

[image: image1]
Conservation Implications of Sabellaria spinulosa Reef Patches in a Dynamic Sandy-Bottom Environment
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Biogenic reefs form biodiversity hotspots and are key components of marine ecosystems, making them priority habitats for nature conservation. However, the conservation status of biogenic reefs generally depends on their size and stability. Dynamic, patchy reefs may therefore be excluded from protection. Here, we studied epibenthos and epifauna density, richness, and community composition of patchy, dynamic Sabellaria spinulosa (ross worm) reefs in the North Sea. This study was conducted by comparing boxcore (endobenthos) and video transect (epifauna) data from two research campaigns in 2017 and 2019 to the Brown Bank area on the Dutch Continental Shelf, where S. spinulosa reefs were first discovered in 2017. The Brown Bank area is characterized by dynamic, migratory bedforms at multiple scales which potentially affect biogenic reef stability. We showed that S. spinulosa habitats had a patchy distribution and alternated with habitats comprised of plain sand. Average S. spinulosa habitat patch size was 5.57 ± 0.99 m and 3.94 ± 0.22 m in 2017 and 2019, respectively (mean ± SE), which especially in 2019 closely resembled the small-scale megaripple bedforms. Contrary to the endobenthos communities that were unaffected by S. spinulosa, epifauna density and species richness were at least two times higher in S. spinulosa habitats compared to sandy habitats, resulting in different community compositions between the two habitat types. We showed that S. spinulosa persisted in the area for almost 2 years. Although the stability of individual patches remained unclear, we demonstrated that even patchy biogenic reefs may promote density and local biodiversity of mobile, epibenthic species, very likely as a result of increased habitat heterogeneity provided by reef habitat patches. This indicates that patchy biogenic reefs that occur in dynamic environments may also have high ecological value and their conservation status should be (re)considered to ensure their protection.
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INTRODUCTION

Biogenic reefs are physical benthic structures formed by ecosystem engineering species. Key examples are coral reefs (Roberts et al., 2002; Plaisance et al., 2011; Ferrario et al., 2014) and oyster beds (Lenihan, 1999; van der Zee et al., 2012; Donadi et al., 2013). By their physical presence, biogenic reefs modify their surroundings to such an extent that resource availability for other species is positively altered (Jones et al., 1994). They engineer a new habitat that can provide suitable settlement substrate (Coolen et al., 2015), increase refuge possibilities (Ryer et al., 2004) and food sources (van der Zee et al., 2012) for associated species, and decrease turbidity due to attenuation of waves and currents (Lenihan, 1999; van der Heide et al., 2011). Such effects of biogenic reefs can stretch well beyond the actual physical extent of these organisms (van der Zee et al., 2012; Donadi et al., 2013). As a result, biogenic reefs often form biodiversity hotspots and can be considered key components of marine ecosystems (Roberts et al., 2002; Christianen et al., 2016; van der Zee et al., 2016). Unfortunately, biogenic reefs are generally assumed to be vulnerable to (external) physical disturbances, due to their emergent structures (Collie et al., 2000; Sciberras et al., 2018) and the time required for these reef structures to recover (Hiddink et al., 2019). Biogenic reefs are therefore prioritized in nature conservation. Various legislative bodies exist to protect biogenic reefs, for instance by the designation of protected areas that locally restrict anthropogenic use and thus prevent any anthropogenic disturbance (Costello and Ballantine, 2015; Boonzaier and Pauly, 2016; Fariñas-Franco et al., 2018). However, there is no real consensus as to what characteristics are required for biogenic reefs in order to become protected. Within the European Habitats Directive (European Commission, 1992), for instance, these characteristics are limited to the general statement that reefs (1) arise from the seafloor and (2) support a zonation of benthic communities (European Commission, 2013). As a result, the more stable reefs with persistent associated communities are generally favored for conservation (Hendrick and Foster-Smith, 2006).

The ross worm (Sabellaria spinulosa) is a biogenic reef builder in soft-sediment environments (OSPAR Commission, 2013; Fariñas-Franco et al., 2014). This polychete builds strong, cohesive tubes by cementing sand particles, which can form biogenic reefs when they aggregate in high densities (Hendrick and Foster-Smith, 2006; Lisco et al., 2017). S. spinulosa has a widespread distribution, with observations in the northeast Atlantic, the greater North Sea including the Skagerrak, Kattegat and English Channel, the Mediterranean, and the Indian Ocean (Pearce, 2014; Gravina et al., 2018). Reef structures are dominantly formed in areas with a continuous supply of suspended sand particles and nutrients (Lisco et al., 2017). In the North Sea, most reefs are located near the British coast (Fariñas-Franco et al., 2014; Gibb et al., 2014; Pearce, 2014). They are often encountered on rocky substrates (Pearce, 2014), but are also observed on sandy bottoms (Pearce et al., 2014; Jenkins et al., 2018). The worms excrete fecal matter that may increase local food availability (Pearce, 2014), while the reefs increase habitat complexity and provide refugia and settlement substrate (Hendrick and Foster-Smith, 2006; Pearce et al., 2013; van der Reijden et al., 2019). The long-clawed porcelain crab (Pisidia longicornis), for instance, is well-known to hide between the individual tubes of S. spinulosa reefs (Fariñas-Franco et al., 2014; Pearce, 2014; van der Reijden et al., 2019). The reefs form biodiversity hotspots (Gravina et al., 2018), with locally distinct endobenthos and epifauna communities (Fariñas-Franco et al., 2014). As such, S. spinulosa reefs are included as priority habitats under both the Habitats Directive (European Commission, 1992) and the OSPAR convention (OSPAR Commission, 2013). Hendrick and Foster-Smith (2006) introduced a scoring system to evaluate the “reefiness” of S. spinulosa reefs under the Habitats Directive. They propose to assess a reef on physical, biological and temporal characteristics, such as elevation, biodiversity, and stability, respectively, on a continuous scale from low to high. In addition, they state that some threshold values could be set in place for specific characteristics, like a minimal total extent. However, multiple characteristics are difficult to assess as they require detailed information over a longer time period, resulting in the need for multiple surveys with advanced sampling techniques. Whereas several advanced methods have been developed to study intertidal or shallow subtidal reefs at the required spatiotemporal scales (Collin et al., 2019; Ventura et al., 2020), the application of these methods is less suitable in deep or turbid waters.

In 2017, S. spinulosa reefs were discovered for the first time on the Dutch Continental Shelf, in the Brown Bank area (van der Reijden et al., 2019). This area is characterized by large-scale (5–10 km) tidal ridges, superimposed with dynamic, migrating bedforms at smaller scales: sand waves with wavelengths of ∼200 m, and megaripples with wavelengths of ∼10 m (Knaapen, 2009; van Dijk et al., 2012; Koop et al., 2019). In addition, the area is fished at least once a year by demersal fisheries (van der Reijden et al., 2018, 2019). The multi-scale seafloor morphology potentially offers S. spinulosa small-scale safe sites to these fisheries, allowing them to persist and form reef patches in this area (van der Reijden et al., 2019). At the same time, the highly dynamic environment is likely to limit reef stability and therewith promote patchy reef formation. As a result, the protection status of these reefs may also be limited.

In this study, we aimed to determine the ecological relevance of these patchy, dynamic S. spinulosa reefs and the implications for the conservation of such reefs. During two research campaigns in autumn 2017 and May 2019, we investigated S. spinulosa reef patches in the dynamic Brown Bank area on the Dutch Continental Shelf. By means of acoustic, videographic and boxcore data, we assessed their spatial extent and associated endobenthic and epifaunal assemblages. We subsequently discuss the implications of our observations for reef conservation policy.



MATERIALS AND METHODS


Study Area

This study focused on the Brown Bank area within the Dutch sector of the North Sea (52°36′09.461″ N, 3°18′54.884″ E; Figure 1A). This region is characterized by stable north-south oriented tidal ridges, with amplitudes ranging from 7.5 to 29 m for the Brown Bank tidal ridge (Knaapen, 2009; van Dijk et al., 2012). Sand waves are superimposed on these ridges, with average wave lengths of ∼200 m, amplitudes of several meters and orientated in a northwest to southeast direction. Smaller scaled megaripples are found superimposed on the sand waves. These megaripples have wavelengths of ∼10 m, amplitudes of ∼0.5 m, and an east-west orientation (Koop et al., 2019). Both sand waves and megaripples are known to migrate. Sand waves migrate several meters a year (Knaapen, 2005; Knaapen et al., 2005), whereas the migration speed of megaripples is not entirely clear but assumed to be site-specific with speeds up to 1 m h–1 reported for megaripples in the Dover Straits (Idier et al., 2002).
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FIGURE 1. The study area. (A) an overview of the Brown Bank area including bathymetry, sampling locations for the MWTL- survey (squares) and the locations of more intensively studied areas displayed in other panels. Inset shows the location of the study area within the North Sea. (B) an overview of data gathered in the research campaign of 2017, showing bathymetry data (background), boxcores (black circles) and video transect locations (pink lines) and the locations of panels (C,D) (dotted lines). (C–E) close-up of the three survey areas in the 2019 campaign, showing bathymetry data, boxcore and video transect locations. Note the differences in bathymetry color scales used for panels (A,B) and (C–E).




Research Campaigns

For this study, two research campaigns were conducted on board of the RV Pelagia; one in October-November 2017 and one in May 2019. The 2017 campaign aimed to study the spatial effects of the large-scale tidal ridge on benthic communities. It covered a study area of 5 × 10 km with sampling positions determined by the structure of the tidal ridge (Figure 1B). Only the stations located in the troughs have been included for this particular study, as the S. spinulosa reefs have been observed in the troughs exclusively (Mestdagh et al., 2020). The 2019 campaign was a dedicated survey aimed to study the ecological relevance of the S. spinulosa reefs discovered in 2017. For this, three smaller, separate survey areas were selected, in which the locations of videographic and boxcore samples were determined based on a preliminary analysis of freshly acquired acoustic data (Figures 1C–E). In addition, the sampling design was furthermore focused to have minimal impact on the reefs, by minimizing the number of boxcores and using a drop camera that hovered above the seafloor. To summarize, acoustic, videographic and boxcore data were gathered during both campaigns, but with slightly different methods. These will therefore be described separately for both years.



Acoustics


Data Collection

During both campaigns acoustic data were gathered with a hull-mounted Kongsberg EM 302 multibeam echosounder (MBES), which was operated at 30 kHz. In the 2019 campaign, acoustic data was also collected using the multi-spectral R2Sonic MBES, operating at 90, 200, and 400 kHz. This second MBES was mounted on a pole on the vessels’ portside. Because the R2Sonic was newly installed, a patch test was performed prior to survey operations, using a shipwreck as a ground object. This patch test validated that the MBES was correctly installed by acquiring validation data while sailing a standard set of survey lines designed for such a test (R2Sonic LLC, 2017). Location data was provided by a Kongsberg Seapath 360 global positioning system and motion reference unit. The 2017 acoustic data was cleaned and processed as described in Koop et al. (2019), while more details on cleaning and processing of the R2Sonic data can be found in Koop et al. (2020).



Data Processing

The acoustic surveys yielded nearly 60 km2 of surveyed seabed (2017: 41.18 km2; 2019: 17.23 km2), with a resolution of ∼1 × 1 m for 2017 and 0.75 × 0.75 m in 2019. Small-scale (10 m) Bathymetric Position Indices (BPIs) were then derived from the bathymetry, using the Benthic Terrain Modeler toolbox add-in for ArcGIS1 (ESRI, 2018; Walbridge et al., 2018). These BPIs represent the local depth relative to the average depth of the surroundings and is therefore a suitable method to identify the positioning of morphological structures. We classified our BPI in 3 classes that represented the crests, slopes and troughs of megaripples, by applying visually verified cut-off values of −10 and 10 cm. This means that all pixels ≥10 cm below the average surrounding depth were classified as a trough and all pixels ≥10 cm above were defined as a crest. Pixels between these values are considered to be on a slope. To determine BPI-habitat patch sizes along the video transects, we computed straight line segments at the video locations. These line segments were determined by performing a linear regression on the camera coordinates, with a similar direction as applied in the video transect. Cross-sections of BPI-habitats along these straight video lines were then made, which enabled the calculation of the observed patch sizes.



Videographic Data

Video transects were conducted on both campaigns. During the video transects, vessel speed was kept at ∼0.1 m s–1 with respect to the seabed. The towed camera frames were attached to the starboard side winch, which was located centrally on the vessel. Both systems comprised of a full HD-camera, a set of scaled lasers, and underwater lights attached to a frame. Main differences between the video devices were caused by the differences in the positioning of the camera and the construction of towing cables (Figure 2).


[image: image]

FIGURE 2. The different camera frames used in this study, showing the towed video frame (A) and the drop camera (B). Note the differences in towing construction and camera set-up. The towed video frame (A) has three (yellow) towing cables on the front of the frame, and a forward-facing camera. For the drop camera (B), the towing cable is attached to the top of the frame, and has a downward-facing camera. Photo credits to Danielle Prins-de Jonge (A) and Jip Vrooman (B).



2017 Campaign

A video sledge was used in the 2017 campaign. The frame was designed to float in the water, at a stable height above the seafloor. This was achieved as a result of two specific construction aspects (Barker et al., 1999; Sheehan et al., 2010). Firstly, three towing cables were attached to the front of the frame at the left and right side of the bottom, and in the middle on top (Figure 2A). After 6.5 m, these were combined into one towing cable, which was connected to the winch. At the conjunction point, a drop weight (55 kg) was added to ensure the horizontal position of the three towing cables. A live-view enabled manual adjustments of the towing cable length if needed. Secondly, the camera frame itself had a slightly positive buoyancy which was neutralized by two drag chains attached to both sides of the frame. The ends of these drag chains touched the seafloor, and stabilized the frame at a specific height. The video sledge is described in more detail in Koop et al. (2019) and Mestdagh et al. (2020). During the ∼200 m long video transects, the video sledge hovered around 0.5–1 m above the seafloor, with the camera set to view an area of ∼0.25 m2 just in front of the frame. At both the eastern and western trough, two replicate video transects were performed at three different latitudes (Figure 1B. Top: 52°37′22.897″ N, middle: 52°36′11.210″ N, bottom: 52°34′55.329″ N). In addition to these 6 stations, three extra stations were picked based on observations within the acoustic data, at which a total of four video transects were conducted.



2019 Campaign

In the 2019 campaign, a hopper camera was used to perform the video transects. A Kevlar cable was centrally attached on top of the frame, which resulted in a vertical drop of the camera from the winch (Figure 2B). Height above the seabed was manually controlled based on a live-view, and was estimated to be around 1.5–2 m. The downward facing camera recorded an area of ∼1 m2. More details on the camera specifics can be found in Damveld et al. (2018). A total of 19 video transects was conducted. The location of each transect was chosen based on a preliminary analysis of acoustic data.



Data Processing

All footage with unclear visibility of the seabed was classified as invalid. Analysis of all valid footage comprised the recording of observed organisms and prevailing habitats. Specimens were identified to the lowest taxonomic level possible. Habitats were defined by their sediment features, resulting in three different habitats: (1) Sand, (2) Rubble, and (3) Sabellaria (Figure 3). Sand habitats classified all seafloors that were comprised of plain sand without any deviating features apart from some small shell fragments. Rubble and Sabellaria habitats were comprised of seafloor habitats that both contained a sandy seafloor, with coarser material like small stones and/or many shell fragments (Rubble) or Sabellaria reef fragments (Sabellaria). As a consequence, Sabellaria habitats do not necessarily have a 100% coverage of S. spinulosa reefs. For both research campaigns, an example screenshot of each habitat is shown in Figure 3.
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FIGURE 3. Habitat types observed in video transects. (A) sand habitat in 2017. (B) rubble habitat in 2017. (C) sabellaria habitat in 2017, with several S. spinulosa reef fragments, two starfish (Asterias rubens) and a dragonet (Callionymidae). (D) sand habitat in 2019, showing a hermit crab (Pagurus bernhardus). (E) rubble habitat in 2019. (F) sabellaria habitat in 2019, showing several S. spinulosa reef fragments, and three starfish (A. rubens). Green dots are lasers, set to a distance of 35 cm and 30 cm for 2017 (A–C) and 2019 (D–F), respectively.


The camera location was derived from the vessels’ GPS logging system, which registered the vessels’ location every 30 s. These locations were linearly interpolated to obtain a GPS position for every second. The interpolated vessel positions were then time-matched to camera locations. Depending on the prevailing depth, currents and waves, the distance between the camera and the vessel varied, causing for a positioning error of the camera. Because both cameras were deployed approximately in the middle of the vessel, not far from the GPS receivers, and with as little towing cable as possible, we expect this positioning error to be >10 m and <100 m. Moreover, we assume this error to be larger in 2017 compared to 2019 (but still within the given range), due to the horizontal component of the towed camera sledge used in 2017 that the drop camera does not have.

We determined the surveyed area by matching all camera positions to a grid. The grid resolution was 0.5 × 0.5 m in 2017, and 1 × 1 m in 2019, corresponding to the average area observed by the camera. We then summed the number of unique grid cells per habitat type per transect, and calculated the total observed area per habitat type. Habitat patch size was determined as the physical distance between the camera location at the first and last recording of each habitat patch. Large interruptions (>10 s) of the video transects, due to invalidity of footage, were included as patch boundaries.



Boxcores


Data Collection

Endobenthos samples were collected with a boxcorer (30 cm diameter) during both cruises. During the 2017 campaign, triplicate samples were taken at seven sampling stations. In 2019, 31 single boxcores were taken. All samples were sieved over a 0.5 mm sieve in 2017 and a 1 mm sieve in 2019, after which the organisms were stored in 4–6% formaldehyde. Subsequently, organisms were counted and identified to the lowest taxonomic level possible in the laboratory.

We additionally used boxcore data collected by the Directorate General for Public Works and Water Management of the Dutch Ministry of Infrastructure and Water Management for their MWTL-program (“Monitoring Waterstaatkundige Toestand des Lands”). This monitoring program samples endobenthos over the entire Dutch Continental Shelf with a similar methodology as applied in the 2019 research campaign. For this study, we selected the stations within 15 km of the Brown Bank Area, sampled in the summer of 2018. This yielded 11 stations (Figure 1A). Endobenthos densities (N m–2) and species richness (N m–2) were determined and compared to the data gathered at the 2019 research campaign.



Data Processing

Boxcore stations for the 2017 and 2019 research campaigns were spatially linked to video observations. For this, boxcore areas were created by extending the station location with a radius of 50 m. All valid video footage within these boxcore areas were then assigned to that specific boxcore station. Stations without any assigned video observations were removed from the dataset. Remaining boxcores were classified as “Sabellaria” or “no-Sabellaria,” depending on whether any Sabellaria habitat was assigned to that station.

Species nomenclature was checked against the World Register of Marine Species (WoRMS) to ensure validity and similarity of taxonomic names (Holstein, 2018). Then, a taxonomic leveling exercise was performed to increase similarity of species’ taxonomic levels. With this leveling, we specifically wanted to (1) exclude single observations at higher taxonomic levels while the majority of similar specimens was identified to lower taxonomic levels, and to (2) account for the higher taxonomic precision of only a small subset of related observations. An example of the first event is the recording of two amphipods at order level, while all other amphipods were identified to species or genus level. The leveling removed the two registrations at the order level. The second event comprised, for example, the merging of Ensis ensis recordings with the recordings of Ensis sp. as the majority of the observations were made on a genus level. For this leveling exercise, we determined the number of observations for all species, genera, families and orders observed. We then calculated the percentage of observations at each lower taxonomic level with respect to the total number of observations at the corresponding higher taxonomic levels. Within this taxonomic ranking, lower taxonomic levels were merged with a higher taxonomic level if that higher level contributed to more than 50% of the observations. Higher taxonomic records were removed if they contributed to less than 15% of the total observations within the associated ranking. After this species leveling, species richness (N m–2) was determined for all stations, in which the triplicates of 2017 were merged and divided by the total sampled area.



Data Analysis

All data processing and analysis was performed in R, version 3.6.2 (R Development Core Team, 2014).


Epifauna

The video analysis yielded registrations of organism observations and their associated habitat type. For each transect separately, we determined both the habitat-specific epifauna densities (N m–2) and the overall density (N m–2). Epifauna densities represent the observed species densities, determined by the total number of observations for each species within a certain habitat, divided by the total observed surface of that habitat. Overall density represents the total number of organisms per square meter of observed habitat. This resulted in two datasets that represent the epifauna and overall density for each combination of habitat type and transect. A non-Metric Multi-Dimensional Scaling (nMDS) was applied in order to visually determine differences in community composition between habitats separately for both research campaigns. Bray-Curtis dissimilarities were determined based on the epifauna densities and were used as input for this nMDS.

Differences in overall density between habitats were tested for with linear mixed models (LMM) from the lme4-package (Bates et al., 2015), taking the transects as separate sampling locations. These models included “habitat type” as fixed effects, and one of either random factors “station” (2017) and “survey area” (2019) to limit spatial autocorrelation. Pairwise comparisons between habitat types were determined using an a post hoc Tukey test from the emmeans-package (Lenth, 2020). Model assumptions of homogeneity of variance and normality were visually checked by plotting the model residuals.

We also determined differences in species richness between habitats. However, the three habitat types differed in their total observed area, and their ratios were also unequally distributed over the transects. We had to correct for this in our calculations of species richness. Hence, we determined the number of species and the observed area (m2) for each individual habitat patch encountered in the video transects. We then modeled species-area curves using the specaccum-function in the vegan package (Oksanen et al., 2019). These curves represent the total number of species observed over an increasing sampling effort. The presented species-area curves are based on 1,000 permutations comprising random resampling of the different patches, in which each patch was weighted for their sampled surface.



Endobenthos

Both research campaigns were analyzed separately, because the different methods used impacted the results. Community composition was compared between the MWTL survey and the 2019 campaign, for which similar sampling methods were used. For this, Bray-Curtis dissimilarities were determined on fourth root transformed endobenthos densities at the stations sampled in both the MTWL-survey and the 2019 campaign (Reiss et al., 2010). A nMDS was subsequently applied in order to assess distinctions between the MWTL-stations and the Sabellaria and no-Sabellaria stations of the 2019 campaign. A similar analysis was performed for the 2017 campaign. A pairwise PERMANOVA, based on Bray-Curtis dissimilarities, was used to test for significant differences in community composition between stations. Both the nMDS and the PERMANOVA used the vegan-package (Oksanen et al., 2019).

In addition, total species richness was compared between habitat types. Differences in richness were tested with an ANOVA and a subsequent post hoc Tukey test. Model assumptions were visually checked.



RESULTS


Habitat Patchiness

The 35 video transects covered a total area of 6295.75 m2 (2017: 1050.75 m2; 2019: 5,245 m2), with three types of habitat: Sand (4674.25 m2), Rubble (767 m2), and Sabellaria (854.50 m2). For 2017, 73% was comprised of Sand habitat, with the remaining area being ascribed to 9% Sabellaria (95.50 m2) and 18% Rubble (190 m2) habitat. In 2019, a similar percentage of Sand habitat was observed (75%), but slightly more Sabellaria habitat was observed, with 14% (759 m2) and 11% (577 m2) for Sabellaria and Rubble habitat, respectively.

Video transects revealed a patchy distribution of the different habitats, with alternating patterns. In 2017, Sand habitats often alternated with Rubble habitats (Figure 4A). The limited Sabellaria habitat observed in 2017 (24 patches) showed a similar alternating pattern with Sand habitat, but consisted generally of larger patches than the Rubble habitat (Figure 4B). Habitat patches were 5.57 ± 0.99 m (mean ± SE) for Sabellaria, 4.13 ± 0.35 m for Rubble, and 9.13 ± 0.81 m for Sand habitat. In 2019, a similar alternating habitat pattern was observed (Figures 4D,E). Patch sizes of the Sabellaria and Rubble habitats, however, were smaller than in 2017 (Sabellaria: 3.94 ± 0.22 m, Rubble: 3.58 ± 0.29 m, Sand:11.12 ± 1.10 m).
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FIGURE 4. Habitat patch distributions and their link to seafloor morphology for 2017 (A–C) and 2019 (D–F). (A) detailed maps showing the bathymetry and BPI-subhabitats surrounding the video-observed habitat patches (Sabellaria in blue, Sand in green, and Rubble in Orange) for two representative video transects gathered in 2017 in the western trough. Black lines represent the line segments used to determine BPI-subhabitat sizes. Similar maps of bathymetry and BPI-subhabitat overlayed with video-observed habitats are shown for (B) 2017, eastern trough, (D) 2019, western trough, and (E) 2019, eastern trough. Histograms show the absolute frequency of the sizes for the video-observed Sabellaria habitat patches and BPI-subhabitats “trough” for 2017 (C) and 2019 (F).


The seabed was shown to have multiple morphological structures, at various scales (Figure 1). The seafloor structure, created by the small-scale megaripples, closely resembled the observed alternating habitat pattern (Figures 4A,B,D,E). The troughs of these megaripples had a mean size of 3.69 ± 0.33 m and 2.98 ± 0.12 m in 2017 and 2019, respectively. The histograms in Figures 4C,F show a strong similarity in Sabellaria patch sizes and megaripple trough sizes. For 2017, this pattern showed less similarities, probably as a result of the low number of Sabellaria habitat patches encountered, their slightly larger sizes (2017: 5.57 ± 0.99 m; 2019: 3.94 ± 0.22 m), and the lower resolution of the bathymetry data (Figure 4C). A similar size comparison could also be made for Sabellaria habitat patches and megaripple crests, as the latter had a comparable mean size (2017: 3.76 ± 0.21 m; 2019: 2.75 ± 0.10 m). However, at multiple occasions during the video analysis, we observed that the seafloor dropped directly before a Sabellaria habitat patch started, indicating S. spinulosa reef presence in the troughs rather than on crests.



Endobenthos

A total of 105 and 121 species were observed in the 2017 and 2019 research campaigns, respectively, which amounted to the observation of 176 species in total. In contrast, only 50 species were observed in the MWTL- survey, of which 10 were exclusively observed in this dataset. Most abundant species in all three datasets were ribbon worms (Nemertea), sand-dwelling amphipods (Bathyporeia elegans, Bathyporeia guiliamsoniana, and Nototropis swammerdamei), the white catworm (Nephthys cirrosa), and a bristleworm (Ophelia borealis) (Supplementary Table 1). The endobenthos community composition did not differ significantly between boxcores classified as Sabellaria and no-Sabellaria for 2019 (Figure 5A). In 2017, the limited number of samples prohibit any firm conclusion on community composition differences (Figure 5B). However, there was a difference in community composition at the landscape-scale (Figure 5A). Community compositions of the small survey areas of the 2019 campaign were shown to deviate from the community composition found in the MWTL survey, representing the wider surrounding area of the Brown Bank (PERMANOVA, p = 0.041). The subsequent pairwise PERMANOVA demonstrated a significant difference between the MWTL survey and the boxcores in the south eastern trough (pair-wise PERMANOVA, p = 0.024).
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FIGURE 5. Comparison of endobenthos data between both research campaigns and the MWTL survey. (A) NMDS of endobenthos data gathered in the joint MWTL survey and the 2019 campaign, and for (B) the 2017 campaign. Samples with video-based observed Sabellaria habitat within a 50 m distance are blue; samples without Sabellaria habitat are green. Circles show the western trough, triangles the eastern trough south, and diamonds the eastern trough north. (C) species richness (Nm− 2) is shown per habitat for the MWTL survey and 2019 campaign combined, and separately for the 2017 campaign. n represents the number of boxcores included. Significant differences are represented by different letters. Note that the 2017 campaign data are analyzed separately from the MWTL survey and 2019 campaign data.


In addition, some interesting observations could be made with regard to species richness of the samples (Figure 5C). For 2017, a significant higher species richness was observed in Sabellaria, compared to no-Sabellaria (Sabellaria: 50 ± 3.5; no-Sabellaria: 30 ± 3.7; ANOVA: p = 0.038). Such a significant difference was not observed for the 2019 campaign (Sabellaria: 20.9 ± 1.9; no-Sabellaria: 25.5 ± 2.4: Tukey emmeans: p = 0.305). A significant twofold of species richness compared to the MWTL survey was observed for no-Sabellaria in 2019 (Tukey emmeans: p = 0.004), while a trend toward higher species richness was observed for Sabellaria (Tukey emmeans: p = 0.065). Species richness in 2017 should not be compared to species richness of 2019 and MWTL samples, as different methods were used (smaller sieve and larger sampled surface).



Epifauna

A total of 4,947 epibenthic organisms were observed, comprising 21 species. Dominant species was the common star fish (Asterias rubens). The hermit crab (Pagurus bernhardus) and several demersal fish species were also frequently observed (Supplementary Table 2). Different community compositions were observed between Sand and Sabellaria habitat types (Figures 6A,B). Moreover, overall density was at least twice as high within the Sabellaria habitat compared to the Sand habitat (Figure 6C. LMM 2017 & 2019: p < 0.0001). In 2019, Sabellaria and Rubble habitats had a similar community composition (Figure 6A) and overall density (Figure 6C). An opposite pattern was observed in 2017. Then, Sabellaria and Rubble habitats differed in community composition (Figure 6B). Rubble habitat strongly resembled Sand habitat, with lower overall densities than in the Sabellaria habitat (Figure 6C). The species-area curves of both campaigns show that species richness of the Sabellaria habitat was higher than the Sand and Rubble habitats (Figure 6D).


[image: image]

FIGURE 6. Differences in community composition between the different habitat types Sabellaria (blue), Sand (green), and Rubble (orange). (A) NMDS of epifauna data gathered in the 2019 campaign and (B) in the 2017 campaign. Each habitat type observed within a transect is displayed separately, with the different symbols representing the video transects. (C) overall density (# Nm− 2) and species richness (Nm− 2) per habitat type for 2019 and (D) for 2017. n represents the number of different transects with this habitat type. Significant differences are represented by different letters.




DISCUSSION

We here studied the effects of S. spinulosa habitat patches on associated endo- and epibenthic communities in the dynamic Brown Bank area in the North Sea. We showed that within this area, S. spinulosa reef habitats have a highly patchy distribution that may be linked to seafloor megaripple morphology. These migratory bedforms are commonly abundant in dynamic sand-bottom environments (Knaapen, 2009; Koop et al., 2019). The patchy Sabellaria habitats had similar endobenthic community compositions compared to surrounding habitats and showed slightly higher species richness in 2017, but not in 2019. In contrast, species richness and overall density of mobile epifauna was higher near S. spinulosa reefs, suggesting that especially the mobile, epifauna community is positively affected by the presence of S. spinulosa reef patches. Our study demonstrates that patchy biogenic reefs have a relevant positive impact on benthic biodiversity even in morphologically dynamic sandy-bottom environments.

Compared with the surrounding Sand habitat, Sabellaria habitat patches showed 2 and 12 times higher epifauna densities for 2019 and 2017, respectively. Moreover, species richness of mobile, epifaunal organisms was higher. Similar patterns have been observed in S. spinulosa reefs elsewhere, showing higher local species densities than in surrounding habitats (Pearce et al., 2013; Fariñas-Franco et al., 2014; Pearce, 2014). We did not observe clear effects of the S. spinulosa patches on endobenthic organisms, contrary to observations described in literature. They show that biogenic reefs can locally exclude soft-sediment endobenthic species due to their physical structure, and promote higher endobenthic densities in their direct surroundings as a consequence of altered hydrodynamics or fecal output (Rees et al., 2008; van der Zee et al., 2012; Donadi et al., 2013). Potentially, the investigated S. spinulosa patches were too small to produce such effects. It may, however, also demonstrate the methodological challenge to adequately sample a patchy reef feature. Contrary to our intentions, no boxcore samples were taken within S. spinulosa reef patches themselves, but in their surroundings. This underlines that –when small-scale habitat heterogeneity is expected– more precise sampling methods should be deployed, such as scuba-diving or ROV-directed sampling (Parry et al., 2003; Rees et al., 2008; Coolen et al., 2015). The results also demonstrated that it is necessary to apply multiple sampling methods that target different ecological components and different spatial scales. Only the combination of these techniques provides a comprehensive overview of, in this case, the ecological relevance of S. spinulosa reefs (Tiano et al., 2020). In addition, our multi-scale design of acoustics, video transects, and boxcores enabled the integration of prevailing habitat heterogeneity in the interpretation of local observations.

The importance of this small-scale habitat heterogeneity was further investigated at a landscape-scale. Slightly different endobenthos communities were observed between boxcore samples taken in the wider surroundings and boxcores gathered in the 2019 campaign. These differences could have resulted from the large-scale morphological seabed structure alone (van Dijk et al., 2012; Mestdagh et al., 2020). However, it is very likely that the S. spinulosa reef patches contributed to this difference in endobenthos communities. The reef patches produce a high level of small-scale habitat heterogeneity, which has proven important for overall biodiversity (Hewitt et al., 2005; Sanderson et al., 2008). We demonstrated that S. spinulosa patch size is very likely related to small-scale heterogeneity created by dynamic, morphological bedforms, as the mean patch size of Sabellaria habitats matches the average size of megaripple throughs (Knaapen et al., 2005; Koop et al., 2019; van der Reijden et al., 2019). Similarly, in Dorset (SW England), a S. spinulosa reef appeared to be constrained by mobile sand waves, which periodically overwhelmed the reef (Collins, 2003). Most likely, sand wave migration has limited effect on our S. spinulosa reefs, as sand waves were almost absent in the tidal sand bank throughs (Knaapen, 2005; Koop et al., 2019). Megaripple migration, however, could considerably affect S. spinulosa reef patchiness and stability. Migration patterns are thought to be site-specific (Knaapen et al., 2005) and affected by morphological bedforms at larger scales (Leenders et al., 2021). Intertidal megaripples with similar amplitude and wavelength as encountered in the Brown Bank area were shown to migrate around 1 m week–1 (van der Wal et al., 2017). Together with the high burial tolerance of S. spinulosa (Hendrick et al., 2016), this migration speed might pose a tolerable stress for the reefs. However, it does not explain the observed patchy distribution of Sabellaria habitats. Another possibility is that megaripple migration opposingly is altered by reef presence since biogenic reefs are known for their sediment stabilization effects (Rabaut et al., 2009; Paul et al., 2012). Modeling studies show that artificial tubes mimicking the sand mason worm (Lanice conchilega) affect near-bed flow velocities, which result in sediment trapping (Borsje et al., 2014) and affect sand wave morphology (Damveld et al., 2019, 2020). A preliminary model run showed that the presence of tube-worm patches can decrease sand wave migration speed (Damveld, 2020). Hence, S. spinulosa reef patches might be able to reduce megaripple dynamics to levels they can cope with, enabling them to persist. To test these hypotheses, detailed studies on the mechanistic link between S. spinulosa reefs and megaripples should be conducted. Such a study would also provide insights in the stability of the studied S. spinulosa reef patches.

Our observations, however, pose an interesting case with respect to marine habitat conservation. Despite the patchiness and dynamics of the observed S. spinulosa reefs, their persistence in the area has been demonstrated over a time period of almost 2 years. The preference of S. spinulosa larvae to settle on conspecifics (Wilson, 1970; Fariñas-Franco et al., 2014), especially in combination with the hypothesized small-scale refugia created by the megaripples (van der Reijden et al., 2019), can potentially explain this persistence. The reef patches increased both local diversity and density of mobile epifauna. We therefore argue that the observed S. spinulosa reef patches definitely have conservation value. Many other biogenic reefs are characterized by patchy distributions or small-scale variation of sub-habitats as well. Aggregations of the sand mason worm (Lanice conchilega) for example, form patchy mounts that are elevated from the seabed (van Hoey et al., 2008; Rabaut et al., 2009). Similarly, horse mussels (Modiolus modiolus) can form distinct beds that are typified by ridges of mussels with muddy patches in between (Rees et al., 2008). The positive impact on biodiversity and ecosystem functioning has been demonstrated for both examples of patchy biogenic reefs (Sanderson et al., 2008; van Hoey et al., 2008; Cook et al., 2013; Coolen et al., 2015). Together with our observations, we therefore argue that conservation status of patchy, dynamic reefs should be reconsidered to ensure their protection.

The assessment of biogenic reef habitats, for instance under the European Habitats Directive, should hence include dynamic and patchy reefs that currently have low conservation status. Often, it is stated that communities in dynamic environments are less vulnerable to anthropogenic disturbances, like demersal fisheries, than those in stable environments (Collie et al., 2000; Hiddink et al., 2006; van Denderen et al., 2015). However, migrating bedforms and high hydrodynamics pose a different stress on the reef fragments than the physical disturbance of demersal fishing gears. For S. spinulosa, multiple studies indicate that demersal fisheries pose a threat to the reefs, which could result in reef damage, fragmentation, and ultimately disappearance (Fariñas-Franco et al., 2014; Gibb et al., 2014; van der Reijden et al., 2019). In addition, a sliding scale is introduced when anthropogenic activities cause reef fragmentation, which in turn results in patchy reef habitats with little conservation status (Cook et al., 2013). Assessments of reef conservation value should therefore focusing dominantly on the contribution of reef structures to ecosystem functioning in addition to the physical dimensions of these structures (Hendrick and Foster-Smith, 2006; Sheehan et al., 2013). Moreover, the physical dimensions assessed should be considered at the right scale and with respect to the entire landscape. For a patchy reef like the one described here, dimensions of individual reef fragments or habitat patches contain little information. It is the extent of the area in which the reef habitat patches are found that is of importance for the ecosystem, including the non-reef habitats (Sheehan et al., 2013). The subsequent conservation of such patchy, dynamic reef habitats should allow a continuity of natural dynamic processes, without anthropogenic disturbances at the seafloor, at scales relevant to the dynamics of both reef patches and morphological bedforms.
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