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Abstract

:

All marine communities in Greenland are experiencing rapid environmental change, and to understand the effects on those structured by seaweeds, baseline records are vital. The kelp and coralline algae habitats along Greenland’s coastlines are rarely studied, and we fill this knowledge gap for the area around Nuuk, west Greenland. Using subtidal swath surveys, photo-quadrats, and grab samples, we characterised the diversity of floral and faunal assemblages in kelp forests and coralline algae beds. The most abundant herbivore assemblages and the most diverse communities occur in the interstitial habitats of rhodolith beds. In kelp forests, species diversity is higher in epi-benthic (photo-quadrat) and mid-water (swath) surveys. These habitats are not mutually exclusive; Agarum clathratum is prominent in coralline algal habitats, while crustose coralline algae cover the bedrock under kelp holdfasts. Overall, the suite of surveys used capture the diverse communities within kelp forests and coralline algae in Greenland and their differing role in the life history of the inhabitants. Furthermore, coralline algae beds are an important carbonate store, with CaCO3 concentrations ranging from 28.06 to 103.73 g·m−3. Our research sets the baseline for continued investigations and monitoring of these important habitats and their supported fisheries.
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1. Introduction


Polar marine communities are seasonal systems that rely on annual bursts of primary productivity in both pelagic and benthic communities [1]. Primary producers in these communities have many adaptations to the environmental restrictions of high latitudes (e.g., polar night, low temperature) [2] and secondary production is closely linked to the seasonality of the primary producers [3]. These systems are among the most susceptible to global climate change, but the knowledge base for Arctic benthic marine communities is slim. Near-shore, benthic communities are dynamic coastal ecosystems and can be heavily impacted by climate change as freshwater input, especially as the magnitude of ice sheet melt, snowpack extent and thickness, and other environmental factors change. Reduction in sea ice, increased seawater temperatures, and decreased pH levels have been recorded in recent years throughout the Arctic and these changes have direct impacts on the biotic communities [4,5]. Macroalgae communities are restricted by sea ice cover [6], but persist in the winter months and provide food when other primary producers (phytoplankton) are absent [7]. Therefore, any detrimental effects on these communities will be translated to secondary producers in the community. The rapid change we predict for Arctic environments calls for a comprehensive understanding of both environmental and ecological dynamics that structure benthic marine communities for the whole Arctic, where the effects of climate change are anticipated to be accelerated [8].



Arctic algal communities are often dominated by kelps, which structure marine communities worldwide [9,10]. Within Svalbard’s macroalgae communities, the greatest biomass is found in shallow habitats (1–5 m), dominated by annual and pseudo-perennial species, and mass decreases with depth where perennial species abound [11]. Kelp beds are punctuated by rhodolith communities in the northeast Atlantic, which persist in more wave-sheltered, herbivore-dominated habitats along the coastlines [12]. North Atlantic kelps are stipitate and form short canopies often below the water line, in contrast to the larger canopy species that span the water column in other regions of the world (Macrocystis pyrifera [9]). However, increased water temperatures have the potential to affect population persistence and distribution of these species [13] and other dominant species in Europe are currently experiencing range restrictions in southern habitats which are projected to continue northward [14,15,16]. Already new species are being found and some have disappeared from the sublittoral in Svalbard [17]. In the southwest corner of Greenland, the most abundant kelp species are currently Laminaria solidungula J. Agardh, Alaria esculenta (Linnaeus) Greville, Saccharina longicruris (Bachelot de Pylaie) Kuntze, and Agarum clathratum Dumortier. In the study region, S. longicruris is the primary canopy-forming species, while A. clathratum and other chemically defended Phaeophytes can be found in other algal-dominated habitats [18,19,20]. Though marine angiosperms increase biomass turnover under warmer ocean conditions in Greenland [21], many polar species may respond poorly [16] and this will likely impact the local ecology of marine systems.



Marine communities supported by seaweeds and marine angiosperms are poorly understood in this region [22]. The polar flora are less diverse than other regions of the world [23] but we know they can greatly influence the communities they live in or structure [24,25]. Arctic kelp habitats are generally found on rocky coastlines, in low-sediment environments, down to ~40 m depth depending on the region [6,26]. In Arctic communities, some herbivores rely on a dominant kelp, L. solindungula, for organic carbon in polar communities [24], and high carbon demand of the macrozoobenthos in Greenland [27] indicate this is likely to be true for most Arctic regions. Kelp forests further modify their habitat by regulating the pH in the water column during the Arctic day, where 24 h of daylight can lead to 0.15 pH increase in surrounding water [28]. The mosaics of pH found within the forest itself may provide refuge for vulnerable calcifying species into the future [28,29]. Furthermore, food consumption is important in species (calcifier) resilience under ocean acidification scenarios [30], so if these habitats have the potential to persevere through climate change, so do their consumers.



Though most fleshy algal species do not show negative responses to high pCO2 (summarised in [31]), calcifying algae generally have a negative response (summarised in [32,33]). In the shallow Arctic marine environment, the nongeniculate coralline algae are some of the most prominent reef builders [34,35]. Corallines structure reef habitats in both crustose reef flats (Alaskan Arctic [36]) and in large free-living forms (rhodoliths or mäerl beds) (North Atlantic [37,38]) are biodiversity hotspots [36,37,38]. Dissolution of calcifying organisms is concerning in the Arctic. Jiang et al. [39] provide evidence that aragonite (one of the most common calcium carbonate minerals) saturation levels are low in Arctic Alaskan waters. A species of mäerl common to the North Atlantic, Lithothamnion glaciale Kjellman, has net loss in mass in low-salinity environments that reflects high input of glacial melt water [18], and net dissolution in high pCO2 environments [40]. Furthermore, kelp forests and coralline algae habitats are important for carbon storage in the marine environments (blue carbon repositories [40,41]), and decreased production or dissolution of calcified algae has the potential to reduce carbon burial in the marine Arctic. Carbonate (CaCO3), fixed by coralline algae, is especially important for carbon burial worldwide [42], and although primary production and calcification rates are low in Clathromorphum sp. beds around Nuuk, Greenland [18], they likely represent a significant carbonate repository in the Arctic as a whole. Under ongoing climate change, coralline habitats are highly vulnerable, and the potential to lose ecosystem services, which have not been previously assessed in these regions, is high.



Coralline algae in Greenland were first described by Rink [43] as coralline crusts underlying kelp forests in western Greenland. These communities are thought to directly or indirectly compete with kelp community settlement depending on the flux of terrestrial humic substances [44], though they are generally described simply as benthic cover in urchin barrens [10]. Rhodolith beds persist in the Alaskan, Canadian, and Norwegian Arctic, and faunal communities are dominated by echinoderms, general grazers that have been hypothesized to prevent kelp dominance [37,45]. Rhodolith beds off Svalbard have high densities of bryozoans, polychaetes, molluscs, and crustaceans, but group dominance depends on location and the frequency of hollow versus nucleated rhodoliths [38]. In these systems, the structuring macroalgae do not provide direct food subsidies but host a complex food web where a high proportion of the fauna feed off particulate organic matter [46,47], and herbivores, predators, and scavengers are less frequent. Coralline algae habitats are prominent around the coastline of Greenland and reach deep depths of 50 to 77 m [48]. In southwestern Greenland, in the vicinity of Nuuk, coralline algae communities (rhodolith beds) are formed by Clathromorphum sp. [18,19,48], a sister species to Clathromorphum compactum [49].



The aim of this study was to describe the biodiversity of kelp forests, a group of seaweed that may be resilient to climate change, and rhodolith beds which may be more vulnerable to climate change, in southwestern Greenland. Surveys were completed at three different scales (macroflora and fauna, benthic cover, and interstitial communities) and the importance of organic and inorganic composition of the dominant rhodolith species, Clathromorphum sp., and living rhodoliths, to the biodiversity of rhodolith beds was determined. Finally, we quantified the cover of coralline algae, both crustose coralline algae (CCA) and rhodoliths, and density of kelp in each habitat to see how pervasive both are, even when they are not the dominant autotroph. The importance of corallines in Arctic marine communities is further inferred by investigating carbonate reservoirs in rhodolith beds. These data can be used as a baseline for monitoring present and future changes in marine communities.




2. Materials and Methods


2.1. Field Work


Research took place within the Akia Peninsula, the seaward islands of Godthåbsfjord, and Kobbefjord where fjord habitats meet the marine environment (Figure 1), from late July to late August 2016. Dive sites were found using local knowledge of the region from researchers at the Greenland Institute of Natural Resources (GINR) and drop camera observations [19]. Rhodolith beds (n = 4) dominated by Clathromorphum sp., a sister species to Clathromorphum compactum [49], were generally located in interisland channels where the current is high (Figure 1, Table 1). Kelp forests (n = 4) are found in sediment-hard bottom habitats (here sediment includes a range of grain sizes from sand to glacial silt), near Nuuk or within the Akia Peninsula down to 10 m depth (Figure 1, Table 1). All surveys were conducted using SCUBA by two observers during slack tide.



Community surveys were undertaken at three scales. First, a 30 × 1 m swath survey of the habitat was done at each site, where one observer counted the number of each kelp species on the swath (primarily S. longicruris or A. clathratum), and the other took a video transect with a DSLR camera (Nikon D800, Nikkor 20 mm f/1.8 lens, Ikelite 200FL Underwater TTL Housing, and 2 × Ikelite DS161 strobes) swimming at a speed of 1 m·s−1. Second, along each swath ten 2500 cm2 photo-quadrats were taken of the benthos at random meter marks using the DSLR camera and a 50 × 50 cm PVC quadrat. Third, five 200 cm3 benthic grabs of either sediment (kelp forest) or rhodolith beds were taken with a PVC core (8 cm diameter, 4 cm depth) and placed in sample bags underwater which allowed them to mix, preventing identification of stratification in biodiversity throughout each sample. All samples were kept in ambient seawater during transport back to the GINR (duration ~1 h).




2.2. Laboratory Analysis


All grab samples were kept in a cold room (2 °C) at the GINR until they were processed (~2–4 h). Samples were sorted in a tray with seawater to determine the abundance and diversity of fauna in the sediment or rhodolith matrix. There is no specific key to the taxonomy of Greenlandic species, but community members were identified to the lowest taxonomic resolution possible using a key for northwestern Europe [50]. After extracting all fauna from grab collections, representative specimens for each taxonomic unit were preserved in alcohol for transport back to the University of Glasgow under refrigerated conditions of 4 °C. The identification of faunal specimens was validated by an independent observer prior to final data analysis. Functional group of each taxonomic unit was identified when possible to autotroph, grazer, deposit feeder, detritivore, filter feeder, suspension feeder, omnivore, predator, and mixed or unknown to qualitatively assess the different community assemblages.



After picking fauna from collections, all sediment and rhodoliths were drained and wet weight was measured. Rhodoliths were categorised as either ‘live’ or ‘dead’; live individuals had pigmentation and very little fouling on the exterior while dead individuals lacked pigmentation and were covered in epiphytes. This distinction was made to determine whether rhodoliths are important as a primary producer (live) or solely as a three-dimensional matrix for species to inhabit (both live and dead). All rhodolith samples from each grab were dried at 30 °C dry weight (DW) and taken back to the University of Glasgow to determine the amount of CaCO3 m−3 in rhodolith habitats. ‘Live’ samples (n = 2 per site when possible) and ‘dead’ samples (n = 1 per site when possible) were dried at 100 °C to evaporate water (DW100), weighed, and then heated to 550 °C to burn off organic material (DW550). Following this, all samples were dissolved in HCl over a 24 h period, rinsed with deionised water, and then dried again at 100 °C to determine carbonate contribution to dry weight (DWCACO3). Organic content and CaCO3 content were then calculated using Equations (1) and (2) as a percentage of dry weight (DW). These values were then used to estimate g CaCO3·m−3 in each bed using Equation (3).


% Organic content = ((DW100−DW550)/DW100) × 100



(1)






% CaCO3 content = ((DW550 − DWCACO3)/DW100) × 100



(2)






g CaCO3 m−3 = (CaCO3 × DW100)/0.2 m3



(3)








2.3. Video and Image Analysis


All video surveys were watched at ‘slower’ speed (~0.25 × step rate) in VLC media player (v 2.2.1, VideoLAN, Paris, France) to count the number of both sessile and mobile macro fauna within the swath. Fish were very rare in these surveys, so there was little risk of counting these individuals twice. The percent cover of coralline algae within the swath was estimated for both habitat types, CCA in kelp forests and both CCA and rhodoliths in rhodolith beds. In photo-quadrats, 40 random points were placed on each image within the quadrat and species were identified to the lowest taxonomic resolution. Some species were easy to identify but others, like the filamentous algae-forming turf communities, were grouped. These data were used to estimate percent cover of each taxonomic unit, in each habitat, with the image analysis software CPCe [51]. The abundance of species in each photo-quadrat was quantified for diversity analysis of benthic communities.




2.4. Statistical Analysis


To determine the diversity of each habitat, species richness (S), Shannon diversity (H’), and species evenness (J) were calculated using abundance data (to the lowest taxonomic unit) in the vegan package in R [52] with each type of survey data (swath, photo-quadrat and grab). A general linear model (GLM) was used to compare differences in biological communities across habitats (kelp or rhodolith) at all scales using SPSS (ver 24, IBM, Armonk, NY, USA). The species identification in this study, while reliable, could not separate important taxa like the polychaetes, which have a diverse array of feeding modes. As a result, all analysis of functional diversity in these communities was not statistically evaluated but is discussed.



The community composition of each site was compared at each scale (swath survey, photo-quadrat, and grab) using PRIMER (v6 [53]). All species abundance data from swaths and grabs were fourth-root transformed, subsequently non-parametric multidimensional scaling (nMDS) with Euclidean distances was performed, followed by an analysis of similarity (ANOSIM) to assess similarity of communities in each habitat. The composition of the benthic communities, identified using random point counts (RPC) in photo-quadrats (mono-layered structure [54]), were compared using nMDS with Euclidean distances of untransformed percent cover data, followed by an ANOSIM. A SIMPER distance-based analysis was then used to investigate which species drove similarity, and differences, between habitats at each survey scale.



To investigate the importance of coralline algae in marine communities, a Student’s t test was used to compare kelp density m−2 and estimated percent cover of coralline algae from swath surveys in each habitat (SPSS, ver 24, IBM). The organic and carbonate composition of live, and dead, rhodoliths were then compared across sites and grabs, using a GLM with the covariate ‘live’ (alive or dead; SPSS, ver 24, IBM). Pearson correlations were used to determine whether the percentage of living rhodoliths significantly affected the species richness and diversity of the community (SPSS, ver 24, IBM).





3. Results


3.1. Habitat Diversity


Rhodolith beds were predominantly covered by the free-living coralline algae, shells, stones and bedrock with CCA (Figure 2a), and often included detrital kelp. Kelp forest communities are founded on bedrock, boulders (both covered in CCA), sediment (Figure 2b), and can include marine detritus (fragmented algae from subtidal and intertidal habitats). In locations with higher sediment cover such as Colony Bay or Bird Island (Figure 1, Table 1), kelp were often attached to small rocks and shell, while at sites 4 and 153, kelp was predominantly attached to bedrock and boulders. Notably, no juvenile kelps were recorded in any survey. A range of fauna was found in kelp and coralline algae habitats (described from all survey methods), many of which were found in both habitat types (Table 2). The S, H′, and J of swath surveys were not significantly different between rhodolith beds and kelp forests (Fdf1 = 0.977, 1.407, 0.616; p = 0.368, 0.289, 0.468, respectively; Table 3). The biological communities in photo-quadrats had significantly higher S, H′, and J in kelp forest habitats than rhodolith habitats (Fdf1 = 7.791, 6.92, 5.414; p < 0.007, 0.01, 0.023, respectively; Table 3). Grab samples from rhodolith beds had significantly greater S, H′, and J than grabs from kelp forest habitats (Fdf1 = 70.676, 39.556, 25.279, respectively; p < 0.000 for all; Table 3).



The contribution of each functional group to surveys in both kelp forests and rhodolith beds fluctuated based on survey type (Table 4). In general, the greatest diversity of functional groups was found in grab samples (Table 4), especially from rhodolith beds, but many of the taxonomic groups were not identified to species level in these samples so individuals with unknown trophic placements were well represented in the data (Annelids and Arthropods; Table 2). Mixed feeders (Gastropoda and Arthropoda; Table 2) and autotrophs were the next richest groups, followed by grazers (Gastropoda) and filter feeders (Bivalvia and Annelida) in grab samples (Table 4). In swaths, ‘mixed’ and predator groups have the highest richness, which was driven by the large number of sponges, amphipods, and echinoderms (mixed) and fish (predators) that were counted in this type of survey (Table 2). Autotrophs were the next most abundant, followed by filter (Bivalvia and Arthropoda) and suspension feeders (Echinodermata; Table 2 and Table 4). In photo-quadrats, autotrophs were the richest grouping, followed by filter feeders (Bivalvia, Bryozoa, and Arthropoda; Table 2 and Table 4), suspension feeders (Echinodermata; Table 2 and Table 4), and mixed feeders (Porifera and Echinodermata; Table 2 and Table 4). Overall suspension, filter, and predatory feeders were the richest functional groups after autotrophs in these marine systems (Table 4).



Using multivariate analyses to further describe community composition, we found that the abundance of kelp, mobile, and sessile fauna on swath surveys had greater similarity within habitat type than across habitats (R = 0.604, p = 2.9%; Figure 3a) which was driven by the greater abundance of urchins within rhodolith habitats and sea cucumbers within kelp forests (Table S1). Species assemblages in kelp forest surveys were more unique to site (Figure 3a) which may be due to greater variation in sediment level across site (Table 1). Unfortunately, some photo-quadrats were not analysed because the turbidity of the water column and bad lighting prevented species identification (mostly in kelp habitats). Therefore, sample size at each site ranged between 5 and 10 photographs in kelp forests and 9 and 10 photographs in rhodolith beds (Table 3). The benthic community and substrate of each habitat type had greater similarity within habitats than across (R = 0.565, p = 0.1%; Figure 3b). Habitats have many species in common (for instance, the urchin Strongylocentrotus droebachiensis), but the higher percent cover of coralline algae and A. clathratum in rhodolith beds, rather than sediment and S. longicruris in kelp forests, drove major differences between the habitats (Table S2). Not all grabs were intact after transport to the laboratory due to adverse weather conditions or sample bag failure (n = 4–5 per site; Table 3), and stratification of organisms within a grab could not be evaluated. Grabs resulted in the most diverse communities (fauna only) and habitats were very distinct (R = 0.22, p = 0.1%; Figure 3c), largely due to high abundance of unique crustaceans and molluscs in kelp forests, which had a sediment matrix (Table S3). Grabs from rhodolith beds (including live and dead rhodoliths) had higher abundance of worms, echinoderms, some crustaceans, and mollusks, including Semibalanus balanoides and the top shells (Table S3).




3.2. Influence of Coralline Algae on Composition and Diversity of Habitats


The percent cover of coralline algae, both CCA and rhodoliths, was significantly different between kelp and rhodolith beds (Tdf6 = −8.168, sig (2-tailed) = 0.004), with an average of 18 ± 10.1% cover of understory coralline algae in kelp beds in comparison to 100% cover of coralline algae in rhodolith beds. The density of kelps at each site was significantly higher in kelp forests (Tdf6 = 8.717, sig (2-tailed) = 0.002), with an average of 9.14 ± 0.9 kelp m−2 in kelp forests (including A. clathratum, S. longicruris, and A. esculenta) versus 0.94 ± 0.29 A. clathratum m−2 in rhodolith beds. Findings show that coralline algae, in the form of rhodoliths, are a carbonate repository in Greenland, with an estimated range of 28.06 to 103.73 g CaCO3 m−2. Live rhodoliths account for 90–95% of the rhodoliths in benthic grabs (Table 5). The GLM indicated that live rhodoliths had a higher percentage of organic material and carbonates within thallus material compared to dead rhodoliths, likely driven by differences at sites 121 and 160 (GLM Fdf2 = 5.991, p < 0.012; Table 5). Additionally, there was variation (not statistically significant) in carbonate and organic composition of rhodoliths across sites, indicating that some sites have more nucleated rhodoliths than others (GLM Fdf6 = 2.243, p < 0.064; Table 5). There was no significant correlation between the percent of live rhodoliths in benthic grabs with the diversity of taxa present in rhodolith beds (Pearson Correlation −0.115, sig (2-tailed) = 0.65) or species richness (Pearson Correlation −0.126, sig (2-tailed) = 0.619).





4. Discussion


This study contributes to the few descriptions of the ecology of shallow marine habitats in Greenland dominated by kelp and coralline algae. This baseline data is important because kelp and coralline algae are important ecosystem engineers which are threatened by ongoing changes to the ocean environment. Arctic systems may be especially vulnerable to changes such as increased ocean acidity and warming [5,56], which are likely to impact many species assemblages, including those dominated by marine algae [5,16,17]. Coralline algae have high potential to respond negatively to acidified oceans (summarised in [32,33]) and low salinity [18]. In contrast, kelps can be a refuge from low pH [29] but some species respond poorly to increased temperatures (especially the greater frequency of marine heatwaves worldwide [57,58]) and low salinity [59]. The understanding of these marine communities in their present state, which this study provides, is a crucial baseline from which to measure future change.



4.1. Kelp Versus Coralline Algal Habitats


Algal-dominated habitats in Greenland are both important from an ecological and economical perspective, as they house a diverse array of species and functional groups that contribute to the marine and the terrestrial food webs [60]. Coralline algae are pervasive in these marine habitats, either dominating the rhodolith beds, or contributing significantly to cover of hard substrate in kelp forests [10]. Three scales of community surveys reveal differences in community diversity and functional groups, species richness, and evenness, and highlight the taxa that dominate the two types of seaweed habitat. Swath surveys targeting large mobile (fish and urchins) and sessile macro-fauna indicate no difference in the diversity, richness, or evenness of faunal communities when the dominant autotroph is coralline algae or kelp, and these groups are not mutually exclusive as crustose coralline algae were common in S. longicruris forests and A. clathratum was common in rhodolith beds. Jørgensbye and Halfar [48] previously noted the prevalence of A. clathratum in rhodolith beds during a survey of coralline algae around the coast of Greenland and the abundance of this chemically defended species is also noted in Canadian urchin barrens, where it thrives and facilitates the growth of understory algae species despite the large herbivore population [18]. Densities at sites in southwestern Greenland are lower than Canadian reports, with ~1 individual m−2 of rhodolith bed compared to 40–80% cover over urchin barrens in the Mingan Islands, northern Gulf of St. Lawrence [20]. Each autotroph houses distinct communities; the urchin S. droebachiensis (mixed feeder) was more than 20 times more abundant in rhodolith beds than kelp forests, and unique characters in this habitat include the predatory cnidarian Bolinopsis infundibulum and mollusc Dendronotus frondosus. The commercial fish Gadus morhua was only recorded in kelp forests, along with filter feeders like the sea cucumber Psolus fabricii. Nevertheless, G. morhua is often seen during dives in rhodolith beds, and the rarity of fish species on surveys indicates that a different type of survey methodology, such as the methods of Brand and Fischer [61], should be used to quantify these populations in the future. Overall, predators and autotrophs were the most abundant in swath surveys, followed by mixed trophic and filter feeders which might be expected from this survey which focused on larger flora on fauna.



Benthic cover of each seaweed habitat, examined in monolayer using photo-quadrats, highlight differences in substrate composition of each habitat corroborating kelp density and coralline algae cover estimates from swath surveys. The substrate in kelp forests was more diverse, or varied, than the ‘monoculture’ of rhodoliths found in coralline algae habitats, and these habitats had higher number of bottom-dwelling or sessile species. Many of the kelp forests had high–medium sediment levels (Table 1), likely due to the location at the mouth of a fjord abutted by multiple tidewater glaciers, but forests appeared stable and few were visited a previous year for maerl collections (bird island [18]). Unique species found within photo-quadrats from kelp sites were the filter-feeding bryozoan Cellaria sp., the Arctic staghorn sculpin (Gymnocanthus tricuspis), and multiple sponge taxa (identified to genus, Table 2). In rhodolith beds, commonly observed fauna included the barnacle S. balanoides and urchin S. droebachiensis, and there were rare occurrences of the mollusc Hiatella arctica and different sponge taxa (identified to genus, Table 2). Autotrophs like filamentous algae, Palmaria palmata, Ulva spp., and Porphyra spp. could be found in all habitats, but never in such abundance to generate differences between habitats. Overall, kelp forests were found in locations with greater sediment load, with and without the presence of bedrock or other hard substrate, while rhodoliths (live and dead) were only found in high flow channels within the Akia peninsula and the seaward Islands outside of Nuuk (Figure 1) and provided the primary substrate for their community. Bottom-dwelling or sessile communities are dominated by autotrophs, filter and mixed trophic feeders, suspension feeders and then grazers in both habitats.



The biodiversity of both types of interstitial communities was unique to each sediment matrix (the compact sediment in kelp habitats and spherical-nucleated or hollow rhodoliths in rhodolith beds). Rhodoliths provide a unique, porous matrix which housed the greatest species diversity in this study (Table 3). Worldwide, they are home to organisms in their juvenile stages [62,63] and they are known to create a novel habitat in the other parts of the Arctic [34], which may also be true for Greenland. Many species such as brittle stars (Ophiura sarsi), common stars (Asteroidea), and crabs (Hyas coarctatus) were never observed in larger or adult forms on swaths or photo-quadrats, indicating that they may prefer an interstitial habitat, live in deeper habitats (>10 m depth), or have different habitat preferences throughout their life history. Burrowing bivalves were abundant in all grab surveys, and communities were unique to each habitat type; three species were found in kelp forests (Mytilus spp., Hiatella arctica, and Ennucula tenuis) and four in rhodolith beds (Macoma calcarea additionally). Cryptic species such as the worms, Amphipoda, and smaller molluscs were unique to the grabs surveys in all habitats and provide the most diverse range of trophic guilds quantified in these communities. There were fewer deposit feeders and detritivores than expected in these communities [46,47], which may be due to the low taxonomic resolution in species identification for annelid and arthropod groups. Similar to other Arctic studies [38,45], all surveys lacked ascidians, which can be seasonally abundant in coralline algae habitats elsewhere (Spring [64]), but generally contribute to the filter-feeding community in algal-dominated marine habitats [46,65]. It has been noted that ascidians are generally found in deeper waters of this region, ranked the third most abundant taxa in multiple habitats (soft and hard substrates [66]), but absences in shallow waters is not understood.



Overall, the three types of surveys were essential to creating a baseline for kelp forest and rhodolith communities and reveal significant differences between interstitial communities in kelp forest and rhodolith habitats. There was a high percentage of filter, suspension, and mixed feeders in faunal assemblages from all survey types, indicating that these communities are highly reliant on detrital and pelagic productivity. Molluscan and crustacean grazers are smaller organisms found only in the interstitial region of each habitat, suggesting that they consume smaller algae or particulate matter. A key Arctic grazer, S. droebachiensis (also classified as Predator and Deposit feeder in literature [50]), was common in kelp forests but highly abundant in rhodolith beds (Table 2) and may influence the presence of kelp in rhodolith beds, as suggested by Freiwald [12]. Urchins are known to devastate Norwegian kelp forests in the Arctic [67], and may restrict growth in Greenland [6], and kelp success in rhodolith beds could be confounded by other biotic and abiotic factors in the region (e.g., tidal flow). The greatest frequency of large mobile predators was found in swath surveys, but there were a significant number of smaller amphipod or molluscan predators in interstitial habitats. In the future, better taxonomic resolution and more intricate food-web studies may be able to tease out important interactions in these communities.




4.2. Coralline Algae


As the highest diversity of organisms and broadest array of functional groups exist interstitially in rhodolith beds, we suggest that these are critical repositories for marine biodiversity in this region. This study indicates that the diversity of a rhodolith bed does not hinge on the ratio of live:dead corallines in the habitat, indicating that rhodoliths have a structural role in their community over algal processes like primary production like that seen in UK maerl beds [62]. Few organisms actively eat coralline algae, most target epithelial organisms, only consuming corallines as a byproduct [35]. Most rhodoliths in this study were not-hollow (many rhodoliths had inorganic material as a nucleus); therefore, it is not the necessarily the rhodoliths, but the interstitial areas and stabilising effect of rhodoliths, that provides habitat and protection from potential predators, increasing the species richness and diversity in these communities [68]. These habitat may be attractive to larval stages of organisms as well; rhodolith habitats are settled on by larvae ×35 more frequently than non-coralline habitats in Baja California [63], making them important for early life stages of marine species. This is something to consider in future investigation of Arctic coralline algae habitats.



These communities are important for carbon burial in this habitat, containing between 28.06 and 103.73 g CaCO3·m−3. This is an important consideration when determining community response to climate change, as higher pCO2 concentrations can cause some species to ‘dissolve’ or lose mass, releasing this carbon back into the environment [32,33]. Polar corallines are exposed to uniquely low levels of light throughout the year, and Greenlandic species have very efficient carbon concentrating mechanisms as well as control over surface chemistry that facilitates light-independent carbon fixation [69]. The CaCO3 deposits in this study may take years to accrue if calcification rates of −0.006–0.002 μmol CaCO3 g−1·h−1 are maintained in Clathromorphum sp. throughout the summer months in this ecoregion (Nuuk, Greenland; [18]). Interestingly, in tropical reefs water flow is important for species to maintain positive calcification rates even under acidified conditions [70]. The channels where rhodolith beds exist have low sedimentation because of high water flow, which is beneficial to coralline algae [71], and may maintain water chemistry parameters where positive calcification is maintained. This, combined with regulatory control of surface pH and light independent carbon fixation, may facilitate perseverance of these communities in future ocean conditions.



We assume that the sites surveyed in this study are representative of Clathromorphum spp.-dominated coralline algae communities and S. longicruris forests in the sub-Arctic; however, sites were at a maximum depth of 10 m due to logistical constraints for diving in the region. Deeper coralline algae and kelp beds can be found around Greenland [48], which may have different community composition, and certainly kelp communities far into the fjord system [19] may have different environmental conditions and species assemblages compared with those around Greenland’s coast. Crustose coralline algae are known to be prolific components of sub-Arctic benthic communities [72,73,74], but often their ecological function in these systems is not always clear. Due to sloughing of external cells, coralline algae are known to deter certain algal species and biofilms from recruiting [75,76], but in other cases corallines have been seen to increase biodiversity by providing substrate for recruitment in later stages of succession. In Stefansson Sound, Alaska, cobbles and boulders without corallines present have three times the amount of red algal biomass [77] and this reduction of turf algae may be beneficial to canopy forming and the larger algal species [78] that provide food and habitat for many species. This dynamic is especially relevant in ocean acidification conditions, where increased pCO2 increases photosynthetic efficiency and benefits turf algal species while pH decreases, causing dissolution of calcified organisms and coralline algae [79]. Regime shifts to turf-dominated benthic systems are on the rise and decrease ecologically important macroalgae [80].




4.3. Future Directions


Many of the marine species in this study could only be described to class or family because of the limited knowledge on species in the sub-Arctic region of the north Atlantic. Future studies should focus on species richness and diversity in this region with better taxonomic resolution, perhaps modelled after hard-benthos studies in Svalbard [81,82], and food–web interactions within both kelp forests and coralline algae habitats. The predicted response of both communities to future ocean conditions [31] indicates that continued investigation into the ecology and species interactions will be important for assessing future communities (and fisheries) and mitigating loss in marine biodiversity. The work we present is the best description of these marine communities in this region to date.



Data from this manuscript is available through the University of Glasgow data repository, accessible via the University of Glasgow library system: http://researchdata.gla.ac.uk/. Voucher specimens for fleshy algae and marine invertebrates remain with K. Schoenrock at NUI Galway. Coralline algae vouchers are with P. Gabrielson at the University of North Carolina Chapel Hill herbarium.
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Figure 1. Map of the research area (WGS 1984 Web Mercator Auxiliary Projection) around the Akia peninsula and the seaward islands near Nuuk, with an inset referencing the location within Greenland. Green squares indicate kelp forest habitats and pink circles indicate rhodolith habitats that were sampled. 
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Figure 2. (a) Rhodolith beds are dominated by the free-living coralline algae and include shells, stones, and some bedrock covered in CCA, while (b) kelp forests are found on bedrock, boulders, shell, or stones often with greater levels of sediment cover. 
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Figure 3. Faunal communities in kelp forest and rhodolith bed habitats are clustered using non-parametric multidimensional scaling (nMDS) plots with Euclidean distances for data from (a) swath surveys (n = 4 per habitat type) where rhodolith communities are more alike than kelp forests, (b) the benthic cover of marine communities (photo-quadrats, n = 5–10 depending on site), most similar within habitat type, and (c) the faunal communities of benthic grabs (n = 5 per site) which are distinct from each other, but show similarity within sites within habitats. 
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Table 1. Descriptive information of all dive sites including habitat type, qualitative assessment of sedimentation level (high, medium, and low), GPS coordinates (degrees minutes seconds), and average depth of site at slack tide (m).
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	Site Name
	Habitat
	Sediment Level
	Latitude
	Longitude
	Depth (m)





	Colony Bay
	kelp
	Medium
	64°10′34.76″ N
	51°44′58.57″ W
	9.1



	Site 153
	kelp
	High
	64°10′45.24″ N
	51°53′27.61″ W
	5.2



	Site 4
	kelp
	Low
	64°7′19.96″ N
	51°56′49.34″ W
	6.4



	Bird Island
	kelp
	Medium
	64°11′16.91″ N
	51°54′24.52″ W
	8.7



	Site 124
	rhodolith
	Low
	64°8′17.37″ N
	51°55′55.62″ W
	4.6



	Site 121
	rhodolith
	Low
	64°8′3.11″ N
	51°57′5.48″ W
	5.2



	Site 14
	rhodolith
	Low
	64°7′38.51″ N
	51°42′21.30″ W
	5.4



	Site 160
	rhodolith
	Low
	64°7′39.31″ N
	51°47′56.82″ W
	5.3
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Table 2. List of species grouped by phylum from all kelp and rhodolith beds in the Nuuk region with a grey-scale indication of SACFOR abundance scale [55] in each habitat; white indicates no record, light-grey present, medium-grey is frequent, dark-grey is common, and black indicates abundant. Species identification was done to the lowest taxonomic unit possible in lab (preserved in ethanol) and with photographic records. Some species are grouped such as the filamentous algae and micrograzers because higher resolution was not possible. All taxonomic units include their feeding method: (A) autotroph, (Dep) deposit feeder, (Det) detritivore, (F) filter feeder, (G) grazer, (O) omnivore, (P) predator, (S) suspension feeder, and (U) unknown.
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Grabs

	

	
Surveys

	

	
Quadrats

	




	
Rhodolith Bed

	
Kelp Forest

	
Rhodolith Bed

	
Kelp Forest

	
Rhodolith Bed

	
Kelp Forest






	
Algae

	

	

	

	

	

	




	
filamentous algae (A)

	

	

	

	

	

	




	
Rhodophyta

	

	

	

	

	

	




	
Rhodolith (A)

	

	

	

	

	

	




	
CCA * (A)

	

	

	

	

	

	




	
Porphyra spp. (A)

	

	

	

	

	

	




	
Palmaria palmata (A)

	

	

	

	

	

	




	
Phaeophyta

	

	

	

	

	

	




	
kelp drift (A)

	

	

	

	

	

	




	
Saccharina longicruis (A)

	

	

	

	

	

	




	
Agarum clathratum (A)

	

	

	

	

	

	




	
Alaria esculenta (A)

	

	

	

	

	

	




	
Desmarestia aculeata (A)

	

	

	

	

	

	




	
Chlorophyta

	

	

	

	

	

	




	
Ulva spp. (A)

	

	

	

	

	

	




	
Animalia

	

	

	

	

	

	




	
Porifera

	

	

	

	

	

	




	
Haliclona sp. (F, S)

	

	

	

	

	

	




	
Mycale sp. (F, S)

	

	

	

	

	

	




	
Myxilla sp. (F, S)

	

	

	

	

	

	




	
Reniera rufescens (F, S)

	

	

	

	

	

	




	
Mollusca

	

	

	

	

	

	




	
Class Bivalvia

	

	

	

	

	

	




	
Hiatella arctica (F)

	

	

	

	

	

	




	
Mytilus spp. (F)

	

	

	

	

	

	




	
Macoma calcarea (Dep)

	

	

	

	

	

	




	
Ennucula tenuis (Det)

	

	

	

	

	

	




	
Chlamys islandica (F)

	

	

	

	

	

	




	
Class Gastropoda

	

	

	

	

	

	




	
Siphonodentalium lobatum (Dep)

	

	

	

	

	

	




	
Gibbula magus (G, Dep)

	

	

	

	

	

	




	
Gibbula umbilicalis (G, Dep)

	

	

	

	

	

	




	
Littorina saxatilis (G)

	

	

	

	

	

	




	
Cryptonatica affinis (P)

	

	

	

	

	

	




	
Natica clausa (P)

	

	

	

	

	

	




	
Margarites helicinus (G, Dep)

	

	

	

	

	

	




	
Margarites sp. (G, Dep)

	

	

	

	

	

	




	
Tonicella rubra (G)

	

	

	

	

	

	




	
Tectura testudinalis (G)

	

	

	

	

	

	




	
Dendronotus frondosus (P)

	

	

	

	

	

	




	
Echinodermata

	

	

	

	

	

	




	
Asterias rubens (S)

	

	

	

	

	

	




	
Psolus fabricii (S)

	

	

	

	

	

	




	
Strongylocentrotus droebachiensis (P, Dep)

	

	

	

	

	

	




	
Ophiura sarsi (S)

	

	

	

	

	

	




	
Leptasterias polaris (S)

	

	

	

	

	

	




	
Sargatiogeton laceratus (S)

	

	

	

	

	

	




	
Cucumaria frondosa (S)

	

	

	

	

	

	




	
Annelida

	

	

	

	

	

	




	
Gattyana cirrosa (U)

	

	

	

	

	

	




	
Euchurian sp. (U)

	

	

	

	

	

	




	
Order Phoronida (F)

	

	

	

	

	

	




	
Phyllodoce groenlandica (P)

	

	

	

	

	

	




	
Nipponnemertes pulchra (U)

	

	

	

	

	

	




	
Arthropoda

	

	

	

	

	

	




	
Semibalanus balanoides (F)

	

	

	

	

	

	




	
Order Amphipoda (F, Det, S, P)

	

	

	

	

	

	




	
Hyas coarctatus (O)

	

	

	

	

	

	




	
Weyprechtia pinguis (U)

	

	

	

	

	

	




	
Acanthonotozoma inflatum (U)

	

	

	

	

	

	




	
Calanus sp. (U)

	

	

	

	

	

	




	
Order Mysida (U)

	

	

	

	

	

	




	
unknown micrograzers (G)

	

	

	

	

	

	




	
Bryozoa

	

	

	

	

	

	




	
Cellaria sp. (F)

	

	

	

	

	

	




	
Cnidaria

	

	

	

	

	

	




	
Bolinopsis infundibulum (P)

	

	

	

	

	

	




	
Chordata

	

	

	

	

	

	




	
Gadus morhua (P)

	

	

	

	

	

	




	
Leptocottus armatus (P)

	

	

	

	

	

	




	
Myoxocephalus scorpius (P)

	

	

	

	

	

	








* CCA: crustose coralline algae.
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Table 3. Sample size (n), species richness (S), diversity (Shannon, H’), and evenness (J) for each survey at all eight sites (mean ± SE for all surveys with n > 1).
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Swath Survey

	

	

	

	
Photo-Quadrat

	

	

	

	
Benthic Grabs

	

	




	
Habitat

	
n

	
S

	
H’

	
J

	
n

	
S

	
H’

	
J

	
n

	
S

	
H’

	
J






	
Kelp forest

	

	

	

	

	

	

	

	

	

	

	

	




	
Colony Bay

	
1

	
4

	
0.82

	
0.59

	
8

	
2.5 ± 0.19

	
0.66 ± 0.08

	
0.74 ± 0.08

	
5

	
6.6 ± 0.75

	
1.23 ± 0.11

	
0.66 ± 0.03




	
Site 153

	
1

	
12

	
1.66

	
0.67

	
9

	
4.33 ± 0.67

	
1.01 ± 0.13

	
0.76 ± 0.04

	
5

	
5 ± 0.63

	
1.16 ± 0.06

	
0.75 ± 0.04




	
Site 4

	
1

	
8

	
1.42

	
0.68

	
10

	
5.25 ± 0.49

	
1.37 ± 0.11

	
0.85 ± 0.03

	
5

	
8.4 ± 0.68

	
1.51 ± 0.18

	
0.71 ± 0.07




	
Bird Island

	
1

	
1

	
0

	
0

	
5

	
3 ± 0.45

	
0.62 ± 0.13

	
0.59 ± 0.06

	
5

	
4.8 ± 0.73

	
1.15 ± 0.19

	
0.74 ± 0.05




	
Average

	

	
6.25 ± 4.79

	
0.96 ± 0.36

	
0.49 ± 0.33

	

	
4.03 ± 1.85

	
1 ± 0.45

	
0.76 ± 0.16

	

	
6.2 ± 2.07

	
1.26 ± 0.33

	
0.71 ± 0.11




	
Rhodolith Bed

	

	

	

	

	

	

	

	

	

	

	

	




	
Site 124

	
1

	
4

	
0.17

	
0.12

	
10

	
3.2 ± 0.39

	
0.69 ± 0.14

	
0.58 ± 0.08

	
5

	
9.6 ± 1.69

	
2.06 ± 0.14

	
0.93 ± 0.01




	
Site 121

	
1

	
6

	
0.71

	
0.4

	
9

	
2.67 ± 0.24

	
0.65 ± 0.1

	
0.68 ± 0.08

	
5

	
11.8 ± 0.8

	
2.15 ± 0.1

	
0.87 ± 0.02




	
Site 14

	
1

	
5

	
0.11

	
0.07

	
10

	
3.7 ± 0.3

	
0.88 ± 0.06

	
0.69 ± 0.04

	
4

	
14 ± 0.71

	
2.07 ± 0.09

	
0.78 ± 0.04




	
Site 160

	
1

	
4

	
0.17

	
0.12

	
10

	
3.36 ± 0.2

	
0.78 ± 0.7

	
0.65 ± 0.04

	
4

	
10.25 ± 1.31

	
2 ± 0.17

	
0.87 ± 0.05




	
Average

	

	
4.75 ± 0.96

	
0.26 ± 0.18

	
0.18 ± 0.15

	

	
3.25 ± 0.95

	
0.75 ± 0.31

	
0.65 ± 0.19

	

	
11.33 ± 2.93

	
2.07 ± 0.26

	
0.87 ± 0.08
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Table 4. The trophic level of each taxonomic unit was identified and the contribution of each functional group to the whole community is expressed as a percentage of all species counted in each survey type in each habitat.
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Sample Method

	
Grabs

	

	
Swath

	

	
Photo-Quadrat






	

	
Rhodolith

	
Kelp

	
Rhodolith

	
Kelp

	
Rhodolith

	
Kelp




	
Autotroph

	
12%

	
4%

	
30%

	
16%

	
75%

	
63%




	
Filter feeder

	
12%

	
12%

	
10%

	
16%

	
8%

	
13%




	
Deposit feeder

	
6%

	
8%

	
0%

	
0%

	
0%

	
0%




	
Detritivore

	
3%

	
4%

	
0%

	
0%

	
0%

	
0%




	
Suspension feeder

	
12%

	
8%

	
10%

	
11%

	
0%

	
6%




	
Grazer

	
9%

	
4%

	
0%

	
0%

	
0%

	
0%




	
Omnivore

	
3%

	
0%

	
0%

	
0%

	
0%

	
0%




	
Predator

	
9%

	
16%

	
30%

	
26%

	
0%

	
6%




	
Mixed

	
18%

	
20%

	
20%

	
32%

	
17%

	
13%




	
Unknown

	
15%

	
24%

	
0%

	
0%

	
0%

	
0%
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Table 5. Rhodolith attributes from benthic grabs at the four sites surveyed in the Nuuk region including average DW100 (dry weight) of live and dead rhodoliths, with % live individuals indicated under site name, the average organic content in live and dead rhodoliths (% DW550), and the average carbonate content in live and dead rhodoliths (% DWCaCO3). A calculation of total CaCO3 m−2 in rhodolith beds all values ± SE.
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	Site
	
	DW100
	% DW550
	% DWCO3
	CaCO3 (g) m−3





	site 124
	dead
	9.55 ± 4.24
	5.03 ± 0.75
	40.6 ± 19.7
	28.06 ± 5.02



	95%
	live
	214.56 ± 43.91
	4.98 ± 0.63
	34 ± 9
	



	site 121
	dead
	32.63 ± 8.73
	2.34 ± 0.42
	61.9 ± 15.9
	72.09 ± 12.99



	90%
	live
	288.49 ± 24.24
	4.56 ± 0.25
	52.3 ± 7.3
	



	site 14
	dead
	18.44 ± 8.9
	4.93 ± 1.46
	43.2 ± 18.9
	39.12 ± 23.16



	92%
	live
	211.18 ± 37.98
	6.25 ± 0.44
	79.6 ± 15.5
	



	site 160
	dead
	30.53 ± 20.48
	1.64 ± 0.18
	48.8 ± 34
	103.73 ± 34.37



	93%
	live
	420.89 ± 59.74
	5.24 ± 0.84
	54 ± 17.4
	











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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