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The Arctic Svalbard Archipelago hosts the world’s northernmost cold-water ‘carbonate factories’ thriving here despite of presumably unfavourable environmental conditions and extreme seasonality. Two contrasting sites of intense biogenic carbonate production, the rhodolith beds in Mosselbukta in the north of the archipelago and the barnacle-mollusc dominated carbonate sediments accumulating in the strong hydrodynamic regime of the Bjørnøy-Banken south of Spitsbergen, were the targets of the RV Maria S. Merian cruise 55 in June 2016. By integrating data from physical oceanography, marine biology, and marine geology, the present contribution characterises the environmental setting and biosedimentary dynamics of these two polar carbonate factories. Repetitive CTD profiling in concert with autonomous temperature/salinity loggers on a long-term settlement platform identified spatiotemporal patterns in the involved Atlantic and Polar water masses, whereas short-term deployments of a lander revealed fluctuations of environmental variables in the rhodolith beds in Mosselbukta and at same depth (46 m) at Bjørnøy-Banken. At both sites, dissolved inorganic nutrients in the water column were found depleted (except for elevated ammonium concentrations) and show an overall increase in concentration and N:P ratios toward deeper waters. This indicates that a recycling system was fuelling primary production after the phytoplankton spring bloom at the time of sampling in June 2016. Accordingly, oxygen levels were found elevated and carbon dioxide concentrations (pCO2) markedly reduced, on average only half the expected equilibrium values. Backed up by seawater stable carbon and oxygen isotope signatures, this is interpreted as an effect of limited air-sea gas exchange during seasonal ice cover in combination with a boost in community photosynthesis during the spring phytoplankton bloom. The observed trends are enhanced by the onset of rhodophyte photosynthesis in the rhodolith beds during the polar day upon retreat of sea-ice. Potential adverse effects of ocean acidification on the local calcifier community are thus predicted to be seasonally buffered by the marked drop in pCO2 during the phase of sea-ice cover and spring phyto-plankton bloom, but this effect will diminish should the seasonal sea-ice formation continue to decline. Among the 25 macrobenthos taxa identified from images captured by the lander’s camera system, all but three species were calcifiers contributing to the carbonate production. Biodiversity was found to be much higher in Mosselbukta (21 taxa) compared to Bjørnøy-Banken (8 taxa), which is considered as a result of enhanced habitat diversity provided in the rhodolith beds by the bioengineering crustose alga Lithothamnion glaciale. Filter-feeding activity of selected key species did reveal group-specific but no common activity patterns. Biotic disturbance of the filtering activity was common, in contrast to abiotic factors, with hermit crabs representing the primary trigger. Motion tracking of rhodoliths revealed a high frequency of dislocation, triggered not by abiotic factors but by the activity of benthic invertebrates, in particular echinoids ploughing below or moving over the rhodoliths. The echinoid Strongylocentrotus sp. is the most abundant component of the associated fauna, thereby considerably contributing both to carbonate production and to grazing bioerosion. Together, these results portray a high degree of seasonal as well as short-term dynamics in environmental conditions that despite many similarities support distinctly different communities and biodiversity patterns in the calcifying macrobenthos at the two studied polar carbonate factories.
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INTRODUCTION


Arctic Carbonate Factories

Biogenic carbonate production by benthic skeletal organisms on the shelf and in coastal waters of the Arctic Svalbard Archipelago supports the northernmost cold-water ‘carbonate factories’ known to date. This pithy term was coined by Schlager (2000, 2005), who recognised various types of such centres of carbonate production, including the end-members ‘T factory’ (tropical + top-of-the-water-column) and ‘C factory’ (cool water + controlled precipitate). In contrast to the extensively studied T factories, the biosedimentary dynamics of their polar counterparts is still poorly known (for reviews, see James and Clarke, 1997; Pedley and Carannante, 2006). The Svalbard C factories have evolved between Bjørnøya (Bear Island) and northern Spitsbergen upon retreat of the last glacial ice sheet during the early Holocene, despite presumably unfavourable environmental conditions characterised by cold waters with low carbonate saturation, iceberg ploughing, high aeolian and glacial terrigenous input, as well as extreme seasonality (e.g., Henrich et al., 1995, 1996, 1997; Teichert et al., 2012, 2014).

Among the most significant carbonate producers in polar C factories are calcifying crustose coralline red algae (Rhodophyta), and particularly their non-attached mobile sedimentary aggregates, called rhodoliths. They serve as ‘bioengineers’ that provide habitat for a great variety of invertebrate species (Foster, 2001; Barbera et al., 2003). In particular, Lithothamnion glaciale has a widespread distribution and contributes substantially to cold-temperate and polar carbonate production. It is the key species in the extensive Svalbard rhodolith beds (Teichert et al., 2014; Teichert and Freiwald, 2014). This includes the northernmost occurrences of this species known to date, forming rhodolith beds at more than 80° N latitude at Svalbard’s Nordkappbukta (Teichert et al., 2012). Recent findings suggest that L. glaciale is much more widespread in polar waters than previously thought and shows a high specialization and adaptive potential to extreme seasonality, and with respect to interactions with associated biota (Teichert et al., 2012, 2014). The kelp alga Laminaria latissima is another macrophyte of relevance for carbonate production, albeit by indirect means in that they provide substratum, protection and food, and by influencing the aqueous carbonate system in the water column. In contrast to the rhodolith beds, kelp forests are more prominent in the southern part of the archipelago, in particular on Spitsbergen-Banken (Suess et al., 1994; Andruleit et al., 1996; Henrich et al., 1996, 1997; Wiodarska-Kowalczuk et al., 2009). Among the invertebrate calcifiers it is mainly the large clam Chlamys islandica, the thick-shelled Mya truncata, and the bioeroding bivalve Hiatella arctica, as well as the barnacle Balanus balanus that contribute to the intense carbonate production, complemented by various species of serpulid worms, bryozoans, benthic foraminiferans, gastropods, and echinoderms (e.g., Andruleit et al., 1996; Henrich et al., 1996, 1997; Teichert et al., 2012, 2014).

It has been shown that the structural complexity of Svalbard carbonate factories – and the rhodolith beds in particular – promote a biodiversity richer than in their surrounding environment (Teichert, 2014). On a larger scale, the Barents Sea shelf counts among the most biodiverse regions in the Arctic (Piepenburg et al., 2011; CAFF, 2017), which has been proposed to be based on tight cryo-pelago-benthic coupling resulting in a high food supply supporting benthic biomass and diversity development (Grebmeier and Barry, 1991; Piepenburg, 2005). In this respect, the Svalbard area is regarded as a ‘hot spot’ and several studies consequently revealed the development of rich benthic communities (e.g., Piepenburg et al., 1996; Hop et al., 2002; Weslawski et al., 2003; Kuklinski and Barnes, 2005; Kuklinski et al., 2006). The geographical distribution of the rhodolith communities, their habitat preferences and their interaction with benthic invertebrate fauna in the Barents Sea, however, is understudied, which applies also for the prominent shell-beds and kelp forests on the Spitsbergen- and Bjørnøy-Banken.

A better understanding of the environmental setting and biosedimentary dynamics of these carbonate factories is paramount, considering the alarming impact of global change on polar environments (Barnes and Tarling, 2017). The northern hemisphere is currently experiencing a dramatic long-term sea-ice decline, which is a striking effect of the ongoing ocean warming (Kerr, 2012; Halfar et al., 2013; Hetzinger et al., 2019). Ocean warming in concert with ocean acidification (OA) is of particular relevance when studying the Holocene evolution of the polar C factories and for modelling their future development. Coralline algae, for instance, are considered to be among the first organisms to respond to ocean acidification due to their high-Mg calcite skeleton, which is the most soluble form of CaCO3 (Morse et al., 2006; Basso, 2012; Basso and Granier, 2012). Hence, L. glaciale and other calcifiers thriving in cold waters, where the calcium carbonate ion saturation (Ω) is naturally low and lowering fastest, will find it increasingly hard to build their calcareous skeletons (Orr et al., 2005; Doney et al., 2009; Büdenbender et al., 2011; Diaz-Pulido et al., 2012; McConnico et al., 2014; Raddatz et al., 2016). In addition, it has been shown that chemical bioerosion (biocorrosion) by microendoliths and other biota involving chemical dissolution is accelerated by OA (for a review, see Schönberg et al., 2017). Calcifiers may thus suffer from the combination of compromised calcification and increasing rates of bioerosion. A decrease in coralline algae abundance could lead to an ecosystem dominated by non-calcifying species (Kuffner et al., 2007; Hall-Spencer et al., 2008), associated with a loss in microhabitat complexity and a decline in associated biodiversity.



RV Maria S. Merian Cruise 55

To better understand the habitat characteristics and biosedimentary dynamics of the Svalbard C factories, the RV Maria S. Merian expedition MSM55 (acronym ARCA), led a team of scientists of SENCKENBERG am Meer in Wilhelmshaven and GEOMAR in Kiel (both in Germany), to target two contrasting sites of intense biogenic carbonate production in the coastal waters of Svalbard (see Wisshak et al., 2017 for the cruise report). These are the rhodolith beds in Mosselbukta in the far north of the archipelago and the extensive biogenic carbonate sediments accumulating in the strong hydrodynamic regime of the Spitsbergen- and Bjørnøy-Banken south of Spitsbergen. The MSM55 research programme focussed on bathymetrical gradients from the intertidal zone to aphotic depths, following a holistic approach: The scientific disciplines and methodological tool-kit comprised hydroacoustic habitat mapping (multibeam-echosounder and sidescan-sonar), visual habitat mapping (research submersible and drop-camera), hydrographic investigations including assessment of the aqueous carbonate system (CTD and water samples), macrobenthos inventory (beam-trawls and excursions to shore), recording of short-term environmental fluctuations and benthic community dynamics (lander deployments), classical carbonate facies analysis of source and export areas (Shipek-grabs and excursions to shore), and an evaluation of carbonate (re)cycling, including budgeting calcification versus bioerosion (recovery of a 10-year settlement experiment). Complementing investigations concerned on-board acidification and temperature stress experiments with the key calcifier L. glaciale, and sampling of long-lived rhodophytes for geochemical establishment of calibrated sea-ice proxy time series. This multi-disciplinary framework of objectives and methods allows for a detailed comparison of the two contrasting types of polar carbonate factories.

In the present contribution we will focus first on the general water mass characteristics and variability of environmental parameters (density patterns, nutrient regime, carbonate system, stable isotope signature). These were assessed via data from (1) CTD profiling, (2) water sampling, (3) two short-term lander deployments, and (4) a CT data logger recovered with a 10-year settlement experiment. We will then address various aspects of the macrobenthos biodiversity and dynamics as recorded by time series of high resolution seafloor images captured by (5) the lander’s camera system. Finally, the benthos dynamics of carbonate producing and degrading key species will be set in the context of short-term environmental fluctuations.



The Study Sites

Mosselbukta (=‘shellfish bay’) is a classical site for geo-biological research on carbonate production by benthic communities in Svalbard waters and is located at the mouth of Wijdefjorden in northernmost Spitsbergen (Figure 1A). The pioneering work of Kjellman (1883) reported rhodolith beds several square kilometres in extent, drawing our attention to this location and triggering a first research cruise with RV Maria S. Merian to this site in August 2006 (MSM2-3; see Lherminier et al., 2009 for the cruise report). Based on data from this field campaign, a first characterisation of these northernmost rhodolith beds and their biological and environmental controls was undertaken by Teichert et al. (2012, 2014). Also, carbonate production rates and their relation to fluctuations in solar radiation were assessed (Teichert and Freiwald, 2014). Glaciogenic pebbles to boulders litter the seafloor in Mosselbukta, providing suitable hardground for crustose coralline algae. Lithothamnion glaciale is the dominant rhodophyte species, encountered down to a dysphotic 70 m water depth. Carbonate production appears most pronounced at around 45 m water depth, where rhodoliths of up to 25 cm in diameter cover 60–80% of the seafloor (Teichert et al., 2014). During MSM55, most of the bay was mapped from the shore down to the bottom of the fjord at about 180 m water depth (Figure 1B).
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FIGURE 1. (A) The Svalbard Archipelago (Norwegian legislation) and the location of the two study sites. (B) Mosselbukta in the north of Spitsbergen with the MSM55 multi-beam bathymetry and the location of the relevant CTD, SaM Lander, and JAGO stations. (C) Bjørnøy-Banken in the far south of the archipelago with the MSM55 multi-beam bathymetry and the location of the relevant CTD, SaM Lander, and JAGO stations.


Spitsbergen-Banken, with Bjørnøy-Banken at its southwestern corner, is a shallow (20–150 m) shelf platform with an extent of ∼80,000 km2 spanning from Bjørnøya to Hopen (Figure 1A). The bank is delineated by the continental margin to the west and the Barents and Stjorfjord Troughs to the south and north, respectively, and is deeply incised by the Kveitehola Trough. These troughs are pathways for major sediment fluxes from the Barents shelf to the continental slope fan systems, particularly during the last deglaciation. Today, upwelling warm (5–8°C) and saline Atlantic water masses reach the top of Spitsbergen-Banken along these troughs and entrap cold (<3°C) and less saline Arctic water masses that form a clockwise gyre with the boundary between the two water masses being referred to as the Oceanic Polar Front (Johannessen and Foster, 1978). Primary production during plankton blooms that form along the Polar Front during melting of the seasonal winter sea ice masses provide nutrition for a rich calcareous epibenthos community, which support the local carbonate factory within its strong hydrodynamic regime driven by storm waves and the local gyre (Henrich et al., 1997). A series of exploratory cruises with the RV Meteor in the early nineties (Gerlach and Graf, 1991; Pfannkuche et al., 1993; Suess et al., 1994) documented the existence of one of the largest Arctic carbonate platforms covered to a large extent by barnacle and bivalve shell beds forming large-scale, subaqueous carbonate sand dunes (Henrich et al., 1995, 1996, 1997, and references therein). The spatial architecture and biosedimentary dynamics of the carbonate production are still poorly known, but prominent kelp forests thriving on the shallowest hardgrounds are plausible candidates as centres of carbonate production (Henrich et al., 1996) by providing substrate for a rich calcareous epifauna on their fronds and amongst their holdfasts (Scoffin, 1988; Freiwald, 1998). In addition, shellfish banks and barnacle bioherms are found interlocked with other Holocene carbonate sediments (Wiborg, 1970). While crustose coralline algae are typical constituents of the encrusting hard-bottom communities at the southwestern flank of Spitsbergen-Banken (Henrich et al., 1997), rhodolith fields, like in northern Spitsbergen, were not documented as yet. The bathymetrical transect studied herein is located near the southern tip of Bjørnøya and extends from the shore due east across Bjørnøy-Banken to a water depth of 110 m (Figure 1C).



MATERIALS AND METHODS


Settlement Platform

A complete seasonal cycle of temperature and salinity (see Table 1 for an overview of all data reported in this study), spanning August 2006 to November 2007, was logged by a Star-Oddi DST CT miniature logger that was mounted on a settlement platform recovered during MSM55 with submersible JAGO (station MSM55/455). This platform was deployed 10 years earlier at the same water depth (46 m) and in close proximity to the position of the SaM Lander in 2016 (see below). Measurements were taken in 20 min intervals with an accuracy of ±0.1°C and ±0.75 salinity points on the Practical Salinity Scale (PSS). In addition, the seawater density (σΘ) was calculated from temperature and salinity. Due to corrosion of the conductivity contacts, the salinity values during the second half of the data set were most likely compromised by a drift artefact, compensated by a drift correction of −0.2 on the PSS scale per month, beginning in May 2007. The logger data were set in context to the duration of the polar night and polar day at the deployment site, computed using the Planetcalc online calculator1, and the presence of drift ice in the area, as derived from the 2006–2007 ice chart archives of the Norwegian Ice Service at the Norwegian Meteorological Institute2.


TABLE 1. Overview of data and environmental variables reported in this study, with specifications of the applied instruments, the unit or scale the values are reported in, and the temporal resolution.
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CTD

The conductivity, temperature, depth (CTD) system employed was the shipboard Sea-Bird Electronics SBE 911plus, built into a SBE 32 rosette housing capable of holding 24 10-l water samplers (Niskin-type). For reasons of redundancy and quality control, the system was equipped with two SBE units resulting in double measurements of conductivity (Sea-Bird SBE 04C), temperature (Sea-Bird SBE 03+), pressure (Digiquartz), dissolved oxygen (Sea-Bird SBE 43), and calculated density and sound velocity. Additional sensors were attached to determine fluorescence and turbidity [WETLabs ECO FLNTU(RT)D] and photosynthetically active radiation (Biospherical QSP-2300 PAR Sensor). Accuracy (and resolution) of the various measured parameters reported by Sea-Bird (for 24 Hz sampling rate) are specified as ±0.0003 mS/cm (∼0.0004 mS/cm) for conductivity, ±0.001°C (<0.0003°C) for temperature, ±0.001% (<0.001%) for pressure, ±2% of saturation for dissolved oxygen, and about <3% (stability < 0.003 μmol/s∗m2 for dark reading) for the photosynthetically active radiation (PAR). Bottom alarm was released through a pilot weight 5 m above the seafloor and additionally controlled with a Teledyne Benthos PSA-916 altimeter. Live data was processed with the Sea-Bird software SBE Seasave (v. 7.22) and further processing was performed using SBE Data Processing (v. 7.22.0) and Ocean Data View (v. 4.7.2)3.



Water Sampling

Water samples were taken with the shipboard rosette SBE 32 and the JAGO Niskin bottle for analysis of stable oxygen and carbon isotopes (δ18O and δ13CDIC), dissolved inorganic carbon (DIC) and total alkalinity (TA), as well as dissolved inorganic nutrients (nitrate, nitrite, ammonium, phosphate). Samples were taken at ∼10 m water depth and 5 m above the seafloor. Samples for stable oxygen and carbon isotopes, DIC and TA were sampled according to standard procedures (Dickson et al., 2007) and stored in glass vials, poisoned each with 50 μl HgCl2 to arrest biological activity. The vials were sealed with aluminium caps and high density butyl-rubber-plugs. Samples for nutrient analyses were stored in 100 ml glass vials and kept frozen at −20°C until measurement.



Nutrient Analyses

The dissolved inorganic nutrients nitrate (NO3), nitrite (NO2), and phosphate (PO4) were analysed with a four-channel Automated Continuous Segmented Flow Analyzer (QuAAtro39, SEAL Analytical) with detection limits of 0.03 μmol/l for NO3, 0.01 μmol/l for NO2, and 0.01 μmol/l for PO4. Dissolved inorganic ammonium (NH4) was quantified using a San++ Automated Continuous Flow Analyzer (Skalar) with a detection limit of ∼ 0.15 μmol/l. All nutrients were analysed based on the general methods described by Hansen and Koroleff (1999).



Carbonate System Analyses

DIC was measured using an Automated Infrared Inorganic Carbon Analyzer (AIRICA with LI-COR 7000, Marianda) calibrated using certified reference material for oceanic CO2 measurements (A. G. Dickson, Scripps Institution of Oceanography, batch # 115). Each sample was measured four times by the device, which gives a mean value and the corresponding coefficient of variation (CV). The latter was on average 2.95 μmol/kgSW across all samples. TA was analysed by means of a potentiometric open-cell titration procedure according to Dickson et al. (2003) using an automated titrator (Titrino 862 Compact Titrosampler, Metrohm). Standard deviation between duplicate measurements was 1.30 μmol/kgSW on average across all samples. Both, TA and DIC were determined accounting for the salinity of the samples and corrected against the certified reference material. Since concentrations of inorganic N and P nutrients were low, a respective correction of TA was unnecessary. For calculations of pH (total scale), pCO2, and carbonate saturation states (ΩCa, Ar), the software CO2SYS (v. 2.1) by Pierrot et al. (2006) was applied using the thermodynamic constants of Mehrbach et al. (1973), refitted by Dickson and Millero (1987).



Stable Isotope Analyses

Stable isotope mass ratios of seawater samples were measured via an automated equilibration unit (GasBench II; Thermo Fisher Scientific) coupled in continuous flow mode to a Delta V Advantage isotope ratio mass spectrometer (Thermo Fisher Scientific) for δ13CDIC and coupled to a Delta plus XP isotope ratio mass spectrometer (Thermo Fisher Scientific) for δ18OSW.

Seawater for the δ13CDIC analyses was extracted from the sample bottles by a 1 ml disposable syringe through the septa without opening the bottle to avoid loss of CO2 during sample transfer. The removed volume was simultaneously replaced by inert gas through a second needle connected to an argon-filled gas sampling bag. The samples were injected into 12 ml Labco Exetainer vials that were prepared with phosphoric acid and pre-flushed with helium. Sample volume was adjusted to attain a detector signal between ∼6.0 and ∼7.5 V (m/z 44) for the isotope ratio mass spectrometer (van Geldern et al., 2015). For seawater, the injection volume was 0.85 ml per vial. Samples were analysed in duplicates and the reported value is the mean value in the standard δ-notation in per mil (‰) vs. Vienna Pee Dee Belemnite (V-PDB). The data sets were corrected for instrumental drift and normalised to the V-PDB scale by assigning a value of +1.95‰ and −46.6‰ to NBS 19 and LSVEC, respectively (Brand et al., 2014). Precision, based on repeated analyses of a control sample, was better than 0.1‰ (±1 sigma).

For the δ18OSW measurements, sample bottles were de-capped and 0.5 ml water was extracted by a pipette for CO2 equilibration. Subsequently samples were transferred into 12 ml Labco Exetainer vials and flushed with 0.3% CO2 in helium. Equilibration time was 24 h at 25°C. All samples were measured in duplicates and the reported value is the mean value in the standard delta notation in per mil (‰) vs. Vienna Standard Mean Ocean Water (V-SMOW). The data sets were corrected for instrumental drift during the run and normalized to the V-SMOW/SLAP (Standard Light Antarctic Precipitation) scale by assigning a value of 0 and −55.5‰ (δ18O) to V-SMOW2 and SLAP2, respectively (Brand et al., 2014). Precision, based on repeated analyses of a control sample, was better than 0.05‰ (±1 sigma).

Concentration of total DIC was determined from the peak areas of the chromatogram of the isotope ratio measurement. Areas of sample peaks are directly proportional to the amount of CO2 liberated by the reaction of the sample with phosphoric acid. A set of standards with known DIC concentrations was prepared by dissolving NaHCO3 in DIC-free water. These DIC data allow for a cross check of the DIC values used for the carbonate system calculations (see above). Their offset is low (excluding one outlier in the redundant data set) with only 3.4 ± 1.5% in average.



SaM Lander

The basic design of the SENCKENBERG am Meer (SaM) lander was an aluminium tripod 2 m in height, with a solid eyelet at the top for deployment purposes and three weighted foot plates for a stable position on the seafloor (Figure 2). Between the tube legs, a steel frame was mounted, carrying a RBRconcerto data logger equipped with its standard CTD sensors complemented by a Licor 193SA Spherical Quantum PAR sensor and an Idronaut marine pH sensor in combination with a (NaCl) reference electrode. Accuracy (and resolution) of the various measured parameters reported by the RBR logger are specified as ±0.003 mS/cm (∼0.001 mS/cm) for conductivity, ±0.002°C (<0.00005°C) for temperature, ±0.05% (<0.001%) for depth, about ±3% (<0.01 μmol/s∗m2 for measurements with less than 333 μmol/s∗m2) for the photosynthetically active radiation (PAR), and ±0.1 (0.0005) for pH (NBS scale). In addition, the seawater density (σΘ) was calculated from temperature and salinity. The logger was programmed to deliver one set of measurements every minute. The second main component of the lander was an Ocean Imaging Systems (OIS) camera system with a NIKON D7100 DSLR (24.1 megapixel DX sensor) and the NIKKOR 20 mm 1:2.8 AF/D wide angle lens in a camera housing with plane port. Illumination was provided by a bare bulb flash and large reflector mounted one a tube leg at a 45° angle (relative to both the camera and the seafloor). The camera, pointing straight down, was set to synchro time and f11 at ISO 100 and was triggered in 10 min intervals, repeatedly capturing the same 86 × 57 cm of seafloor.
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FIGURE 2. (A) The SaM Lander on board RV Maria S. Merian ready for deployment via winch and acoustic release in June 16th, 2016 in Mosselbukta, Svalbard. (B) The lander and its components photographed with ambient light, sitting on the rhodolith bed at 46 m water depth in Mosselbukta.


The first deployment of the lander took place in Mosselbukta (79° 54.69′ N/15° 48.72′ E), at 46 m water depth (station MSM55/417) in a rhodolith bed with rich and representative associated fauna. The lander was deployed via acoustic release on June 16th, 2016 and delivered 123 h of environmental data and 738 seafloor images, before successful recovery on June 21st. The second deployment was at Bjørnøy-Banken (74° 22.85′ N/19° 27.35′ E), again at 46 m water depth (station MSM55/485) on a rocky hardground with mobile sediment and a representative epibenthic fauna. Here, the lander was deployed on June 23rd and delivered 60 h of data and 361 seafloor images, before recovery on June 26th.

During the lander deployments, relevant meteorological data were measured by the shipboard weather station in 1 min temporal resolution. Absolute wind direction was logged by a Thies Wind Direction Transmitter Classic (accuracy ±2.5°), and absolute wind speed was logged with a Thies Wind Transmitter Classic (accuracy ±0.3 m/s). Surface photosynthetically active radiation (sPAR) was provided by a Biospherical Instruments QSR 2200 PAR sensor as part of a MesSen Nord SMS 1 irradiance measurement platform. During the time of the lander deployment, the vessel was operating in the same working area, less than 15 km from the lander position.



Seafloor Image Analyses

After recovery, all OIS images were batch processed in Adobe Lightroom (v. 5.7.1) with the same setting for exposure and illumination control as well as adjustment of white balance and micro-contrast. In addition, chromatic aberrations were removed and slight sharpening was applied.

Turbidity was not directly measured by sensors on the lander but could be deduced from the OIS images instead. That is, the standard deviation of the grey values of the images served as an inverse proxy for turbidity. Given the fact that all images were captured with the same camera and flash setting, more particles in the water, both between the lens and the object and between the flash and the object, have an effect on the brightness as well as on the range in greyscales of the images. A large range of greyscales, i.e., a more widely scattered histogram leading to a higher standard deviation of the mean grey scale, thus reflects images with darker shadows and brighter lights and, hence, less particles in the water and better water clarity. The respective processing of the images was done using batch measurements of the mean greyscale and standard deviation with the software ImageJ (v. 1.46r).



Macrobenthos Species Inventory

The epibenthic species present on each of the lander images were determined by visual inspection and classified as vagile versus sessile and as calcifier versus non-calcifier. The occurrence of a species on the total image stack of Mosselbukta and Bjørnøy-Banken was assessed according to the following classification: <25%, 25% to 75%, 75% to 100% and 100%.



Feeding Activity

Filter-feeding activity analysis of selected sessile (balanids, serpulids) or semi-sessile (clams, holothuroids) macrobenthos was quantified on a selection of 33 individuals in total from the lander images. Activity and inactivity patterns of each specimen were recorded by visually quantifying the extension and retraction of tentacles (balanids, serpulids and holothuroids) or the opening and closure of the shell/syphon (clams). A binary or trinary code was adopted for each image according to the following rules: x = 1 if the tentacles/syphon or shells were fully expanded/open; x = 0 if the tentacles/syphon or shells were fully retracted/closed; x = 0.5 for intermediate stages (only for Chlamys islandica, Cucumaria frondosa, and Mya truncata). In addition, obvious events that appear to have caused inactivity, e.g., disturbance by mobile epibenthos, were recorded. Mean activity per image and species was calculated as well as a filtering/feeding intermission rate, i.e., the cumulative number of filtering/feeding inactivity events (0 and 0.5 values) per hour.

Spearman rank correlation coefficient ρ, computed with the software SYSTAT (v. 12), was used to describe the relationship between species filtering activity (mean) and abiotic variables derived from the SaM lander measurements (temperature, salinity, pH, photosynthetically active radiation, tide, turbidity). For all comparisons a significance level of α = 0.05 was used.



Mobility Analyses

Mobility analyses of selected mobile macrobenthos species (echinoids, chitons, clams) and passively moved objects (rhodoliths) was performed with ImageJ (v. 1.46) in combination with the ‘manual tracking’ plugin. For that purpose, image stacks of reduced resolution (2000 px) were produced and the individual organisms were manually tracked by marking the centre or a recognisable feature on each frame. Only individuals that were in the field of view for at least 5 frames were considered. The resulting tracks were graphically displayed on a labelled overlay. Compressed versions of these image stacks were exported as AVI movie files (provided as part of the online Supplementary Material). The calibrated results were exported to EXCEL and comprise the distance travelled by each object between two frames and the resulting speed. Since the distance describes a straight line for each 10 min time interval, and since there is no information about vertical movement (rather negligible compared to horizontal movement), the distance and speed values are to be considered conservative estimates. Also, rotation around the tracking point was not recorded. To better characterise the tracked objects, their maximum diameter or length was determined using the measurements tool in ImageJ. The last 23 out of the 738 recorded frames of the Mosselbukta image stack were compromised by accidental dislocation of the lander during video-documentation with the submersible JAGO and were excluded from the analysis. For coherence, the same applies for the feeding activity analysis.

Densities of macrobenthos organisms were normalised from the 86 × 57 frame of observation (∼0.5 m2) to a square metre. Extrapolation to larger areas was considered unfeasible based on the small, albeit representative, window of observation.



RESULTS AND DISCUSSION


Seasonality

The 15 months record of temperature and salinity, recorded by the logger on the Mosselbukta settlement platform in summer 2006 to autumn 2007, provides seasonal in situ data for a typical Svalbard rhodolith bed (Figure 3 and Supplementary Table S1 for raw data). Temperature (Figure 3A) followed a slightly left-skewed sinoidal curve. At 46 m water depth in Mosselbukta, bottom water temperatures peaked toward the end of the polar day in August/September with mean values of ∼5°C and a maximum of 6.4°C during a short spike in August 2006. With declining daylight and throughout the polar night (Figure 3E), the temperature decreased to negative monthly means from February to April. Lowest mean (−1°C) and lowest individual record (−1.9°C; basically at the freezing point of seawater) were recorded in April. Accordingly, ice charts indicate the presence of drift ice in Mosselbukta in February and from April to early June 2007 (Figure 3F). The increase in solar irradiation during the polar day is reflected in a rapid increase of the bottom water temperatures from May to early August 2007. Peak summer temperatures were slightly higher in 2006 compared to 2007 but with a consistent timing of the amplitude. Bottom water temperatures at 46 m water depth recorded a decade later by our SaM Lander deployment (see below), are nearly congruent to the 2007 record. Short-term temperature fluctuations were highest in autumn 2006, with shifts of up to 4°C within a few days in late October 2006. This might be a result of increased storm activity inducing mixing of water masses. In general, short-term fluctuations were less than 2°C and were lowest in the warmest months.
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FIGURE 3. (A,B) The 15-month temperature and salinity record logged by the CT logger on a settlement platform that was deployed in August 2006 at 46 m water depth in Mosselbukta. The decrease during the last 5–6 months in the salinity record likely is a drift artefact (see also Figure 4), for which a drift correction was applied. (C) Seawater density (sigma theta) calculated from temperature and salinity. (D) Determined water mass changes through the investigated period: Atlantic Water (AW), Modified Atlantic Water (MAW), Winter Cooled Water (WCW) and Arctic Water (ArW) contributing to Polar Surface Water (PSW). (E) The duration of the polar night at the study site. (F) The occurrence of open water and closed drift ice in the study area during the deployment in 2006–2007.


The salinity curve is less conclusive (Figure 3B), and a drift artefact toward lower values probably affected the last third of the record. Moreover, the absolute accuracy of the device was relatively low (±0.75 units). Nevertheless, the record gives an impression of the short-term fluctuations that were most pronounced (up to 1 unit) during October 2006, coinciding with the largest temperature fluctuation. Other than that, salinities were rather stable and reflect open ocean conditions with little meltwater influx at the rhodolith beds at 46 m water depth. A drift correction of −0.2 unit per month, beginning in May 2007 (Figures 3B, 4B), draws a more realistic picture and closes the annual cycle (e.g., Harris et al., 1998).
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FIGURE 4. (A) Temperature-salinity-density diagram of the CT logger on the settlement platform, highlighting the temporal variability of water masses during the 15-month record in 2006/2007 (colours correspond to recording time). Waters were cooling and freshening from 6°C in August 2006 down to nearly the freezing point in April 2007 following the mixing line between the external water masses, the Atlantic Water (AW) and the Arctic Water (ArW), forming first Modified or Transformed Atlantic Water (MAW or TAW) and later Polar Surface Water (PSW). During spring and summer 2007 temperatures were increasing while salinity remained low, occupying the TSD field of warm Polar Surface Water (PSWw). As temperatures rised to summer values, salinity decreased further, indicating the drift artefact (dashed arrow). (B) Drift corrected salinity data with –0.2 on the PSS scale per month starting from mid May 2007. Water mass characteristics in black follow Rudels et al. (2000) and in dashed grey Cottier et al. (2005). SW, Surface Water; IW, Intermediate Water; TAW, Transformed Atlantic Water (≅ MAW); WCW, Winter Cooled Water.


Interpreting changing water masses alone from temperature data is not precise (e.g., Rudels et al., 2000) and is therefore based on temperature, salinity, and density (Figures 3D, 4). During late 2006, Atlantic Water (AW) bathed the settlement platform at 46 m in Mosselbukta, cooling during the winter and mixing continuously with Arctic Water (ArW) forming first the Modified or Transformed Atlantic Water (MAW or TAW) and later Polar Surface Water (PSWw or PSW) or even the very cold Winter Cooled Water (WCW) (Rudels et al., 2000; Cottier et al., 2005; see Figures 3D, 4). Slightly fresher waters occurred in Mosselbukta compared to data of Rudels et al. (2000) and Cottier et al. (2005), who describe a mixing line between AW and ArW (here: between AW and PSW, see Figure 4B). Sea ice formation would store fresh water in the ice and salinity would increase in the sea while drifting sea ice would be an additional source of fresh water to Mosselbukta, but this may have not melted during February to April 2007, explaining the lower salinity. Support for this line of reasoning is provided by the stable oxygen isotope signals (see below). However, as the salinity sensor showed a drift (Figures 3, 4A) and accuracy was relatively low, the data should not be over-interpreted, at least for the second half of the long-term exposure.



Short-Term Environmental Variability

The data logged by the SaM Lander, at the same site and depth than the long-term record from the Mosselbukta settlement platform, give insight into short-term fluctuations (tides, temperature, salinity, density, pH, PAR, turbidity) in the carbonate production centre of the rhodolith beds (Figure 5 and Supplementary Table S2 for raw data). A second deployment of the lander at Bjørnøy-Banken allows a comparison of the environmental parameters between the two carbonate factories and provides a basis for interpreting the patterns in macrobenthos dynamics studied by means of sea-floor image time series.
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FIGURE 5. Various environmental parameters recorded by the RBR logger and Ocean Imaging Systems camera on the SaM Lander during two short-term deployments at 46 m water depth in Mosselbukta and at Bjørnøy-Banken, respectively, during the MSM55 cruise in June 2016: (A) Tidal curve (calculated from depth readings). (B) Temperature. (C) Salinity. (D) Seawater density (calculated from temperature and salinity), with indicated water masses of the Atlantic Water from the south (AW), Modified Atlantic Water from the Arctic Ocean (MAW), and warm Polar Surface Water (PSWw). (E) Seawater pH. (F) Photosynthetically active radiation (PAR). (G) Turbidity proxy (standard deviation of mean grey scales in each image of the lander’s camera system).


The tidal range of one metre maximum, recorded by the pressure sensor of the RBR logger (Figure 5A), is similar at both sites. The higher ‘noise level’ in the Bjørnøya data probably is a reflection of the observed stronger bottom currents and higher surface swell. The temperature (Figure 5B) in Mosselbukta increased markedly from around 2°C to about 3.5°C during the 6 days of exposure, reflecting the summer increase that was also seen in the long-term record (Figure 3A). Short-term fluctuations were less than 1°C. At Bjørnøy-Banken, the temperature was more stable and short-term fluctuations did not exceed 0.5°C. The salinity (Figure 5C) shows open ocean values of around 34.8 units on the PSS scale with some short-term fluctuations in the range of 0.2 units in Mosselbukta and less than 0.1 units at Bjørnøy-Banken. In Mosselbukta a slight overall decrease was observed during the 6-day deployment (negatively correlated to temperature), whereas at Bjørnøy-Banken the salinity was more stable with small positive excursions that positively correlated with the temperature fluctuation. Seawater density (sigma theta) data from Mosselbukta decreased from 27.9 kg/m3 at the beginning of the record to values of less than 27.6 kg/m3, thus following largely the variability of salinity (Figure 5D). These data suggest that during June 16th the lander was bathed in Modified Atlantic Water (MAW), later in Atlantic Water (AW), and from June 20th onward in warm Polar Surface Water (PSWw). At Bjørnøy-Banken, in contrast, seawater density data were very stable at around 27.7 kg/m3, indicating the principal influence of PSWw. Slightly higher values of density occurred every second high tide (Figure 5D), accompanied by peaks of temperature and salinity (Figures 5B,C), indicating an influence of AW during high tide that decreased with decreasing tidal amplitude (Figure 5A).

In Mosselbukta, the pH (Figure 5E) did fluctuate between 8.2 and 8.4 units on the NBS scale, whereby the most distinct excursions co-varied with temperature. At Bjørnøy-Banken, pH was lower (ca. 8.2), more stable, and fluctuations were very low. With regard to the photosynthetically active radiation (PAR) (Figure 5F), light levels were surprisingly low, in fact below detection limit for most of the record. Only exception were one short episode of higher light levels and few slight variations in the Mosselbukta record, whereas at Bjørnøy-Banken no PAR was detected. The pronounced peak in Mosselbukta reached a maximum irradiation of about 4.5 μmol/s∗m2 and coincides with the sunniest day while in the working area, reflected also in the highest continuous levels of surface PAR recorded by the vessel’s weather station (Figure 6A and Supplementary Table S3 for raw data). Similar surface conditions at Bjørnøy-Banken did not induce a bottom PAR signal. That is most likely an effect of the higher turbidity (Figure 5G) that is evident from the seafloor images, and also translates into the standard deviation of image greyscales that served as proxy for the turbidity. At Bjørnøy-Banken, the turbidity peaked during ebbing tide and then slowly decreased – a pattern that is interpreted as an effect of resuspension of particles by the strong tidal stream. In Mosselbukta an overall decrease in turbidity over the 6 days exposure was observed, while individual peaks were apparently independent of the tidal rhythm or surface wind direction and speed (Figures 6B,C). The significant southerly wind speeds of up to more than 40 knots measured on June 20th did not have much of an effect on the turbidity, plausibly because this direction is more sheltered by land. The highest turbidity encountered during the first days of the deployment, in contrast, were likely a result of strong northerly winds that passed through during the days before the deployment. This direction faces the open sea, allowing the wind to generate waves and swell capable of affecting the seabed at 46 m water depth.
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FIGURE 6. Environmental parameters recorded by the MSM weather station during the period the SaM Lander was deployed at 46 m water depth in Mosselbukta and at Bjørnøy-Banken. (A) Surface level of the photosynthetically active radiation (sPAR). (B) Wind direction. (C) Wind speed.




Water Mass Signatures

The water mass properties based on CTD profiling in Mosselbukta and at Bjørnøy-Banken show small but distinct differences (Figure 7 and Supplementary Table S4 for raw data). Following the definitions of Friedrich et al. (1995) and Rudels et al. (1999), the investigated surface to sub-surface waters belong to AW (Atlantic Water from the south; defined with σΘ of 27.70 to 27.97 kg/m3, Θ of >2°C), MAW (Modified Atlantic Water from the Arctic Ocean; σΘ of 27.70 to 27.97 kg/m3, but Θ of 0 to 2°C), and PSWw (warm Polar Surface Water formed at or east of the Polar Front; essentially ice melt water above the Atlantic Water; σΘ < 27.70 kg/m3 and Θ of >0°C). The more saline waters in Mosselbukta (Figure 7A) indicate the influence of AW at the surface and of MAW from the Arctic Ocean (Rudels et al., 2000) at depth. For both, increasing temperatures and decreasing salinities were recorded over time (dotted arrow in Figures 7A,B) indicating that deeper AW may have an Arctic Ocean source with cooler temperatures, while the shallower waters exhibit a PSWw signature. In contrast, surface waters at Bjørnøy-Banken (Figure 7C) were in average colder and less saline (<34.65) showing a full PSWw signature that has been influenced by less saline polar waters of the Barents Sea. Waters west of the Polar Front are slightly warmer and less saline, implying some AW influence.
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FIGURE 7. Temperature-salinity diagram including depth and seawater density (sigma-theta) for CTD data of Mosselbukta (A) and Bjørnøy-Banken (C) in comparison with SaM Lander data for same areas, respectively (B,D). Dashed arrow in (A,B) indicates the shift from relatively colder and more saline waters at the beginning of the measurements to warmer and less dense waters 6 days later. Dotted line in (C) separates the data from east (below) and west (above) the Polar Front. Water mass characteristics in black follow Rudels et al. (2000) and in dashed grey Cottier et al. (2005). AW, Atlantic Water from the south; MAW, Modified Atlantic Water from the Arctic Ocean; PSWw, warm Polar Surface Water; IW, Intermediate Water; TAW, Transformed Atlantic Water (≅ MAW).


The SaM-lander data from Mosselbukta are in good agreement with the CTD data (compare Figure 7A and Figure 7B) showing the same trend of increasing temperature and decreasing salinity over time. Here, at 46 m water depth the first TS records from June 17th indicate water with a signature at the transition of MAW and AW (Figure 7B), which progressively exhibits a PSWw signature. At Bjørnøy-Banken, the SaM-lander data at 46 m have a PSWw signature with slight AW influence (Figure 7D). These data are comparable with the CTD data of station 483 situated close to the lander at 55 m water depth.

Time series CTD data of the shallow (46 m) and deep (155 m) stations in Mosselbukta (Figure 8) indicate upwelling waters with a cooler MAW signature at day one (Figures 8A,B), possibly due to strong northerly winds and an influence of the East Spitsbergen Current prior to arrival. During the first 4 days of the lander deployment, winds had switched from SW to SE and died down (Figures 6B,C). The resulting development of stratification to warmer and less saline surface waters with an AW to PSWw signature can also be seen in the salinity and density data (Figures 8C–F). Surface water dissolved oxygen values were highest (>7.3 ml/l) in waters with MAW and AW signature and lowest (min. 6.5 ml/l) for deeper MAW (Figures 8G,H). Fluorescence data closely followed this trend but had maximum values at ∼50 m water depth, strongest in MAW, and decreasing in time (Figures 8I,J). The decreasing trend in surface water oxygen and fluorescence values may indicate a stronger influence of the East Spitsbergen Current bringing PSWw back into this area. Turbidity data show highest values at the seafloor at the deeper station during the first 2 days of exposure (Figure 8K), less pronounced at the shallower station (Figure 8L), indicating the upwelling of MAW during the storm event prior of arrival. The overall decrease in turbidity at depth is mirrored by the indirect turbidity assessment from the SaM-lander (Figure 5G). At the surface, turbidity was low but shows a slight increase with increasing influence of PSWw (Figure 8L), the surface water influenced by melt water around Svalbard, enforced by increased winds (and waves) from a southerly direction during June 20th (Figures 6B,C).
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FIGURE 8. Temperature (A,B), salinity (C,D), density (sigma-theta) (E,F), dissolved oxygen (G,H), fluorescence (I,J) and turbidity (K,L) of the deep (left) and shallow (right) CTD localities in Mosselbukta, plotted against time and water depth (plots generated in Ocean Data View). AW, Atlantic Water from the south; MAW, Modified Atlantic Water from the Arctic Ocean; PSWw, warm Polar Surface Water.


At the Bjørnøy-Banken transect (Figure 9) the Polar Front, separating warmer and more saline waters in the west (PSWw + AW) from cooler and slightly less saline waters in the east (PSWw), is present between CTD stations 514 and 513 with a drop in temperature of ∼1°C (Figure 9A) and in salinity of 0.1 units (Figure 9B), together also evident in the density profile (Figure 9C). Following the characteristics given by Rudels et al. (2000) or Cottier et al. (2005) the waters along this transect can be described as PSWw or local water with an influence of AW west of the Polar Front. This is corroborated by the SaM Lander record (Figure 5D), indicating a small influence of waters with an AW signature during high tides at day time. Dissolved oxygen shows high values (7.2–7.4 ml/l) throughout the transect (Figure 9D), and thus values comparable to AW in Mosselbukta (Figures 8G,H), except for slightly lower values at the Polar Front and the deepest part in the east. Here, under the influence of PSWw, also highest values of >7.4 ml/l were measured at the surface – much higher compared to PSWw in Mosselbukta (<7 ml/l; Figures 8G,H). Fluorescence data show very low values east of the Polar Front, comparable to PSWw in Mosselbukta, while west of the front the influence of AW is visible (Figure 9E). Higher turbidity values of >6 NTU at the coastal area of Bjørnøya decreased eastwards to only 0.2 NTU east of the front (Figure 9F). This pattern can additionally be interpreted as an effect of the tidal cycle, as the highest turbidity observed at the lander site (in 46 m water depth west of the Polar Front) occurred around low tide, when also the CTD casts 483 (shortly before low-tide) as well as 486 and 487 (after low tide) were logged (Figure 9F).
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FIGURE 9. Temperature (A), salinity (B), density (sigma-theta) (C), dissolved oxygen (D), fluorescence (E) and turbidity (F) along a W-E transect SE off Bjørnøya Island, plotted against longitude and water depth (plots generated in Ocean Data View). AW, Atlantic Water from the south; PSWw, warm Polar Surface Water.




Nutrient Regime

The composition of dissolved inorganic nutrients of the ambient seawater, including nitrate (NO3), nitrite (NO2), ammonium (NH4), and phosphate (PO4), was characterised in surface and bottom waters (Table 2 and Supplementary Table S5 for raw data). While in Mosselbukta, water was sampled regularly at the same two stations (Figure 8), CTD casts at Bjørnøy-Banken were taken along a longitudinal transect across the Polar Front. Results from Bjørnøy-Banken seawater analyses were thus split in a western part (inshore; PSWw + AW) and an eastern part (offshore; PSWw), separated by the Polar Front between stations 513 and 514 (Figure 9).


TABLE 2. Dissolved inorganic nutrients along with Redfield N:P ratios in Mosselbukta and at Bjørnøy-Banken (W and E of the Polar Front) for surface waters and for bottom waters, averaged over the available CTD casts (bottom water stations complemented with water samples taken by JAGO; total number of considered samples per depth indicated in the second column; fewer samples for ammonium indicated in the respective column).

[image: Table 2]In Mosselbukta, concentrations of all nitrogenous nutrients were relatively low (<4 μmol/l), but consistently increased toward depth with levels at least doubling compared to surface waters. N:P ratios likewise increased with depth from just above 1 in surface waters (mainly AW and PSWw) to 7 at about 150 m water depth (MAW).

At Bjørnøy-Banken the dissolved inorganic nutrients showed a different pattern with depleted nitrate and nitrite levels compared to Mosselbukta, resulting in lower Redfield N:P ratios. The comparison of surface and bottom waters did show a systematic increase of the dissolved inorganic nutrient levels and N:P ratios with depth in the PSWw east of the Polar Front, and an inconclusive pattern in the shallower inshore PSWw + AW.

Nitrate concentrations were comparable to values from Kongsfjorden at similar depths end of May 2002 (Hodal et al., 2012). Nitrate and phosphate concentrations of the first 50 m in Kongsfjorden in May 2006 also matched our results from Mosselbukta (Iversen and Seuthe, 2011). In comparison to the other months, especially April, nutrient concentrations in May to July were substantially lower in Kongsfjorden in 2006 (Iversen and Seuthe, 2011; Hodal et al., 2012), indicating nutrient depletion after the spring bloom, and thus the state of a post-bloom phase in May/June.

High ammonia concentrations in comparison to low amounts of nitrate and nitrite, especially in the upper 50 m of Mosselbukta, might indicate a recycling system fuelling primary production (providing nutrition for zooplankton and benthic filter-feeders feeding upon it) after the spring bloom, which has also typically been described in the Kongsfjorden for this time of the year (June; Iversen and Seuthe, 2011; Schulz et al., 2013). The same interpretation applies for the even more pronounced depletion of nitrogenous nutrients in surface and bottom waters from both sides of the Polar Front at Bjørnøy-Banken. The less pronounced bathymetrical increase, compared to Mosselbukta, is seen as a result of mixing induced by the strong tidal currents observed during the cruise, particularly west of the Polar Front.



Carbonate System

The measured carbonate system parameters TA and DIC are differentiated in development across the different water masses in both locations. While TA was constant in Mosselbukta throughout the water column from 11 to 156 m, with an overall mean of 2312.4 ± 8.8 μmol/kgSW (n = 26), DIC increased with depth with a shift of ∼90 μmol/kgSW from the surface to the bottom at the deeper station (Table 3 and Supplementary Table S5 for raw data). The shift in DIC toward higher values in the deeper water layers is likely a result of decreasing water temperatures and/or consumption of CO2 in the upper water layers by the plankton community. The calculated carbonate system parameters pH, pCO2, and the saturation states for calcite (ΩCa) and aragonite (ΩAr) are in accordance with the trends in DIC. The omega values as well as pH decrease with depth in Mosselbukta (by about 0.14 units), as do the saturation states, while the CO2 concentration increases (by about 80 μatm) from 11 to 156 m (Table 3).


TABLE 3. Measured and computed carbonate system parameters in Mosselbukta and at Bjørnøy-Banken (W and E of the Polar Front) for surface and bottom waters, averaged over the available CTD casts (bottom water stations complemented with water samples taken by JAGO; total number of considered samples per depth indicated in the second column).

[image: Table 3]At Bjørnøy-Banken, TA values were only slightly lower, with an overall mean of 2300.3 ± 7.4 μmol/kgSW (n = 17), but likewise similar across all depths, while a drop in DIC with depth (by ∼20 μmol/kgSW) was only evident in the PSWw + AW west of the Polar Front. This drop was observed in spite of homogenous temperatures (Table 3). In contrast to Mosselbukta, lower pH values were found in the surface waters, and a slight increase with depth was recorded both sides of the Polar Front. Accordingly, pCO2 levels and Ω values varied only very slightly.

As a general observation, pCO2 levels were remarkably low at both study sites, far below global present-day equilibrium values, with overall means of only 197.4 ± 37.0 μatm (n = 26) and 234.0 ± 15.1 μatm (n = 17) in Mosselbukta and at Bjørnøy-Banken, respectively. The lowest values (171.7 ± 14.5 μatm) were recorded in the surface waters in Mosselbukta. These low carbon dioxide concentrations, in concert with elevated oxygen levels (Figure 8G) and the depletion in N and P nutrients (see above), are interpreted as an effect of a boost in community photosynthesis during phytoplankton spring bloom in combination with the onset of rhodophyte photosynthesis during the polar day upon retreat of sea-ice. Very similar values of pCO2 (170 μatm) and a corresponding pH of 8.35 were observed during a post-bloom phase in Kongsfjorden in western Spitsbergen in June 2010 (Schulz et al., 2013). Experiments carried out in the West Svalbard Shelf (Sanz-Martín et al., 2018) suggest that such episodic Arctic CO2 limitations, together with nutrient depletion, may contribute to the termination of the Arctic spring plankton blooms. We interpret this pattern to be further enhanced by the reduction in air-sea gas exchange during seasonal ice cover, which is a particularly pronounced phenomenon in Mosselbukta. The relevance of this effect for the Arctic Ocean has recently been demonstrated by Islam et al. (2016), and we would thus expect this seasonal feedback mechanism to apply also to other polar carbonate factories, such as in the Canadian Arctic or in the Southern Ocean.

In contrast, 13 samples taken in August 2006 during the MSM2-3 expedition in northern Svalbard at or near sites with rhodolith beds, including Mosselbukta (Teichert et al., 2012, 2014), show pCO2 values close to expected equilibrium values but exhibiting strong variability (overall mean: 406.3 ± 139.7 μatm), indicating partial to complete re-equilibration by that time of the year. As a consequence, pH values (8.03 ± 0.13 on total scale) and saturation states for calcite (2.35 ± 0.61) and aragonite (1.48 ± 0.38) were considerably lower, albeit always saturated at sites of rhodolith growth (Teichert et al., 2014). In June 2016, waters were well-saturated (overall means of 4.19 ± 0.61 and 2.64 ± 0.38 in Mosselbukta, and 3.63 ± 0.21 and 2.28 ± 0.13 at Bjørnøy-Banken), suggesting little effects, if any, of physicochemical carbonate dissolution on marine calcifiers. Hence, the adverse effects of ocean acidification that are predicted to be particularly relevant for circumpolar calcifiers (see AMAP, 2018 for the latest review) can be expected to be buffered to some extend by the marked annual drop in pCO2 during the phase of seasonal sea-ice cover and spring plankton bloom, and the phase of re-equilibration thereafter. However, this effect will diminish if the degree of seasonal sea-ice formation continues to decline at the present rate (Hetzinger et al., 2019).



Stable Carbon Isotopes of Dissolved Inorganic Carbon

The stable carbon isotopic composition of DIC (δ13CDIC) in the marine realm is influenced both by biological processes and by air-sea exchange of CO2 and is therefore not easily constrained (Kroopnick, 1985). During photosynthesis, organisms preferentially incorporate the lighter 12C and thereby increase the δ13CDIC of the ocean’s surface waters. At depth, remineralisation of the isotopically light organic material leads to a decrease in the δ13CDIC (Broecker and Maier-Reimer, 1992). This parallels the gradient of dissolved inorganic nutrients, which usually are more depleted in surface waters and increase in concentration at depth. If the δ13CDIC of the oceans were only controlled by this process, δ13CDIC would decrease by 1.1 ‰ per 1 μmol/kg PO4 (Broecker and Maier-Reimer, 1992).

We analysed δ13CDIC of a total of 43 seawater samples from Mosselbukta and Bjørnøy-Banken (Table 4, Figure 10, and Supplementary Table S5 for raw data), taken in surface waters and above the seafloor, to understand to what degree sea-ice and CO2 uptake (air-sea exchange) related processes around Spitsbergen influence the levels of δ13CDIC. Together with the determined δ18Osw these data furthermore provide a baseline for future carbonate stable isotope analysis of marine calcifiers in the Svalbard carbonate factories.


TABLE 4. Stable isotope and DIC values in Mosselbukta and at Bjørnøy-Banken (W and E of the Polar Front) for surface waters and for bottom waters, averaged over the available CTD casts (bottom water stations complemented with water samples taken by JAGO; total number of considered samples per depth indicated in the second column).
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FIGURE 10. Stable carbon and oxygen isotopes of dissolved inorganic carbon in seawater samples taken from Mosselbukta and Bjørnøy-Banken. (A) δ13CDIC plotted against water depth. (B) δ13CDIC plotted against PO4 concentrations, including the δ13CDIC – PO4 relationship from various Arctic regions compiled by Bauch et al. (2015). (C) Adjusted δ13Cas calculated after Lynch-Stieglitz et al. (1995) and plotted against pCO2 (for details see text). (D) δ18Osw plotted against water depth. (E) δ18Osw plotted against seawater salinity. (F) Same as E but including the δ18Osw - salinity relationships from Kongsfjorden (W Spitsbergen, MacLachlan et al., 2007) and Sognefjorden (W Norway, Mikalsen and Sejrup, 2000).


In Mosselbukta the δ13CDIC values decrease with water depth and vary on average from 2.03‰ in surface waters (∼11 m), over 1.60‰ for bottom waters of intermediate depth (∼47 m), to 0.98‰ for bottom waters at the deeper station (∼156 m), being possibly a reflection of the different ambient water masses PSWw, AW and MAW, respectively (Figure 7). At Bjørnøy-Banken, such a large spread was neither found when comparing surface and bottom waters, nor between waters west (PSWw) and east (PSWw + AW) of the Polar Front (Figure 8), which appear to have a rather similar carbon isotope signal (1.49 to 1.47‰ vs. 1.33 to 1.27‰, respectively). Combining data from both sites, an overall decrease in δ13CDIC from surface to depth (Figure 10A) is evident. Such a systematic δ13CDIC–depth gradient is consistent with the aforementioned remineralization process, as it is also suggested by the close relationship of δ13CDIC with nutrient concentrations, here PO4 (Figure 10B). Even though the range of PO4 is relatively small, varying from 0.1 to 0.6 μmol/kg, it is consistent to the Arctic δ13CDIC - nutrient relationship of Bauch et al. (2011). However, our data exhibit a change of 1‰ per 0.5 PO4 μmol/kg (Figure 10B), being two times stronger as if only biological processes would affect the δ13CDIC. According to that, it is also possible to determine to what degree also air-sea processes influence the δ13CDIC by adjusting to their nutrient level. Due to the phosphate limitation around Spitsbergen we here use the PO4 approach of Lynch-Stieglitz et al. (1995), by calculating the adjusted δ13Cas using the following equation δ13Cas = δ13CDIC - (2.7 - 1.1 ∗ PO4). This method subtracts the δ13C values predicted from biological activity alone from the actual δ13CDIC assuming that all non-biotic factors are related to air-sea exchange processes. This approach is based on ideal biological processes with a constant fractionation and constant Redfield nutrient ratio (Lynch-Stieglitz et al., 1995; Bauch et al., 2015). We are aware that this approach is not adjusted to local Arctic conditions (see Table 2 for the observed variation in N:P), but it nevertheless gives an indication to what degree air-sea exchange processes control the δ13CDIC distribution around Spitsbergen.

The resulting δ13Cas values (Table 4) reveal a relatively large range between −0.1 and −1.2 ‰. The detailed study by Bauch et al. (2015) showed that air-sea exchange processes in the entire Arctic Ocean and shelf regions are far from being at equilibrium, implying that at high latitudes diffusion of CO2 from the atmosphere into the oceanic system leads to a decrease in δ13CDIC and δ13Cas (Lynch-Stieglitz et al., 1995). This is also consistently identifiable in the present relationship between pCO2 and δ13Cas values (Figure 10C). Mosselbukta in particular shows a considerable range in pCO2 and δ13Cas values with a clear trend toward lighter δ13Cas values with depth. In comparison Bjørnøy-Banken is characterised by relatively light δ13Cas values, which tend to only slightly decrease with depth and higher pCO2 concentrations.

Relatively high (close to 0 ‰) δ13Cas values in Mosselbukta can be explained by an inhibition of air-sea exchange at shallow depth arising from longer and more complete ice coverage compared to Bjørnøy-Banken (Stein et al., 2017)4. Lighter δ13Cas values (∼−1‰ similar to the North Atlantic, Lynch-Stieglitz et al., 1995) at greater depth in Mosselbukta and at Bjørnøy-Banken instead may result from brine rejection during sea-ice formation and a relatively strong invasion of atmospheric CO2 associated with sinking cold water, respectively. This is consistent with low δ13Cas on Arctic shelf areas, mainly reflecting the invasion of isotopically light atmospheric CO2 under non-equilibrium conditions (Bauch et al., 2015).



Stable Oxygen Isotopes of Seawater

Stable oxygen isotopes of seawater (δ18Osw) have been shown to be a useful tracer to track freshwater influence and sources, especially in high-latitude settings (Bauch et al., 1995, 2011; Cooper et al., 2008). This is owing to the fact that sea-ice is slightly enriched, whereas Arctic meteoric waters are strongly depleted in its oxygen isotopic composition relative to seawater (Bauch et al., 1995). Furthermore, oxygen isotope mixing lines are particularly useful as they can be used to characterise water mass formation (Bauch et al., 2005). Such mixing lines aim to constrain the controlling factors of the oxygen isotopic composition of seawater and subsequently can be used for palaeoceanographic reconstructions.

Here, we have analysed 43 seawater samples for stable oxygen isotopes in Mosselbukta and at Bjørnøy-Banken, covering a salinity range from 34.4 to 35.7 (Table 4, Figure 10, and Supplementary Table S5 for raw data). The δ18Osw values in Mosselbukta and at Bjørnøy-Banken exhibit a relatively small range, between 0.16 and 0.31‰ and from 0.18 to 0.28‰, respectively (Figure 10D). Both areas plot close to the global average of ∼0 ‰ for seawater (Schmidt et al., 1999: Global seawater oxygen-18 database)5. In contrast to water depth (Figure 10D), salinity reveals an influence on δ18Osw values (Figure 10E) and fit to the global δ18Osw – salinity relationship of Schmidt et al. (1999: Global seawater oxygen-18 database) (see foot note). Even though the observed range in δ18Osw values are within analytical uncertainty, a strong relationship between δ18Osw and salinity is apparent in Mosselbukta (r2 = 0.8; Figure 10E). This relationship may represent a first order mixing between more saline MAW and AW with fresher PSWw at shallower depth (see also Figure 8), possibly being enhanced by glacial or sea-ice melt. Any deviation of this mixing line toward lower or higher salinity values at constant δ18Osw indicate sea-ice melt (lower values) or sea-ice formation (higher values: with associated brine release; Bedard et al., 1981). In Mosselbukta, three samples exhibit values above 35 on the PSS scale (Figure 10E), with δ18Osw values deviating from above δ18Osw – salinity relationship. These values might be associated with previous periods of sea-ice formation and consistent with the interpretation of the δ13Cas values. Consequently, these values were omitted from the computation of a δ18Osw – salinity relationship described by the following equation: δ18Osw = 0.53 ∗ S - 18.09. Such a relationship is not apparent at Bjørnøy-Banken. Here, the δ18Osw values reveal a similar variability of 0.15‰ as in Mosselbukta, but no clear relationship to salinity. This might be explained by different end-members (latitude effect) of the two different water masses influencing the oxygen isotopic composition west and east of the Polar Front (Figure 8). That is, the PSWw + AW west of the Polar Front is rather warm, slightly more saline, and of southern origin, whereas the PSWw in the east is rather cold, less saline, and of northern origin, and these differences are reflected in the different δ18Osw signals.

The Mosselbukta δ18Osw – salinity relationship fits in well with those previously described by MacLachlan et al. (2007) from Kongsfjorden in western Spitsbergen and by Mikalsen and Sejrup (2000) from Sognefjorden in western Norway (Figure 10F). As the Sognefjorden is located at lower latitude and is influenced by different end-members, it may only partly be comparable to the Svalbard setting, but it adds on missing salinity values of around 33 (PSS). The Mosselbukta δ18Osw – salinity relationship appears to be slightly steeper (0.5263) compared to Mikalsen and Sejrup (2000) and MacLachlan et al. (2007). Unfortunately, we do not have a Mosselbukta freshwater end-member at hand to verify this. However, taking all three mixing lines together (Figure 10F) the relationship can be described by equation δ18Osw = 0.36 ∗ S - 12.30. This would indicate a freshwater end-member of −12.30, which is slightly higher than the −14.35 obtained by MacLachlan et al. (2007), but very similar to that of Mikalsen and Sejrup (2000) with −12.51 (Figure 10F). In conclusion, our approach demonstrates a relatively robust δ18Osw – salinity relationship despite the complex oceanographic systems, and our additional data adds coherently to already existing data and may be used as a Svalbard system specific δ18Osw – salinity calibration down to salinity values of 30. The analysis of water samples from other fjords and freshwater end-members in Svalbard is needed to solidify this relationship.



Macrobenthos Diversity

A total of 25 taxa were identified from the image stacks of the lander’s camera system with crustaceans (6 taxa), echinoderms (6) and molluscs (6) as dominating groups, representing 72% of the identified species (Table 5 and Figures 11, 12). Nineteen taxa could be determined to species level and six to genus level, although that high identification rate was only possible by the help of parallel beam trawl catches (see Wisshak et al., 2017 for detail). Most taxa in Mosselbukta as well as Bjørnøy-Banken were vagile calcifiers and could be identified on every image (presence 100%). Diversity was much higher in Mosselbukta (21 taxa) compared to Bjørnøy-Banken (8 taxa), which is most likely due to the occurrence of Lithothamnion glaciale rhodoliths in Mosselbukta covering about 50% of the seafloor visible in the lander images (Figure 11). This is in line with the fact that L. glaciale is considered a bioengineer, which forms characteristic three-dimensional habitat structures that promote benthic biodiversity by providing substratum, protection and food for other benthic organisms (Teichert et al., 2012, 2014). On the other hand, differences in species diversity might not only be depth and substrate dependant (as applying also for Kongsfjorden; see Sahade et al., 2004), but also related to environmental factors such as salinity, temperature or turbidity. As demonstrated above, environmental conditions and water masses between Mosselbukta and Bjørnøy-Banken differ markedly, therefore promoting different fauna and species richness.


TABLE 5. Macrobenthos species inventory of organisms identified in the image stacks of the lander’s camera system, with reference to the location (M, Mosselbukta; B, Bjørnøy-Banken), their motility, and their temporal presence in four percent classes.
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FIGURE 11. Selected seafloor images (field of view = 86 × 57 cm) taken by the lander’s camera system during the 6 days of deployment at 46 m water depth in the rhodolith belt in Mosselbukta: (A) Last image in the series, with labels for those species that have either been tracked and/or analysed for feeding activity. (B) First image in the series; note the marked difference in turbidity and thus image contrast. (C) Last image in the series with the labelled tracks of the Lithothamnion glaciale rhodoliths. (D) Last image in the series with the labelled tracks of the echinoid Strongylocentrotus sp., the main agent of moving around rhodoliths. (E) Another trigger for movement of rhodoliths and other organisms is the great spider crab Hyas araneus.



[image: image]

FIGURE 12. Selected seafloor images (field of view = 86 × 57 cm) taken by the lander’s camera system during the 3 days of deployment at 46 m water depth on the carbonate platform at Bjørnøy-Banken: (A) First image in the series with several specimens of the large holothuroid Cucumaria frondosa, which was analysed for feeding activity. (B) Last image in the series for comparison. (C) An image taken during one of the tidal-induced phases with high currents and turbidity, leading to low contrast images, and prohibiting analysis of feeding activity except for the large holothuroids.




Macrobenthos Dynamics – Feeding Activity

Filtering activity of a total of 26 individuals was investigated in Mosselbukta. The individuals belong to balanids (Balanus sp.; 8 ind.), serpulids (Serpula sp.; 8 ind.), as well as epibenthic bivalves (Chlamys islandica; 6 ind.) and endobenthic bivalves (Mya truncata and Hiatella arctica; 4 ind.). Generally, individuals were more active than inactive throughout the study period, but results reveal no common activity pattern between species (Figure 13). For instance, serpulids and C. islandica were more inactive in the last 2 days (Figures 13C,D,G,H), while for balanids a pronounced phase of inactivity was found from the third to fifth day (Figures 13A,B). Filter-feeding by M. truncata and H. arctica was very homogenous during the study period with no obvious activity pattern (Figures 13E,F). The investigated individuals were often disturbed during filtering in Mosselbukta due to the high population density of mobile epifauna in that habitat (Figures 13A,C,E,G). Among the nine species that caused disturbances, hermit crabs were the most common troublemakers.
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FIGURE 13. Mean filter-feeding activity and cumulative intermissions in activity per hour of selected benthos organisms, as observed on images of the lander’s camera system during the 6 days of deployment in Mosselbukta: balanids (A,B), serpulids (C,D), endobenthic bivalves (E,F), and epibenthic bivalves (G,H). Abbreviations used for indicating disturbances: E, echinoid; O, ophiuroid; A, asteroid; C, crab; S, shrimp; H, hermit crab; B, bivalve; G, gastropod; F, fish.


To evaluate possible correlation of macrobenthos filtering activity to the environmental parameters logged by the SaM Lander, Spearman rank correlation coefficients were computed. No significant correlations were found, except for a moderate negative correlation between mean activity of serpulids and temperature in Mosselbukta (ρ = −0.370, P < 0.001). This observation is consistent with our observations that serpulids are more sensitive to external influences than the other species studied. With regard to the involved water masses, this indicates that serpulids are more inactive in the presence of warm Polar Surface Water (PSWw) and more active, when MAW or Atlantic Water (AW) dominates (Figures 3A, 8A,B, 13C,D). Possibly, this is an effect of different load in particulate organic matter (POM) serving as source of food for the filter-feeding organisms, but we do not have data to verify this. In any case, in the densely populated Mosselbukta rhodolith beds, the influence of disturbance by other individuals on the filtering activity seems to be greater than abiotic factors during the 6 days of observation.

As for Bjørnøy-Banken, seven individuals of the holothuroid Cucumaria frondosa were analysed regarding their filtering activity. It is assumed that our observations were made within the main feeding period of C. frondosa, which is in spring and summer (Hamel and Mercier, 1998; Singh et al., 1999). The population density of C. frondosa was very high during the sampling period at Bjørnøy-Banken with up to 363 individuals/200 m2 caught in parallel beam trawl hauls and 7 individuals captured within the 86 × 57 cm sized field of view at the randomly selected lander site. Moderate correlations were found between mean filtering activity of C. frondosa and the turbidity proxy (ρ = −0.352, P < 0.001), tidal cycle (ρ = 0.330, P < 0.001), as well as pH (ρ = −0.350, P < 0.001), while the latter is likely indirect only and reflects the tidal rhythm of the involved water masses. Thus, C. frondosa revealed highest filtering rates during high tide at Bjørnøy-Banken when turbidity is comparatively low (Figure 14). Turbidity is not interpreted as a proxy for available food for C. frondosa in this study. Instead, the lander’s sea floor images reveal that high turbidity during ebbing and low tide is associated with the turbulence of sand and other particles at high flow velocities, which most likely reflect unfavourable feeding condition and results in low filtering activity of C. frondosa (Figures 12C, 14). This result fits well to the findings of Singh et al. (1999) who also found a decreasing feeding rate of C. frondosa at too high current speed and low food concentration in the Bay of Fundy, Canada. C. frondosa is a passive suspension feeder whose feeding depends on currents moving water through their filtering tentacles (Singh et al., 1998). However, the feeding rate of C. frondosa is determined by an optimal combination of capture efficiency, rate of particle encounter, and the deformation of the feeding elements, which in turn is determined by current speed (Singh et al., 1999). High current speed can result in the deformation of the feeding tentacles (as observed in our sea-floor images), which might result in a reduction of surface area available for particle capture. Furthermore, the physical resistance on tentacle movement into the mouth can increase with increasing flow velocities (Singh et al., 1999). Together with a low food concentration at high flow rates, these may be reasons for the observed low filter activity just before low tide. In general, the interaction between current flow and food quantity/quality seems to be the most important factor for many suspension-feeding species (Jørgensen, 1966) and can possibly be regarded as a general phenomenon. In the English Channel, for example, a perfect match between turbulence and resuspension was essential for the suspension feeding brittle star Ophiothrix fragilis (Davoult and Gounin, 1995) and also suspension feeding of the crinoid Antedon mediterranea depends on the ambient particle concentration and current speed (Leonard, 1989). We therefore conclude that the best feeding conditions for C. frondosa with regard to food concentration, food quality and current speed were found during high tide at Bjørnøy-Banken when flow velocity and turbidity was relatively low.
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FIGURE 14. (A) Mean filter-feeding activity and cumulative intermissions in activity per hour of holothuroids observed on images of the lander’s camera system during the 3 days of deployment at Bjørnøy-Banken. (B) Turbidity proxy (standard deviation of mean grey scales in each image). (C) Tidal curve; note the correlation to the feeding activity.




Macrobenthos Dynamics – Mobility Analysis

As an expression of the sedimentary dynamics in the local carbonate factory, 28 Lithothamnion glaciale rhodoliths (= 57 individuals per m2), 4.2 to 12.8 cm in size and with a mean of 7.7 ± 2.0 cm, were tracked with respect to their passive dislocation (Figure 15A and Supplementary Video S1 for tagged video file). The cumulative distance individual rhodoliths were moved ranged from an essentially immobile 0.2 cm to as much as 52.1 cm, with a mean of 13.3 ± 13.4 cm. The actual straight horizontal vector between the first and the last frame, however, was much smaller and measures 0.1 to 6.1 cm with a mean of 1.9 ± 1.8 cm, in random directions. All of the 28 recorded rhodoliths remained in the field of view over the course of the 6 days of observation. The mean cumulative distance of dislocation per hour (3.1 ± 2.6 cm; Figure 15A) and the mean velocity of movement (0.1 ± 1.8 cm/h; Figure 15B) fluctuated irregularly over the course of the 6 days observation period with days 3 and 4 showing the highest activity and day 5 the lowest. Most interestingly, the recorded movements were not triggered by abiotic force (tidal or storm currents). Instead, for all of the events where a rhodolith was dislocated by more than about a centimetre, either instantly or over the duration of several frames, the cause was attributable to the activity of other benthic organisms. Specifically, these were echinoids ploughing below or moving across the rhodoliths (Strongylocentrotus sp.; 88.8%), large crustaceans (Hyas araneus and others; 11.6%), as well as ophiuroids (Ophiacantha bidentata and Ophiopholis aculeata; 3.8%) and scallops (Chlamys islandica; 3.8%). A more or less continuous ‘noise’ of minute movements of only few millimetres was caused by the activity of the ubiquitous small ophiuroids, but they were responsible for only two out of the 52 events of a more significant dislocation.
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FIGURE 15. Cumulative distance per hour, mean velocity, and number of selected macrobenthos organisms, as tracked on images of the lander’s camera system during the 6 days of deployment in Mosselbukta: rhodoliths (A,B), echinoids (C,D), chitons (E,F), and epibenthic bivalves (G,H). Abbreviations used for indicating disturbances: E, echinoid; O, ophiuroid; C, crab; B, bivalve.


The echinoid Strongylocentrotus sp. was not only identified as the main reason for dislocation of rhodoliths, but is also of relevance for the carbonate factory. With respect to its size and abundance, this species contributes considerably on the one hand to the carbonate production, while on the other hand it also acts as a grazing agent and, therefore, contributes to carbonate bioerosion. In total 29 echinoids were tracked, ranging from juveniles of only 1.5 cm in diameter to large specimens of up to 5.4 cm in size. The mean size was 3.6 ± 1.1 cm. There were 4–9 individuals (mean = 6.8 ± 1.5) in the field of view at all times (Figure 15C and Supplementary Video S2 for tagged video file), translating to a density of 8–18 individuals (mean = 13.8 ± 3.1) per square metre. Most of the individual echinoids showed an alternating behavioural pattern of extended times hiding next to or buried below rhodoliths or small rocks, and times of travel across the rhodolith bed, carrying shell fragments or other mid-sized sediment particles along for masking. Other individuals hardly moved at all. As a result, the cumulative distance travelled by each of the 29 tracked echinoids varied greatly from only 9.5 to 305.6 cm, with a mean of 76.3 ± 65.7 cm. The cumulative distance travelled (and partly grazed) by all recorded echinoids during the 119 h of observation amounts to 2,212 cm. The synchronicity of this alternating activity pattern appears low and the mean cumulative distance travelled per hour (18.6 ± 19.1 cm; Figure 15C) as well as the mean velocity of movement (2.5 ± 3.1 cm/h; Figure 15D), thus, fluctuated irregularly over the course of the 6 days observation period. Overall, the mobility of the tracked echinoids was higher than average during the first, third, and fourth day, and below average during the second and fifth day of observation, thus coinciding with the degree of dislocation of the rhodoliths (see above).

Another grazing epibenthos species of relevance both for carbonate production and bioerosion is the chiton Tonicella rubra. Owing to its comparatively small size, this chiton was more difficult to track and often disappeared between the rhodoliths or boulders. Also, tracking of chitons on moving objects was unfeasible so that only tracks on stable objects were recorded. This resulted in 49 tracks, some of which potentially relate to the same individual chiton, and comprises juveniles of as small as 0.4 cm as well as large specimens of 2.3 cm in length. The mean length was found at 1.5 ± 0.4 cm. The number of tracked individuals ranged between none and 7 individuals (mean = 2.9 ± 1.6), equating to a density of 0 to 14 (mean = 5.9 ± 3.2) per square metre (Figure 15E and Supplementary Video S3 for tagged video file). Individuals were observed to either rest at one spot for extended periods of time, or browsing the substrate, thereby often rotating sideways and back and forth during grazing activity. The well-armoured individuals appeared fairly insensitive to disturbance by other epibenthos. The mean cumulative distance of dislocation per hour (4.1 ± 2.6 cm; Figure 15E) fluctuated irregularly, mainly as a result of the varying number of tracked individuals. The mean velocity (1.5 ± 1.0 cm/h; Figure 15F) fluctuated without marked peaks. The tracks browsed by the chitons were one order of magnitude shorter than that of the echinoids, and the cumulative length of all tracks amounts to only 482 cm with the longest individual track measuring 38 cm.

Finally, 10 individuals of the large clam Chlamys islandica, one of the main carbonate producers in the Svalbard rhodolith beds, were tracked. All specimens were mature and measured 4.6–7.2 cm in length from the umbo to the margin, and the mean length was 5.5 ± 0.7 cm. They are semi-mobile, with 8 specimens permanently in the field of view and only 2 specimens entering the scene during the observation period (Figure 15G and Supplementary Video S4 for tagged video file). The mean number of tracked specimens of 9.2 ± 0.4 translates to a density of 18.7 ± 0.9 individuals per square metre. While some of the individuals did not leave their site and only showed small changes in their orientation, others were very active, with frequent rotations and relocations, summing up to 153 cm in case of one of the individuals. The cumulative distance moved by all 10 individuals amounts to 626 cm, representing a mean of 5.3 ± 6.2 cm (Figure 15G), corresponding to a mean velocity of 0.5 ± 1.0 cm/h (Figure 15H). In most cases there was no recognisable reason for dislocation, but a number of events were attributable to either echinoids or large crustaceans.



CONCLUSIONS

Environmental data from repeated CTD profiling and an autonomous temperature/salinity logger on a long-term settlement platform, complemented by short-term deployments of a lander, identifies the involved water masses as follows: In the early summer, Mosselbukta is characterised by Polar Surface Water (PSW) and Atlantic Water (AW) in shallow waters and MAW from the Arctic Ocean at depth. At the rhodolith beds at ∼50 m water depth, short-term disturbances due to upwelling during storm events and seasonal fluctuations in the influence of the West and East Spitsbergen currents lead to a varying exposure to these three water masses. Relatively warm (∼5°C) AW in the summer months cools down during the polar night, forming MAW, and drops below the freezing point during the late winter months with sea ice cover, showing a PSW signature. In the summer, surface waters at Bjørnøy-Banken were in average colder and less saline, representing PSW from the Barents Sea, with some influence by warmer AW west of the Polar Front.

Short-term fluctuations logged by the lander at 46 m water depth at both study sites portrays a tidal range of 1 m maximum, temperature fluctuations less than 1°C, full marine salinities with fluctuations less than 0.2 units, and a range in pH from 8.2 to 8.4 (NBS scale). Levels of photosynthetically active radiation (PAR) were surprisingly low, with only few excursions above the detection limit in Mosselbukta, reaching a maximum of only 4.5 μmol/s∗m2. Accordingly, the observed turbidity was considerable, especially at Bjørnøy-Banken, where levels peaked during ebbing tide.

At both study sites, dissolved inorganic nutrients (nitrate, nitrite, phosphate) were found depleted with an overall increase in concentration and N:P ratios toward deeper waters. Together with elevated ammonium levels, this is taken to reflect a recycling system that keeps fuelling primary production (promoting the food chain for zooplankton and filter-feeding epibenthos feeding upon it) after the spring bloom (at the time of the MSM55 cruise in June 2016). This interpretation is in good accordance to elevated oxygen levels and considerably reduced carbon dioxide concentrations (pCO2) of in average only half the expected equilibrium values, which is understood as an effect of limited air-sea gas exchange during seasonal ice cover in combination with a boost in community photosynthesis during the phytoplankton bloom. In the case of Mosselbukta, this effect is further enhanced by the onset of rhodophyte photosynthesis in the rhodolith beds during the polar day upon retreat of sea-ice. Constant total alkalinity (TA), constant or decreasing DIC, and an increase in pCO2 levels with depth, are mirrored by carbonate saturation states and pH values decreasing with depth, but remain well within the range of oversaturation, thus suggesting little effect of physicochemical carbonate dissolution on the marine calcifiers. Hence, adverse effects of ocean acidification predicted for Arctic calcifiers are expected to be buffered to some extent by the marked annual drop in pCO2 during the phase of seasonal sea-ice cover and spring plankton bloom. However, this should not be taken as an all-clear signal, since this positive effect will dwindle if the degree of seasonal sea-ice formation continues to decline at the present rate.

Seawater stable carbon isotope signals from both sites show an overall decrease in δ13CDIC and δ13Cas (adjusted for phosphate) from surface to depth, and a close relationship of δ13CDIC with phosphate concentrations, providing further consistency in the interpretation presented above. Seawater stable oxygen isotope ratios (δ18Osw), instead, show a relation to salinity and in Mosselbukta describe a first order mixing line resulting from meltwater influx. Together with published data, a relatively robust, Svalbard system-specific δ18Osw – salinity relationship is evident. All of these observed effects and bathymetrical trends are more pronounced in Mosselbukta, primarily owing to the high abundance and photosynthetic activity of the rhodophyte algae, when compared to Bjørnøy-Banken, where a strong hydrodynamic regime is promoting water column homogenisation.

Among the 25 macrobenthos taxa recorded by the lander’s camera system, 72% were crustaceans, echinoderms, and molluscs, and all but three species were calcifiers contributing to the carbonate production in the Svalbard carbonate factories. Diversity was found to be considerably higher in Mosselbukta (21 taxa) compared to Bjørnøy-Banken (8 taxa). This is interpreted as an enhanced biodiversity in the 3D habitat structured by the bioengineering crustose alga Lithothamnion glaciale in the rhodolith beds. Filter-feeding activity of balanids, serpulids, and bivalves did reveal group-specific but no common activity patterns of the densely populated Mosselbukta macrobenthos. Disturbance events by other individuals were common (in contrast to abiotic factors) with hermit crabs representing the primary cause. At Bjørnøy-Banken, holothuroid feeding activity revealed an increasing filtering rate during high tides, as reflected also in a statistically significant relation to turbidity and tidal cycle.

Motion tracking of 28 L. glaciale rhodoliths revealed a high frequency of dislocation with a mean of 13.3 cm during the 6 days of observation. Intriguingly, none of the dislocations was caused by abiotic factors but instead are attributable to the activity of other benthic organisms, in particular echinoids ploughing below or moving over the rhodoliths (88.8%), as well as large crustaceans (11.6%). Accordingly, the echinoid Strongylocentrotus sp. was identified as the most abundant component of the associated fauna, with a mean of 13.8 individuals per square metre, hence considerably contributing both to carbonate production and to grazing bioerosion. The 29 logged echinoids in the field of view travelled a cumulative distance of 2,212 cm at a mean velocity of 2.5 cm/h. The chiton Tonicella rubra was the second grazer species of relevance for carbonate production and bioerosion, travelling a cumulative 482 cm at a mean velocity of 1.5 cm/h. Another abundant calcifier is the large clam Chlamys islandica that has a semi-sessile behaviour but the cumulative distance of active dislocations of the 10 logged individuals nevertheless sums up to 626 cm. No synchronicity in the activity pattern, neither within not between the observed species, was observed.

In summary, the results of this multidisciplinary characterisation of two contrasting polar carbonate factories portray a high degree of seasonal as well as short-term dynamics in environmental conditions that support distinctly different communities and biodiversity patterns in the dominant calcifying macrobenthos. It remains paramount to further investigate the ecophysiological response of L. glaciale and other calcifiers in polar carbonate factories to the strong seasonal fluctuations in the carbonate system and other environmental variables to better understand the impact of the ongoing global change on these ecosystems.
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TABLE S1 | Star Oddi DST CT miniature logger raw data of long-term deployment (August 2016 - November 2017) in Mosselbukta; plotted in Figures 3A,B.

TABLE S2 | Lander RBRconcerto logger raw data of deployments in Mosselbukta and Bj rn y-Banken, used for graphs in Figures 5, 7B–D.

TABLE S3 | MSM55 weather station raw data (extracted from DShip system), used for graphs in Figure 6.

TABLE S4 | MSM55 CTD raw data for graphs in Figures 7A,C, 8, 9, 10E.

TABLE S5 | MSM55 water sample analyses (nutrient regime, carbonate system, stable isotopes), used for Tables 2–4 and for graphs in Figure 10.

VIDEO S1 | Motion tracking of Mosselbukta rhodoliths (video file; mp4; uncompressed video files and the high-resolution image stack are available from the corresponding author upon request).

VIDEO S2 | Motion tracking of Mosselbukta echinoids (video file; mp4).

VIDEO S3 | Motion tracking of Mosselbukta chitons (video file; mp4).

VIDEO S4 | Motion tracking of Mosselbukta bivalves (video file; mp4).


FOOTNOTES

1
https://planetcalc.com/300

2
http://polarview.met.no

3
http://odv.awi.de

4
http://nsidc.org

5
http://data.giss.nasa.gov/o18data
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