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Hard and mixed seafloor substrates are an important benthic habitat in coastal northern Norway and they are known to be colonized by relatively diverse communities of sessile epifauna. These assemblages are highly susceptible to physical damage and stresses imposed by organic material from industrial and municipal sources. However, despite increasing prevalence of stressors, the diversity and distribution of benthic substrates and biological communities in coastal Arctic and sub-Arctic regions remain poorly documented. In response, this study has characterized the composition of mixed and hard bottom substrates and associated sessile epifauna in fjords in Finnmark, northern Norway, using remote sensing and an innovation low-cost towed camera method. The study fjords supported a dense covering (0.1 to 0.68 individuals m–2) of sponge taxa common to deep-water ostur sponge habitats (Geodia sp., Mycale lingua, Polymastia sp., Phakellia ventilabrum, and Axinella infundibuliformis). In addition, aggregations of the soft coral (Duva florida), the tunicate (Ascidia sp.), the seastar (Ceramaster granularis) and anemone (Hormathia digitata) were prominent fauna. The small-scale spatial patterns of the epifaunal communities in this study were primarily influenced by the local hydrodynamic regime, depth, the topographical slope and the presence of hard bedrock substrates. This description of the composition, distribution and the identification of environmental drivers of epibenthic communities is valuable for the development of predictive habitat models to manage the benthic impact of multiple stressor on these ecological valuable and vulnerable Arctic habitats.
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INTRODUCTION

Coastal Arctic and sub-Arctic regions are experiencing a combination of multiple stressors from industrial activities (commercial fishing, aquaculture, marine shipping and mining), municipal expansion and climatic change. Furthermore, warming and opening Arctic seas are contributing to an expansion in these maritime activities in the Arctic (Jentoft and Buanes, 2005; Aanesen et al., 2018; Olsen et al., 2019). In particular, growth of the Norwegian fin-fish aquaculture industry is projected to continue (Anon, 2014–2015), especially in sub-Arctic fjords in Northern Norway where space is available (Skarðhamar et al., 2018). Waste discharges from industrial and municipal sources (i.e., organic input from fin-fish aquaculture, disposal of mine tailings and municipal waste) and benthic trawling are known to increase sedimentation and resuspension in benthic systems and can have a range of adverse impacts on benthic habitats and communities (Burd et al., 2013; Ramirez-Llodra et al., 2015; Bannister et al., 2016). Marine spatial management in the coastal zone is essential to prevent seafloor environmental degradation and species or habitat loss that can result from anthropogenic uses, as specified in the Biodiversity Convention, Habitat Directive and the Marine Strategy Framework Directive (UN, 1992; Evans, 2006; Long, 2011; Buhl-Mortensen and Buhl-Mortensen, 2014). Good comprehension of the diversity and spatial distribution of marine habitats and associated taxa is essential for effective marine spatial planning and to minimize the impact of anthropogenic pressure on marine habitats (Harris and Whiteway, 2009; Buhl-Mortensen et al., 2012). However, despite increasing pressure from multiple stressors, the spatial distribution of benthic habitats in coastal inshore waters in northern Norway are poorly documented, making coastal zone management in the area difficult.

Although semi-protected, the fjords and coastlines in northern Norway tend to be steep-sided and can have relatively strong currents, two environmental factors associated with hard benthic substrates (Wahl, 2009). These bottom types are typically comprised of solid bedrock, boulders, cobbles and gravel, often interspersed with patches of coarse soft-sediments. Indeed, hard and mixed seafloor substrate are known to characterize many Arctic and sub-Arctic coastal regions (Boertmann et al., 2009; Glud et al., 2010; Buhl-Mortensen et al., 2017). Hard and mixed substrates provide a habitat with high structural complexity and heterogeneity, and topographical relief that have been associated with enhanced species diversity and richness (Howell et al., 2016). These substrates are commonly colonized by kelp forests, seaweed fringes, eelgrass, maerl beds, coral and sponge aggregations and rich animal turf communities, many of which have been recognized for their high biodiversity and provision of multiple ecosystem services (Kamenos et al., 2004; Christie et al., 2009; Mineur et al., 2015). Subtidal hard bottom substrates are typically colonized by sessile invertebrates, such as sponges, bryozoans, cnidarians and ascidians (Wenner et al., 1983; Hamoutene et al., 2015).

Studies on and at the margins of the Norwegian continental shelf, that extend 200 nautical miles from the shore and covers a water depth range between 20 and 2,000 m (Klitgaard and Tendal, 2004; Buhl-Mortensen et al., 2012) have shown that deep-sea sponge grounds and biogenic reefs formed by cold-water corals are dominant communities on hard substrates. In recognition of their ecological importance and vulnerability to anthropogenic disturbance, sponge grounds and cold-water coral habitats and their associated communities in Arctic and sub-Arctic deep-sea waters have been designated as Vulnerable Marine Ecosystems (VMEs) (Buhl-Mortensen et al., 2019). Despite the recognized importance of these hard substrates to epifaunal communities in northern regions, knowledge on the diversity and distribution of these habitats and communities in coastal inshore waters (extending 12 nautical miles from the coastline) in Arctic and sub-Arctic regions is lacking. Furthermore, knowledge on the spatial distribution of these communities is increasingly important with rapid anthropogenic development in these areas.

The paucity of information about these coastal inshore habitats is partly a result of the challenges associated with conducting effective surveys around physical and biological structures. Hard and mixed substrates form structurally complex and inherently patchy distributions, and associated epifaunal species generally have a naturally low abundance which presents difficulties for the quantification of species and identification of spatial patterns (Hamoutene et al., 2016; Meyer et al., 2019). This challenge is compounded when depths are below normal SCUBA diving limits (<30 m). While remotely operated vehicles (e.g., Lacharité and Metaxas, 2017) or large imaging platforms (e.g., CAMPOD: Buhl-Mortensen and Buhl-Mortensen, 2014) have been used effectively to survey epifaunal assemblages in deep-sea environments their application to inshore coastal waters is limited. These survey systems are high cost (i.e., > $100,000 USD), large and difficult to maneuver around complex bathymetry and must be operated from a large vessel which usually prohibits sampling close to shore or in proximity to structures such as marine fish farms. Moreover, maintenance is expensive and considerable technical expertise is required for operation and support.

Relatively low-cost drop cameras with reduced technical specification are effective for the fine-scale analysis of abundance, diversity and distribution of epifaunal communities in inshore coastal waters (Salvo et al., 2017, 2018). However, this method is limited in its spatial coverage, both in terms of the practicality of raising and lowering a camera over long distances and quadrat size (usually < 1 m2), which is inappropriate to survey sparsely distributed organisms (Magurran and McGill, 2011). Towed camera systems are, however, capable of surveying a larger area than drop cameras and thus provide a solution for larger spatial scale surveys. Towed camera systems have provided quantitative surveys of inshore sessile epifaunal communities on a spatial scale suitable to determine community spatial variability and detect influential environmental variables. For example, a deep-sea towed camera system was used to examine mega-epifaunal invertebrate communities and environmental drivers in topographically complex habitats (cold seep and hydrothermal vents) between 700 and 1500 m (Bowden et al., 2016). Also, the distribution patterns of temperate subtidal rocky reefs in shallow waters (10 to 40 m) in the south-western Baltic Sea were quantified using a towed camera system (Beisiegel et al., 2018).

In response to the lack of data on the diversity and spatial distribution of hard and mixed seafloor substrates and associated epifaunal communities, this study applied a novel towed video survey technique combined with remote sensing to effectively characterize: (1) the substrate composition of patchy mixed and hard bottom habitats and (2) the associated sessile epifauna communities in poorly mapped coastal northern Norway. Of specific interest is determining the fine-scale associations of the primary epifaunal assemblages with benthic substrate cover characteristics and other environmental variables. Furthermore, this study presents a novel and cost-effective towed video camera technique and footage analysis method for the quantitative survey of epifaunal communities on complex hard and mixed topography in inshore coastal waters.



MATERIALS AND METHODS


Site Description and Sampling Design

Study sites were situated in areas of mixed and hard substrate in Finnmark, northern Norway (Figure 1A). Substrate type and associated epifaunal assemblages were surveyed at five fjord sites in October 2017. Detailed surveys were conducted at these sites in Øksfjorden (70.1–70.2°N; 22.3–22.5°E) and Vargsundet (70.2–70.4°N, 23.2–23.7°E) (Figure 1B). In Øksfjorden, sites were located on the western coast adjacent to Klubbnesvika and on the eastern coast offshore from Rosenby (Figure 1C). Surveys sites in Vargsundet were located at the southern shore and in the center of Bekkarfjorden (70.3445°N, 23.4015°E), and along the eastern shore of Vargsundet, north of Lerresfjorden (70.3235°N, 23.4332°E) (Figure 1D). All surveys sites were more than 1 km from aquaculture operations for Atlantic salmon (Salmo salar) and were consider unaffected by aquaculture waste material or other sources of anthropogenic pollution. Survey transects of ∼ 500 m were sampled parallel to the coastline along 70 and 100 m depth contours in both Øksfjorden and Vargsundet. Survey site details are provided in Table 1 and video transect details in Supplementary Table 1.
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FIGURE 1. The sampling sites; (A) on the north western coast of northern Norway, (B) in Øksfjorden and Vargsundet and the mixed-substrate seabed substrate characteristics of sampling sites in (C) Øksfjorden and (D) Vargsundet. Seabed substrate maps include the positions of the video transects.



TABLE 1. Survey site locations and characteristics.
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Bathymetry and Substrate Mapping

The wider area in the vicinity of the study sites was surveyed initially by the Geological Survey of Norway (NGU) using a combination of multibeam echosounder, Topas (sediment echosounder), video surveys and grabs from the RV Seisma to resolve the seafloor substrate structure. In addition, multibeam data were provided from Kartverket. Multibeam data provided high resolution bathymetry maps and subsequently formed the base for the development of substrate maps (5 m resolution), which were ground-truthed by results from video and grab samples. Each grab sample that adequately penetrated the sediment was sub-sampled and analyzed for sediment grain size. Bathymetric and substrate data was processed in ArcMap version 10.6 (ESRI Inc, 2018) to create maps that were used to plan the epifaunal video transects to ensure that they covered a range of mixed and hard bottom substrate types and followed the designated depth contours. The video transect tracks were also overlaid onto the substrate map in ArcMap.



Hydrodynamic Site Characteristics

Current velocities in the survey area during October 2017 were simulated using the Regional Ocean Modeling System (ROMS1) (Shchepetkin and McWilliams, 2005; Haidvogel et al., 2008, see text footnote 1). The ROMS model grid was forced along the open boundaries of the larger-scale coastal model, NorKyst800 (Albretsen et al., 2011). The model has a grid resolution of 160 m × 160 m and generates hourly data on the EW and NS component of the horizontal current flows throughout the water column. The near-bottom currents that were extracted for use in this study were between 1 and 2 m above the seafloor. The average current velocity recorded during October 2017 from both the EW and NS component dimension was extracted from the modelled data for each transect.



Video Transects

Towed video camera transects were conducted from the RV Fangst at an average speed over ground of 0.3 m s–1 (±st.dev 0.03). A GoPro Hero 4 mounted on a towed underwater video system (UVS) recorded HD video footage of the seabed (Figure 2). The field of view was illuminated by two Keldan 4X video lights (9000 lm) and scaled by two Sea BeamTM Laser Scalers with parallel lines separated by 7 cm. The two lasers were mounted in an angle such that the two pairs of lines crossed at the bottom of the picture when the camera was at the desired distance above the seabed (ca. 1 m). A Splashcam Delta Vision industrial underwater video camera (1/3″ 960 H High Sensitivity CCS, > 750 TVL) provided a live feed video from the UVS to an onboard monitor via a 250 m cable. The live feed allowed for safe navigation over the seafloor, whilst the cable was used to manually maneuver (raise and lower) the UVS. The positioning of video transects was continually recorded by the vessel’s Geographical Positioning System (GPS) and subsequently used to calculate (a) distance to farm (‘as the crow flies’) and (b) accumulative distance traveled along the seabed (using basic trigonometry), thereby allowing for track sinuosity. Both distance measures were overlaid on to the high-resolution GoPro.mov files (along with position, date and time) using freely available DashWare 1.9 software to facilitate sample area calculations.
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FIGURE 2. Annotated diagram of the towed underwater camera system used to record substrate coverage and associated epifauna assemblages.




Video Transect Annotation

For the analysis of video sequences, transects were initially subdivided into 40 m sections. A substantial change in the field of view or a new substrate type, however, also initiated the start of a new section. The seafloor area sampled by each section (5 to 150 m–2, hereafter termed a ‘swath’) was calculated by multiplying swath length (distance traveled over ground) by the average swath width. Swath width was determined by scaling the field of view with the aid of two lasers with paired lines (set at 7 cm apart) at two or three points along each swath (start, middle and end). Within each swath unit, the percentage coverage of primary, secondary and tertiary substrate types were recorded. Substrate types were classified into eight categories; (1) solid bedrock, (2) patchy bedrock/broken reef, (3) boulders, (4) broken rocks, (5) gravel and cobbles, (6) shellsand, (7) sand, and (8) gravelly sand (Supplementary Table 2). Slope estimates were allocated to each swath and were based on five visually discernable categories; (1) flat, (2) moderate, (3) steep, (4) near-vertical, and (5) overhang. In addition, all distinguishable epifaunal taxa that entered the frame of view were enumerated. Benthic taxa were identified to the lowest achievable taxonomic level and their abundance was determined. Taxonomically similar epifauna, which could not be distinguished with confidence, were grouped into descriptive categories, such as “encrusting Polychaetes.” The density of each individual taxa in each swath were quantified from video annotations by dividing abundance by the estimated swath area (m–2 per section).



Statistical Analysis


Environmental Site Characteristics

Sequential bar plots were used to visualize the percentage coverage of each substrate type recorded along individual video transects and were aligned with NGU substrate maps. Variation in the substrate composition between the five survey sites was visualized using a principal component analysis (PCA) based on the percentage cover of the eight substrate categories. A multivariate analysis was performed in PRIMER-E (version 7) (Clarke and Gorley, 2015) with ANOSIM to test for variation in the composition of substrate types between the survey sites. A similarity percentage analysis (SIMPER) (Clarke and Warwick, 2001) was used to determine the contribution of the different substrate types to the average similarity within and dissimilarity between sites.



Biological Associations and Environmental Drivers

The relative densities (individuals m–2) of the primary epifaunal taxa along transects at each of the five survey sites were calculated. Prior to the multivariate analysis, epifaunal abundances were fourth-root transformed and used to construct a Bray-Curtis similarity matrix. A SIMPER analysis was used to identify the epifauna taxa characterizing the biological assemblages at each survey site. The relative density of key sessile epifauna, identified in the SIMPER analysis, along the transects were plotted in kite graphs that were aligned with bottom substrate maps to visualize the associations between epifauna and substrate coverage. A canonical analysis of principal coordinates (CAP) was then used to visualize the influence of environmental variables and individual epifaunal taxa on the variation in epifaunal assemblage composition amongst the survey sites. A DISTance-based Linear Model (DISTLM) multiple stepwise regression analysis was used to test the influence of the environmental variables (coverage of substrate types, depth, current horizontal velocity and seabed slope) on epifaunal assemblage structure (Anderson et al., 2008).





RESULTS


Substrate Composition and Hydrodynamic Characteristics

The primary substrate at Lerresfjorden was gravel and cobbles, followed by gravelly sand (Figure 3 and Supplementary Table 3A). The topography of the site was predominantly flat, with some moderately sloped sections. At both survey sites in Bekkarfjorden, transects covered a patchy mixed/hard bottom substrate that consisted of gravel and cobbles and gravelly sand interspersed with bedrock and boulders (Figures 4A,B and Supplementary Tables 3B,C). The topography at both sites was generally steep but also highly varied, changing from flat to near-vertical in some sections. The transects conducted in Øksfjorden (Rosenby and Klubbnesvika) covered a bottom substrate dominated by bedrock and boulders with patches of gravelly sand and gravel and cobbles (Figures 5A,B and Supplementary Tables 3D,E). The substrate composition and characteristics at the different survey sites showed some separation between the Lerresfjorden and Bekkarfjorden sites in the Principal Components Analysis (PCA) (Figure 6, vector information in Supplementary Table 4) however, overlap in the substrate composition existed between the Øksfjorden and Bekkerfjorden sites. The ANOSIM analyses detected some differentiation between the substrate composition of the five survey sites (ANOSIM, R2 = 0.394, p = 0.001). Within this, however, site characteristics at Lerresfjorden showed the greatest separation to the sites in Bekkarfjorden and Øksfjorden. A greater overlap in site characteristics was seen between both Bekkarfjorden and Øksfjorden as both contained mixed bedrock and soft substrates, steep topography and deeper water (Figure 6). Mean horizontal current flow velocity at the sites ranged between 0.02–0.05 m s–1. The fastest current velocity was observed at Bekkarfjorden 2 (0.05 m s–1) followed by Lerresfjorden (0.04 m s–1). Bekkerfjorden 1 and the two Øksfjorden sites experienced a mean current flow velocity of approximately 0.03 m s–1 (Table 1). Two current velocity categories (0.02–0.03 and 0.04–0.05 m s–1) were used for further analysis (Table 2).
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FIGURE 3. Mixed-substrate seabed characteristics, sequential bar plots of the percentage coverage of the primary substrate types from the camera transects and densities of key epifaunal species or genus at the transect sites in Lerresfjorden.
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FIGURE 4. Mixed-substrate seabed characteristics, sequential bar plots of the percentage coverage of the primary substrate types from the camera transects and densities of key epifaunal species or genus at the transect sites in (A) Bekkarfjorden 1 and (B) Bekkarfjorden 2.
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FIGURE 5. Mixed-substrate seabed characteristics, sequential bar plots of the percentage coverage of the primary substrate types from the camera transects and densities of key epifaunal species or genus at the transect sites in (A) Rosenby and (B) Klubbnesvika.
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FIGURE 6. Principal components analysis plot of the substrate type (gravelly sand, gravel and cobbles, sand, shellsand, bedrock, boulders, broken rocks and patchy bedrock and broken rocks) and other physical variables (slope, horizontal current velocity, and depth) at the five survey sites (Lerresfjorden, Bekkarfjorden 1 and 2, Rosenby, and Klubbnesvika). Environmental data was normalized and an Euclidean distance matrix applied.



TABLE 2. Table presenting the principal epifaunal taxa characterizing seafloor sites surveyed in Finnmark, northern Norway, at specific combinations of depth contours (m) and horizontal current velocities (0.02–0.05 m s–1).
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Epifauna Assemblage Composition

Biological coverage of the hard and mixed substrates in the survey sites were dominated by sponges (Geodia sp., Phakellia ventilabrum, Mycale lingua, Axinella infundibuliformis, Polymastia sp.). The other principal epifaunal taxa observed in the survey sites included the sponge eating asteroid Ceramaster granularis, nephtheid soft coral Duva florida, the sea anemone Hormathia digitata and the tunicate Ascidia sp. (Figure 7 and Supplementary Figure 1). The composition of epifaunal assemblages showed a clear separation in the CAP analysis between the survey sites in Øksfjorden (Rosenby and Klubbnesvika), Lerresfjorden and Bekkarfjorden. Depth, current velocity, the slope of the seafloor and the coverage of bedrock and gravel and cobbles were major drivers structuring the epifaunal community composition (Figure 8). The marginal tests from the DISTLM multiple regression model show that these five environmental variables had significant effects (p = 0.001 for all variables) on epifaunal assemblage structure. In addition, the coverage of gravelly sand and shellsand had a lesser but still significant impact on community composition (p = 0.007 and p = 0.03). Results of the DISTLM multiple regression model are presented in Supplementary Table 5. The principal epifaunal species found within two horizontal current velocity categories (0.02–0.03 and 0.04–0.05 m s–1) and depth contours 70 and 100 m (the two site characteristics found to have the strongest effect on epifaunal community composition), were extracted with a SIMPER analysis and are displayed in Table 2. P. ventilabrum was characteristic of sites with lower current velocity (0.02–0.03 m s–1) at both 70 and 100 m depth contours, while the sponge A. infundibuliformis only characterized sites with 0.02–0.03 m s–1 current velocity at 100 m depth. Ascidia sp. was dominant in communities at both current speed categories but only in 70 m water depth. Polymastia sp. was key to epifaunal assemblages in sites with faster current velocity at both depth contours. D. florida was identified as a dominant taxon only in sites at 100 m in 0.04–0.05 m s–1 current velocity and higher densities of H. digitata were present in sites at 70 m depth with 0.04–0.05 m s–1 horizontal current velocity.
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FIGURE 7. Stacked bar chart of the relative percentage contribution of the 9 key epifaunal taxon to the community composition of the key epifaunal species at Lerresfjorden, Øksfjorden, and Bekkarfjorden. Bar charts show the median density of replicate transects at each fjord.
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FIGURE 8. Canonical analysis of principal coordinates, based on Bray-Curtis dissimilarity, of the composition of epifaunal taxa at the survey sites (Lerresfjorden, Bekkarfjorden 1 and 2, Rosenby, and Klubbnesvika). Vectors overlays to the left represent the Spearman rank correlations between epifaunal community structure and substrate and other environmental characteristics. The vector overlay to the right shows the 9 epifauna taxa with the highest Spearman rank correlations with the canonical axes.


At Lerresfjorden, 21 individual taxa were observed with a Shannon-Wiener index (base 2) of 3.19 (±0.4) (mean ± st.dev) (Table 3). At this site the mean (±S.E.) density of all epifaunal taxa was 1.03 (±0.11) and 0.90 (±0.13) individuals m–2. The tunicate Ascidia sp. dominated the epifaunal community with an average density of 0.22 individuals m–2 recorded in both transects (Figure 7). Ascidia sp. represented 19.8% of the average abundance of the benthic community (Supplementary Table 6A). Other principal components of the epifaunal assemblages included the sponge M. lingua, cushion star C. granularis, the sponge Polymastia sp. and the sea-anemone H. digitata. Together these five taxa represented 78.3% of the epifaunal assemblage coverage at Lerresfjorden. M. lingua was recorded at a mean (±SE) density of 0.20 ± 0.04 and 0.13 ± 0.03 individuals m–2 and C. granularis at 0.16 ± 0.03 and 0.13 ± 0.04 individuals m–2 in replicate transects. Polymastia sp. and H. digitata reached a mean density of 0.12 (±0.02) and 0.10 (±0.01) individuals m–2 in both replicate transects, respectively. Other common taxa at Lerresfjorden included the bryozoan Omalosecosa ramulosa, the sea stars Hippasteria phrygiana, Henricia sp., and Stichastrella rosea, the sea snail Neptunea despecta and the sponge P. ventilabrum (Table 3 and Figure 7). The relative densities of the five most common taxa (Ascidia sp., M. lingua, C. granularis, H. digitate and Polymastia sp.) were relatively evenly distributed across the substrate at Lerresfjorden (Figure 3). The CAP ordination plot shows the particular importance of H. digitata, C. granularis and Ascidia sp. taxa in the community composition at Lerresfjorden (Figure 8). A list of epifauna taxa found at the study sites is provided in Table 3.


TABLE 3. Epifaunal taxa observed in towed camera transects at each study area.
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Twenty four individual epifaunal taxa were identified at the Bekkarfjorden survey sites with a Shannon-Wiener index (base 2) of 2.91 (Table 3). The mean (±S.E.) densities of epifaunal assemblages were 0.71 ± 0.19 individuals m–2 at Bekkarfjorden survey site 1 and 1.54 ± 0.29 individuals m–2 at survey site 2. The sponges Polymastia sp., M. lingua and the cushion star C. granularis were primary taxa in the epifaunal composition at Bekkarfjorden. However here the soft coral of the genus D. florida dominated the epifaunal community, particularly at Bekkarfjorden 2 (Figure 7). Together these four taxa represented 62.7 and 75.7% of the epifaunal assemblages, respectively, at the two Bekkarfjorden sites (Supplementary Tables 6B,C). D. florida was recorded at densities 0.22 (±0.08) and 0.79 (±0.24) individuals m–2 at site 1 and 2, respectively. D. florida was of particularly high density 1.14 (± 0.4) individuals m–2 in one of the transect recorded at Bekkarfjorden site 2 at 100 m water depth. Polymastia sp. was recorded at densities of 0.08 (±0.02) and 0.11 (±0.03) individuals m–2, C. granularis at densities of 0.07 (±0.03) and 0.11 (±0.03) individuals m–2 and the sponge M. lingua with a mean density (±S.E) of 0.05 (±0.01) and 0.08 (±0.02) individuals m–2. Sponges of the genus Geodia, golf ball sponges of the genus Craniella and Tethya, Henricia sp. and Ascidia sp. were also frequently encountered in some parts of the transects in both Bekkarfjorden sites. In addition, P. ventilabrum and A. rubens were common at Bekkarfjorden 2 (Figure 7). The density of aggregations of Polymastia sp., C. granularis and especially D. florida., were closely linked to the distribution of bedrock where the highest densities were recorded. The distribution of epifauna was therefore patchy in correspondence with the characteristics of substrate at the Bekkarfjorden surveys sites, which alternate between exposed bedrock on gravelly sand, bedrock and gravel and cobbles (Figures 4A,B). The CAP ordination plot highlights that D. florida, Polymastia sp. and M. lingua are highly associated with the Bekkarfjorden sites (Figure 8).

At Øksfjorden, 30 individual epifaunal taxa were recorded with a Shannon-Wiener index (base 2) of 3.11 (Table 3). At Rosenby, Øksfjorden, the coverage of epifaunal communities was at a mean density of 0.70 (±0.06) individuals m–2 and was primarily characterized by a high density of the sponge P. ventilabrum (0.19 ± 0.02 individuals m–2). High densities (0.11 ± 0.01 individuals m–2) of C. granularis were also observed in association with aggregations of sponges as were Ascidia sp. (0.15 ± 0.2 individuals m–2). The sponge M. lingua was also dominant at Rosenby, occurring at an average density of 0.06 ± 0.01 individuals m–2 (Figure 7). P. ventilabrum, C. granularis, Ascidia sp. and M. lingua contributed to 78.98% of the epifaunal assemblages at Rosenby (Supplementary Table 6D). At Klubbnesvika, epifaunal communities were at a density of 0.88 (±0.08) individuals m–2. As found at Rosenby, the taxa that occurred at the highest density was P. ventilabrum (0.39 ± 0.04 individuals m–2) and C. granularis (0.11 ± 0.02 individuals m–2). Epifaunal assemblages at Klubbnesvika were also characterized by the sponge A. infundibuliformis (0.10 ± 0.02 individuals m–2) and in addition sponges of the genus Geodia (0.12 ± 0.04 individuals m–2). The SIMPER analysis showed that P. ventilabrum and C. granularis represented 71.37% of the taxa observed at Klubbnesvika (Supplementary Table 6E). Similar to Bekkarfjorden, the distributions of these taxa were closely associated with the distribution of bedrock substrate and thus showed a patchy distribution (Figures 5A,B). The CAP ordination plot clearly displays that P. ventilabrum, A. infundibuliformis, and Geodia sp. are strongly associated with both Øksfjorden sites and Ascidia sp. also plays an important role in the community composition (Figure 8).




DISCUSSION


Key Findings

The results from this study directly address the need for knowledge on the diversity and spatial distribution of hard and mixed substrate habitats and associated epifaunal taxa in northern Norwegian fjords. The diversity and distribution of sessile epibenthic communities at five sites with hard and mixed seafloor substrates types that are representative of seafloors in coastal northern Norway are described. Epifaunal communities were dominated by five sponge taxa (P. ventilabrum, A. infundibuliformis, Polymastia sp., M. lingua, and Geodia sp.). P. ventilabrum and A. infundibuliformis were primarily observed at sites with hard substrate and relatively slower horizontal current velocity (0.02–0.03 m s–1). Alternatively, sponges of the genus Polymastia were mainly in mixed substrate sites with relatively faster current velocity (0.04–0.05 m s–1). The cushion star (C. granularis) was a principal component of epifaunal assemblages at all survey sites. In addition, the soft coral (D. florida) dominated communities associated with patchy hard substrates in water depths of approximately 100 m with fast current velocity. The sea anemone H. digitata was only observed in shallower waters (57–77 m) at Lerresfjorden which was characterized by flat mixed substrate and a fast current velocity. The tunicate Ascidia sp. was common at all sites but most common at shallower water depths of 70 m. Environmental drivers significant to the composition and distribution of epifaunal assemblages in the area were identified as; current velocity, water depth, seafloor slope, and the coverage of bedrock substrates.



Low-Cost Survey Technique for Quantifying Coastal Epifaunal Assemblages

Approaches to quantify epifaunal assemblages include dredges, trawls and towed benthic sledges or drop-down camera systems. These sampling techniques, however, are generally unsuitable for use on rugged or steep terrain and for sampling communities containing vulnerable and valuable taxa (Przeslawski et al., 2018). The hard and mixed substrate habitats surveyed in this study were beyond normal diving depths, notoriously patchy and situated on complex 3-dimensional bathymetry. The novel, non-destructive, towed camera approach taken here to survey these habitats, has proved to be an effective method for describing and quantifying the associated epibenthic communities. In particular, the ability of this system to efficiently sample an area in the range of ten’s to thousand’s m–2 (dependent on the study objectives and distributions of the organisms of interest) coupled with the ability to retrospectively scale the images and thereby quantify the fauna is key to obtaining detailed and spatially intensive ecological information. It represents a low-cost technique for describing epifaunal assemblages that is conducive to routine monitoring in response to anthropogenic disturbances. With the current rapid evolution of supervised machine learning and image recognition software (Piechaud et al., 2019), the post-processing phase of this method will very likely soon be automated and streamlined.



Sponge Ground Communities and Substrate Association

Local aggregations of sponges (also known as sponge grounds) generally form on hard substrates suitable for attachment and where currents enhance food supply (Hogg et al., 2010; Maldonado et al., 2017). On the Norwegian continental shelf, benthic communities on hard and mixed substrates are dominated by deep-water sponge grounds and cold-water coral ecosystems (Tjensvoll et al., 2013; Buhl-Mortensen et al., 2017). Both cold-water sponge and coral communities are known to create hotspots for marine biodiversity (Jonsson et al., 2004; Schöttner et al., 2013; Howell et al., 2016) by providing structurally complex habitats for associated epifaunal and infaunal communities (Ribeiro et al., 2003; Knudby et al., 2013) and nursery grounds for commercial fish stocks (Baillon et al., 2012; Miller et al., 2012). For example, in this study, Norway redfish (Sebastes viviparus) were observed in close association with aggregations of the soft coral D. florida. Sponge grounds filter large volumes of water and therefore play a significant role in carbon processing on the seafloor (Kutti et al., 2013; Cathalot et al., 2015). The filtering capabilities of sponges, however, also make them susceptible to clogging from sediments and organic material in the water column (Kutti et al., 2015). Sponges, as well as corals, have been shown to recover slowly from impacts due to their slow growth, long-life span and infrequent reproduction (Fosså et al., 2002; ICES, 2009).

In recognition of the important ecological role of these sponge communities and the risks posed by anthropogenic impacts, extensive sponge grounds known as “ostur” habitats on the continental shelf of the northeastern Atlantic have been classified as vulnerable marine ecosystems (Howell et al., 2016; Buhl-Mortensen et al., 2019). Ostur sponge grounds are dominated by sponges of the genus Geodia, Stryphnus, Stelletta, Thena, and Phakellia (Hogg et al., 2010; Kutti et al., 2013; Tjensvoll et al., 2013; Maldonado et al., 2017) and are defined as areas where sponges occur at densities between 0.5 and 1 individuals per m–2 in video surveys (Hogg et al., 2010; Kutti et al., 2013). The sponges Geodia barretti (and other sponges of the genus Geodia), P. ventilabrum and M. lingua were common in ostur sponge habitats in the Traenadypet coral MPA, on the northern Norwegian continental shelf (Kutti et al., 2013) and in Korsfjorden, western Norway (Schöttner et al., 2013).

The average densities (±S.E.) of G. barretti (0.19 individuals m–2 ± 0.02), P. ventilabrum (0.13 individuals m–2 ± 0.02) and M. lingua (0.08 individuals m–2 ± 0.02) at Traenadypet were comparable to the densities of these same taxa in the surveyed coastal areas of Vargsundet and Øksfjorden. Sponge aggregations at the Øksfjorden survey sites, particularly Klubbnesvika, can be considered as ostur sponge beds. The mean density of sponges recorded in Klubbnesvika transects were between 0.58 and 0.73 individuals m–2 and between 0.1 and 0.57 individuals m–2 at Ronsenby. Sponge densities were lower in transects in Lerresfjorden at 0.30 and 0.34 individuals m–2 and at both Bekkarfjorden sites (0.24–0.59 individuals m–2). The cup or lamellate-shaped sponges P. ventilabrum and A. infundibuliformis have been observed to dominate sponge communities on wave-exposed circalittoral rock habitat (Connor et al., 2004). Both these species are also known to be associated with the sandy-gravel and cobbles on the continental shelf in eastern part of Tromsøflaket (Buhl-Mortensen et al., 2012). The densities of these two species were highest in transects in Klubbnesvika and Rosenby where their distributions were closely associated with the presence of bedrock and current velocities in the range of (0.02–0.03 m s−1).

Sponges of the genus Polymastia are common in the Nordic sea and have been described as a sub-dominant group in epifaunal communities on hard-bottom substrates in Norwegian fjords (Plotkin et al., 2018). This genus was associated with sandy gravel with cobbles and boulder on morainic ridges on the eastern Tromsøflaket (Buhl-Mortensen et al., 2012). In this study, Polymastia sp. was a dominant sponge in all survey areas, but particularly characterized environments with faster current velocities (0.04–0.05 m s–1). Geodia sponges are known to attach to stable substrates in high energy environments but also use small stones (i.e., gravel) to achieve negative buoyancy in low energy environments (Tjensvoll et al., 2013). Also in this study, sponges of the genus Geodia were common in varied current flow environments at both the mixed substrate sites in Bekkerfjorden and on bedrock outcrops at the Øksfjorden sites. Sponge aggregations in all survey sites were colonized by the cushion star (C. grannularis). This species is known from stable isotope analysis and stomach content analysis to primarily feed on sponges (Gale et al., 2013) and the species’ distribution can therefore be easily explained by the presence of sponges.

Limited information exists on the distribution of nephtheid soft corals in Norway but it is thought that multiple species exists, including D. florida and D. glomerata. Aggregations of nephtheid soft corals have been described on the continental slope off Vesterålen at depths of 1000–1500 m (Buhl-Mortensen et al., 2012) and also recently in Hordaland, south western Norway, down to depths of 95 m (Husa et al., 2019). The dominance of D. florida particularly at Bekkarfjorden 2 indicates that the genus is specialized to colonize highly mixed hard substrates and to thrive in faster current velocities (in our study, 0.05 m s–1). The boreal sea anemone (H. digitata) is a common species in depths between 10–1000 m in Arctic and sub-Arctic waters (Riemann-Zürneck, 1994; Sirenko et al., 2004) and has been found to be associated with areas of silt to very fine sand (Callaway et al., 2002). In this study, H. digitata was observed to be particularly common on the flat gravel and gravelly sand substrates at Lerresfjorden and often in association with the marine gastropod N. despecta.

There is increasing recognition of the importance of ecosystem-based management approaches which focus on the combined protection of ecosystem structure, function and processes (Kershner et al., 2011; Bourdaud et al., 2016). Information on the spatial patterns of substrates and associated biological assemblages, and their relationships with environmental drivers, can form the basis to develop an ecosystem-based management strategy using tools such as predictive spatial distribution models (Guisan and Zimmermann, 2000; Guisan and Thuiller, 2005). Predictive spatial distribution models (also known as habitat suitability models) use the known relationships between taxa distribution and abiotic variables to predict the distribution of taxa when only the geographically referenced environmental conditions are available (Elith and Leathwick, 2009). The predictive spatial distribution modeling approach has been used to successful predict the large-scale occurrence of VMEs containing deep-sea sponges in the North Atlantic, Norwegian and Barents Sea (Knudby et al., 2013; Howell et al., 2016; Ross et al., 2019). This study has identified abiotic factors that influence the spatial diversity and distribution of epifauna in a poorly studied coastal area in northern Norway. Local hydrodynamic regimes, depth, topographical slope and the presence of hard bedrock substrates were identified as main drivers in the structuring of epibenthic communities. Horizontal current velocity and depth, however, showed to be the most important structuring variables. Current flow in particular has previously been considered to play an important role in the distribution of ostur sponge habitats (Klitgaard and Tendal, 2001). The environmental variables, temperature, salinity and silicate concentrations were not measured here, but are known to be important in the broad-scale distribution of sponge grounds in deep waters (Howell et al., 2016). However, these variables are not expected to vary greatly between the study sites given their proximity to a shared and relatively well flushed water body. This information on the relationships between epifaunal distribution and abiotic variables can be used as a basis for the development of predictive spatial distribution models for the wider northern Norwegian coastal area, thus contributing to better ecosystem-based management.



Summary and Conclusion

Despite the recognition of the importance of hard substrate epifaunal communities and growing coastal anthropogenic activities, these assemblages remain poorly mapped in Norwegian fjords and the North Atlantic. This study utilized a simple, low-cost but innovative method to describe the abundance, composition, distribution and substrate association of benthic epifaunal communities on hard and mixed substrates in northern Norwegian coastal waters. The study area in coastal northern Norway contains rich sponge beds and associated epifaunal communities. These assemblages are likely to be of high ecological importance and vulnerable to anthropogenic disturbance as are deep-water sponge beds and cold-water coral reefs. Considering the growing pressures on northern ecosystems by industrial activity and climate change, this work highlights the need to gain a better understanding of the associated impacts on epibenthic assemblages in Arctic and sub-Arctic coastal waters. Furthermore, the here given insights on environmental drivers of distribution and composition of epibenthic assemblages provide a basis for predictive spatial distribution models to be used in ecosystem-based management approaches for the rapidly developing Arctic and sub-Arctic coastal regions.
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