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Citizen science involves non-professionals assisting with scientific research, contributing data, and conducting experiments under professional guidance. In this paper, we describe the citizen science project DNA & life, based at the Natural History Museum of Denmark, which actively engages high school students in both fieldwork and advanced laboratory analyses by collecting and analyzing eDNA samples from marine environments across Denmark. The analysis is performed via species-specific real-time PCR and in a case study we present data gathered in the project from 2017-2023 with focus on the potential of eDNA detecting in use for species monitoring. The results include seasonal occurrence of Mnemiopsis leidyi and national distributions of selected species of particular ecological interest Perca fluviatilis, Anguilla anguilla, Neogobius melanostomus and Alexandrium ostenfeldii. In addition to the eDNA case study, we present a new way of conducting citizen science and eDNA analysis, as a development of the established DNA & life project. Local DNA laboratories are created to shorten the path from sampling site to laboratory facility, creating the possibility for Danish high schools to participate in a new version of the project. In close collaboration with the academic staff of the DNA & life project both teachers and students help develop facilities, protocols and laboratory analyses in an extreme citizen science and co-creation approach, where the participants are involved in a higher level of laboratory work and data analysis. Allowing high school students to perform intricate molecular lab analyzes through an extreme citizen science approach has demonstrated encouraging outcomes and potential for data of high quality in terms of sampling and analyzing eDNA with the purpose of species monitoring and conservation.
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1 Introduction



1.1 Environmental DNA for species monitoring

Engaging and training citizen scientists in advanced laboratory analysis, such as the monitoring of environmental DNA (eDNA) in water samples, has promising applications for large-scale national eDNA surveillance of aquatic species that can be used in governmental mapping and conservation efforts (Tøttrup et al., 2021; Knudsen et al., 2023). In this paper we will showcase the development of an existing citizen science project with focus on eDNA monitoring towards a more comprehensive method for engaging volunteers in field sampling and laboratory analysis.

The use of eDNA extracted from various sample types is a well-established tool for early and non-invasive detection of species in different environments. It serves as a screening tool for species monitoring and involves detecting genetic material released by living organisms into their surroundings (Thomsen and Willerslev, 2015; Beng and Corlett, 2020). eDNA monitoring can be performed in several ways, by species-specific detection using real-time PCR (or quantitative PCR) or by a metabarcoding or metagenomic approach to target a broader range of species within a specific taxonomic group. Initially, the species-specific approach has been focusing on freshwater species (Thomsen et al., 2012; Biggs et al., 2015; Sigsgaard et al., 2015), but in later years there is a growing use of marine eDNA (Garlapati et al., 2019; Knudsen et al., 2019; Reinholdt Jensen et al., 2021).

The advantage of using eDNA for monitoring of aquatic environments, relative to traditional fisheries surveillance tools, is its reduced reliance on taxonomic expertise (Jerde et al., 2011). Also collecting samples is relatively straightforward and accessible for individuals with minimal training (Bohmann et al., 2014; Thomsen and Willerslev, 2015; Beng and Corlett, 2020). Several research teams have developed eDNA analysis protocols, which have yielded a range of methods for detecting the genetic material of aquatic organisms of a variety of different taxonomic groups and in different environments (Goldberg et al., 2016; Tsuji et al., 2019). The easy accessibility of eDNA methods have facilitated their use in citizen science programs where samples of water have been collected and analyzed (Tøttrup et al., 2021; Agersnap et al., 2022; Knudsen et al., 2023).

Whether eDNA monitoring is conducted by trained scientists or untrained citizen scientists, the risk for error is inherent. In eDNA monitoring, this risk involves either falsely indicating the presence of a species when it is absent (false positive) or incorrectly suggesting the absence of a species when it is actually present (false negative). These false detections typically arise from sample contamination with unrelated DNA or sample mix-ups, occurring possibly both in the field and laboratory settings. To address challenges in eDNA monitoring within a citizen science framework, it is vital to systematically address the potential for false positive and false negative detections (Goldberg et al., 2016; Agersnap et al., 2022; Knudsen et al., 2023).




1.2 Using citizen science and high school students to investigate marine environments

The concept of citizen science holds many definitions, interpretations and ways of understanding, and we will refer to the principles described by the European Citizen Science Association (ECSA, 2015). Here we use ‘citizen science’ as scientific activities where individuals who are not professional scientists willingly engage in the processes of gathering, analyzing, and sharing data for a scientific purpose (Cohn, 2008; Silvertown, 2009). Traditionally, citizen science has primarily found its application in biodiversity monitoring due to its capacity for facilitating extensive data gathering (Pocock et al., 2018), and in terms of combining citizen science with eDNA studies, several projects have succeeded in engaging participants in fieldwork and sample collection, such as eDNA monitoring of the great crested newt in the UK (Biggs et al., 2015), collection of pond water for eDNA analysis (Buxton et al., 2018) and metabarcoding of marine eDNA collected in coastal areas (Agersnap et al., 2022). Nonetheless, engaging citizens in activities beyond data collection is still in its blooming stages since a higher level of volunteer engagement most likely implies a higher level of challenges regarding the scientific process (Senabre et al., 2021).

Several research groups have found great success in inviting school students to participate in citizen science projects with examples of primary and secondary schools collecting insects via Malaise traps (Steinke et al., 2017), testing the ability of schoolchildren to accurately estimate the strength of biotic interactions (Castagneyrol et al., 2020), letting high school students identify archaeological leather fragments with protein analysis (Brandt et al., 2022) or when high school students conduct eDNA analysis in order to detect distribution of amphibians (Knudsen et al., 2023). The schools represent a vast number of participants, students feel engaged in the work and have a positive scientific learning outcome when the teachers are able to combine the citizen science labor with school curriculum. The scientific aspect of citizen science can also give teachers a possibility for professional development (Harlin et al., 2018). The Danish citizen science project DNA & life has since 2014 invited more than 10,000 high school students into the laboratory to conduct scientific analyses of eDNA samples. Here, the students not only contribute by collecting water samples across the country, but they also take a great part in preparing the laboratory analyses for real-time PCR to investigate aquatic eDNA from selected species (Tøttrup et al., 2021). The project is anchored at the Natural History Museum of Denmark (NHMD) and the University of Copenhagen, which has shown to be a great asset in building a bridge between established researchers and the future generation of high school students (Tøttrup et al., 2021). From 2017 and onwards the project has worked with a well-tested and standardized protocol of collecting eDNA samples in the field for later real-time PCR analysis in the laboratory. High school students participate in the project either by collecting water samples of eDNA in the field, or by participating in a full-day program at the NHMD where they conduct real-time PCR analysis of eDNA samples. This laboratory work is facilitated and instructed by academic staff from the project group to make sure that the students correctly handle the equipment and conduct the laboratory methods according to scientific standards.

Over the years, DNA & life has pioneered a novel approach to citizen science and eDNA research, fostering a stable model for letting high school students work with eDNA sampling and laboratory analyses for generating data on aquatic species distribution to give a snapshot of the marine environment and insight into an otherwise inaccessible part of nature. The project has a great focus on data quality and has developed procedures of data control to obtain data and results of high standards, comparable in quality to those conducted by trained researchers within the field of eDNA (Tøttrup et al., 2021; Agersnap et al., 2022; Knudsen et al., 2023). Furthermore, DNA & life has established collaborative partnerships with numerous research projects and national government-led species monitoring programs, creating a sustainable method for involving citizen scientists in scientific activities.




1.3 Case study of species monitoring in DNA & life

Throughout the years of 2017-2023 the DNA & life project has worked with detecting different species in eDNA samples from marine environments. In this paper we will showcase eDNA results from real-time PCR analysis of marine eDNA samples with focus on results from five different species, selected for this case study, and the scientific importance of knowledge about their distribution in Danish waters:

Sea walnut [Mnemiopsis leidyi (Agassiz, 1865)]. Danish scientists, researchers, and authorities rigorously track seasonal fluctuations in Mnemiopsis leidyi populations. Understanding its interactions with marine species and ecosystem impacts is vital for investigating its potential influence on aquatic biodiversity. This research can help to develop effective strategies for managing invasive species, ensuring the health and balance of marine environments in Denmark and beyond (Carstensen and Jakobsen, 2023).

European perch [Perca fluviatilis (Linnaeus, 1758)]. monitoring in brackish/saltwater environments is important for understanding the status of key species. This will provide new insights to coastal ecosystem dynamics and the recreational and commercial value of the species (Overton et al., 2008).

European eel [Anguilla anguilla (Linnaeus, 1758)] is critically endangered in Denmark and the decline requires monitoring migration patterns and population trends. Identification of factors that affect the decline contributes to aid of conservation efforts for freshwater and coastal ecosystems (Sonne et al., 2021).

Round goby [Neogobius melanostomus (Pallas, 1814)], an invasive species for Danish waters, can disrupt ecosystems, alter food web dynamics, and spread to new areas. Monitoring is crucial for early detection and intervention to limit its impact and further distribution (van Deurs et al., 2021).

Sea fire [Alexandrium ostenfeldii ((Paulsen) Balech & Tangen, 1985)], linked to harmful algal blooms, poses threats to marine life and human health through toxin-contaminated shellfish. Regular monitoring in Danish waters is vital for public health and fisheries management (Kremp et al., 2009; Carstensen and Jakobsen, 2023).

The results from these species in the case study will outline the potential of using eDNA combined with a citizen science approach in terms of detecting the presence of selected species, yielding new information of species distribution and habitat or knowledge of the seasonal change in occurrence.




1.4 New method: taking DNA & life to extreme citizen science

In 2022 the original DNA & life project took a new direction for engaging citizens to a higher level of participation, We will refer to the topological levels of citizen science as described and defined by Haklay (2013), and use Haklays’ term “extreme citizen science” (also referred as co-creation) when the participants are able to choose their level of engagement and can be potentially involved in the analysis and publication or utilization of results. This extreme citizen science version of DNA & life will for the rest of the paper be referred to as Extreme DNA & life, whereas the original concept and project of DNA & life will be referred to as Original DNA & life. These two DNA & life projects have been co-existing since 2022 and run simultaneously. The project aims for an extreme citizen science approach, and includes collaborative partnerships with the high schools, the teachers and most certainly the high school students. The scientific staff in the project act as facilitators, in addition to their role as experts. Defining the framework for conducting the scientific work carried out by the participants is an essential part of working with the project in an extreme citizen science approach – both for the participants to be aware of the scientific impact of their actions, but also for creating convincing results that are built on reliable data sets (Brandt et al., 2022).

In this method, development of the DNA & life project from a participatory level to an extreme level of participation with a greater focus on standardization and quality control is undoubtedly essential to conduct consistent laboratory work and data (Haklay, 2013). While citizen science facilitates the buildup of extensive datasets, concerns about data quality have been raised (Burgess et al., 2017). Typically, ensuring data quality has been linked to a robust experimental design and volunteer training (Bonney et al., 2014). When volunteers undertake tasks similar to those performed by professionals, data quality assessments become essential for scientific rigor (Castagneyrol et al., 2020). Even though conducting school-based citizen science has its disadvantages in terms of data quality, conflicts of interest regarding the project outcome, and simple logistics, citizen science can empower students to take ownership of their own learning and science education if the citizen science project uses an extreme citizen science approach (Roche et al., 2020).

Extreme citizen science is the most extensive type of public involvement in research where citizen science-based projects strive to involve citizens in every stage and decision throughout the entire research journey (Heinisch, 2021).To conduct such a high level or participant engagement it is essential to establish training sessions targeting facilitators and participants in citizen science. This approach ensures successful achievement of the projects’ objectives. Offering such training not only facilitates the necessary scientific outcomes but also enhances participants’ scientific competences and raises awareness of the actual research question (Lorke et al., 2019). Therefore, we will also describe the steps of training high school students and high school teachers to be able to solely perform the practical, scientific work related to the research project. We will explore the potential of eDNA analysis in an extreme citizen science approach and discuss the future prospect and potential for inviting citizen scientists to engage in more than the sole data collection.





2 Materials and equipment



2.1 Collection of eDNA samples

High school classes received field kits to collect eDNA from water samples at local marine environments chosen by the class in agreement with the academic staff at the NHMD. Each field kit consisted of essential equipment and comprehensive instructions of the sampling process.

A sample of water from the specific environment was collected in a larger container. The sample volume varied from 0.5 L to 1.5 L. The water was filtered through a Sterivex™-GP (Merck Millipore) filter unit cartridges with a pore size of 0.22 µm using a 50 mL syringe. After water filtration the filter unit was emptied for water and filled with 96% ethanol to conserve the collected eDNA within the filter, using a 5 mL syringe for ethanol application. Finally, the cartridge was sealed with matching plugs. Each class conducted a minimum of two eDNA sampling via. Sterivex filtration at each location site to produce a set of two replicates. Use of ethanol conservation and selling the filter units with plugs allows easy and convenient storage and transportation of the filters. To reduce field contamination, the kit also included latex gloves that students were instructed to make use of while filtering water. Our setup is targeting specific species which means that human and other eukaryotic DNA in the sampled habitat is less prone to influence the subsequent analysis. Students were also guided to record supplementary information about the sampling site. This included the date, latitude and longitude coordinates, volume of water filtered (Supplementary File 2), and any other relevant observations made during the sampling process. The Sterivex filters, fixed with ethanol, were shipped to the NHMD and stored at -18°C until DNA extraction.




2.2 Extraction of DNA

Before any extraction work was initiated all table surfaces in the laboratory, Sterivex filter unit cartridges and equipment were cleaned with a 5% chlorine solution followed by 70% ethanol. These measures were implemented to reduce the risk of getting foreign DNA contaminating the samples. The plugs at both ends of the filter unit were removed, allowing ethanol to drain. The filter unit cartridge was opened, revealing the filter within the plastic cylinder to ease the extraction process (Figure 1). The filter unit was removed from the cylinder and divided into minor pieces. This is to ensure that as much filter paper as possible is exposed to extraction liquids, thus increasing the possibility of a higher DNA yield. Filter pieces were transferred to a microcentrifuge tube, and the extraction process began. DNA was extracted using the NucleoSpin® DNA RapidLyse kit (AH Diagnostics) and manufactures’ protocol. DNA concentration was measured with Qubit High Sensitivity protocol before the eDNA sample was used for later real-time PCR.




Figure 1 | Process of opening Sterivex® filter unit cartridges in order to access the filter paper itself. (A) Essential tools for opening the cartridge, which all have been sterilized. (B) Cutting cartridge with pipe cutter. (C) Removing filter unit. (D) Exposing the white filter paper. (E) The filter paper is cut vertically and (F) horizontally at both ends. (G) The paper is removed from the cylinder with a tweezer and (H) placed in a petri dish. (I) With a scissor the paper is cut into minor fragments, and (J) ready for DNA extraction.






2.3 Real-time PCR analysis of eDNA sample

The DNA extracted from the eDNA sample was amplified by species-specific real-time PCR. One real-time PCR reaction of 25 μL consisted of a mastermix of 10 μL TaqMan® Environmental Master Mix 2.0 (Life Technologies), 9 μL double-distilled H2O, 1 μL of each primer and probe and 3 μL of extracted DNA template in addition to the mastermix. The list of sequences for primers and probes for each species-specific system included in the case study is listed in Supplementary File 1. In the real-time PCR setup, each species-specific real-time PCR analysis consisted of four real-time PCR reactions in four separate tubes, where the DNA template differs from each tube consisting of a positive control, a negative control and two replicates of the extracted eDNA sample from a single water sample (Figure 2). A complete real-time PCR set up consisted of a maximum of 24 sets of four-tube real-time PCR species-specific assays, allowing for a screening of eDNA from up to 12 different species, yielding two repetitions of each species-specific assay per PCR set up. With this setup, similar to previously described setups for the Original DNA & Life (Knudsen et al., 2023), every single one of the individual 24 assays comprised a positive and negative control, which later allows for evaluating if the reagents and templates mixed by students had been added correctly.




Figure 2 | (A) Each species-specific real-time PCR analysis consists of four tubes with varying DNA template: The positive control sample (blue) is a purified and diluted target DNA molecule obtained from the target species. The negative control sample (red) is double-distilled sterile water. The eDNA sample (green) is extracted DNA from the Sterivex filter unit. (B) The sigmoid amplification plot obtained from the PCR reaction is a typical diagram and result of a real-time PCR assay. The increase in relative fluorescence levels reflects a higher number of DNA molecules present in the reaction tube for each cycle of amplification in the real-time PCR. Figure is adapted from Tøttrup et al. (2021).



The control samples were included to eliminate false positive and false negative detections. Real-time PCR analysis was performed with AriaMx real-time PCR System (AH Diagnostic). Thermal settings for the real-time PCR included 5 minutes initial denaturation at 50°C, then 10 minutes at 95°C, 50 cycles alternating between 95°C for 30 seconds and 60°C for 1 minute. When the real-time PCR program was finished, the results were visualized by amplification plots (Figure 2).

Since our objective was to do numerous parallel individual assays within a single real-time PCR setup, using assays that all originally were designed in silico with an annealing and extension temperature of 60°C (Spens et al., 2017; Ruvindy et al., 2018; Knudsen et al., 2019; 2022; Supplementary File 1), we did not perform an optimization test for the annealing temperature. With multiple specific assays operating in parallel in the same PCR plate the annealing temperature was consistently kept at 60°C.

We designed the real-time PCR setup to deviate from the conventional approach, which typically targets a single species and incorporates a standard dilution series to determine the limit of detection (LOD) and the limit of quantification (LOQ). The specialized setup applied here is identical to setups in our previous studies (Tøttrup et al., 2021; Knudsen et al., 2023), which allows for using several species-specific real-time PCR assays in parallel in the same plate and enables each class of students to analyze multiple assays using their own extracted water sample as template. We chose this plate setup to allow each class to run all species-specific assays concurrently in a single real-time PCR experiment, rather than limiting them to one species assay per setup.





3 Method



3.1 The DNA & life in an extreme citizen science approach

In 2022 the Original DNA & life as described from (Tøttrup et al., 2021) expands the participation of high school teachers and students to engage from a participatory level of citizen science to an extreme level of citizen science, as defined by (Haklay, 2013), in the project Extreme DNA & life. A project group was formed including academic staff at the NHMD and two volunteer board members from the Society of Danish Biologists (SDB), in Danish referred to as ‘Foreningen af Danske Biologer’. The members of SDB mainly consist of high school teachers within the subjects of biology and biotechnology. The SDB was an invaluable collaboration partner for the new development of the Extreme DNA & life project to engage with as many biology teachers as possible. In addition, the project group’s volunteer board members of SDB are also co-authoring in this paper.

The project group established two local DNA laboratories for conducting the development of the project. The two DNA laboratories for extreme citizen science are located geographically distant from the university and the original citizen science DNA laboratory at the NHMD, but in closer distance to rural areas of Denmark, shortening the distance from sample site to laboratory facilities. These laboratories were situated at two selected high schools, Hjørring Gymnasium and Herning Gymnasium respectively (Figure 3).




Figure 3 | Location of DNA laboratories in the DNA & life project. Blue square represents the Original DNA & life laboratory at the Natural History Museum of Denmark and red triangles represent Extreme DNA & life DNA laboratories at Hjørring Gymnasium and Herning Gymnasium respectively.



The aim for the extreme citizen science laboratories were:

	To bring laboratory facilities closer to all high schools of Denmark.

	To involve high school students and teachers in a higher level of participation.

	To conduct eDNA sampling and analysis with a higher yield in terms of sample volume and data quality.



To ensure that the work in the laboratory would be conducted correctly, and be able to compare data from different laboratory, following actions were made:

	Uniform laboratory protocols and structure of real-time PCR assays.

	Thorough training program for the participating high school teachers.

	Administration of samples, data and logistics of material centered at the NHMD.



The two local DNA laboratories in the Extreme DNA & life project were equipped with all necessary inventory and material for conduction DNA extractions and real-time PCR analyses. The academic staff of the project at the NHMD made sure to provide the DNA laboratories with the correct operating material and reagents. Each of the two DNA laboratories has a local teacher and employee of the school as a lab manager, who is responsible for introducing each visiting high school class to the laboratory, facilities, and machinery use. This lab manager is also the direct contact to the academic staff at the NHMD and will provide the project group with data created at each DNA laboratory.

All work prior to data analysis and interpretation is solely performed by high school students, and in combination with their teacher, the students have a high level of influence regarding several elements in the scientific process such as fieldwork, DNA extraction and real time-PCR analysis which, helped develop the Original DNA & life to an extreme citizen science approach (Figure 4).




Figure 4 | Development and distinction between the Original DNA & life project and the Extreme DNA & life project. The person/group performing or facilitating different phases of the scientific process, at different locations, is emphasized for both projects.



The first two phases of the scientific process in the citizen science project Original DNA & life and the development into Extreme DNA & life are identical in terms of the performing and facilitating persons/groups. Scientific staff at the NHMD ensure that the experimental design follows the guidelines and recommendations of working with marine eDNA samples, and that all material and protocols are distributed to the high schools. The students collect water samples of eDNA in a marine environment under guidance from their teacher. Here they have the decision of which location to choose, which part of the coastline they focus on and how distant from shore and to the seabed they collect the water sample. To create synergy between the two projects there is no difference regarding fieldwork and collection of water samples and later laboratory protocols used for DNA extraction and real-time PCR analysis.

The phase of DNA extraction shows the clear development of the Original DNA & life from a citizen science project to an extreme citizen science project in terms of the performer and facilitator of the DNA extractions (Figure 4). In the Original DNA & life DNA extraction is performed by academic staff at the NHMD, and in the Extreme DNA & life this step is performed by high school students, facilitated and under guidance of their teacher, located at one of two extreme citizen science DNA laboratories.

In the Original DNA & life project the school program at the NHMD invites high school students to perform the next phase of real-time PCR analysis of the extracted eDNA samples, followed by the final phase of data analysis of real-time PCR results. This is facilitated by academic staff but in the Extreme DNA & life this laboratory work and data analysis of real-time PCR results also takes place at the two DNA laboratories for the project’s extreme citizen science version where the class teacher is the facilitator while the high school students perform the all laboratory work. The students and the teachers are in charge of ensuring that the eDNA samples are handled correctly, choosing the DNA extract aliquot with highest amount of DNA concentration, making sure that the real-time PCR set up with all 24 species-specific PCR assays is carried through the whole process of preparation and analyzing in the real-time PCR machine and data collection. This comprehensive approach ensures that students actively participate in critical elements of the scientific process, from DNA collection and extraction to the precise analysis of eDNA samples.

The extreme citizen science DNA laboratories are open to all high schools in Denmark, and every teacher has the possibility to bring their class to the laboratory for a day of working with eDNA analysis without any entry cost. To ensure the success of these labs, teachers, who act as gatekeepers, complete a training course for the local laboratory procedures. Subsequently, these teachers take students to the field to collect water samples, which are then brought back to the lab for DNA extraction.




3.2 Training of high school teachers and students

For preparing the teachers to use the facilities and perform the methods correctly, a one-day training course is mandatory prior to participating in the Extreme DNA & life’s laboratory analyses. During the course teachers are instructed in how to use the equipment and how to work with the methods. The teachers undergo the same laboratory procedure and analysis as when they later bring their own class, so that they have a complete understanding of where equipment is placed, how to handle the machinery and how to conduct the DNA extraction and real-time PCR analysis.

During the course day a team of facilitators from the project group is present. This group includes the local lab manager and the two volunteer board members of the SDB. After the training course the teachers have the ability to contact the project group at the NHMD for sparring and guidance prior to their own day in one of the extreme citizen science DNA laboratories. The academic staff at NHMD also facilitates an online webinar for the teachers who have completed the training course. The purpose of the webinar is to brush up on the teachers’ knowledge of how to work in the lab, give any insight into the research focus and to be available for any questions the teachers might have. All this combined creates a thorough and thoughtful training of the high school teachers that act as crucial gatekeepers when high school students work within the Extreme DNA & life project.

When trained teachers visit one of the extreme citizen science DNA laboratories for a full day of laboratory work, including DNA extraction and real-time PCR, they are responsible for how the students work in the laboratory. The project group at the NHMD provides online protocols and guides for the students and teachers to read and prepare the work in advance. In addition, the project group have created guide videos for some of the most essential laboratory procedures including:

	How to clean a lab bench.

	How to handle a micropipette.

	How to cut and open the Sterivex filter unit.

	How to measure the DNA concentration via Qubit Fluorometer.

	How to handle the real-time PCR machine and export data.



These videos were visual and auditive guides for both students and teachers to prepare the technical work in advance but also to use directly while performing the laboratory work.

During the day in the laboratory the students receive both theoretical and practical training, instructed by the class teacher. Initially, they go through an introduction covering aspects of working with eDNA, real-time PCR and molecular methods, including species-specific primers and probes, and they are provided with instructions on preparing and interpreting a real-time PCR analysis. Students complete training in sterile techniques to prevent sample cross-contamination and learn how to work in a molecular laboratory. Upon completion of the training, the students initiated extraction of eDNA from the Sterivex filter following measurement of DNA concentration from the eDNA extract and finally preparation and conduction of real-time PCR analysis. Notably, all these activities are conducted without direct involvement from the project group at the NHMD, but only via protocols and video guides created by the academic staff in the project group.




3.3 Minimization of contamination

To minimize the risk of contamination between samples and reagents the following precautions have been made:

	Students never work with stock reagents. The reagents have been aliquoted in portion size corresponding to one filter extraction or one species-specific real-time PCR analysis.

	Before mixing of reagents took place all work surfaces were washed with 5% chlorine solution followed by ethanol wash.

	In the DNA laboratory at the NHMD the extraction of eDNA samples is in a separate room from the where the students perform real-time PCR analysis.

	At the extreme citizen science DNA laboratories, the DNA extraction and real-time PCR analysis are separated by distinct workspaces since both laboratories are located in single room facilities. The students perform a thorough cleaning procedure with chlorine and ethanol between working with extraction and working with real-time PCR reagents. Though separate rooms for each laboratory procedure would be most preferred.

	In all DNA laboratories each day is allocated to perform real-time PCR analysis of only one eDNA sample, in order to minimize potential cross-contamination between samples.

	Post-PCR tubes were never opened in the DNA laboratories but were discarded straight after data collection to further minimize the risk of getting cross contamination from previous PCR setups.

	A discussion with students, instructors, and teachers explored the significance of contamination. The conversation provided diverse perspectives, enhancing awareness of the implications of various contaminations.






3.4 Quality control of data

Both the Original DNA & life and the Extreme DNA & life follow identical protocols for collecting water samples, conducting DNA extractions and performing real-time PCR analysis as described in the Material and equipment section. Therefore, the produced data also follows the same guideline for quality control. To ensure high data quality the students make replicates of each eDNA sample, and all students include a positive and a negative control in the PCR set up (Figure 2). Interpretation of real-time PCR plots is a collaborative effort between academic staff in the project group and students where each analysis was validated to confirm the detection of eDNA from specific species in the eDNA samples. All real-time PCR data is collected by the academic staff of the project group at the NHMD. Here the data is handled via a uniform procedure to be able to work with a large dataset.

In order to validate the real-time PCR results, data was handled by a conservative cut off in order to reduce the likelihood of misinterpreting false positives. Any amplification signals observed after PCR cycle 41 and falling below a relative fluorescence threshold of 0.01 dRN were disregarded. This criterion was applied in all PCR analyses to create uniform data validation. The combination of data from the positive control and the negative control for each species-specific assay (Figure 2A) established the results for each single assay. A real-time PCR result was determined as ‘valid’ if the PCR signal for the positive control was above the relative fluorescence threshold of 0.01 dRN and occurred before PCR cycle 41 and no signal was detected for the negative control (Figure 2B). Other signal combinations for the positive and negative control were categorized as ‘invalid’. If one or both extracted eDNA replicates resulted in a relative fluorescence threshold of 0.01 dRN and occurred before PCR cycle 41 the eDNA signal was determined as positive and the occurrence of species-DNA was categorized as ‘present’. If the eDNA replicates show no PCR signal of amplification the species-DNA was categorized as ‘absent’. An overview of samples collected and processed by real-time PCR analysis in the Original DNA & life and the Extreme DNA & life, with indication of distribution of valid and invalid results, is presented in Supplementary File 3.





4 Results



4.1 Potential of eDNA data from case study

Results represent data from eDNA samples collected from 2017-2023 (Supplementary File 2), by 3,300 high school students and 140 teachers, from Danish marine environments in the Original DNA & life project. Samples cover most of the Danish coastline and fjord systems (Figure 5) which showcase the potential of citizen science to yield a high coverage of samples for an entire country. Several marine species were included in the project’s real-time PCR analysis of eDNA samples where 2,900 high school students and 170 teachers participated in the Original DNA & life teaching program to conduct laboratory analysis of the extracted DNA from the eDNA samples. This paper and presentation of results will outline data from five selected species as described in the introduction case study, thereof seasonal change in occurrence of Mnemiopsis leidyi and distribution of Perca fluviatilis, Anguilla anguilla, Alexandrium ostenfeldii and Neogobius melanostomus. An overview of the success of real-time PCR analysis from these species assays is illustrated in Supplementary File 4.




Figure 5 | Distribution of Danish, marine eDNA samples collected within the Original DNA & life project during the years of 2017-2023. Each dot represents a collection site and color variations indicate the volume of samples at each site. Cold color indicates a lower sample volume and warm color indicates high sample volume. Map generated from data in Supplementary File 2.



The eDNA from Mnemiopsis leidyi showed seasonal fluctuations spanning the years 2017 to 2023 (Figure 6). The percentages reflect positive observations relative to the total samples collected within this period. The results reveal the highest occurrence of Mnemiopsis leidyi eDNA presence during the months of September to November. During months characterized by lower temperatures in Danish water (December to May), we observed a lower level of presence of Mnemiopsis leidyi eDNA.




Figure 6 | Mnemiopsis leidyi seasonal presence and absence in species-specific real-time PCR analysis of eDNA samples collected in the Original DNA & life project from 2017-2023. The columns represent the distribution between ‘present’ and ‘absent’ results for only assays that have passed the quality control and therefore are categorized as ‘valid’. Invalid PCR results have been discarded. Numbers indicate the volume of eDNA samples from the specific period. Drawings of Mnemiopsis leidyi by Maria Rytter.



The eDNA detected from the common Perca fluviatilis (Figure 7A) is mainly from the eastern part of Denmark where samples originate from open, brackish waters. The rare and endangered Anguilla anguilla return positive eDNA detections in more than half of the sampling sites (Figure 7B). The results illustrate a widespread distribution in Danish waters, both in marine environments but also in the many fjord systems of Denmark. Observations of both presence and absence at certain sites occur when eDNA samples are collected over a yearly distribution covering seasonal variations. The continuous monitoring of eDNA from Neogobius melanostomus provides a comprehensive view of this nonindigenous species in Danish waters (Figure 7C), revealing a distribution across open waters and in a fjord in the northern part of Denmark. The distribution of positive eDNA detections from the toxic algae Alexandrium ostenfeldii in samples collected between 2022 and 2023 (Figure 7D), show that this alga has a broad distribution across Danish waters.




Figure 7 | Maps of species distribution in Denmark based on species-specific real-time PCR analysis of marine eDNA samples collected in the Original DNA & life project from 2017-2023, except for figure D where samples were collected from 2022-2023. Linear scale bar indicates distance over land. Dot size corresponds to the number of samples analyzed from a specific location, with the scale bar of dots representing sample volume from ‘one’ to ‘three or more’ samples. Circle color indicates absence (purple) or presence (green) of eDNA from four of the species included in the DNA & life project: (A) Perca fluviatilis, (B) Anguilla anguilla, (C) Neogobius melanostomus and (D) Alexandrium ostenfeldii. Drawings by Maria Rytter.






4.2 Potential of eDNA data from extreme citizen science

In the Extreme DNA & life project the sampling of marine eDNA was performed identical as for the Original DNA & life project, but in this version the whole subsequent process of laboratory work and data analysis was performed at the two DNA laboratories for extreme citizen science. Since the two DNA laboratories were established in 2022 in total 170 high school students and ten teachers have participated in the Extreme DNA & life laboratory analysis. From this we presented a selection of results from real-time PCR analysis created in the Extreme DNA & life project (Figure 8), where we have chosen to focus om the same species as for the case study of species distribution in Figure 7 where results illustrate the potential of eDNA data. The selected results are based on eDNA samples collected in the year 2022 and 2023, and later handled and analyzed in an extreme citizen science DNA laboratory (Figure 8), show both presence and absence of eDNA detections.




Figure 8 | Maps of species distribution in Denmark based on species-specific real-time PCR analysis of marine eDNA samples collected and analyzed in the Extreme DNA & life project from 2022-2023. Linear scale bare indicates distance over land. Dot size corresponds to the number of samples analyzed from a specific location, with the scale bar of dots representing sample volume from ‘one’ to ‘three or more’ samples. Circle color indicates absence (purple) or presence (green) of eDNA from four of the species included in the DNA & life project: (A) Perca fluviatilis, (B) Anguilla anguilla, (C) Neogobius melanostomus and (D) Alexandrium ostenfeldii. Drawings by Maria Rytter.



The species distribution shows the potential of the data created in the new development of the project, as the data has been subjected to the same level of quality control as the data generated in the Original DNA & life project. Though, the data volume in the Extreme DNA & life is not nearly compatible with data gathered in the Original DNA & life project since the project still is in its early phase of development. The results are a preliminary window to the potential of monitoring species distribution with eDNA via an extreme citizen science approach, and we expect to generate more data in the following years. The data will be in resemblance to results generated in the Original DNA & life, and one of the project goals is to gather enough data to compare the distribution results and data quality between the Original DNA & life and the Extreme DNA & life.





5 Discussion

This study outlines the citizen science project Original DNA & life that until 2022 has been performed under control of academic staff at the NHMD. We highlight the successful engagement of students in the scientific process, by showcasing examples of some of the results from eDNA monitoring by species-specific real-time PCR analysis. One of the primary scientific goals of the project is to analyze the distribution of these species and mapping out their prevalence in specific geographic areas. This geographical insight is invaluable for understanding the ecological landscape and planning conservation strategies, especially when focusing on species categorized as problematic or red-listed. The volume of eDNA samples, geographical coverage, level of quality control and knowledge about species distribution has the potential of supporting scientific research and informing environmental management in Denmark for sustainable development. In the realm of policy and scientific development, these findings contribute valuable information, enhancing understanding, supporting evidence-based decision-making, and guiding future research initiatives.

The presented case study provides insights into the distribution and abundance of normal, rare, toxic, and invasive species in Danish waters. The eDNA method emerges as a non-invasive and effective screening tool, particularly valuable for detecting species that are challenging to monitor. Continuous surveillance of Neogobius melanostomus, Alexandrium ostenfeldii, Anguilla anguilla, and Perca fluviatilis reveals their distribution across a wide geographic range, and for Mnemiopsis leidyi the eDNA monitoring here also indicates patterns of abundance over time. Information on distribution and shifts in abundance is crucial for effective conservation management. Notably, the eDNA of Neogobius melanostomus presence in northern regions of Denmark challenges existing assumptions about species habitats, contributing to a more nuanced understanding of the species’ ecological role in Danish waters (Puntila et al., 2018). The occurrence of Perca fluviatilis in open waters in eastern part of Denmark explores the traditional perceptions of the species’ habitat preferences for freshwater environment or brackish water, as for previous study has highlighted the potential for recruitment of the species in coastal waters in the western Baltic Sea (Christensen et al., 2016), indicating a broad ecological adaptability for Perca fluviatilis. The widespread distribution of Alexandrium ostenfeldii emphasizes potential environmental risks linked to toxic algae, necessitating water quality assessments to mitigate the impact of harmful algal blooms on public health. The conservation status of Anguilla anguilla is marked as potentially critically endangered, underscoring the need for conservation measures and policies to protect its population in Danish waters. Furthermore, the presence and abundance of the species in the case study act as indicators of overall ecosystem health, enabling early detection of ecological imbalances and facilitating proactive measures to maintain the health and resilience of Danish aquatic ecosystem as presented in previous study by Knudsen et al. (2022). This targeted approach aids in the early detection of issues related to these species, contributing to their conservation and management. It challenges assumptions about species habitats, aids in invasive species management, highlights potential environmental risks, and prompts reconsideration of conservation strategies.

There is a significant potential for broadening the scope of our analyses by including several other species. This expansion allows for a more comprehensive understanding of the interactions and dynamics among different species within the ecosystem. In summary, the data’s potential lies in its ability to inform a thorough and adaptive approach to environmental management, conservation, and policy development in Danish marine waters.

Our study is a preliminary method study where the eDNA method is used as a screening tool with potential as an early-warning system. In this study we excluded standard dilution series to follow a PCR set up that was more suitable in an educational aspect, where the students were analyzing their own eDNA sample by multiple species-specific real-time PCR assays. This set up made it possible to test multiple species, yielding results that are used as an early detection of eDNA from a selected variety of species rather than investigating the quantitative aspect of the eDNA sample. Though the inclusion of a series of standard dilutions with known concentrations for each species assay would enable the determination of LOD and LOQ and ultimate make the results more comparable with similar eDNA studies of same species or same origin of eDNA sample.

It is evident that a systematic application is crucial if the method is to stand alone as the sole indicator for rare species. While the method effectively identifies DNA from organisms, this necessarily does not mean the detection of the actual individual. Therefore, supplementary methods are necessary to form a comprehensive picture of biodiversity and actual species occurrence. It is important to clarify that this study focuses on investigating the potential of the method as a screening tool in combination with a citizen science approach and not on presenting new scientific findings alone. The intention is to evaluate the utility of the eDNA method as a preliminary approach. Concerning our case study, it is crucial to outline any reservations pertaining to the results.

The new method of exploring an extreme citizen science approach in the Extreme DNA & life has yielded insight into the potential of letting high school students and teachers conduct all laboratory work in the scientific process, which have created successful results in terms of eDNA monitoring of selected species based on real-time PCR analysis. The great focus on training teachers and students, along with a thorough and uniform protocol and guidelines for minimization of contaminations, have shown that high school classes are able to take responsibility for advanced molecular methods to produce results of species distribution based on eDNA sampling and analysis. The quality control of the real-time PCR set up and data validation made it possible to distinguish between successful datasets and invalid results. The focus for the coming project period will be to investigate the similarities between results created at the controlled environment at the NHMD DNA laboratory in the Original DNA & life versus the results obtained from the two extreme citizen science DNA laboratories in the Extreme DNA & life project. It is crucial to have comparability and consistency between samples, whether they have been analyzed under facilitation of academic staff at the NHMD or by high school teachers alone.

Though the process of establishing and anchoring the Extreme DNA & life has not been entirely without challenges. The extensive administrative work and logistics around the laboratories and experimental design is not without importance, and the fact that the project is anchored at the NHMD and with SDB as the main collaborative partner has been an absolute necessity to create continuity, uniform working procedure and to reach the target group of high school teachers and students. Just because several Danish high schools now are within closer proximity of highly advanced laboratory facilities, that even is free of charge, doesn’t necessarily lead to greater interest for participation in the project. Several teachers, who have completed the training course, still find the laboratory methods too advanced and complicated for them to be comfortable taking responsibility for conducting a full-day program in one of the extreme citizen science DNA laboratories. The project group is therefore in close contact with the teachers and is in an ongoing process of developing the scope of the laboratory procedure to be suitable, not only for the purpose of the research strategy but also for the convenience for participating teachers and students. In this way the high school teachers together with the students have a great impact and influence on the evolution of the project and future developments.

The new method of conducting eDNA analysis via extreme citizen science opens the door to continuous and widespread citizen science-based biodiversity monitoring in both marine environments and other aquatic environments. The involvement of citizen scientists in laboratory activities not only carries educational and training benefits but also serves as a motivational factor for the participants to follow the research process more closely and comprehensively. The prospects and potential in letting high school students conduct complex molecular laboratory analyses via a citizen science approach have shown promising results. The Extreme DNA & life project continues until the end of 2024 where all data, results and the exploration of the citizen science aspect will be evaluated. In conclusion, exploration of the potential of both the Original DNA & life and the Extreme DNA & life have proven effective and demonstrated promising signs, though it is important to account for several scientific issues and risks when working both with citizen science and eDNA. Altogether, this study implies further development of engaging students in extreme citizen science and our preliminary results could serve as foundation for further specialized monitoring efforts.
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Exploring the potential of extreme citizen
science with Danish high school students
using environmental DNA for marine
monitoring
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