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Linking Ross Sea Coastal Benthic Communities to Environmental Conditions: Documenting Baselines in a Spatially Variable and Changing World
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Understanding the functionality of marine benthic ecosystems, and how they are influenced by their physical environment, is fundamental to realistically predicting effects of future environmental change. The Antarctic faces multiple environmental pressures associated with greenhouse gas emissions, emphasizing the need for baseline information on biodiversity and the bio-physical processes that influence biodiversity. We describe a survey of shallow water benthic communities at eight Ross Sea locations with a range of environmental characteristics. Our analyses link coastal benthic community composition to seafloor habitat and sedimentary parameters and broader scale features, at locations encompassing considerable spatial extent and variation in environmental characteristics (e.g., seafloor habitat, sea ice conditions, hydrodynamic regime, light). Our aims were to: (i) document existing benthic communities, habitats and environmental conditions against which to assess future change, (ii) investigate the relationships between environmental and habitat characteristics and benthic community structure and function, and (iii) determine whether these relationships were dependent on spatial extent. A very high percentage (>95%) of the between-location variability in macro- or epifaunal community composition was explainable using multi-scale environmental variables. The explanatory power varied depending on the scale of influence of the environmental variables measured (fine and medium-scale habitat, broad scale), and with community type. However, the inclusion of parameters at all scales produced the most powerful model for both communities. Ice duration, ice thickness and snow cover were important broad scale variables identified that directly relate to climate change. Even when using only habitat-scale variables, extending the spatial scale of the study from three locations covering 32 km to eight locations covering ~340 km increased the degree of explanatory power from 18–32 to 64–78%. The increase in explanatory power with spatial extent lends weight to the possibility of using an indirect “space for time” substitution approach for future predictions of the effects of change on these coastal marine ecosystems. Given the multiple and interacting drivers of change in Antarctic coastal ecosystems a multidisciplinary, long term, repeated observation approach will be vital to both improve and test predictions of how coastal communities will respond to environmental change.
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INTRODUCTION

Seafloor community composition is the product of numerous biological and physical processes acting across multiple spatial and temporal scales (e.g., Ricklefs, 1987; Kolasa and Pickett, 1991). Such communities act as sentinels of change, integrating many processes occurring in the surrounding ocean. Understanding the complex functionality of benthic ecosystems, and how they are influenced by their physical environment, is fundamental to realistically predicting future effects of environmental change. Key to these predictions are the need for baseline information on biodiversity and the role of bio-physical processes in shaping existing marine ecosystems, as well as predictions of change at appropriate space and time scales (Dayton and Tegner, 1984; Wiens, 1989).

Antarctic marine environments are amid dramatic change, with significant air and ocean warming already observed (Meredith and King, 2005; Martinson et al., 2008; Turner et al., 2009; IPCC, 2013) and meta-analyses of multiple global climate models predicting that several more degrees of warming could occur in Antarctica over the coming decades (Walsh, 2009; Mayewski et al., 2015). Warming sea temperatures can, as well as directly affecting fauna (Peck et al., 2004; Peck, 2011), combine with changing wind patterns and oceanographic conditions to manifest further impacts through altered sea ice dynamics (e.g., Ducklow et al., 2013). The importance of changes in sea ice extent and persistence have been well highlighted, particularly because changes are anticipated across large areas of the Southern Ocean (Stammerjohn et al., 2008; Gutt et al., 2015, 2016). To date, sea temperatures have increased in the Antarctic Circumpolar Current, both at the surface and at depth (e.g., Aoki et al., 2003; Boning et al., 2008). The Western Antarctic Peninsula (WAP) and Potters Cove have exhibited the greatest increases in sea temperature, by ~1°C since 1950 (Meredith and King, 2005; Schloss et al., 2012). The changes in sea ice dynamics that have accompanied warming in the WAP region have cascaded through trophic levels to affect a range of organisms (Clarke et al., 2007; Ducklow et al., 2007; Grange and Smith, 2013). Although such changes have not been detected in the Ross Sea region of Antarctica, variations in sea ice characteristics and productivity (multiyear, annual, polynya influence) are known to have a major influence on marine communities in this area (e.g., Dayton and Oliver, 1977; Thrush et al., 2006; Norkko et al., 2007; Smith et al., 2012a,b).

A recent review, conducted by Convey et al. (2014), found that ice cover, ice scour, salinity and productivity were the most important physical and biological drivers of Antarctic biodiversity, and that there was not one key factor acting Antarctic-wide. Ice-shelf collapse and iceberg calving have been shown to affect multiple ecosystem components through interruptions to “usual” sea ice patterns and productivity (e.g., Arrigo et al., 2002, Ainley et al., 2006; Kooyman et al., 2007; Siniff et al., 2008; Gutt et al., 2011, 2013; Thrush and Cummings, 2011). Considerable environmental change is expected in Antarctic marine ecosystems in the coming decades (e.g., Stammerjohn et al., 2008, 2012; Jacobs and Giulivi, 2010; Smith et al., 2014), including changes in ocean chemistry (Orr et al., 2005; McNeil and Matear, 2008). The complexity of the direct and indirect influences of this potential change on marine communities cannot be understated (see Gutt et al., 2015). We are not currently in a good position to understand how these unique ecosystems will respond.

Nearshore communities, important to higher trophic levels (Grange and Smith, 2013) and often rich in primary production, are at the boundary between terrestrial and open ocean systems. Significant inputs of water (freshening), sediments, and associated minerals are observed in these areas due to their proximity to ice shelves and glaciers and the associated runoff with melt (Dierssen et al., 2002; Moline et al., 2008; Grange and Smith, 2013; Pasotti et al., 2015; Dayton et al., 2016; Monien et al., 2017). Consequently, impacts of warming could be expected to be greater in the coastal regions, at least in the short term (e.g., Gutt et al., 2015). For this reason, a good understanding of the environmental drivers of patterns in benthic community composition, and the potential resilience of these coastal communities is important.

In this study, we focus on shallow water benthic communities in the coastal Ross Sea. Our analyses link coastal benthic community composition to seafloor habitat and sedimentary parameters and broader scale environmental characteristics, at eight locations along the Ross Sea coastline (Figure 1). This spatially extends a study by Cummings et al. (2006) to encompass greater variation in environmental characteristics (e.g., seafloor habitat, sea ice conditions, hydrodynamic regime, light climate). Some of these characteristics can be considered aligned along a natural gradient of factors that will influence benthic community structure and function, and which are anticipated to change in future (e.g., sea ice persistence).
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FIGURE 1. Map of the Ross Sea region (A), showing the sampling locations at Terra Nova Bay (B), and the southern Ross Sea (C). Three sites were sampled at each location. Credits for inset map data: (B) Google Earth, Digital Globe; (C) Google, LandSat/Copernicus.



Our aims were three-fold: (i) to document existing benthic communities, habitats and environmental conditions against which to assess future change, (ii) to investigate the relationships between environmental and habitat characteristics and benthic community structure and function, and (iii) to determine whether the conclusions of Cummings et al. (2006) hold as the spatial and environmental extent of the data increases and whether explanatory power also increases. If the same characteristics are found to be important and if the explanatory power remains the same or increases then it is likely that natural gradients can be used as an indirect space for time (e.g., Pickett, 1989; Fukami and Wardle, 2005) substitution that might help predict the effects of their changes on these coastal marine ecosystems in the coming decades.

MATERIALS AND METHODS

Eight coastal Ross Sea locations were chosen, spanning ~340 km of coastline (Figure 1) and considerable variability in seafloor habitat and sea ice conditions. At each location (Cape Evans, New Harbor, Dunlop Island, Spike Cape, Granite Harbor, Tethys Bay west, Tethys Bay south and Gerlache Inlet), three sites, separated by at least 50 m, were chosen within the 15–25 m depth range (Table 1). These locations were sampled from 2001 to 2007, in October/November (except for Tethys Bay west, which was sampled in January; see Table 1 for exact dates). While two of these locations were situated in Tethys Bay, they were ~1.6 km apart, and the ice persists for approximately 1 month longer each season at Tethys Bay west than at Tethys Bay south (Table 1). Each site was accessed through a hole drilled in the sea ice and sampling was conducted by SCUBA divers.


Table 1. Depths, dates of sampling, and broad scale environmental characteristics at the eight coastal Ross Sea locations.
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The methodologies used for sample collection and processing, and their rationale, are provided in detail in Cummings et al. (2006), along with our analysis of the three southernmost locations (New Harbor, Dunlop Island, Spike Cape; spanning ~32 km of coastline). These methods are briefly reiterated below.

Transect Based, Nested Sampling

Benthic macro-infaunal communities (hereafter “macrofauna”), epifaunal communities, and fine and medium scale habitat features, were quantified at each site using a nested sampling design. At each site, a 20 m long transect line was laid on the seafloor oriented parallel to the shoreline. Five marker pegs were inserted into the sediment at random points along the length of the transect, which was then videoed by SCUBA divers at fixed heights of 70 and 40 cm above the seafloor. These two heights enabled us to categorize habitat features of different densities between sites, and the information was later scaled to numbers or percent cover m2 (Cummings et al., 2006). Epifaunal taxa and habitat features were quantified from 1.5 m lengths of video frame grabs, each centerd on the location of a sediment core collected to quantify macrofauna (Cummings et al., 2006). Five medium-scale habitat features were quantified from the video frame grabs: % cover of sand, rock, pebble, cobble, and coarse sediments with detritus (Cummings et al., 2006).

Sediment cores were collected adjacent to each marker, to quantify macrofaunal communities (70 mm diameter, 100 mm deep core), and fine-scale sediment characteristics (26 mm diameter, 50 mm deep core). The large core samples were sieved (500 μm mesh), and then preserved in 70% isopropanol in seawater, before macrofauna were separated out, and identified to the lowest taxonomic level possible. Sediment from each small core was homogenized and sub-sampled for analysis of chlorophyll a (Chl a), phaeophytin, particle size and organic content. Chl a and phaeophytin were extracted from freeze dried sediments by boiling in 90% ethanol. The extract was measured spectrophotometrically, and an acidification step was included to separate degradation products (phaeophytin) from Chl a (Sartory, 1982). Sediment for particle size analysis was digested in 6% hydrogen peroxide for 48 h to remove organic matter, and dispersed using Calgon. A Galai particle analyser (Galai Cis−100; Galai Productions Ltd, Midgal Haemek, Israel) was then used to calculate percentage volumes for the coarse, medium and fine sand, silt and clay fractions. Organic content was determined by drying the sediment at 60°C for 48 h, followed by combustion at 400°C for 5.5 h.

Broad Scale Environmental Variables

At each location we collected information on current velocity, water temperature (°C), light transmission to the seafloor, the thickness of sea ice (m), and snow cover (m). Current velocities (cm s−1) and water temperatures were measured by an S4 or Anderra current meter deployed 4 m above the seabed for the duration of our visit (at least 3 days). Light transmission, measured as percentage incident light, was calculated from five replicate measurements of photosynthetically available radiation (PAR) made both above the sea ice and at the seafloor, using a LiCor Li190SA quantum sensor for incident irradiance (background irradiance above the ice) and a Li192SB for underwater irradiance attached to a Li-1000 logger. Ice cover duration (i.e., number of months per year that sea ice covered the site) was also estimated using personal observations and satellite imagery. Current, temperature and irradiance were not measured at Tethys Bay west.

Functional Traits of Macrofauna

To identify the relative predominance of macrofauna with particular functional characteristics, the taxon list was examined and traits assigned using a combination of literature information, advice from experts and our own observations. Three trait categories were characterized for each taxon: feeding traits—suspension feeders, deposit feeder-grazers or predator-scavengers; motility traits—sedentary, limited motility, freely motile; and living position—surface dwellers, or shallow (<2 cm) or deep (>2 cm) sediment dwellers. These traits were chosen for their potential influence on ecosystem functions, and the expectation that differences in traits may be closely linked to habitat (Hewitt et al., 2008). When a taxon exhibited more than one trait within a particular category, “fuzzy coding” was applied to reflect the relative importance of the multiple traits (sensu Chevenet et al., 1994). The fuzzy probability was then multiplied by the abundance of each taxon to provide an abundance weighted measure of each trait. Results are presented as relative proportions per trait within each category.

Statistical Analyses

Community Descriptions

Diversity indices [number of individuals, number of taxa, and species evenness (J′)] were calculated for both the epifauna and macrofauna using the DIVERSE procedure within PRIMER (Clarke and Gorley, 2001). To assess the relative variability in abundance of the three epifaunal taxa common across locations, the scallop Adamussium colbecki, the seastar Odontaster validus and the sea urchin Sterechinus neumayeri. Coefficients of variation (CoV; SD/mean) were calculated, using the average abundance values (m−2) for each of the three sites per location.

The relationship within and between locations for (a) macrofaunal community composition (determined from the core data), and (b) epifaunal community composition (determined from the video) were investigated using non-metric multidimensional scaling ordination (MDS; Clarke and Gorley, 2001) on untransformed data, and averages for each site. Patterns in macrofaunal community functional traits were also investigated using MDS. SIMPER (PRIMER Clarke, 1993), with a cutoff of 90%, was used to determine average similarities within locations, along with the taxa that characterized the communities at each location.

Linking Benthic Community Composition and Environmental Characteristics

The degree to which variations within and among locations in benthic community composition (macrofauna, epifauna) could be explained by broad scale environmental features and/or medium to fine-scale habitat features was investigated. The scales were assigned to the variables based on the spatial grain at which they were collected (Table 2). Habitat scale features were those specific to the habitat surrounding the macro- and/or epifauna. Those collected using small cores immediately adjacent to the macrofauna cores were considered to represent fine scale habitat structure pertaining to macrofauna; those collected using video along the 20 m transect represented the habitat loosely pertaining to epifauna. Our measures of fine- and medium-scale habitat features also encompassed variation at their respective scales through multiple measurements: (i) cores were taken at 5 random positions along each 20 m transect, (ii) medium scale habitat features were also assessed at 5 random positions, each of which encompassed a 1.5 m long section of transect. Factors such as currents, light, and ice conditions were considered broad scale because these were generally more consistent at the scale of the locations within which the transect and core data were collected. We note that some of these broad scale factors will vary within locations.


Table 2. Environmental variables assessed at each site, and the scales at which they were observed.
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Broad scale environmental variables included in these analyses were ice thickness (m), ice cover duration (mo), snow cover (m), light transmission, current speed (minimum, maximum, average), maximum water temperature, and depth. Latitude and longitude were also included in this category. Habitat scale features included medium-scale data determined from the transect video (% cover m−2 sand, rock, pebble, cobble, coarse sediments with detritus), and the fine-scale information from the core samples [sediment particle size (% composition of gravel, medium sand, fine sand, mud), % organic content, and chlorophyll a, phaeophytin (μg g−1)].

We used Canonical Correspondence Analysis (CCA; ter Braak, 1986), on an untransformed average for each location and down weighting of rare species, with forward selection to link changes in benthic communities to local and broad-scale environmental drivers. The relationship between functional traits of macroinfauna and the multiscale suite of environmental characteristics was investigated using the same procedure.

RESULTS

Communities

Epifauna

Numbers of epifaunal species per site ranged from 2 to 5 m−2, with abundances lowest at Spike Cape (Site 2, 10.0 ± 3.6 m−2) and highest at Cape Evans (Site 1, 219.8 ± 31.9 m−2) (Table 3). The extremely high numbers at the latter site are due mostly to the echinoderm Sterechinus neumayeri. Numbers of individuals were generally lowest at the southernmost locations, New Harbor, Spike Cape and Dunlop Island, and highest at Tethys Bay south (Table 3). Species evenness (J′) is generally moderate (values of 0.4–0.6; Table 3), although at a few sites, where only one or two species are found, J′ is consequently elevated (i.e., 1.63 at Tethys Bay west Site 3; and 0.8–1.0 at Gerlache Inlet, Dunlop Island Site 3, New Harbor Site 1 and Cape Evans Site 2; Table 3).


Table 3. Summary diversity indices at each site and location for the epifauna determined using video, and the macrofauna determined using cores.
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Across locations, the epifaunal communities were dominated by one of five taxa: the echinoderms S. neumayeri, Odontaster validus, and Ophionotus victoriae, the bivalves Adamussium colbecki and Laternula elliptica, and the sponge Homaxinella balforensis; Table 4). At four locations (Cape Evans, Spike Cape, Tethys Bay south and Tethys Bay west) the first and second most abundant taxa were S. neumayeri and O. validus, respectively. Within location similarity was greatest at New Harbor and Tethys Bay south (~74%; Table 4). The MDS of epifaunal community composition shows generally clear separation and tight clustering in ordination space of sites within Dunlop Island, Spike Cape and New Harbor (Figure 2A). Community compositions at the Gerlache Inlet and Cape Evans sites are the most variable (Figure 2A).


Table 4. The percentage similarity in epifaunal community composition at each location, and the dominant taxa contributing to 90% of the variability (from SIMPER analysis of mean abundance m−2 determined from video analysis).
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FIGURE 2. Multidimensional Scaling ordination plot of (A) epifaunal and (B) macrofaunal community composition.



The relative within-location variability in abundance of the three common epifaunal taxa, assessed using the CoV, indicated that A. colbecki was distributed in similar numbers across sites at New Harbor (0.12), but was considerably patchier at Gerlache Inlet (1.27) (Table 4). Distribution of O. validus was similar across sites at Cape Evans, Dunlop Island, Tethys Bay south (0.26–0.38), and most variable at Granite Harbor, Tethys Bay west and Spike Cape (0.8–1.19). S. neumayeri distributions were similar at Tethys Bay west, Tethys Bay south, Granite Harbor (0.3–0.4) and relatively patchy at Dunlop Island (1.09).

Macrofauna

Numbers of macrofauna species ranged from 2.6 ± 0.4 core−1 at Tethys Bay west Site 2, to 17.4 ± 1.94 core−1 at Cape Evans Site 3 (Table 3). Numbers of individuals were also variable, ranging from 3.6 ± 0.93 core−1 at Gerlache Inlet Site 2 to around 138.6 ± 36.8 core−1 at Cape Evans. Evenness was high (>0.6) at most sites (Table 3), indicating the dominance of 1–2 species. The exception is all three of the Gerlache Inlet sites, where evenness was relatively low (0.33–0.49; Table 3). Dominant taxa in the macrofaunal communities varied with location. The burrowing anemone Edwardsia sp. was common at New Harbor, Spike Cape, Dunlop Island and Granite Harbor, and the polychaete Polygordius antarcticus at five of the eight locations (Table 5). Polychaetes featured at all locations except Granite Harbor and Tethys Bay north, and one (Ophryotrocha ?notialis) was the dominant taxa at Gerlache Inlet (Table 5).


Table 5. The percentage average similarity in macrofaunal community composition at each location, the number of taxa contributing to 90% of the similarity, and the taxa found in average abundances of >1 ind. core−1.

[image: image]



The within location similarity was low compared to that of the epifauna, reaching a maximum at Cape Evans and Granite Harbor (47 and 58%, respectively), and a low of ~15% at Tethys Bay west and Gerlache Inlet (Table 5). The MDS of macrofaunal community composition shows generally clear distinctions in ordination space of sites within a location, with little overlap between locations (Figure 2B). The exceptions to this are New Harbor and Tethys Bay north, and Dunlop Island and Spike Cape (Figure 2B).

For all three of the functional characteristics investigated here (i.e., feeding type, motility, living position), the Granite Harbor macrofaunal communities were clearly distinguishable from those of all other sites (Supplementary Figure 1). Specifically, these communities were dominated by suspension feeders with limited mobility that dwell in the near-surface sediment layer (i.e., <2 cm; Supplementary Figure 1). The macrofaunal community traits at the three Terra Nova Bay locations (Tethys Bay west, Tethys Bay south, Gerlache Inlet) tended to be similar to one another, with mostly freely motile, surface dwelling predator/scavengers (Supplementary Figure 1). While the remaining (more southerly) locations showed variable trait characteristics, macrofauna at New Harbor, Cape Evans and Dunlop Island were most commonly freely motile deposit-grazers dwelling in the top 2 cm (Supplementary Figure 1).

Environmental Characteristics

The largest distinction between locations in broad scale environmental characteristics was in sea ice cover. Annual sea ice was present at all locations except New Harbor (where multi-year ice is the norm), but varies in the number of months it persists each year (Table 1), in thickness (range from 2.0 m at Tethys Bay west to 3.5 m at New Harbor at the time of sampling), and in the amount of snow cover on the ice (Table 1). Note that the latter measure of snow cover can also vary considerably from year to year at the same location (authors' pers. obs.). Currents measured at the sites at the time of sampling were fastest at Granite Harbor (3.0 ± 1.85 cm sec−1) and slowest at Tethys Bay south (1.83 ± 1.13 cm sec−1). At each location, <1% of the above ice incident light is transmitted to the seafloor below (Table 1).

The video transect-habitat analyses revealed simple habitat structure at all three of the New Harbor sites (100% sand) and the three Dunlop Island sites (from 77.33 ± 8.62 to 92.50 ± 1.89% sand; Supplementary Table 1), and the most complex at Granite Harbor and Gerlache Inlet (mixed habitat type; Supplementary Table 1). The proportion of the seafloor containing sediments available to be cored was low at several sites (i.e., coarse sediment/sand categories Supplementary Table 1). At this finer core-habitat scale, the soft sediments were comprised predominantly of coarse sand at Cape Evans (~80%; Supplementary Table 2), New Harbor (52–60%; Supplementary Table 2), Tethys Bay south (50–64%; Supplementary Table 2) and Tethys Bay west (62–75%; Supplementary Table 2). Dunlop Island sediments also contained a significant portion of coarse sand (38.26 ± 1.66 to 41.30 ± 5.20%), with considerable percentages of gravel, fine and medium sand. Granite Harbor sediments were more variable, with one site dominated by coarse sand (Site 1, 43.05 ± 6.05%), and Sites 2 and 3 with similar percentages of medium sand (40.20 ± 0.40 and 42.46 ± 1.18%, respectively) and equal amounts of coarse and fine sand (28.30 ± 2.17 and 27.12 ± 2.87%). The sediments at Spike Cape were of mixed particle sizes. Sediment organic content was very low at all locations, only exceeding 1% at Granite Harbor Site 1 (1.31 ± 0.48%). Sediment associated chlorophyll a was also highest at this Site (6.69 ± 2.77 μg g−1). Concentrations of phaeophytin were variable, ranging from 1.60 ± 0.36 μg g−1 at New Harbor Site 1, to 26.09 ± 9.66 μg g−1 at Tethys Bay west Site 3 (Supplementary Table 2).

Linking Benthic Community Composition and Environmental Characteristics

In the multi-scale CCA, six variables explained 97% of the variability in epifaunal community composition between the eight locations (Figure 3A). These include maximum current and longitude (aligned with CCA Axis 1), and ice thickness, % composition of silt, % cover of sand, and phaeophytin. The direction of the vectors for the latter two variables are aligned with the communities at New Harbor, Dunlop Island and Gerlache Inlet (% sand), and Spike Cape, Tethys Bay west, Tethys Bay south, and Cape Evans (phaeophytin) (Figure 3). Maximum current speed is the variable important in separating the Granite Harbor community from those at the remaining locations (Figure 3A).
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FIGURE 3. Canonical Correspondence Analysis ordinations of the relationship between habitat and broad scale environmental variables and (A) epifaunal and (B) macrofaunal community composition, and (C) macroinfaunal functional traits. The variation explained by the variables was 97, 95, and 97%, respectively. The locations are represented by different colored symbols as defined in Figure 2. Phaeo, phaeophytin; ice-thick, ice thickness; ice-dur, ice duration; sed/detritus, sediment associated detritus; org, organic content.



A mixture of seven broad scale and habitat scale variables combined to explain 95% of the variability in macrofaunal community composition (i.e., longitude, ice duration, ice thickness, % cover of sand, snow cover, % cover of sediment detritus, % sediment organic content; Figure 3B). The south-western McMurdo Sound locations tend to be arranged along Axis 1, with the Terra Nova Bay sites distributed along Axis 2 (Figure 3B). Cape Evans and Tethys Bay west are close together, near the bottom left of the CCA (Figure 3B). The variables closely associated with these axes are longitude and % cover of sand (Axis 1) and ice duration and snow cover (Axis 2).

When comparing the percentage variation explained at the different scales of observation, the multi-scale CCA (described above) explained the most variability in community composition for both epifauna and macrofauna (97 and 95%, respectively), with a similar number of variables in each case (Table 6; Figures 3A,B). For epifauna, the analysis incorporating only broad scale parameters also explained a high amount of community variation (91%), while that using parameters measured at only the habitat scale explained the least (64%) (Table 6). For macrofaunal communities, the variation explained by the separate habitat and broad scale CCAs was similar (i.e., 78 and 73%, respectively; Table 6).


Table 6. Summary of results of the Canonical Correspondence Analysis (CCA) conducted to link benthic community composition to habitat scale and broad scale characteristics, separately and together (multiscale).
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At the multi-scale, a very high percentage of variation in functional traits of macrofauna (97%) was explained by a combination of five broad and habitat-scale parameters (i.e., ice duration and thickness, % cover of sand, sediment detritus and Phyllophora; Figure 3C). Interestingly, none of the habitat-scale variables identified as important were those measured at the finest scale (i.e., sediment cores). Axis 2 distinguished New Harbor and Dunlop Island, both of which had abundant sand and no coarse sediment detritus, and the three Terra Nova Bay locations, with the shortest ice duration (8–9 months) and motile, surface dwelling predator/scavengers, were located in the top left-hand side of the ordination. Cape Evans was distinguished by its relatively high amount of Phyllophora (Figure 3C and Supplementary Table 1) and was grouped with Dunlop Island and New Harbor, reflecting the similarity in functional traits amongst these sites (i.e., freely motile near-surface dwelling deposit-grazers).

DISCUSSION

This paper has described the benthic communities and environments at eight coastal Ross Sea locations. Information was collected using a nested sampling design that had previously been implemented at the three southernmost locations. This new description has provided further quantitative, baseline information on each location, as a step toward assessing future change. We describe how the epifaunal and macrofaunal communities, and the functional traits of the latter, vary between locations. A major aim was to investigate whether community characteristics are predictable based on the surrounding environmental factors, and whether the explanatory power of these factors increases with spatial scale of observation. The original analysis of only three locations (~32 km spatial extent) concluded that low or simple habitat structure did not necessarily result in low diversity of benthic fauna; a conclusion that was supported following the addition of five more locations to the north and east (~340 km total spatial extent). Even when using only habitat-scale variables, we could explain considerably more of the variation in community composition across our eight, more spatially extensive, sampling locations (epifauna 64%; macrofauna 78% explained; Table 6) than in our previous analysis of only the three southernmost locations (32 and 18%, respectively; Cummings et al., 2006). In the present study, the combination of habitat and broad scale variables explained ≥95% of the variability across all eight locations, indicating the importance of capturing environmental and biological variability across a larger scale in documenting and understanding community patterns.

Communities

Across all eight locations, epifaunal communities were dominated by one of three invertebrate taxa (S. neumayeri, A. colbecki, and O. validus; Table 4), with only 2-5 species in total. Overall abundances were generally lowest at the south-western most locations, New Harbor, Spike Cape and Dunlop Island, but there were no obvious patterns in species evenness (Table 3). These three locations receive relatively food-poor water that flows northwards along the coastline after exiting the Ross Ice Shelf (Barry and Dayton, 1988; Thrush et al., 2006; Figure 1). When the distribution of the three main taxa within locations was examined using CoV, all showed patchy distributions at some locations, and more even distributions at others (Table 4). This patchiness was not highly correlated with diversity in seafloor habitat type (as characterized from the transect-video; cf. Table 4 and Supplementary Table 1). The most dominant species in the macrofaunal communities were Polygordius antarcticus, Ophryotrocha ?notialis, Edwardsia sp., Munnidae type A, and copepods. Although, like the epifauna, one or two species tended to dominate these communities, many more species also featured in reasonable abundances (Table 5). Surface dwelling, freely motile macrofaunal taxa characterized the communities at the three Terra Nova Bay locations; at Gerlache Inlet and Tethys Bay south these were predator/scavengers, and at Tethys Bay west they were deposit feeder/grazers (Supplementary Figure 1). No patterns were apparent for the other locations (Supplementary Figure 1).

Linking Communities to Environment

Despite the obvious differences in environmental characteristics between some of the locations in this study—for example, New Harbor, where sea ice can persist for a decade and the seafloor is predominantly sandy, vs. Gerlache Inlet, where the ice breaks out annually and the seafloor habitat is heterogeneous—similarities in community composition exist that are often greater than those at locations with more similar environmental characteristics. In this example, epifaunal communities at both locations have high numbers of suspension feeding A. colbecki (Table 4), and the macrofaunal communities are dominated by polychaetes (Table 5). Surface dwelling freely motile macrofauna were the most common at both locations, however feeding traits differed (deposit-grazers at New Harbor, predator/scavengers at Gerlache Inlet; Supplementary Figure 1).

Formally examining benthic community composition and its relationship to environmental characteristics did, however, reveal some interesting patterns. In the epifaunal MDS and CCAs, the three locations with A. colbecki amongst their most dominant taxa, New Harbor, Dunlop Island and Gerlache Inlet, were located together in ordination space (Figures 2A, 3A). Of the environmental variables important in this separation, ice thickness and % cover of sand aligned with these communities in the CCA (Figure 3A). Maximum current speed is the variable important in separating the Granite Harbor epifaunal community (dominated by S. neumayeri, L. elliptica, and O. validus) from those at the remaining locations (Figure 3A). A total of six variables explained 97% of the variation in epifaunal community composition across the eight locations (longitude, phaeophytin, ice thickness, % cover of sand, maximum current, % composition of silt; Figure 3A). A similarly high percentage of the variation was explained for macrofaunal community composition (95%; longitude, ice duration, ice thickness, % cover of sediment detritus and sand, snow cover, % organic content; Figure 3B), and macrofaunal functional traits (97%; ice duration and thickness, sand, sediment detritus, Phyllophora; Figure 3C). While this explanatory power is extremely high, for both the epifaunal and macrofaunal community analyses, one of these variables was longitude, a likely surrogate for an environmental factor (or factors) not included in this analysis.

One of our aims in describing the functional traits of macrofaunal communities was to identify patterns that may reflect specific site characteristics. For example, an abundance of benthic suspension feeders could reflect a food-rich water column, more exposed/disturbed sites may be characterized by motile species. However, such simple relationships were not always apparent: while the low abundance of macrofaunal suspension feeders at water column food-poor New Harbor supports this idea, suspension feeders did not predominate at Gerlache Inlet, a location adjacent to the phytoplankton-rich Terra Nova Bay polynya (Supplementary Figure 1). Potentially, the general nature of the trait categories we used (e.g., predator/scavenger; deposit/grazer) has made identification of clear correlations difficult. Alternatively, and perhaps more likely, it could be due to the generally facultative or omnivorous nature of Antarctic fauna (e.g., Norkko et al., 2007; Wing et al., 2012). In the latter case, the expression of traits by a particular species may differ between locations, or along environmental gradients, perhaps in response to differential food availability or competition with other fauna, thus confusing the signal (e.g., Concepción et al., 2017, Gianuca et al., 2017). Indeed, the plasticity of feeding strategies of epifauna found at some of these same locations has already been noted (Norkko et al., 2007). A clearer understanding of function at the species and community scale is needed to characterise and predict the capacity for functional redundancy and therefore the inherent response diversity to help predict their likely resilience to environmental change. Incorporating other types of natural history information which have not been considered here, such as competitive interactions within and between species, will also be important in determining and understanding community patterns (e.g., Dayton, 1989).

Which Environmental Factors, and at Which Scale?

Broad scale environmental variables were more important drivers of community composition for epifauna, while habitat scale variables are most important for macroinfauna (Table 6). However, in both community types, environmental information at multiple scales (habitat + broad scale parameters combined) explained more variability in community composition than when either habitat or broad scale parameters were considered on their own (Table 6). This improvement in explanatory power with increasing scale was considerably greater for macrofauna than for epifauna (Table 6). Nevertheless, even for epifauna, multiscale factors explained 6% more than was explained by broad scale variables alone, and three of the six important variables in the multiscale analysis were habitat scale variables (phaeophytin, % composition of silt, % cover of sand; Table 6). For both macro- and epifaunal communities, the high number and variety of variables identified as influencing community composition illustrates the complexity of the system, and the inherent difficulty of predicting community composition based on simple (few factors) environmental information (e.g., Gutt, 2007 and references therein). These results further highlight the influence of environmental factors across multiple scales on structuring benthic communities.

The structuring influence of sea ice conditions and their control of light availability and productivity to benthic community structure and function is paramount and indisputable in this region (e.g., Thrush and Cummings, 2011; Fountain et al., 2016). Environmental factors reflective of sea ice conditions were important variables explaining variation in community composition and functional traits (i.e., ice thickness for epifauna; ice thickness and duration and snow cover for macrofauna; ice thickness and duration for macrofaunal functional traits; see Figure 3). This suggests that an indirect space-for-time substitution type approach, using gradients in these factors which are anticipated to change with warming, could be successfully used to predict ecosystem consequences under future scenarios. Nevertheless, the large number of other biophysical variables, processes and interactions contributing to structuring these communities signifies the complexity of the processes acting across this region. While we detected clear differences in environmental conditions between New Harbor and the considerably more productive and habitat diverse Gerlache Inlet, as already discussed there were also strong similarities in their epifaunal communities. More information is required to (i) understand interactions between structuring variables (including those not measured here), and (ii) incorporate temporal variability in these factors in the analysis.

Future Variables to Consider

There are several broad scale variables not considered in this analysis for which longitude could be a placeholder: these include disturbance by ice (Dayton, 1989; Gutt, 2001; Smale, 2007) and by wind and wave induced disturbance likely to be experienced during the (relatively short) ice free periods in summer. Characterizing hydrodynamic conditions at different scales (site, location, bay; coastal, and open ocean connectivity; e.g., Gutt et al., 2018) will be crucial to understanding potential sources of food and larvae, freshening and ice formation processes going forward (e.g., Hauquier et al., 2015). Associated with circulation, proximity to productive polynyas, phytoplankton blooms and their influences on supply of food are also not considered here, but will be very important in sustaining benthic communities (Dayton and Oliver, 1977; Thrush et al., 2010), and may underlie similarities in community patterns between locations. Although we have “estimated” productivity via sediment-associated measures of benthic chlorophyll a and phaeophytin, and light availability via PAR, other measures are needed to more explicitly link productivity sources from the sea ice and the water column to the benthos. Information on biogeochemical characteristics of the water column are also necessary, particularly as ocean acidification is anticipated to be one of the most important and widespread changes facing Antarctic waters (e.g., Fabry et al., 2009; Constable et al., 2014; Gutt et al., 2015). Freshening, from melt of ice shelves and glaciers and elevated inputs from terrestrial stream flows (e.g., Grange and Smith, 2013; Sahade et al., 2015; Dayton et al., 2016) can also be expected to influence biogeochemistry, particularly in these coastal regions. More data is needed on variability in these key factors across multiple spatial and temporal scales to elucidate the relative importance of the various factors from a community and/or population perspective (cf. Emslie et al., 2007).

Temporal Variation

The data presented here represent a snapshot in time of the epi- and macrofaunal benthic communities at each of our study locations. The influence of variation in environmental factors over time (seasonal, annual, and greater-than annual scales), particularly for ice conditions and productivity, have not been incorporated in our analyses, yet would be expected to have a strong influence on the benthic communities we documented at each sampling point (e.g., Dayton, 1989; Thrush and Cummings, 2011). While our study has explained virtually all the variability in community composition using our suite of environmental drivers, rapid or unexpected change to one (or several) of these parameters could deconstruct these relationships. For example, settlement and growth of a large hexactinellid sponge, absent in the preceding 22 years, was noted in correlation with a region-wide shift in phytoplankton productivity associated with the calving of a massive iceberg (Dayton et al., 2013). Such a change in community dominance resulting from episodic recruitment may be a good indicator of some environmental disruption having occurred. Although biological process amongst Antarctic benthos is considered slow, this same study, where observations were made over a 40 year time period, suggests that population increases and decreases may occur over decade rather than century time periods, emphasizing the need to re-evaluate ideas of slow processes and stability over century time scales (Dayton et al., 2013), and, likewise, their response to change. As climate change will result in direct and indirect effects across the food chain through alteration of bottom up and top down processes (e.g., Constable et al., 2014), more detailed natural history information on species and communities of interest is needed to predict likely change and sensitivities (e.g., Ricklefs, 2012). The importance of repeated and consistently made observations of biological communities, and biologically relevant environmental parameters (at appropriate space and time scales) in understanding ecosystem structure and function cannot be overstated, particularly when the aim is to detect responses to and predict implications of, future change (e.g., Ducklow et al., 2013; Sahade et al., 2015; Obryk et al., 2016; Barnes, 2017).

CONCLUDING COMMENTS

We consider that the data presented here can act as a valuable baseline against which future patterns can be assessed, and that it will be useful in the choice of best/most representative sites in the coastal Ross Sea for longer term studies. However, our aims in this analysis were not to merely describe existing benthic communities, habitats, and environmental conditions. Instead we hoped to define variables important for driving community and habitat change and to determine whether, once these were established, natural gradients in key parameters could be used to predict future changes associated with climate warming. Our results suggest that this indirect space for time surrogacy approach incorporating broad scale variables likely to be affected in future, may well be able to be utilized, but that the role of small-scale habitat features would also need to be incorporated for such predictions to be truly useful. When long term, consistent and repeated observations of coastal benthic communities are combined with measures of multiscale environmental characteristics likely to be important in influencing functioning and in structuring distributions of species, populations and communities, these observations become immensely powerful in understanding natural variability, detecting responses to and attributing causes of change.
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Supplementary Figure 1. The proportion of the macrofaunal community exhibiting different types of functional traits at each site and location. (A) Feeding mode, (B) motility, (C) living position.

Supplementary Table 1. Habitat characteristics at the transect-video scale (mean ± SE). The coarse sediment category also contained detrital organic material.

Supplementary Table 2. Habitat characteristics at the sediment core scale (mean ± SE). CE, Cape Evans; NH, New Harbor; DI, Dunlop Island; SC, Spike Cape; GH, Granite Harbor, GH; TBW, Tethys Bay west; TBS, Tethys Bay south; GI, Gerlache Inlet.
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Location % Similarity Number of taxa
>90% similarity

New Harbor 22.10 10

Cape Evans 46.64 5

Spike Cape 24.76 1

Dunlop Island 36.40 7

Grarite Harbor 58.18 3

Tethys Bay south 2573 2

Tethys Bay west 15.39 4

Gerlache Inlet 15.69 5

Taxa found in average abundances of >10 ind. core~! are indicated in bold.

‘Common macrofaunal
taxa (> 1 ind. core™")

Polygordius antarcticus, Edwardsia sp., Oweniidae, Aricidea sp., Tanaidacea
Polygordius antarcticus, Tanaidacea, Oligochaete, Austrosignum grande,
Syliia inermis

Edwardsia sp., Spiophanes tcherniai, Myodocopida, Polygordius antarcticus,
Giratuiidae, Oligochaete, Maldanidze, Gastropoda

Myodocopida, Polygordius antarcticus, Edwardsia sp., Subonoba gelida,
Leodamas sp., Ciralulidae, Oligochaete

Edwardsia sp., Oigochaste, Myodocopida

Munnidae type A, Nematoda, Paramunnidae, Subonoba gelida, Oligochaete,
Synopiidae, Aglaophamus trissophyllus, Copepoda, Cirratulidae, Ophryotrocha
“notialis, Tanaidacea

Copepoda, Polygordius antarcticus
Ophryotrocha 7notialis, Aglaophamus trissophyllus
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Location  Habitat scale (cores, Broadscale  Multiscale (habitat +
quadrats) broad scale)

Epifauna  63.9%; % medium  90.8%; light, ice  97%; longitude,
sand, % sand, thickness, snow  phacophytin, ice
phacophytin, % siit  cover, longitude,  thickness, % sand,

maximum current  maximum current,
%sit

Macrofauna 78%; rock, pebble,  72.9%; longitude, 95%; longitude, ice
gravel, % coarse sand, ice duration, ice  duration, ice thickness,
9% medium sand, % fine thickness, snow  sediment detritus, %
sand, % sit, sediment  cover sand, snow cover, %
detritus, phaeophytin organic content

In each case, the overall % variation explained and the variables important in explaining
this variation is given. Habitat scale features include fine- and medium-scale variables
assessed using cores (26mm diam.) and quadrats (1.5 x 0.5m), respectively. ltalics are
used to distinguish fine-scale habitat features (% composition) from medium-scale habitat
features (% cover m=2).
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Cape Evans

Spike Cape

Dunlop Isiand

Granite Harbor

Tethys Bay south

Tothys Bay west

Gerlache Inlet
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220 + 037
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2.00 £0.32
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4.00 £0.32
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3.80 £ 058
3.00 £0.63
4.00 £0.32
3.00 £ 0.45
260 £ 0.40
840 £ 3.41
2.80 £0.20
3.80 £ 058
360 £0.24

Epifauna

No. inds.

14.00 186
14.00 + 230
1180+ 185
219.84 + 31.90
36,63 % 7.80
31.50 + 2.60
24,00 7.62
10.00 + 8.59
16.80 £ 2.96
18.00 £ 4.69
12.80 £ 3.92
21,60 337
80.68 % 10.80
79.00 £ 1488
62.16 % 19.79
118.76  18.86
166.67 £ 23.41
91,94+ 917

840 £ 1.33

480+ 1.28
23.40 % 14.73
30.56 % 3.60
12275 % 17.27
42.30 + 1152

v

0.84 £0.04
057 £0.08
059 £ 0.05
053 £ 0.07
0.7 £0.06
0.63 £ 0.10
0.45 £ 0.09
0.46 +0.18
062 £0.13
0.36 £ 0.11
052 £021
1.03£0.15
0.72 £0.06
0.73 £ 0.03
0.64 £0.07
058 0.1
051 £001
062 £ 0.06
0.79 £0.18
075 £0.20
163+ 031
0.82 £0.12
0.76 £ 0.10
0.98 £0.08

No. species

14.20 £ 193
12.00 + 1.64
17.40 £ 194
825+ 1.70
620£1.16
9.60  0.60
13.00 £ 0.71
14.00 + 2.30
880 + 0.80
13.80 + 2.96
1080 + 2.44
12.80  2.08
1120 £ 198
9.40 & 0.81
1140 £ 121
12.80 159
860 £ 1.08
1060  1.33
3.00 £ 0.45
2.60 £ 0.40
840 & 3.41
2.80 £ 0.66
2.80 £ 0.58
5.80 £ 1.53

Macrofauna

No. inds

13860  36.77
112.00  26.87
159,60  34.97
14.50 + 263
1040  2.87
2340 +2.68
70.00  11.90
75.20 + 21.53
17.00  2.30
64.60  22.99
64.00 + 12.96
71.60 £ 21.97
65.60  10.46
83.60  13.40
150.80 & 35.84
63.80 & 15.24
27.80 + 13.02
34.20 + 9.80
840 £ 1.33
480£1.28
23.40 £ 14.73
32,80 & 14.56
3.60 £ 0.93
18.80 £ 11.66

v

0.62 £ 0.05
0.56  0.09
0.62 £ 0.07
+002
091:£004
0.87 +0.04
0.69 £ 0.06
0.77 0,04
0.90 +0.02
0.80 £ 0.04
073 £0.03
0.75 £ 0.05
0.64 £0.05
052 £ 0.05
0.49 £ 0.06
0.80 £ 0.05
0.87 £0.04
0.88 £ 0.08
0.71£0.07
0.85 £0.06
0.93 £ 0.08
033 £0.11
0.98 £ 0.02
0.8 £0.06

No. species, number of species; No. inds, number of individuals; J, species evenness. Numbers presented are means + SE.
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SIMPER Co-efficient of variation

Location % similarity Dominant taxa  A. colbecki O. validus S. neumayeri

NH 7408 A. colbeck 0.2 - -
H. balforensis

cE 4485 . neumayeri - 083 062
0. validus

sc 4394 . neumayer, 039 1.19 0.48
0. validus

ol 5129 A. colbeck 026 088 100
. neumayeri

GH 4640 . neumayer, - 08 04
L. eliptica,
O. victoria

T8S 7352 S. neumayeri, 087 026 082
0. validus

TeW 66.56 . neumayeri, 09 09 03
0. validus

al 4375 O, validus, 127 088 079
A. colbecki
. neumayeri

The coeffcient of variation for the three epitaunal taxa common across locations is also
given. CE, Cape Evans; NH, New Herbor; DI, Dunlop Island; SC, Spike Cape; GH, Granite
Harbor; TBW, Tethys Bay west: TBS, Tethys Bay south; G, Gerlache Inlet.
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Location
(abbreviation)

New Harbor
Cape Evans
Dunlop Island
Spike Cape
Grarite Harbor
Tethys Bay west
Tethys Bay south
Gerlache Inlet

nr, Not recorded,

Date sampled

1-3 Nov 2001
11-20 Nov 2001
2225 Oct 2002

30 Oct—2 Nov 2002
13-16 Nov 2007
24-27 Jan 2003
18-23 Nov 2006
14-16 Nov 2006

Site depths (m)

190,220,240
190,195,210
155,19.,21.0
148,185,200
172,188,198
220,238,239
21.0,21.0,21.5
167,207,215

Ice thickness
m)

35
25
26
24
2.1
2
28
28

Snow cover
m)

o

o
01
0.15

115

Ice duration
(months p.a)

12
1010 11
1010 11
1010 11
101011

9

8

8

Current speed
(mean & SD)

26£08
3513
38+26
26+13
30+185
or
183+ 1.18
199+ 121

% Incident light
at seafloor

o1
o1
r
nr

0.02
nr

021
o1
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Habitat features (fine scale; Habitat features  Location features
core 26 mm) (medium scale; (broad scale; 10s m)
quadrat 1.5m)

Sediment particie size (% Substrate (% cover of  Ice thickness (m)
composition of coarse, medium, sand, rock, pebble,
and fine sand, silt and clay) cobble, and coarse

‘sediments with detritus)
Sediment chlorophyll a and Ice cover duration (mo)
phaeophytin content (g g=")
Sediment organic content (%) Current (max, min,

mean velocity; cm s~1)
Light (% incident light;
above—below ice.
irradiance)

Snow cover (m)
Temperature (min, °C)

Fine scale habitat features represent seciment characteristics, and were collected using
small cores (26mm diam. x 50mm deep); Transect scale habitat features represent
seaffoor substrate type, and were assessed from 1.5m long sections of transect; Broad
scale characteristics were measured at each site, and incorporate characteristics of the
general surrounding area.





OPS/images/cover.jpg
, frontiers
in Cellular and Infection Microbiology

Structure-Based Design of Porcine
Circovirus Type 2 Chimeric VLPs
(cVLPs) Displays Foreign Peptides
on the Capsid Surface









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Marine Science





