was to involve members of DN, but also to find volunteers outside the NGO. Members were approached through DN newsletters and social media, whereas non-members were targeted through news stories in national media. Participants had to live up to the following requirements: (1) they had to be in good physical shape, (2) they had to live within an hour of driving from the sampling location, and (3) they had to have a freezer in order to preserve the collected sample.

Water sampling kits were sent to the volunteers approximately four weeks prior to sampling. Each water sampling kit contained a sterile 0.22 μm Sterivex-GP filter unit (Merck Life Science, Søborg, Denmark), luerlock caps, a 140 mL syringe, two pairs of gloves, a face mask, zip lock bags containing a silica gel packet (MiniPax ® absorbent packets), and a sampling protocol. Two independent volunteers visited each location in each season, both of which sampled 1 L of water, resulting in two samples from each location per season. In a few cases, only one volunteer visited the location, and the person was therefore asked to collect two samples. Volunteers were kept motivated and informed through multiple newsletters and texts, beginning one month prior to sampling. Most volunteers were also in direct contact with DN either by email or phone. As the volunteers returned samples using the Danish postal service, these could not be kept frozen at all times. We therefore performed a pilot test of using silica gel to dry the samples and thus potentially provide a better preservation of DNA, as suggested by Bakker et al. (2017). These tests indicated that silica gel had a positive effect on DNA preservation (unpublished data), and 5 g of silica gel was therefore included in the sampling kits.



Questionnaire for Citizen Scientists

A short questionnaire was sent out to all citizen scientists involved in sampling in the first season (autumn, 2019) to obtain feedback on the process and improve the experience for the volunteers at the second sampling event. We asked the following four questions: (1) “How satisfied have you been with your education/preparations for the sampling?” (2) “How would you evaluate environmental DNA sampling as a volunteer?” (3) “Would you participate in a similar citizen science project with DN another time?” (4) “Would you recommend to other people to participate in a similar citizen science project with DN?” Responses were made using ranked categories (e.g., “Very dissatisfied,” “Dissatisfied,” “Moderate,” “Satisfied,” “Very satisfied”) (Supplementary Figure 1).



Study Sites and Sampling

We selected a total of 100 coastal sites, covering Denmark from south to north and west to east (Figure 1 and Supplementary Table 1). The sampling sites chosen were hard substrate habitats at stone piers and groynes, often in connection with a harbor, to provide easy access for the volunteers. The water depth was between 0.5 and 3 m, and the sampling was initiated at precisely 1 p.m. on the 29th of September 2019 (this sampling event is hereafter referred to as autumn or HB1) and again at 1 p.m. on the 10th of May 2020 (spring or HB2). The volunteers were instructed both through a written protocol and a video protocol. At some locations, the filters clogged before reaching the desired water volume of 1 L. Between 300 and 1,000 mL of surface water were thus filtered per sample. Weather conditions varied across sampling sites, with moderate to strong westerly winds affecting some of the sampling on exposed locations such as the west coast of Denmark. At certain sampling locations, the volunteers were instructed to deviate a little from the exact location to find shelter and calmer water. To our knowledge, all samples were taken in dry weather, but some locations had rain prior to sampling. During sampling, the volunteers were able to call a telephone hotline and access a Facebook page for immediate questions. Samples were collected using single use gloves and face masks and were subsequently kept in a zip lock bag with a silica gel packet. The volunteers brought the samples home and stored them in their own freezers within 1 hour after sampling. After a minimum of 24 hours of freezing, samples were sent to Aarhus University using the Danish postal service (PostNord), which delivers domestic packages within 24–72 hours. Upon arrival, the samples were stored in a –20°C freezer until DNA extraction. Correlation between filtered water volume and species richness in each sample was investigated using a Pearson correlation analysis from the R-package ggpubr (v. 0.4.0) (Kassambara, 2020).
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FIGURE 1. (A) Map of sampling sites in Denmark showing the 100 locations, which were sampled by citizen scientist on the 29th of September 2019 and again on the 10th of May 2020. Locations are divided into eight sub-areas based on marine regions, North Sea (red, triangle-down), Limfjord (dark green, cross), Kattegat (light green, plus), Samso Belt (light orange, squares), Great Belt (dark blue triangle-up), Little Belt (pink, diamond), Baltic Sea (light blue, circle), and The Sound (dark orange, asterix). (B) Røsnaes Harbour (number 94 on the map) representing a typical sampling site. (C) The citizen scientist Niels-Ole Hørlyk filtering water through the filter at Bønnerup Harbour (number 51 on the map) on the 29th of September 2020 (Photograph by: Niels-Ole Hørlyk).




DNA Extraction

All DNA extractions from filters were carried out in a clean laboratory facility at the Department of Biology, Aarhus University, which is dedicated to eDNA samples and other samples of low or degraded DNA content. Systematic decontamination routines are in place, including separated pre- and post-PCR work and UV-light. Prior to extractions, all samples were cleaned on the outside using DNA AWAY™ (Thermo Fisher Scientific, Carlsbad, CA, United States). DNA was extracted using the DNeasy ® Blood & Tissue kit (Qiagen, Hilden, Germany). We used four times more AL buffer and proteinase K compared to the manufacturer’s protocol and an incubation time of 2–3 hours. Beads (1 g) were added to each sample together with ATL buffer and vortexed rigorously for 3 min prior to incubation. The two samples from the same location and season were pooled after incubation and mixed with AL buffer and 96% ethanol. The mixture was then spun through a spin column and washed with AW1 and AW2 buffer, before finally being incubated with elution buffer AE (2*60 μL) over two rounds of 37°C for 10 minutes (Sigsgaard et al., 2019). An extraction negative control (CNE) was included for each extraction batch, resulting in eight and twelve blanks per season, respectively. All extracted samples and extraction blanks were stored at –20°C until further analysis.



PCR Amplification

PCR amplification was performed using a primer mix containing both the Tele02 and the Elas01 primers (Taberlet et al., 2018). These primers are modified versions of the MiFish universal and MiFish elasmobranch primers designed by Miya et al. (2015) and, of which the forward primer Tele02-F was first presented by Thomsen et al. (2016) as “V05F_898.” The forward primer Tele02-F (5’-AAACTCGTGCCAGCCACC-3’) and the reverse primer Tele02-R (3’-GGGTATCTAATCCCAGTTTG-5’), together amplify approximately 167 bp of the 12S rRNA gene in the mitochondrial DNA (mtDNA) (Taberlet et al., 2018). Primers were uniquely tagged. Tags were designed using the OligoTag program (Coissac, 2012), and consisted of six nucleotides with a distance of at least three bases between any two tags. Tags were preceded by two or three random bases; NNN or NN (Barba et al., 2014), and identical tags were used on the forward and reverse primers for each sample (Zinger et al., 2019), to eliminate errors due to tag jumps (Schnell et al., 2015).

The samples from a season could not be PCR amplified all at once and were thus divided into two separate PCR setups. Every PCR setup included one PCR replicate of each of around 50 samples, one replicate of each of the corresponding CNEs, and one template control (NTC). To obtain technical replicates, each PCR setup was repeated four times, using identical tags for each PCR replicate, but a unique tag for each sample. Some samples of darker color were diluted 1:10 times prior to PCR to avoid inhibition. PCR reactions were performed in 25 μL reactions, using 10 μL HotStarTaq Master Mix (Qiagen, Cat. no. 203445), 10 μL H2O, 1 μL BSA (Bionordica, Cat. no. B9000S), 1 μL of primer mix [Tele01-F (5 μM), Tele01-R (5 μM), Elas01-F (5 μM), Elas01-R (5 μM)] and 3 μL DNA template. Thermocycler conditions were: an initial 15 minutes denaturing at 95°C, followed by 45 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 60 s, and a final extension step of 72°C for 7 minutes. DNA yield and fragment sizes were checked on 2% agarose gels stained with GelRed™.



Library Building and Illumina Sequencing

PCR amplicons were mixed into sixteen pools, corresponding to the four repetitions of each of the four PCR setups. A volume of 4 μL was used of each PCR replicate. Pools were purified using the MinElute PCR purification kit (Qiagen), following the manufacturer’s protocol, except for at the last incubation step, which was done using 2*20 μL elution buffer over two rounds of 37°C for 10 minutes. A purification blank was included. Library building was done using the TruSeq DNA PCR-free LT sample Prep Kit from Illumina, with a 750 ng input of PCR products from each pool, as measured using the Qubit HS DNA Kit (Thermofisher Scientific, Carlsbad, CA, United States). For autumn samples, library building was done at Aarhus University, while libraries for spring samples were built by Novogene (Cambridge, United Kingdom). All libraries were sequenced by Novogene (Cambridge, United Kingdom) on an Illumina NovaSeq platform, using 150 PE sequencing and requesting 10 gigabasepairs (Gb) per library.



Bioinformatic Data Filtering and Analyses

The data were analyzed using the pipeline MetaBarFlow (Sigsgaard et al., 2022), which uses the python-based workflow tool gwf and parallel computing to process metabarcoding data. The workflow is mainly based on scripts from Frøslev et al. (2017) and the DADA2 error modelling (Callahan et al., 2016). The exact workflow used for the current paper are available upon request.

Raw reads were demultiplexed and trimmed of primers using Cutadapt (Martin, 2011), then quality trimmed with Sickle (Joshi and Fass, 2011) and filtered using the DADA2 algorithm (Callahan et al., 2016), an updated version of the DADA algorithm by Rosen et al. (2012). Up till this point, we followed the same bioinformatic procedure with the same parameter settings as in Sigsgaard et al. (2020). Amplicon Sequence Variants (ASVs) were then compared with a locally downloaded version of the NCBI nt database (downloaded April 6th, 2020, and November 26th, 2020, respectively for HB1 and HB2) using “blastn” (Benson et al., 2005). Results were shared with the citizen scientists when ready, which is why we used two different versions of the nt database. We specified up to 500 sequence hits, a minimum of 90% query coverage per high-scoring segment pair, and a minimum of 80% sequence similarity. Each sequence was then taxonomically classified using the R package taxizedb (Chamberlain and Arendsee, 2020), including only hits with 100% query coverage. All ASVs were also matched against our own newly created sequence database containing 12S mtDNA barcodes from Danish fish species, using Geneious (Kearse et al., 2012). These sequences are generated by Jensen et al., 2022 and available on NCBI with accession numbers MW995331-MW995387, but were not publicly available at the time of our blast query. We here specified thresholds of 100% query coverage and 100% sequence similarity. When a query sequence matched to a different species in our own database than in NCBI nt, the hit from our own database was given priority, due to the 100% similarity specifications applied and because sequences were thoroughly curated from Danish fish specimens. Hits with ambiguity in best matches were investigated for distribution of the matching species and if only one of the best matches were known to be present in Denmark, this species was chosen. In cases where several of the best matching species could appear in Denmark, we applied a last common ancestor identification. Finally, after inspecting all blastn outputs, only hits with a sequence similarity ≥ 99% and a query coverage of 100% were retained. The identified sequences from the Elas01 primers did not provide any additional species and the further data analysis was therefore only performed on sequences from the Tele02 primers.

ASVs occurring in an extraction blank or PCR blank in a higher number than in any seawater sample were excluded. Taxa occurring only in a single PCR replicate across the dataset were also removed. For each sample, the four PCR replicates were individually rarefied to the median read depth of all PCR replicates and aggregated and rarefied to the minimum median read depth of all samples (Cárcer et al., 2011). This was done to reduce differences induced by variation in sequencing depth. Rarefaction curves were performed using the function rarecurve from the R package vegan v. 2.5-7 (Oksanen et al., 2020) to explore whether the sequencing depth was sufficient to cover the taxonomic diversity present in each of the PCR replicates (Supplementary Figure 6). After normalization of sample reads, we filtered out taxa with a total read count below 500 reads for each season. Within each sample, taxa below a threshold of one in ten thousand of the total reads were removed, as suggested by Alberdi et al. (2017).

Bioinformatic analyses were run using the high-performance computing facility GenomeDK, Center for Genome Analysis and Personalized Medicine, Aarhus University. All data analyses subsequent to the taxonomic classification were performed in R v. 4.0.5 (R Core Team, 2020).



Danish National Fish Atlas Data

The Danish National Fish Atlas database holds a collection of almost all available records on fish occurrences in Denmark. For each of the 100 eDNA sampling locations, we retrieved a list of all marine, brackish and freshwater fish species recorded from within a 5 km radius. For each location, records from the Fish Atlas list were filtered in three steps: (i) identification quality, by using only records where specimens and/or photographs could confirm the identification of the fish, (ii) unique species name, by merging multiple records of the same species, (iii) species-level identifications, by removing family or genus level records. Coastal species are defined by the scientist behind the Fish Atlas, as species that are inhabiting and regularly observed along the coastal areas of Denmark.



Dissimilarity and Waterway Distances

Waterway distances were calculated using a custom R-script (available upon request). We used the “landmask” file (EEA, 2017) from the European Environmental Agency (EEA) to define terrain as either water or landmass at a maximum resolution of 500 m * 500 m (for a few locations we had to use higher resolution for connecting spatial points). All calculated waterway distances were plotted on a map and visually inspected to ensure that the shortest path was chosen. Whittaker dissimilarity scores between all location pairs (Whittaker, 1960) were calculated using the vegdist function of the R package vegan (v.2.5-7) (Oksanen et al., 2020), specifying Bray-Curtis as the distance metric and using presence/absence data. Linear regression was used to correlate distance and dissimilarity between sites. For both the dissimilarity and community composition analysis (see below), the two eDNA seasons were combined into one eDNA dataset and only locations where eDNA samples yielded > 10 unique species, when summing the findings from the two seasons, were included (n = 84).



Community Composition Analysis

To assess community composition, Jaccard distances (Jaccard, 1901; Tanimoto, 1957) were calculated and ordinated in three dimensions ordinated in three dimensions, but presented ordinates in pairs as two dimensional plots using non-metric multidimensional scaling (NMDS) with the vegdist function. The analyses were computed separately for each dataset (eDNA and Fish Atlas) and sampling sites were grouped into eight sub-areas (North Sea, Limfjord, Kattegat, Samso Belt, Great Belt, Little Belt, Baltic Sea and The Sound), based on geographical distribution (Teilmann et al., 2008; Brown et al., 2019; see Figure 1). To evaluate the effect of sub-areas and datasets, Jaccard dissimilarity matrices were tested for multivariate analysis of variance (PERMANOVA—adonis function) and homogeneity of variance (PERMDISP2—betadisper function) with bias adjustment for different sample sizes, both using 999 permutations. Significant differences in distance-to-centroid among sub-areas were evaluated using the TukeyHSD function. The envfit function was applied to investigate the association between latitude, longitude and community composition. All functions were from the R package vegan (v.2.5-7) (Oksanen et al., 2020).




RESULTS


Sampling and Citizen Science

We engaged 178 and 182 citizen scientists for the sampling event in autumn 2019 (HB1) and spring 2020 (HB2), respectively. Together, they collected 185 and 188 water samples from 97 and 98 locations along the Danish coast, respectively (Figure 1). We received 172 (93%) and 176 (94%) of the collected samples and managed to extract eDNA from samples representing 96 and 95 locations, respectively. Combining both seasons, we successfully covered all 100 locations. A small but significant and positive correlation between volume of filtered water and species richness was found (R2 = 0.04 and p < 0.045).

A total of 80% of the citizen scientists replied to the questionnaire. The difficulty of eDNA sampling for volunteers was evaluated as “moderate” to “very easy” by 86% of respondents. When asked about their satisfaction with the preparations prior to sampling, 82% answered “moderate” to “highly satisfied.” And when asked whether they would participate in a similar citizen science event again, 97% answered that they would “most likely” or “definitely” do so, and 93% would recommend participation to others. The two biggest issues described by the citizen scientists were the difficulties associated with manually pushing water through the filter and climbing on the piers to collect water (Supplementary Figure 1).



Metabarcoding Reads and Taxonomic Diversity Obtained

A total of 1,221 M raw reads corresponding to 610.5 M read pairs were generated. Across all sixteen libraries, representing both seasons, we obtained a relatively equal sequencing depth with 31.21- 47.15 M reads per library (average of 38.15 M reads per library). After initial filtering and trimming, a total of 4–1,800 K reads per sample were retained (average of 339 K reads per sample, n = 191). The CNEs (n = 20) retained 0–0.31 M reads and NTCs (n = 20) retained 0–0.1 M reads. In total, we obtained 12,880 ASVs across all samples and both seasons, 5,161 of which matched metazoans. A total of 105 taxa could be taxonomically identified, including 52 bony fish taxa, 24 mammal taxa, 24 bird taxa, one taxon of starfish, one taxon of amphibians and three bacterial taxa (Table 1 and Supplementary Table 2). Fish and mammals constituted the majority of the reads, constituting 65% and 25% of the total reads, respectively (Supplementary Figure 2). Filtering out hits to other vertebrates than fishes, we obtained fish eDNA from 16 orders, 27 families, 48 genera, and 52 species across all water samples and across both seasons (Table 1 and Figure 2A). Certain species are identical in the Tele02 barcode (Supplementary Table 3) and matches to such species pairs were conservatively counted as one species. Both extraction and PCR controls contained ASVs representing Homo sapiens. Extraction blanks contained only one fish ASV, representing bleak (Alburnus alburnus). This species was also detected in the water samples, but in lower read abundance, and was thus removed from the dataset. PCR controls contained no fish ASVs.


TABLE 1. Overview of seasonal presence and sequence abundance in both autumn and spring of all fish taxa identified.
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FIGURE 2. The number of locations each species occurs in. (A) Occurrence patterns between the two seasons autumn (blue) and spring (red). (B) Accumulated occurrence patterns from eDNA for both seasons (red) and the Fish Atlas (blue). For the comparison between the fish atlas and both seasons, only species that were identified to species level were included, with the exception of Ammodytes spp. and Salvelinus sp.


Excluding taxa represented by less than one ten thousandth of the total read count per sample removed between one and three taxa from nine samples in HB1 and from each of thirty samples in HB2. Removal of more than three taxa occurred only in a single sample, HB051 in HB2, where eleven taxa were removed. The removed taxa included two obvious contaminants (i.e., species that have never been recorded along the Danish coasts); whale shark (Rhincodon typus) with 486 reads and blue whiting (Micromesistius poutassou) with 159 reads. Environmental samples containing whale shark DNA were processed in our lab around the same time as the samples for the current study and this is most likely the source of contamination. Other taxa removed by the threshold were unlikely to be contaminants (i.e., species that are known to occur along the Danish coasts and could be true detections), including topknot (Zeugopterus punctatus) with 275 reads, golden grey mullet (Chelon auratus) with 439 reads and European anchovy (Engraulis encrasicolus) with 469 reads.



Seasonal Occurrence of Fish eDNA

We detected a total of 48 fish species in the autumn 2019 sampling, and 43 species in the spring 2020 sampling (Table 1 and Figure 2A). The European flounder (Platichthys flesus) was the most frequently detected species overall, while the common goby (Pomatoschistus microps) and the seasonally migratory garfish (Belone belone) were the most frequently detected species in autumn and in spring, respectively. The latter two species were among several species exhibiting a substantial seasonal difference in occurrence (Figure 2A). Species only occurring in one season were generally found at very few locations (the most frequent being the common sole (Solea solea), which was found on 13 locations in the spring, but none in the autumn) (Table 1).



Comparison of eDNA and Fish Atlas Data

The Fish Atlas data indicated that most of the detected species are common and widely distributed in Denmark (Table 1 and Figure 2B). Of the ca. 210 Danish marine fish species, 64 are known to occur in the coastal areas. The 52 species detected in the current study thus represent approximately 25% of all Danish marine fishes and approximately 80% of all Danish coastal fishes. In the Fish Atlas data for the study locations, Skagen Harbour had the highest richness with 138 registered fish species and Kolund Harbour had the lowest with 28 species registered. In Skagen Harbour and Kolund Harbour, we detected 26 and 12 species with eDNA, respectively (Supplementary Figure 3). The highest richness inferred from eDNA across both seasons was found at Spodsbjerg, with 29 different species. Importantly, we found a low, but significant positive correlation (Pearson correlation test, R2-value 0.06, p < 0.05) between the diversity values obtained from eDNA and from Fish Atlas data (Supplementary Figure 4).



Fish Species Distributions

We generated a national distribution map for each species based on the eDNA results and compared this with Fish Atlas data for the same locations (Figure 3 and Supplementary Figure 5). For species with a distinct distribution, e.g., the round goby, an invasive species with an Eastern distribution (Figure 3A), or the two-spotted goby (Pomatoschistus flavescens), which does not occur along the west coast of Jutland (Figure 3B)—or species with a clear seasonal pattern, such as the garfish (Figure 3C), the two datasets were highly congruent. For species widely distributed across Denmark, such as the endangered European eel, eDNA results also captured this general pattern (Figure 3D).
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FIGURE 3. Species distribution examples representing: (A) round goby (Neogobius melanostomus), an invasive species with an eastern distribution and an ongoing western expansion, (B) two-spotted goby (Pomatoschistus flavescens), a species with a restricted distribution (i.e., not found on the west coast of Jutland), (C) garfish (Belone belone), the species with the strongest seasonally diverging signal in occurrence, (D) European eel (Anguilla anguilla), an endangered species with a wide distribution. Detections with eDNA during spring (bluish green) or autumn (vermilion) are represented by the “left” and “right” circle, respectively. Registrations by the Fish Atlas (blue) are represented by triangles. White colored triangles or “left” and “right” circles indicate that the species is not detected on the location for the particular dataset. All fish drawings have been made by Steen Wilhelm Knudsen.




Dissimilarity and Distance Matrix

Whittaker dissimilarity scores between sampling locations ranged from 0.05 to 1.00 (average: 0.45), with the locations HB082 (Skovshoved Harbour) and HB095 (Mullerup Harbour) which are 186 km apart, being the most similar. Three location pairs showed no overlap in species composition; HB025 (Fjellebro Harbour) and HB035 (groyn at Agger) which are 411 km apart, HB035 and HB075 (Praesto Harbour) which are 458 km apart and HB075 and HB040 (Saeby Harbour) which are 313 km apart (Figure 1 and Figure 4A). We found a highly significant positive correlation between “distance between locations” and “Whittaker dissimilarity” (Figure 4B) (adjusted R2 = 0.20 and p < 0.001).
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FIGURE 4. (A) Presence-absence beta diversity between locations. A heatmap representing the Whittaker dissimilarity matrix among locations. Locations are colored according to sub-areas: North Sea (red), Limfjord (dark green), Kattegat (light green), Samso Belt (light orange), Great Belt (dark blue), Little Belt (pink), Baltic Sea (light blue) and The Sound (dark orange). There is a pattern that locations on the Danish west coast (“North Sea”) are more dissimilar to the other locations. (B) Using linear regression, there is a highly significant correlation between dissimilarity and distance between locations. Confidence intervals of 95% are shown in grey along the line with edges of the confidence intervals in green.




Community Composition Analysis

Ordinations of eDNA and Fish Atlas records from 84 sites, based on species presence-absence data, are shown as two dimensional plots along three axes in Figure 5. For both eDNA and Fish Atlas data, a significant effect of sub-area was detected, and the proportion of variance explained by the sub-area was identical (PERMANOVA; p < 0.001; R2 = 0.26, same values for both datasets). There was a difference between the dispersion of sites among sub-areas for eDNA (PERMDISP; p < 0.03), but not for the Fish Atlas dataset (p < 0.19). However only the North Sea and The Sound showed a significant difference in distance-to-centroid (p < 0.03). A congruent distribution of sub-area centroids for eDNA and Fish Atlas data was found, such that North Sea consistently exhibited the highest axis 1 scores followed by Kattegat, while Baltic Sea and Limfjord always exhibited the lowest axis 1 score (Figures 5A–D). No clear pattern was observed between The Sound, Samso Belt, Little Belt and Great Belt. Moreover, a moderate association was observed between latitude and longitude and eDNA community structures (R2 = 0.07 and R2 = 0.04, respectively).
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FIGURE 5. Non-metric multidimensional scaling (NMDS) on three dimensions were used on the presence-absence data for both datasets. (A) eDNA dataset on axis one and two. (B) eDNA dataset on axis one and three. (C) Fish Atlas dataset on axis one and two. (D) Fish Atlas dataset on axis one and three. The centroid of the sub-areas is enlarged and colored according to sub-areas: North Sea (red), Limfjord (dark green), Kattegat (light green), Samso Belt (light orange), Great Belt (dark blue), Little Belt (pink), Baltic Sea (light blue) and The Sound (dark orange). The Latitude and Longitude are showed, with the arrow length corresponding to their relative importance.





DISCUSSION

Environmental DNA metabarcoding has become an established approach in aquatic biological research as well as in applied biodiversity monitoring, where eDNA methods offer new possibilities for the study of spatial and temporal distribution of biotas not possible or sustainable with traditional methods. However, eDNA sampling at larger spatial scales is difficult, as samples need to be collected within a relatively short time to be comparable. Fortunately, the eDNA sampling itself is quite simple compared to the more complicated downstream analyses, requiring clean laboratory facilities and rigorous laboratory and bioinformatic protocols. We therefore attempted to solve the challenge of covering large spatial scales on a short temporal scale by combining eDNA metabarcoding with citizen science. We performed a nationwide eDNA monitoring survey of the Danish coastal fish fauna by engaging 360 volunteers to filter water using a standardized protocol at 100 sites over two seasons. Our approach demonstrated eDNA detection of approximately 80% of registered coastal Danish fish species. Despite the many different people involved in sampling, our results show seasonal variation in fish communities in accordance with known phenology, and we retrieve realistic distribution patterns of species with restricted distributions, including invasive, rare and cryptic species.


eDNA Sampling and Citizen Science

Citizen science has seen increased use in recent years within the biological sciences (Kelly et al., 2020; de Sherbinin et al., 2021; Wehn et al., 2021). Our study demonstrates that large-scale volunteer recruitment to marine eDNA projects is tenable, and we benefitted from a high level of commitment from the citizen scientists (94% of the samples were completed and returned). Also, the answers to our questionnaire indicated that the approach was perceived positively by the participants. The Sterivex filter provides a simple setup that decreases the risk of contamination and is easy to handle by volunteers. Some locations yielded a total number of fish species that was surprisingly low, given previous knowledge of the sites. For example, 16 locations (16% of total) yielded ≤ 10 detected fish species (Supplementary Table 1), while the actual number of species is most likely higher, given registrations in the Fish Atlas database (Supplementary Table 1). This is partly explained by variation in the amounts of filtered water, but might also be due to other factors such as, (i) the heterogenous distribution of eDNA in the water column leading to a high degree of random variation with only 2 samples (Cantera et al., 2019), (ii) varying shipment times of samples to the lab, (iii) stochasticity in PCR and sequencing success, or (iv) variation in quality of the samples. However, true diversity may also simply have been low at certain sites, due to biotic or abiotic factors at the time of sampling (Holm-Hansen et al., 2019). Regardless, the overall high congruence of eDNA results with previous knowledge and the high percentage of Danish coastal fish species detected, demonstrates that the citizen science approach is a powerful way of applying eDNA analysis at large spatial scales.



Monitoring the Danish Fish Fauna Using Citizen Science-Based eDNA Metabarcoding

Some species known to be common in the coastal waters of Denmark were absent from the eDNA data. This can be a result of one or more of the same factors mentioned above for low species richness values. In addition, some species may not have an optimal affinity to the primers. The undetected species included greater weever (Trachinus draco), common dragonet (Callionymus lyra), Atlantic horse mackerel (Trachurus trachurus), straightnose pipefish (Nerophis ophidion), painted goby (Pomatoschistus pictus) and greater pipefish (Syngnathus acus). Nester et al. (2020) showed that the Syngnathidae family were rarely detected due to taxonomic biases of the MiFish-U primers. But of the undetected species above, only C. lyra had (two) mismatches to Tele02-F and none had mismatches to Tele02-R (no sequences were available for P. pictus).

Contrary to the absence of common species in the eDNA data, a few uncommon and rather cryptic species were indeed detected. One example is Montagu’s seasnail (Liparis montagui), a small (2–10 cm) bottom-dwelling, brown to yellowish fish, commonly distributed in the northeastern Atlantic Ocean (Florin et al., 2013). Montagu’s seasnail inhabits the coastal waters where it hides under rocks and on macroalgae. It is rarely caught or observed, as it is tiny and inconspicuous, so its occurrence is likely underestimated. There are less than a hundred total registrations in Denmark, and they are primarily from the coastal areas facing toward Kattegat (Carl and Knudsen, 2018).

No truly unexpected or deep-water species were detected in the entire survey, which supports the validity of an eDNA citizen science approach. Salmonids are regular contaminants in eDNA studies (Kelly et al., 2014; Thomsen et al., 2016; Stoeckle et al., 2017), likely due to their widespread consumption, and the detections of Atlantic salmon (Salmo salar), sea trout (Salmo trutta) and rainbow trout (Onchorynchus mykiss) might therefore partly be due to false positives. The same may be the case for the European sea bass (Dicentrarchus labrax) and for the single detection of Salvelinus sp. in Vejle fjord. Stoeckle et al. (2017) unexpectedly detected eDNA from the former species in an estuary and speculates if this could be a result of sampling near areas with wastewater contamination. However, at least for the three salmonids, the distribution patterns obtained do not show obvious signs of contamination and species of Salvelinus are occasionally registered from streams in Jutland (Carl et al., 2012).

One of the most notable advantages of the current citizen science-based eDNA approach is the possibility of simultaneous sampling across a large spatial scale such as the entire coast of a country. Simultaneous sampling reduces the effect of temporal variations in environmental or biological parameters (Buxton et al., 2017; Djurhuus et al., 2020) on the results to an absolute minimum, facilitating comparisons between sites. Beentjes et al. (2019) investigated temporal and spatial patterns of eDNA in dune lakes and found large differences in eDNA composition between samples taken one week apart. Monuki et al. (2021) found day to day variation in marine fish eDNA composition from the same site in consistency with known fish behavior. Ely et al. (2021) shows that eDNA composition changed significant across time of day and that eDNA can display considerable heterogeneity, on an hourly basis. Jensen et al. (2022) sampled eDNA at a coastal site every hour for 32 consecutive hours and found differences in species composition between samples taken only one hour apart, although the most significant difference was between samples collected at midday and those collected at midnight. The only other way to sample simultaneously across many sites would be to deploy autonomous samples (Hansen et al., 2020). They are currently prohibitively expensive but could be a future possibility.

As expected, we found a significant positive correlation between geographical distance and community dissimilarity (Figure 4B). This may largely be explained by salinity, as those locations that are furthest apart in Danish seas are generally also the locations with the largest differences in salinity. The North Sea in the west holds the highest salinity levels in the area, while the Baltic Sea in the east holds the lowest.



National Fish Atlas Data vs. eDNA

We compared our eDNA data with data from the National Fish Atlas, as this is the most comprehensive database of Danish marine fish and provides an accurate distribution pattern for most species. We did not expect similar richness values for the two approaches, given that the Fish Atlas has accumulated observations for more than 200 years, while the eDNA data were collected in two days. Also, sampling and registration intensity for the Fish Atlas has varied during the long project period leading to inflated differences in detected species richness between sampling locations. Finally, some species might not occur on locations that they have previously been registered on, due to e.g., habitat destruction or eutrophication (Agger et al., 2012). Thus, the eDNA data cannot be expected to reflect the entire inventory of species in the Fish Atlas or the community composition found in this database for each of the locations. On the other hand, trends or patterns found across such different datasets are likely to be biologically meaningful. Intriguingly, we found a correlation of species richness between the two methods across the 100 sites (Supplementary Figure 4), which we argue indicates that robust citizen science-based eDNA programs can yield authentic maps of relative richness over large spatial scales. Moreover, the congruent geographical structure in community composition observed between eDNA and Fish Atlas datasets (Figure 5) indicates to some extent that eDNA can be used to characterize overall large-scale geographical patterns in fish species composition.



Species Distributions and Seasonality Patterns From Citizen Science Sampled eDNA

For species with restricted distributions, eDNA monitoring provided distribution maps highly similar to the Fish Atlas data (Figure 3 and Supplementary Figure 5). This was most notably the case for the round goby, which is one of the most wide-ranging invasive fish species in Europe (Kornis et al., 2012; Azour et al., 2015; Brandner et al., 2018). The round goby is a benthic species native to the Black Sea region, where it thrives and breeds in both fresh and saline water (Carl et al., 2019a). It is widely distributed in the Baltic region and was discovered at Bornholm, Denmark, in 2008 (Azour et al., 2015). It has since increased its distribution range every year and has now become highly abundant in southeastern Denmark. The species’ current distribution was closely reflected in the eDNA, which suggests that a citizen science-based eDNA approach could effectively be applied for early detections of invasive species (Mahon and Jerde, 2016; Holman et al., 2019; Larson et al., 2020). Two-spotted goby and the corkwing wrasse (Symphodus melops) are widely distributed in Denmark along the east coast toward Kattegat and the inner Danish waters (Carl et al., 2019b; Carl and Møller, 2019), except for the western coast of Jutland and around Bornholm a pattern which eDNA monitoring reflected.

For several species with known differences in seasonal distributions, these differences were clearly evident in the eDNA. Especially for the garfish (Belone belone), which was found almost exclusively in the spring samples (nine vs. 61 locations) (Figures 2A, 3C), in accordance with the species’ migratory behavior (MacKenzie and Carl, 2021). Longspined bullhead (Taurulus bubalis) breeds in Danish waters from April to May, where it can be found near the coast at low water depths (Carl, 2019). The seasonal distribution of eDNA (Supplementary Figure 5) reflects this behavior, as the species was found on twice as many locations in spring as in autumn (53 vs. 24) (Figure 2 and Supplementary Figure 5).



Perspectives for Future eDNA Research

The general congruence in species richness, distributions and compositions between fish eDNA analyses and Fish Atlas registrations indicates that eDNA samples of good quality can be collected by citizen scientists. Studies in eDNA have evolved from taking a few samples and targeting a limited number of species with species-specific assays (Ficetola et al., 2008; Thomsen et al., 2012b; Sigsgaard et al., 2015; Jensen et al., 2018), over metabarcoding of entire species communities (Port et al., 2016; Sigsgaard et al., 2020; Jensen et al., 2021a), to large metabarcoding projects using multiple primer sets to capture as much biodiversity as possible over large spatial scales (Bakker et al., 2019). In recent years, population-level patterns have been explored with eDNA samples using intra-specific primers to reveal population characteristics (Sigsgaard et al., 2016) and to haplotype individuals (Dugal et al., 2022). Less specific primers have also been used to simultaneously target intra- and interspecific genetic variation (Turon et al., 2020). Similarly, target capture probes have been applied to target entire mitochondrial genomes and even nuclear eDNA from single species (Pinfield et al., 2019; Jensen et al., 2021b).

Biodiversity data collected at fine spatial resolutions over broad geographical extents are needed to inform decision making (Wisz et al., 2013, 2020). Coastal ecosystems around the world are vulnerable to the expansion of human activities and the acceleration of Anthropocene impacts (Jouffray et al., 2020). The complexity of marine environments and pace of Anthropocene change requires that methods to monitor change be scaled up in space and time. We believe that the combination of citizen science and eDNA metabarcoding tools shows promise for helping to fill crucial data gaps, especially when conventional scientific monitoring is not feasible.

The UN Decade of Ocean Science for Sustainable Development (2021–2030) calls for, among other things, improved accessibility of ocean science, engagement of a diversity of stakeholders, methods that advance citizen science, activities that promote ocean literacy, and tools to improve the understanding and prediction of ocean dynamics in coastal areas and beyond (Ryabinin et al., 2019; Claudet et al., 2020). Our approach to engage citizen scientists in an eDNA-based monitoring of biodiversity in coastal areas helps to address all of these aims. Citizen science not only has the potential to bolster monitoring data, it also helps to engage citizens in science and ocean issues (Kelly et al., 2020). We therefore hope that the approach will be used across nations and stakeholders within the current decade to strengthen our knowledge about biodiversity in coastal areas.
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Order Family Species Autumn Spring No. loc. Au No. loc. Sp No. loc. total Reads Au Reads Sp Total reads

Anguilliformes Anguilidae Anguilla anguilla X X 60 48 v 102,694 77,953 180,647
Beloniformes Belonidae Belone belone X X 9 61 65 4,393 429,915 434,308
Clupeiformes Clupeidae Clupea harengus X X 48 43 70 230,826 249,988 480,814
Sardina pilchardus X 5 0 5 5,056 0 5,056
Sprattus sprattus X X 29 38 54 78,115 93,309 171,424
Cypriniformes Cyprinidae Abramis brama X 3 3 982 0 982
Leuciscus sp. X X 5 7 8 3,768 25,839 29,607
Rutilus rutilus X X 7 8 11 8,566 11,738 20,304
Esociformes Esocidae Esox lucius X 0 3 3,169 0 3,169
Gadiformes Gadidae Gadus morhua X X 30 30 47 42,336 21,240 63,576
Merlangius merlangus/ X X 14 3 15 7,213 2,394 9,607
Melanogrammus
aeglefinus
Pollachius virens X 5 0 5 1,611 0 1,611
Raniceps raninus X X 8 568 1,536 2,104
Gaidropsaridae Ciliata mustela X X 12 8 14 21,358 13,944 35,302
Gobiiformes Gobiidae Aphia minuta X X 6 17 22 685 24,790 25,475
Gobius niger X X 62 55 73 119,704 67,941 187,645
Pomatoschistus X X 51 a7 64 101,154 76,795 177,949
flavescens
Neogobius X X 27 22 30 129,008 151,530 280,628
melanostomus
Pomatoschistus X X 53 44 68 100,551 46,390 146,941
minutus
Pomatoschistus X X 63 27 66 271,089 84,227 355,316
microps
Labriformes Labridae Ctenolabrus rupestris X X 46 54 62 237,195 356,918 594,113
Symphodus melops X X 32 24 44 109,515 33,062 142,577
Mugiliformes Mugilidae Chelon X X 6 1 6 4,375 2,301 6,676
labrosus/ramada
Osmeriformes Osmeridae Osmerus eperlanus X 1 0 1 1,083 0 1,083
Perciformes Agonidae Agonus cataphractus X 4 0 4 1,984 0 1,984
Cottidae Myoxocephalus X X 24 28 43 25,972 26,557 52,529
scorpius
Taurulus bubalis X X 24 53 59 49,633 210,092 259,725
Cyclopteridae Cyclopterus lumpus X 0 9 9 0 9,627 9,627
Gasterosteidae Gasterosteus aculeatus X X 52 31 61 191,629 186,617 378,246
Pungitius pungitius X X 19 10 28 38,008 8,039 46,047
Spinachia spinachia X X 22 10 29 8,643 1,008 9,741
Liparidae Liparis montagui X 0 0 3,560 3,560
Moronidae Dicentrarchus labrax X 3 0 3 1,842 o] 1,842
Percidae Perca fluviatilis X X 12 6 14 14,159 1,900 16,059
Pholidae Pholis gunnellus X X 33 46 56 59,858 116,177 176,035
Zoarcidae Zoarces viviparus X X 19 48 56 24,660 168,424 183,084
Pleuronectiformes Pleuronectidae Limanda limanda X X 7 22 26 2,176 12,700 14,876
Platichthys flesus X X 56 50 78 85,746 99,916 185,662
Pleuronectes platessa X X 33 28 46 47,285 44,463 91,748
Scophthalmidae Scophthalmus X X 5 3 8 5171 843 6,014
maximus
Scophthalmus X X 7 2 8 2,700 1,856 4,556
rhombus
Soleidae Buglossidium luteum X 0 7 7 0 15,729 16,729
Solea solea X 0 13 13 0 17,977 17,977
Salmoniformes Salmonidae Coregonus maraena X 1 0 1 1,394 0 1,394
Oncorhynchus mykiss X X 7 8 8,490 4,466 12,956
Salmo salar X X 7 2 9 2,657 1,156 3,813
Salmo trutta X X 25 20 41 26,247 16,421 42,668
Salvelinus sp. X 1 0 1 1,769 0 1,759
Scombriformes Scombridae Scomber scombrus X X 10 1 " 1,757 618 12,375
Syngnathiformes Syngnathidae Syngnathus rostellatus X X 18 8 25 20,549 13,585 34,134
Syngnathus typhle X X 35 9 38 54,759 2,574 57,333
Uranoscopiformes Ammodytidae Ammodiytes spp. X X 49 49 66 208,275 200,113 408,388

Autumn and Spring indicates if a species is found during the sampling event. Number of locations Autumn (no. loc. Au) and number of location Spring (no. loc. Sp) gives the number of locations a species is present.
No. loc. Total is the total number of different locations a species is present. See Supplementary Table 2 for all metazoans and bacteria identified.
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