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An effective management of vulnerable marine ecosystems is dependent on thorough knowledge of their location. Multibeam bathymetric mapping and targeted remotely operated vehicle (ROV) surveys are currently used to map areas impacted by industrial activities when vulnerable species are expected. However, multibeam bathymetric mapping is not always a possibility and surveying large areas using ROVs is expensive. Here, we developed a species-specific eDNA assay targeting a 178 bp fragment in the control region of the mitochondrial DNA of the cold-water coral (CWC) Lophelia pertusa. The aim was to test if concentrations of L. pertusa eDNA in seawater, determined using droplet digital PCR (ddPCR) technology, could be used to assess the broad scale distribution of CWCs in a region, to supplement multibeam mapping and direct targeted ROV surveys. Our assay successfully amplified L. pertusa DNA from seawater. In laboratory we documented an exponential decay rate of the targeted DNA fragment and a linear correlation between coral biomass and eDNA concentrations in flow through microcosms. The ability of the method to detect CWC reefs in situ was tested in the fjords south of Bergen, Norway, where such reefs are common. We tested five sites with, and five sites without, known reefs. Lophelia pertusa eDNA was detected in all 10 sites. However, concentrations were elevated by 5 to 10 times in water sampled off the two large reefs growing on vertical surfaces. Water sampled 10 m above CWC reefs growing on the flat seabed did not produce an equally clear eDNA signal, nor did single CWC colonies growing on vertical surfaces. Treating the eDNA as a passive particle with no active vertical or horizontal movement, we successfully modeled the dispersal of eDNA from the known CWC reefs in the region and achieved a good fit with measured eDNA concentrations. In all, our study demonstrated a great potential for eDNA measurements as a cost-efficient tool for a rapid screening of the broad scale distribution of CWC reefs growing on vertical surfaces (so called wall reefs) that cannot be imaged using traditional ship mounted downward looking multibeam echo-sounders and difficult to detect using ROVs alone.
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INTRODUCTION

Cold-water coral (CWC) reefs compose one of the most diverse and productive ecosystems in the marine realm (Rogers, 1999; Roberts et al., 2009; Cathalot et al., 2015; Jensen et al., 2015), yet human impact on these reefs is significant and rising. The reefs face both local and global threats, including physical destruction (Heifetz et al., 2009), chemical pollution (Fisher et al., 2014) as well as warming and acidifying waters as a consequence of climate change (Hoegh-Guldberg et al., 2017). Knowledge of species distributions is critical to ecological management and conservation but mapping deep-sea environments is time consuming and expensive, and rarely carried out to full extent.

Norway’s long and jagged coastline provides excellent conditions for CWC growth. On the shelf and inside the deep fjords more than 6000 Lophelia pertusa reefs have been registered, representing roughly 25% of the known global occurrence of the species. Only a fraction of the Norwegian deep water has, however, been mapped and the 6000 reefs known today likely comprise only a small fraction of the true reef count. On the shelf, reefs can be mapped using a combination of multi-beam bathymetric surveys, identifying features on the seafloor resembling coral reefs, followed by surveys of interesting targets using either towed video rigs or remotely operated vehicles (ROVs). Furthermore, species distribution models (recently developed for the Norwegian shelf) can inform surveyors as to where targeted video investigations are needed (Burgos et al., 2020; Sundahl et al., 2020). In fjords, however, L. pertusa often grows on the vertical or overhanging side walls, forming so called wall reefs (Järnegren and Kutti, 2014). These reefs cannot be imaged using traditional ship mounted downward looking multibeam echo-sounders. Moreover, species distribution models have not yet been developed for fjord settings because the lack of input data for such models (e.g., observed species distributions and substrate maps). Wall reefs have been described from several fjords (Järnegren and Kutti, 2014) and are likely a big part of the Norwegian L. pertusa population but have largely been overlooked to date. Examining new methods (i.e., molecular, acoustic or mathematical) that can help in selecting areas for targeted video surveys, within the 90 000 km2 of the Norwegian coastal zone, is therefore desirable.

Lophelia pertusa reefs are ecologically and functionally highly important members of the benthic ecosystem. The reef’s framework is built solely by L. pertusa but the reefs are highly species rich as the framework provides habitat for a diversity of benthic invertebrates, microorganisms and fish (Rogers, 1999; Roberts et al., 2009). Furthermore, the reefs play a major role in the circulation of organic carbon (Cathalot et al., 2015). The reefs are fragile and slow growing (Mortensen and Rapp, 1998; Freiwald, 2002) and are vulnerable to bottom trawling (Fosså et al., 2002; Stone, 2006), oil and gas exploration and production (Rogers, 1999; Hall-Spencer et al., 2002; Larsson et al., 2013), as well as aquaculture production in open sea-cages (Kutti et al., 2015), all of which are large and influential industries on the Norwegian shelf and coastal zone. Localization of reef formations is imperative in order to prevent irreversible damage to the reefs by industrial activity.

All organisms shed or expel DNA (at different rates) into the surrounding environment via e.g., production of feces, urea and saliva and loss of skin cells and mucus (Taberlet et al., 2018). Using appropriate study designs (outlined e.g., in Goldberg et al., 2016) the extraction and measurements of this extracellular DNA in water samples can be employed to study biodiversity and/or to discover cryptic and introduced species, in shallow waters as well as the deep sea (e.g., Port et al., 2016; Everett and Park, 2018; Holman et al., 2019). Although the quantity of eDNA in a water sample at a given site will vary in time, dependent on factors such as hydrodynamic conditions and temperature (Harrison et al., 2019), there are many examples of strong links between the abundance of marine benthic organisms and the concentration of cognate eDNA in water samples (e.g., Doi et al., 2015; Uthicke et al., 2018). For tropical reefs, metabarcoding counts of coral eDNA correlate well with coral cover based on visual surveys (Nichols and Marko, 2019). Furthermore, droplet digital PCR (ddPCR) has lately been successfully applied to quantify eDNA and correlate it to the abundance of crown of thorn sea-stars on tropical coral reefs (Uthicke et al., 2018).

Here, we present an assessment of quantitative eDNA detection as a suitable tool for localization of L. pertusa CWC reefs in Norwegian fjords. First, we assessed the degradation and shedding rate of L. pertusa DNA in seawater microcosm experiments. Second, we tested the suitability of eDNA techniques to localize CWC reefs by quantifying L. pertusa eDNA in deep-water sampled in five locations known to host L. pertusa coral colonies of varying extent and form and five locations without corals. Thirdly, we tested if the observed levels of eDNA varied in accordance to the predicted passive dispersion of genetic material from known reefs using a hydrodynamic model. We conclude by outlining the strengths and weaknesses of quantifications of eDNA for the mapping of CWC reefs and discuss how eDNA analysis can assist in expediting reef mapping, thereby assisting in the mitigation of deleterious effects of industrial activity on CWC reefs.



MATERIALS AND METHODS


Coral Collection

Colonies of Lophelia pertusa were collected in May 2018 (research cruise 2018613 RV K. Bonnevie) from 200 m depth on the Nakken CWC reef (59°49.83N, 05°33.44E) using the ROV Aglantha. On-board the colonies were transferred (submerged in water) from the biobox of the ROV to a large tank containing unfiltered water from 100 m depth. The corals were subsequently transported to the Institute of Marine Research’s laboratory in Bergen and into 300 L flow-through tanks receiving sand-filtered water from 120 m depth at a rate of 100 L h–1 for 5 months before the experiments started.



DNA Longevity – Microcosm Experiment 1

The experiment was carried out from 6 to 13 November 2018 in an 8°C climate-controlled room (Institute of Marine Research, Bergen). Four 10 L batch microcosms were each filled with 8 L of sand-filtered deep water (salinity 33‰). Lophelia pertusa colonies were transferred, one to each, of three of the microcosms and kept there for 24 h. The fourth microcosm served as a negative seawater control (control 1) and did not receive any coral. A fifth 10 L microcosm was filled with 8 L of distilled water (control 2). All microcosms were fitted with a submersible micropump operating at 100 ml min–1 to ensure water circulation and proper aeration of the microcosms throughout the experiment. The climate room utilized had no history of L. pertusa cultivation or handling and did not contain any animals other than the experimental colonies of L. pertusa during the experiment.

After 24 h, 1 L of water was carefully sampled from the center of each of the three microcosms containing L. pertusa, as well as from the two control microcosms (sampling time = T0) using a siphoning hose. One liter of tap water, also taken at T0, served as a third control. Water in the batch microcosms was not replaced after samplings hence the volume of water in the microcosms reduced over the course of the study. All water samples were individually filtered (using a vacuum pump) through sterile nitrocellulose membrane filters (Whatman, 0.45 μm pore size, 47 mm diameter, WHA7141004, Merck, Norway). Pressure in the pump was set so that filtering 1 liter of water took approximately 20 min. Filters were aseptically folded and placed in 2 mL sterile cryogenic vials to which 1.6 mL of tissue lysis buffer (Buffer ATL, 19076, Qiagen, Norway) was added before storage at −20°C. The filtration kit and forceps were sequentially cleaned with 10% (v/v) bleach followed by distilled water between samples in order to minimize cross-contamination.

After the first sets of water samples had been taken (T0), we removed the L. pertusa colonies from the microcosms and sampled the microcosm water after 5, 10, 24, 48, 96, and 168 h in order to check for the longevity of residual L. pertusa eDNA, following the same filtration procedure as described above. After removal from the tanks the coral colonies were weighed (wet weight, WW). Tissue samples for L. pertusa DNA were obtained by crushing 3–5 coral polyps in a mortar before transfer into a 2 mL cryovial containing 1.6 mL tissue lysis buffer (Qiagen, Norway). Samples were stored at −20°C until analysis.



DNA Shedding Rate – Microcosm Experiment 2

A second microcosm experiment was carried out from 5 to 13 March 2019 to assess the relationship between L. pertusa biomass and the concentration of L. pertusa eDNA in seawater. For this, three 80 L flow-through microcosms containing pieces of living coral colonies were set up. The microcosms received sand-filtered seawater from 120 m depth (salinity 33‰ and temperature 10°C) at a flow rate of 100 mL min–1 (turnover = 2 times day–1). The microcosms were allowed to equilibrate for 3 days before the first water samples of 2 L were taken from each of the microcosms. Inlet water to the microcosms and tap water (2 L) served as controls. All samples were filtered and preserved in the same manner as described for microcosm experiment 1. After the first water sampling round, 30–50% of the biomass in the microcosms was removed and the microcosms were allowed to equilibrate for 3 days before new water samples were taken and additional coral biomass was removed. The process of water sampling, coral removal and equilibration was repeated three times yielding a total of 5∗4 samples with varying coral biomass in the microcosms. Three days after complete removal of L. pertusa, the last set of water samples was collected. Coral biomass (g tissue dry weight) in each of the tanks at each time point was calculated by first drying the corals at 60°C to constant weight (roughly 14 days) and weighing them, thereafter burning them at 550°C for 6 h and re-weighing them. Tissue weight was calculated by subtracting ash weight from the dry weight for each individual coral.



DNA Extraction

Extraction of DNA from filters was carried out using the DNeasy Blood and Tissue kit (Qiagen, Norway) following Majaneva et al. (2018) with slight modifications. In short, 160 μL of Proteinase K (20 mg ml–1, Qiagen) was added to filters in 1.6 mL tissue lysis buffer, which were then incubated in a hybridization oven at 56°C with slight orbital rotation overnight. After lysis, total DNA was purified from one 200 μL subsample of lysate from each filter according to kit instructions. DNA was eluted in 100 μL and stored at −20°C. The resulting total DNA concentrations were measured using a Qubit fluorescence spectrophotometer and the dsDNA HS Assay kit (Invitrogen, Fisher Scientific, Norway). As positive control for DNA purification, we also extracted DNA from L. pertusa tissue using the identical protocol.



Primer Selection

Standard mitochondrial DNA (mtDNA) markers such as the cytochrome c oxidase I (COI) and cytochrome B (cytB) genes have proven to be very conserved in cnidarian species. Lophelia pertusa is nearly invariable in mtDNA throughout its range in the North East Atlantic (Flot et al., 2013). The solitary coral Desmophyllum dianthus is also closely related L. pertusa with little variation in the most commonly studied mtDNA regions (Addamo et al., 2016). In addition, there is limited data available in public sequence repositories reducing the number of possible target regions for construction of an assay specific to L. pertusa. However, based on an alignment of the rapidly evolving mtDNA control region from eleven D. dianthus and 7 L. pertusa sequences retrieved from the NCBI GenBank database, we identified a region unique to L. pertusa. The 7 L. pertusa individuals originated from a wide area, i.e., the Korallen reef (Northern Norway), Nord-Leksa reef (central Norway), Santa Maria de Leuca (Ionian Sea) and the Moria Mounds (Irish continental margin). Using NCBI primer Blast program for this region a pair of primers amplifying a 178 bp long fragment was identified and selected for further testing (Genbank Accessions: FR821799, KC875348, KC875349, KC875351, KC875353, KC875355, KM609293, KM609294, KX000882-KX000894) (Table 1). The L. pertusa assay was first tested in silico using GenBank, the results from which indicated it to be specific to L. pertusa. The assay readily amplified tissue samples of L. pertusa using a BioRad QX100 Droplet Digital PCR system (BioRad Inc., see below) and an annealing temperature of 62°C, further ensuring high assay specificity.


TABLE 1. Primers designed to be specific to Lophelia pertusa and used in the ddPCR assay.
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ddPCR Assay

Each 20 μL ddPCR reaction included 250 nM of each primer, 1× BioRad ddPCR EvaGreen Supermix, 5 μL template DNA, and PCR-grade water. Appropriate dilutions of DNA (i.e., 1 to 120 000 molecules per reaction) were used for ddPCR as necessary. The BioRad QX200 droplet generator partitioned each individual reaction mixture into nanodroplets according to manufacturer’s instructions (combining 20 μL of the reaction mixture with 70 μL of BioRad droplet oil). For amplification an annealing temperature of 62°C was used with a standard ddPCR program consisting of 40 amplification cycles after an initial denaturation at 95°C for 5 min. The 40 amplification cycles each consisted of 95°C for 30 s and 62°C for 1 min. Finishing steps were 4°C for 5 min and 90°C for 5 min. Ramp rate was set to +2°C s–1 for all steps. For each ddPCR analysis we used one positive control from a L. pertusa tissue extraction and two negative controls containing MilliQ water as template. Quantification of target DNA, in copies/μL in each reaction, is based on an assumption of a Poisson distribution of the target DNA among the slightly less than 20,000 droplets from a typical 20 μL reaction (Miotke et al., 2014). PCR products from positive control ddPCR reactions were sequenced and confirmed to be the correct gene fragments from L. pertusa.



Field Sampling

Seawater samples were collected during a research cruise on RV H. Brattström, 14–26 March 2019, at 10 sites in the Langenuen straight, western Norway, where earlier surveys had shown with a high degree of certainty either the lack of L. pertusa colonies, existence of single colonies, small or extensive reefs (Figure 1). The area was selected for the field campaign because this fjord system has been extensively scrutinized by marine zoologists from the academic institutions in the city of Bergen starting as early as the nineteen-fifties with dredge sampling campaigns (see e.g., Tambs-Lyche, 1958; Burdon-Jones and Tambs-Lyche, 1960) and with more that 200 ROV dives performed, by the Institute of Marine Research, between the years of 2011–2019 (for a full overview of surveys see the Fisken og Havet report series: Report on cruises and oceanographic data stations (nr 6/2011, 2/2012, 9/2013, 1/2014, 2/2015, 3/2016, 1/2017, 3/2018, and 1/2019). Here, water samples were collected at 160 m depth using Niskin bottles mounted on a CTD rosette, 50–100 m off three vertical walls. Two of these walls contain large wall reefs (site 3 and 6) and one contains scattered L. pertusa colonies (site 4) growing from 130 to 180 m depth. Samples were also collected 10 m above two different reefs growing on the flat seabed (site 1 and 5) and at five sites lacking corals. At all 10 sites, 5 L of seawater was sampled from two separate Niskin bottles and filtered immediately through Whatman nitrocellulose membrane filters following the procedure as described for microcosm experiment 1. Three liters of onboard tap water filtered, using the same equipment, served as sampling control for each site. Temperature and salinity were not measured when the water samples were collected, however, previous studies have shown temperature and salinity to be relatively stable at these depths, i.e., approximately 8°C and 34‰ (Skjelvan et al., 2016; Jones et al., 2018). Filters from field campaigns were stored and processed as described for microcosm experiment 1 (see above).
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FIGURE 1. Map showing Hardangerfjorden and Langenuen straight (western Norway) and the locations where water samples were collected for quantification of Lophelia pertusa eDNA (nr. 1–10). Black numbers denote locations known to harbor cold-water corals (CWCs) and red number denote locations known not to have CWCs. Also shown (by stars) is the distribution of known CWC ecosystems in the region, classified into scattered coral colonies, small reefs and large reefs.




Dispersion Modeling

The predicted (i.e., simulated) concentration of genetic material (i.e., eDNA) from known CWC reefs in the 5600 km2 study area (Figure 1) was calculated using a hydrodynamic dispersion model. The current field was obtained from the Regional Ocean Model System (ROMS) with horizontal resolution of 160 m x 160 m and having 35 terrain following vertical layers (Shchepetkin and McWilliams, 2005; Albretsen et al., 2011;1). The simulated circulation has been shown to be in good accordance with field observations (Asplin et al., 2014; Espeland et al., 2015; Johnsen et al., 2016). The maximum currents at the seabed in the study area did not exceed 1.3 m s–1, and the average velocity was typically an order of magnitude smaller, hence CLF (Courant-Friedricks-Lewy) criteria was fulfilled for the study area. The particle tracking of genetic material from the reefs was conducted using the open source Lagrangian Advection and Diffusion Model (LADIM;2). The LADIM calculated the transport of particles using a 4th order Runge-Kutta scheme and a timestep of 120 s. 100 particles were released every hour from all sites where L. pertusa has been documented in the study area (Figure 1). The trajectories of neutrally buoyant particles, with no active behavior in the vertical or in the horizontal, were calculated. Non reflective boundaries were used along land, simply holding the particles fixed if the trajectory was directed onto land. To reflect the difference in size between the reefs the particles were parameterized as super individuals, reflecting the size of their origin reef grouped into three categories given as relative reef size in Figure 1 and Table 2. This was done because the reefs have not been mapped in sufficient detail to allow correct estimations of biomass of live L. pertusa. In the model the number of eDNA copies released is therefore only relative and does not represent the actual number released from each reef. The simulated concentration of genetic matter was calculated assuming an exponential decay of the particles in accordance to the observations in tank experiment 1 (Figure 2).


TABLE 2. Properties of the sampling sites, and eDNA concentrations (eDNA copies l–1) measured in two parallel Niskin bottles sampled at the 10 sites dispersed in the study region.
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FIGURE 2. Decay rate for the Lophelia pertusa targeted eDNA fragment measured in microcosm experiments at ambient temperature (8°C) and salinity (33‰) over 168 h. Three replicate observations (attained by placing one coral colony into each of three separate microcosms) are given by blue dots, the mean and standard deviation of the observations are given by the orange dots and error bars and the exponential regression is given by the green line (excluding the initial 5 h of data).




RESULTS


eDNA Decay and Shedding Rates

Our assay successfully amplified L. pertusa DNA from seawater. In experiment 1 the first sample (T0) showed a lower eDNA concentration compared to samples obtained after 5 and 10 h (Figure 2). We assumed that this was a result of the removal of the coral from the microcosms after the T0 sampling, which flushed the coral from surface DNA and increased DNA concentrations in the tank. T0 readings were therefore excluded from the regression. From T5 and onward the decay of eDNA at ambient temperature of 8°C and a salinity of 33‰ was exponential and followed the regression:
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With C(t) being the concentration after time t in hours, C0 the concentration at t = 0 and the decay factorα = 0.017. The coefficient of determination (R2) of the regression to the mean observations was 0.97. The corresponding half-life for the 178 bp targeted fragment was 41 h (Figure 2).

eDNA shedding rates increased with coral biomass from 0.11 to 9.00 g dry tissue weight (Figure 3), following the linear regression: y = 19015x–2579 (Spearman rank correlation coefficient = 0.85, p < 0.001, n = 12, df = 10). Removing the data point generated by the largest L. pertusa fragment (i.e., that of 9.00 g) resulted in a slight reduction in the correlation, with a Spearman rank correlation coefficient of 0.80 and p = 0.003 (n = 11, df = 9).
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FIGURE 3. Concentration of the targeted Lophelia pertusa eDNA fragment in 80 liter flow through tanks containing decreasing biomass of corals. A linear regression is fitted for the concentration of eDNA in the water and biomass of corals in the tanks (y = 19015x–2579) (Spearman rank correlation coefficient = 0.85, p < 0.001). Temperature = 10oC and salinity = 33‰. Ash free dry weight ratio to dry weight ratio of whole living coral fragments was 0.03.




Field Study

Our field campaign, examining deep-water from five sites with known CWC occurrences and five sites without CWCs (i.e., where extensive video surveys had not documented any reefs, aggregations or single colonies of L. pertusa), showed the presence of L. pertusa eDNA at all examined sites and with no statistically significant difference between the two groups “reef” and “no reef” (Wilcoxon Rank Sum Test, p > 0.05). Instead, eDNA concentration seemed to be related to a combination of the factors colony/reef type, size and the proximity to nearest reef (Table 2). The community of small scattered colonies at the Hornaneset vertical wall did not produce an eDNA concentration above the mean background concentration, nor did the water samples collected 10 m above the sill reefs, Nakken and Bekkjarvik. L. pertusa eDNA concentrations in water sampled near the two large wall reefs (Straumsneset and Huglhamaren) were, however, 5 to 10 times higher than that of the background water (Table 2), as was the water collected at Naustvika 1 km south west of the wall reef at Straumsneset.



eDNA Dispersal Modeling

The simulated dispersal of genetic material shows the occurrence of L. pertusa eDNA in the whole region but with clearly elevated concentrations around the six large CWC reefs in the study area (depth integrated concentration field shown in Figure 4). Concentrations of genetic material from L. pertusa colonies rapidly decreased with distance from its source. For the 6 release points representing the large coral reefs only 5% of the original eDNA concentration remained at a distance of 12–31 km from the source (i.e., the reef). The simulated eDNA concentration field correlated well with the observed eDNA concentrations (shown log scaled in Figure 5) (Spearman rank correlation coefficient = 0.85, p < 0.01, y = 0.31x – 0.29, n = 10, df = 8).
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FIGURE 4. Simulated distribution of eDNA particles (averaged over all depths) dispersed from all known cold-water coral occurrences in the study area. Simulations were conducted for the time period 10–23 March 2019, and included releasing 100 particles every hour from each reefs with the trajectories of the particles calculated using passive drift, with no active behavior in the vertical nor in the horizontal. The particles were parameterized as super individuals, reflecting the size of its origin reef grouped into three categories given as relative reef size in Figure 1 and Table 2.
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FIGURE 5. Relationship between the observed and simulated concentration of Lophelia pertusa eDNA at 10 sampling stations. Observed mean value and standard deviation from 2 replicate samples shown by dots and error bar. The linear regression model (y = 0.31x + 0.29) is shown by the orange line (Spearman rank correlation coefficient = 0.85, p < 0.01).




DISCUSSION

Recent papers have demonstrated the applicability of environmental DNA (eDNA) in monitoring various aspects of tropical reef health; its usefulness for determining living coral biomass, ecological function of reefs and assessing the abundance of keystone predators (Uthicke et al., 2018; Carvalho et al., 2019; Nichols and Marko, 2019). Here, we demonstrate that quantifications of L. pertusa eDNA in deep water can also be used to determine the broad scale distribution of cold-water coral (CWC) reefs. It seems particularly successful for detecting CWC reefs on vertical surfaces (i.e., wall reefs), that are challenging to detect using traditional mapping techniques that rely heavily on multibeam bathymetry.


Shedding and Dispersal of eDNA

We calculated the release rate of eDNA from a L. pertusa colony (Figure 6A) composing 2 kg wet weight, 60 g tissue dry weight and being roughly the size of a football (following Uthicke et al., 2018) to 114 000 target gene copies min–1. This is in the same range as that shed by fish (250,000 target gene copies min–1 fish–1, Maruyama et al., 2014) but much less than measured rates for the crown of thorn sea-stars (i.e., 2,000,000 target gene copies min–1 individual–1, Uthicke et al., 2018). Corals are sessile suspension feeders known to release mucus at very high rates (Wild et al., 2004) to capture zooplankton prey (Murray et al., 2019) as well as to keep the body surface clean from settling particles (Larsson et al., 2013). It is thus plausible that the detected L. pertusa eDNA signal is largely derived from mucus production, as suggested also for gorgonian corals (Everett and Park, 2018). DNA yield may be low from mucous material (e.g., Winnepenninckx et al., 1993). It may therefore be important to use the same extraction method in shedding and degradation experiments as well as in the collection of field data (as done here) to attain consistent DNA copy numbers.
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FIGURE 6. Lophelia pertusa colonies from the vertical wall at Straumsnes (A) small single colony 25 cm in diameter, (B) L. pertusa lobe 280 cm high and 350 cm wide and (C) L. pertusa lobe 300 cm high and 180 cm wide.


Despite the high incidence of L. pertusa in areas with complex hydrodynamics (Thiem et al., 2006; Davies et al., 2009), our study demonstrates that eDNA shedding from L. pertusa reefs can be detected using a low-precision, conventional water sampling cast carried out from a small survey vessel. Our dispersal model used experimentally derived values for L. pertusa eDNA decay rates and DNA shedding rates when exposed to realistic temperature and salinity (Harrison et al., 2019). Treating the DNA as a passive particle with no active vertical or horizontal movement, we successfully modeled the dispersal of genetic material from the known CWC reefs in the region and achieved a good fit with our measured eDNA concentrations (Figure 5). The modeled eDNA concentrations differed from the measured eDNA concentrations by about three orders in magnitude. However, it is important to note that the modeled concentration of eDNA around the reefs was based on our best knowledge of the reef size, not the actual weight of live coral tissue in each reef. The reefs were categorized according to their relative size (1, 10, and 100), hence an absolute fit could not have been achieved. Where large coral domes grow densely on vertical surfaces (Figures 6B,C), and there is an efficient horizontal dispersal of eDNA (Andruszkiewicz et al., 2019), the eDNA signal was clearly detectable in water samples taken 50 to 100 m off the reefs, in the same vertical depth layer as the live coral thicket.



Mapping Reefs in Complex Vertical Terrain

Steep, vertical and overhanging walls in fjords and deep canyons are known to provide habitats highly suitable for CWC growth (Huvenne et al., 2011; Gori et al., 2013; Järnegren and Kutti, 2014). Although likely frequent in both fjords and along the continental slope, these habitats are understudied and poorly known, mainly because they go undetected using traditional ship mounted downward-looking multibeam echo-sounders. Our field campaign near the two large wall reefs, Straumsneset and Huglhamaren, revealed that L. pertusa eDNA concentrations in seawater was 5 to 10 times higher than that of the background water. This shows the potential of quantitative eDNA analysis using ddPCR technology for a rapid assessment of the broad scale distribution of wall reefs within fjords or canyons, the precision in this system was 1–2.5 km. eDNA analysis could then guide targeted ROV video surveys, to verify L. pertusa occurrences and to describe reef composition and shape. Several studies have documented the ability of both qPCR and ddPCR to accurately determine DNA levels in target solutions but with ddPCR providing more precise and reliable results at low DNA concentrations (Zhao et al., 2013; Arvia et al., 2017; Taylor et al., 2017; Link-Lenczowska et al., 2018). While the assay developed in this study is likely to work also using a qPCR based approach, ddPCR might be better suited for the screening for small fjord reefs.

Recently, sideways-looking multibeam echo sounders on autonomous underwater vehicles (AUVs) have been introduced for the mapping of vertical walls (see e.g., Robert et al., 2017). Multibeams can provide detailed 3D maps of complex wall habitats but the presence of live coral colonies still needs to be verified with e.g., underwater video surveillance. eDNA analysis can provide a useful supplement to video verification of live L. pertusa colonies (this study) and associated gorgonian CWCs (Everett and Park, 2018) because eDNA concentrations are likely to be elevated several 100 m downstream of a reef while the field view of a ROV is often limited to 1-2 meters.



Mapping Reefs Close to the Seabed

While the signal of the eDNA shed from the large wall reefs was easily captured, the water sampling campaign failed in capturing the signal of eDNA shed from the reefs growing on the flat seabed. This may have been, at least partly, due to our inability in this study to sample bottom water very close to the sea-bed. The stratification of the water column normally observed in Norwegian fjords reduces the vertical movement of the water masses (Stigebrandt and Aure, 1989). Under normal conditions this mechanism will prevent rapid vertical transport of coral eDNA from the seabed and up to the seawater sampling depth 10 m above the seabed. Previous studies confirm little vertical exchange of eDNA between depth layers at the scale of tens of meters (Andruszkiewicz et al., 2017), with no or limited upward transport of eDNA (Andruszkiewicz et al., 2019). CWC reefs on the flat seabed are normally successfully mapped using ship mounted downward-looking multibeam echo-sounders. In large reef aggregations, however, only a small amount of what is suspected to be living CWC reefs can actually be confirmed using ROVs. In such instances, eDNA sampling could provide a useful way of ground-truthing whether CWC reefs identified by multibeam sonar are composed of living or dead coral colonies. Due to limited vertical mixing of genetic material on the flat seabed (Andruszkiewicz et al., 2019), water samples to confirm the presence of live L. pertusa colonies would have to be collected very close to the seabed using either ROVs or video-surveyed water sampling casts. In gorgonian corals, species presence observed by ROV underwater video footage matched well the diversity of coral eDNA from seawater collected using Niskin bottles mounted on the ROV (Everett and Park, 2018).



Limitations of the Protocol and Suggestions for Future Improvements

This study relied on the collection of single point water samples and the quantification of one 178 bp long mtDNA gene fragment from L. pertusa to locate CWC reefs and suggests that this is sufficient for detecting large reefs on vertical surfaces, with an accuracy of a few kilometers. We suggest two possible inclusions to the protocol which would profoundly increase the chances of accurately locating reefs and hence increase the ability of eDNA analysis to inform conservation and management programs. (1) As eDNA concentrations are diluted with increasing distance to the source (Taberlet et al., 2018), collecting clusters or transects of samples instead of single point samples would provide information on the heading to the DNA source and better so if fine scale local bathymetry and hydrodynamics are known. Furthermore, (2) eDNA studies often target fragments less than 200 bp in length because in situ DNA degradation precludes the persistence of longer eDNA fragments (i.e., 700–800 bp), resulting in reduced detection rates compared to shorter fragments (Jo et al., 2017; Taberlet et al., 2018; Nichols and Marko, 2019). However, primers targeting longer eDNA gene fragments would likely provide better estimates of recently shed eDNA as their decay rate is higher than for small eDNA fragments. In theory, long eDNA fragments are thus only present in high concentrations in samples collected very close to the eDNA source. While short DNA sequences may provide better estimates of fauna abundances on a regional scale, the distribution of single species on small spatial scales is probably better reflected in estimates based on detection of long eDNA fragments (Nichols and Marko, 2019). Moreover, by comparing the concentration of short (200 bp) and long (700 bp) eDNA fragments (with different decay rates) in a water sample, it is theoretically possible to determine the time since a given water mass came in contact with the coral reef eDNA source. With a better understanding of the direction of the reef relative to transect sampling the location of the reef could thereafter be modeled. In addition, differential target length detection could help in distinguishing, for example, whether an observed high eDNA concentration originates from a small but proximal reef (high concentration of both short and long fragments), or whether the signal originates from a large but distant reef (high concentration of short fragment but low concentration of long fragment).



CONCLUSION

We live in an era in which vulnerable marine ecosystems are increasingly subjected to stressors such as ocean warming and acidification, fisheries, offshore energy farms and aquaculture. In order to ensure effective management and conservation of vulnerable species and habitats, accurate spatial knowledge of these ecosystems is critical. Analysis of eDNA from keystone organisms shows great methodological promise for rapid and cost-efficient surveys of the broad scale distribution of CWC within fjord systems, that with time might be automated and carried out by AUVs (Yamahara et al., 2019). Results gained from this study may not be directly transferable to other areas as eDNA degradations and shedding rates will vary with environmental conditions. However, with further research and refinements of the method we believe that this technique will offer a useful complement to traditional sea-bed mapping. It seems particularly promising for detecting reefs in complex vertical terrain that cannot be imaged using ship mounted multi-beam echo-sounders and where other tools are needed to inform as to where targeted ROV surveys are needed.
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