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Spring Succession and Vertical Export of Diatoms and IP25 in a Seasonally Ice-Covered High Arctic Fjord
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The biomarker IP25 and fossil diatom assemblages preserved in seafloor sediments are commonly used as proxies for paleo Arctic sea-ice reconstructions, but how their production varies over the seasons and is exported to the sediment remains unclear. We analyzed IP25 concentrations and diatom assemblages from a 5-week consecutive series of sea-ice cores and compared the results with sediment trap and surface sediment samples collected at the same site in the Young Sound fjord, Northeast Greenland. Our aim was to investigate the dynamics of diatom colonization of the spring sea ice and the in situ production of IP25. Additionally, selected diatom taxa observed in the sea-ice samples were isolated from in-ice assemblages and their lipid composition was analyzed via gas chromatography-mass spectrometry. We confirm that Haslea spicula (and not the closely related species H. crucigeroides) is an IP25-producer. All three known IP25-producing taxa (Haslea spicula, H. kjellmanii, and Pleurosigma stuxbergii var. rhomboides) were present in Young Sound sea-ice and the low IP25 concentrations measured in the sea-ice (0.44–0.72 pg mL−1) were consistent with the low abundance of these source species (0.21–9.66 valves mL−1). Total sympagic diatom production also remained very low (21–985 valves mL−1), suggesting that the fjord's sea ice did not provide an optimal physical-chemical environment for diatoms to thrive. Temporal changes in the sympagic diatom community were also observed, with an early presence of the pelagic Thalassiosira hyperborea and subsequent dominance of pennate taxa, including Nitzschia and Navicula species, Fossula arctica and Stauronella arctica. The assemblages observed during and after the seasonal ice melt consisted primarily of Fossula arctica, Fragilariopsis oceanica, Thalassiosira antarctica var. borealis (resting spores), and Chaetoceros spp. (vegetative cells and resting spores). The seafloor sediment assemblages largely reflected the melt and post-melt planktic production and were dominated by the resting spores of the centric Chaetoceros spp. and Thalassiosira antarctica var. borealis, and the pennate Fragilariopsis oceanica, Fossula arctica, and Fragilariopsis reginae-jahniae. This study documents that IP25 is produced in Young Sound, and that the weak fingerprint of sea ice in the sediment appears to be primarily due to the limited sea-ice diatom biomass.
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INTRODUCTION

The reliable reconstruction of past sea-ice variability in polar regions is a key prerequisite for climate model development. Due to its effects on the Earth's radiative properties (e.g., Curry et al., 1995), ocean heat transport (e.g., Jahn and Holland, 2013; Tomas et al., 2016), and the stability of tidewater outlet glaciers (e.g., Bendtsen et al., 2017), the rapid sea-ice decline associated with current climate warming can contribute to further changes in the climate system (e.g., Serreze and Barry, 2011). Our ability to fully evaluate and comprehend these impacts is however impaired by the scarcity and short time span of monitoring data. This paucity of long-term information about the interactions between climate and sea ice has motivated the development of methods that are based on the study of tracers preserved in seafloor sediments. Thorough reviews of sea-ice proxies, including their strengths, and shortcoming are presented in Polyak et al. (2010) and de Vernal et al. (2013). Proxy records enable us to extend sea-ice data several millennia back in time and make it possible to define environmental variability at a (multi-) decadal resolution.

The bottom horizon of sea-ice, in particular the 1–3 cm above the ice-water interface (Brown et al., 2011), forms the habitat of diatom species that produce a fossilizable molecular biomarker, IP25 (Ice Proxy with 25 carbon atoms; Belt et al., 2007), and sedimentary IP25 quantifications have become a widely-applied approach to reconstruct past seasonal sea-ice conditions in the Northern Hemisphere (e.g., Massé et al., 2008; Andrews et al., 2009; Vare et al., 2009; Belt et al., 2010; Müller et al., 2012; Cabedo-Sanz and Belt, 2016). This mono-unsaturated highly branched isoprenoid (HBI) alkene is biosynthesized in the sea-ice matrix by a restricted number of common pan-Arctic diatoms belonging to the Haslea and Pleurosigma genera (Brown et al., 2014) and is deposited in underlying sediments when the ice melts, in spring, or summer. The source-specific nature and high preservation potential (see however Rontani et al., 2018) of this organic molecular compound makes it a useful biomarker for the reconstruction of past sea-ice conditions. Additionally, since the frustules of sympagic diatoms are generally weakly silicified and do not preserve well in the sediment, IP25 constitutes one of the rare direct lines of evidence for the past presence of annually formed sea ice. In fully marine settings, high levels of sedimentary IP25 content are generally reported to reflect long-lasting seasonal sea-ice, polynya, or marginal ice zone conditions, whereas the absence of IP25 can either indicate perennial sea-ice cover or open water (e.g., Belt and Müller, 2013). Downcore changes in the sedimentary IP25 concentrations from a given location are therefore typically interpreted to reflect temporal fluctuations in the sea-ice conditions.

However, recent studies have shown that the sedimentary concentrations of IP25 in coastal areas influenced by freshwater runoff are lower than expected, thus showing a mismatch with overlying sea-ice cover extent (Xiao et al., 2013; Hörner et al., 2016; Ribeiro et al., 2017; Limoges et al., 2018). Despite the growing number of IP25-based sea-ice reconstructions, only a limited number of studies have, to date, investigated the ecophysiological and environmental parameters that determine IP25 production (e.g., Brown et al., 2011, 2014), raising concerns about the interpretation of IP25 as a quantitative indicator of sea-ice cover, and the possible limitations to its application in the Arctic (Belt and Müller, 2013).

Here, we present a two-step investigation based on (1) biomarker and diatom analyses of sea-ice cores, sediment trap, and seafloor sediment samples from the Young Sound, a high Artic fjord located in northeastern Greenland, and (2) targeted diatom culture experiments. The Greenland Ecosystem Monitoring (GEM) programme has carried out systematic measurements in the Young Sound–Tyrolerfjord system since 2003 (Rysgaard and Glud, 2007), providing a robust record of the variability in environmental conditions (e.g., irradiance, salinity) which can be reproduced in the laboratory. This approach provides valuable insight into (i) the IP25 production in spring sea-ice, (ii) temporal trends in spring diatom assemblage composition and abundance in the sea ice, (iii) vertical transfer of diatom valves and IP25 from ice to sediments, and (iv) production of HBIs by a selection of sympagic diatom species. This study aims to improve paleoenvironmental interpretations for the Arctic region based on diatom-derived proxies.

ENVIRONMENTAL SETTING

The Young Sound is located in northeastern Greenland (74°N−20°W) (Figure 1) and, together with the Tyrolerfjord, forms a ca. 90 km long, and 2–7 km wide fjord system connected to the Greenland Sea. Along the eastern shelf of Greenland, the coastal waters are influenced by the East Greenland Current, which consists of Polar Surface Waters of low temperature (< 0°C), and salinity (< 34.4%0), overlying relatively warmer (0–2°C), saline (>34%0), Atlantic waters (>150 m depth) (Boone et al., 2018). In the fjord system, however, a shallow sill of ca. 45 m depth located at the entrance to the fjord forms a natural topographic barrier that prevents the entrainment of more saline Atlantic waters.
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FIGURE 1. (A) Location of the study area, in Northeast Greenland, (B) enlarged map of the Young-Sound-Tyrolerfjord system showing the main rivers and sampling site, and (C) bathymetry (m) from the inner to the outer fjord region and position of the sampling stations. The white triangles show the approximate position of the July sea-ice edge (modified from Ribeiro et al., 2017).



The transmittance of light into the surface-waters is attenuated by sea ice and the overlying snow from ca. late-October to mid-July (Figure 2). In late July, any remaining sea ice is typically flushed out of the fjord. The duration of the ensuing open-water season has increased since 2000 and currently lasts ~3 months, until late October or early November. A continuous time series of temperature and salinity in the vicinity of our study location is presented in Boone et al. (2018) and underlines a stepwise freshening of the fjord's subsurface and deep waters from 2003 to 2015 (see also Sejr et al., 2017). The fjord's hydrography also experiences important seasonal variation in salinity, with values ranging from 17 to 33.4%0, and 32.25 to 32.50%0, respectively, in the summer, and winter of 2013–2014 (Boone et al., 2018). Both the seasonal sea-ice melt and river runoff (0.63–1.57 km3 yr−1; Mernild et al., 2007) contribute to the formation of a shallow surface lens of fresher water (5–10 m; S < 25%0) from the end of June to July (Rysgaard et al., 1999; Sejr et al., 2017). In August, the sediment discharge associated with the Tyroler, Lerbugt, and Zachenberg rivers creates turbid plumes that cause poor light conditions, especially in the inner part of the fjord (Kroon et al., 2017; Ribeiro et al., 2017) (see Figure 1). The Zachenberg river alone can discharge sediment loads of the order of 16.1–130 × 106 kg yr−1 (Jensen et al., 2014).
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FIGURE 2. Seasonal sea-ice conditions (based on MODIS imagery) for the years 2014 and 2015. The sampling area is indicated by the yellow square.



Sea-ice algal productivity is very low and only represents < 1% of the total annual pelagic primary production in the fjord (Rysgaard et al., 2001). Monitoring of the summer planktic protist communities across the Young Sound–Tyrolerfjord system from 2009 to 2012 revealed clear spatial and temporal heterogeneities in the assemblages, largely associated with the strong gradients in surface temperature, and salinity within the system (Krawczyk et al., 2015). Diatoms were generally the most important group within the assemblages and as such play a predominant role in the fjord's primary production.

MATERIALS AND METHODS

Sea-ice Core Samples

Multiple cores of landfast first-year ice were retrieved from the outer part of the Young Sound, near the Daneborg research station (74°18.979′N, 20°17.623′W) (Figure 1) over five consecutive weeks during Spring 2014, using a SIPRE corer of 7.6 cm diameter. Sea ice temperature was measured in-situ, immediately after extraction of the ice cores using a calibrated temperature probe (Testo 720, ±0.1°C precision) inserted into pre-drilled holes (2.5 cm intervals), perpendicular to core sides. Bulk sea-ice salinity was determined on melted sea-ice sections using a calibrated Thermo Scientific Orion portable salinometer WP-84TPS with a precision of ±0.1. Salinity is reported on the psu scale (practical salinity scale). In-situ temperature and salinity measurements for the bottom 10 cm of the ice cores are shown in Figure 3. In line with the progressive seasonal ice melt, core lengths decreased from 1.43 m in 26 May to 1.33 m in 23 June (Table 1, Figure 3). Concomitantly, snow cover thickness steadily declined from 61 to 14 cm over the same period (Table 1, Figure 3). The last core was collected ~1 month before the ice break-up. Ice core samples were transported from Greenland and stored at −80°C, at the Arctic Research Center, in Aarhus University until processed.


Table 1. Sampling date, ice and snow thicknesses (cm), number of sea-ice core replicates and corresponding total volume filtered for IP25 measurements, number of sea-ice core replicates and corresponding initial volume used for diatom counts, and total concentrations of diatoms, IP25-producing diatom taxa, Haslea spicula, H. kjellmanii and Pleurosigma stuxbergii var. rhomboides (valves mL−1 or valves g−1) and IP25 concentration (pg mL−1 or ng g−1) corresponding to the sea-ice, sediment trap and surface sediment samples.
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FIGURE 3. Temporal changes of (A) snow cover thickness (cm), (B) sea-ice thickness (cm) and in situ measurements of salinity (psu; cross symbol) and temperature (°C; diamond symbol) for the bottom 10 cm of sea-ice cores: note the break and different scaling in the vertical axis. The shaded area at the bottom 3 cm of the ice corresponds to the habitat of IP25-producing diatom species, according to Brown et al. (2011), (C) IP25 concentrations (pg mL−1), (D) total concentrations of IP25-producing taxa (valves mL−1), and (E) total diatom concentrations (valves mL−1), during the five consecutive weeks of sea-ice sampling in 2014.



The bottom 10 cm of the ice cores was melted in glass beakers and placed in a refrigerator at 4°C and in the dark for 24 h. When possible, replicates of the ice cores were pooled together (Table 1). In the samples reserved for taxonomic examinations, cells were allowed to settle onto the bottom of the beakers, and fixed with acidic Lugol's solution. For the IP25 analyses, melted samples were filtered through a Whatman GF/F 47 filter, and the filters frozen at −80°C.

Trap and Seafloor Sediments

A PPS4/3 sediment trap with automated year-round sampling was deployed at 37 m (74.322°N 20.269°W) at the GEM Program (Figure 1C). Prior to launching, the collector cups were filled with Whatman GF/F filtered seawater, mercuric chloride (HgCl2), and adjusted to a salinity of 40 %0 using a solution of sodium chloride (NaCl). The mean current velocity at the trap location is lower than 2 cm s−1 (Rysgaard et al., 2003), therefore permitting an efficient trapping of sinking particles. For preservation purposes, HgCl2 was also added after sample recovery (see sampling manual MarineBasis program; Rysgaard et al., 2009). Samples were stored in a cool room (4°C) until analysis.

The time intervals of interest for this study covered by the sediment trap samples are as follows: (1) 24 April to 3 June 2014; (2) 1 July to 4 August 2014, and (3) 15 July to 4 August 2015. As such, the first sediment trap collected sinking particles before the ice melt, and the two others provide a comparison of the particles that were trapped during, and after the ice melt of both 2014 and 2015.

For comparison, we used the topmost (0–1 cm) interval of a sediment core collected in 2014 from 163 m water depth (Rumohr lot core number YS163_R1, collected at 74.3097°N, 20.3°W) (Figure 1C). The sediment was freeze-dried and kept at −80°C until further processing. The IP25 data from this site is given by Ribeiro et al. (2017, site YST2).

Culture Experiment

Individual diatoms were isolated from natural sea-ice samples (bottom 5 cm of sea-ice cores) collected from Churchill in Hudson Bay, Manitoba in 2005, and Allen Bay, near Resolute Bay, Nunavut in 2013. The sea-ice cores were drilled with a Kovacs Mark III corer of 9 cm diameter. The bottom 5 cm were sectioned using a stainless-steel surgical saw and placed in a cooler with 0.2 μm filtered seawater and stored in the dark below 4°C until the ice melted. Single cells were isolated under the microscope and placed in culture plates filled with Guillard F/2 enriched seawater. Plates were then stored in a cooled (0°C) plant culture chamber during several weeks until sufficient cells were obtained to transfer the culture into a 250 mL Erlenmeyer flask containing 125 mL of F/2 enriched seawater (salinity of 30%0). After some weeks, sufficient biomass was obtained to carry out both taxonomic identification and hydrocarbon analysis. Cells from each flask were then re-suspended using magnetic stirrers and a 50 mL aliquot filtered using GF/F filters. Filters were then inserted in an 8 mL glass vial and stored at −20°C until analysis. The lipid composition of the different species was determined following the method described in section Biomarker analysis. Results presented here refer specifically to the diatom taxa that were identified in the sea-ice samples from both Canada (Manitoba, Nunavut) and Greenland (Young Sound).

Diatom Identification and Quantification

Three endemic diatom species/species complexes responsible for the production of the lipid IP25 were identified by Brown et al. (2014): Pleurosigma stuxbergii var. rhomboides, Haslea kjellmanii, and Haslea crucigeroides, and/or H. spicula. Due to their morphological similarity, it was not possible during the experiment undertaken by Brown et al. (2014) to determine whether both H. crucigeroides and H. spicula produce IP25. These two pennate diatoms both have lanceolate valves. The variation in valve width between H. crucigeroides and H. spicula is 13–17 μm and 7–10 μm, respectively. The shape of the distal parts of their valves is also different: H. crucigeroides has sub-rostrate beak-like ends, while H. spicula has acutely rounded or pointed ends. Furthermore, the number of transapical striae in 10 μm differs between the two species: H. spicula has 25–30 striae in 10 μm, while H. crucigeroides has ca. 20–24 striae in 10 μm (Hustedt, 1961; Snoeijs, 1993; Snoeijs and Vilbaste, 1994; Snoeijs and Potapova, 1995; Snoeijs and Kasperoviciene, 1996; Snoeijs and Balashova, 1998; Witkowski et al., 2000). The striation in Haslea is characterized by a transapical pattern crossed at right angle by a longitudinal pattern. Therefore, there are 18–22 transapical and 21–28 longitudinal striae in H. crucigeroides, and 25–30 transapical and >40 longitudinal striae in H. spicula. The literature reported only refers to light microscope observations; the range of striae above are from SEM examination of Arctic sea-ice samples (M. Poulin, personal observation). To resolve the morphological differences between H. crucigeroides and H. spicula, droplets of sea-ice samples were examined using a scanning electron microscope (SEM; Environmental SEM Quanta 200, FEI). Aliquots of the original sea-ice samples were dehydrated through a graded series of ethanol and critical point dried. The samples were then mounted on aluminum stubs and coated with a gold/palladium mixture (instrument: FISONS, Polaron SC7640).

Species identification and cell counts were also carried out in light microscopy (Leica DMLB) at 1000 × magnification. Sea-ice samples were prepared following the procedure described in Lundholm et al. (2002). Samples were oxidized using hydrogen peroxide (H2O2 30%) and a saturated aqueous solution of potassium permanganate (KMnO4) in order to remove organic material. After 24 h, samples were cleared by addition of a saturated aqueous solution of oxalic acid (COOH2) and then washed several times with distilled water. Total sea-ice diatom concentrations were determined by addition of sample aliquots to a Sedgewick-Rafter counting chamber.

Permanent diatom microscope slides were prepared from the trap and surface sediment samples, following standard methodologies (Battarbee et al., 2001). These are stored at the Geological Survey of Denmark and Greenland and available upon request. In brief, the sediment was treated with hydrogen peroxide (H2O2, 30%) and hydrochloric acid (HCl, 25%) in order to remove the organic material and carbonates, respectively. The test tubes in which samples were treated were subsequently filled with distilled water and left to settle for 12 h. Residues were then washed (and left to settle) several times using demineralized water. A few drops of the final suspension were allowed to dry on a cover slip and subsequently mounted in Naphrax™ for observation. Identification and quantification of diatom valves were performed in light microscopy (Leica DMLB) using phase contrast optics, at a 1000x magnification.

In order to assess the degree of similarity between the diatom assemblages from the sea-ice, sediment traps, and surface sediment samples, classical cluster analysis using an unweighted pair-group average (UPGMA) clustering algorithm and a Euclidean similarity index was carried out using the software PAST3.12 (Hammer et al., 2001).

Biomarker Analysis

Samples for IP25 analysis were processed following the protocol described by Belt et al. (2007). An internal standard (7-hexylnonadecane) was added to the melted ice sample and to ~0.5 g of the freeze-dried and homogenized sediment samples before analytical treatment. For both sample types, total lipids were ultrasonically extracted (3 times) using a mixture of dichloromethane (DCM: CH2Cl2) and methanol (MeOH) (2:1, v/v). Extracts were pooled together, and the solvent was removed by evaporation under a slow stream of nitrogen. The total extract was subsequently suspended in hexane and purified through open column chromatography (SiO2). HBIs were eluted using hexane (8 mL). Procedural blanks and standard sediments were analyzed every 15 samples.

Hydrocarbon fractions were analyzed using an Agilent 7890 gas chromatograph (GC) fitted with 30 m fused silica Agilent J&C GC columns (0.25 mm internal diameter and 0.25 μm phase thickness) and coupled to an Agilent 5975C Series mass selective detector. Oven temperatures were programmed as follows: 40–300°C at 10°C min−1, followed by an isothermal interval at 300°C for 10 min. The data were collected using ChemStation and analyzed using MassHunter quantification software. IP25 was identified on the basis of retention time and comparison of mass spectra with authenticated standards. Abundances were obtained by comparison of individual GC-mass spectrometry responses against those of the internal standard and concentrations are reported in pg mL−1 and ng g−1 for the ice and sediment samples, respectively. Response factors of the internal standard vs. IP25 were determined prior and after each analytical sequence (every 15 samples). The extraction and analytical error on the measurements, determined from measurements of standard sediments is of ± 8%.

RESULTS

Culture Experiments

Thirteen of the diatom taxa observed in the sympagic assemblages from Young Sound were isolated from natural sea-ice samples. These included some of the taxa that typically dominate Arctic sea-ice assemblages (e.g., Nitzschia frigida; Poulin et al., 2011). The hydrocarbon composition of all 13 taxa was analyzed (Table 2). The IP25 compound was only identified in cultures of the diatom H. spicula. Analysis of their hydrocarbon fractions indicates that H. crucigeroides and H. vitrea do not produce IP25, but C25 tri- and quadri-unsaturated HBI isomers (Figure 4). For all the other diatom taxa analyzed, neither IP25, nor other HBI isomers were detected (Table 2).


Table 2. List of diatom taxa encountered in sea-ice, sediment trap and surface sediment samples from the Young Sound fjord.

[image: image]




[image: image]

FIGURE 4. Partial GC-MS TIC chromatograms of hydrocarbon extracts obtained from Haslea spp. cultures: (A) Haslea vitrea isolated from sea-ice collected from Churchill, Hudson Bay, (B) Haslea crucigeroides (Hudson Bay), (C) Haslea vitrea (Resolute Bay), and (D) Haslea spicula (Resolute Bay). The structure of IP25 is also illustrated. The x axis corresponds to the retention time (min.). The gray box shows the chromatograms corresponding to HBIs, and the red dashed line shows that of IP25. Amongst the species shown here, only H. spicula produces IP25.



Sea-ice Diatom Succession and IP25 Production

In total, 55 diatom taxa belonging to 24 genera were identified in the ice samples (Supplementary Material). Total sea-ice diatom concentrations increased from ca. 21 valves mL−1 on 26 May to 985 valves mL−1 on 23 June (see Table 1, Figure 3). The rate of increase was not constant and appeared to be driven in part by changes in sea-ice thickness during the sampling period. The low diatom concentration suggests that the initial stages of sympagic productivity were captured by the first ice samples. The subsequent increase in diatom cells was accompanied by marked changes in the community composition (Figure 5). From 26 May to 5 June, the sea-ice assemblages were dominated by centric taxa, notably Thalassiosira hyperborea (50% of the assemblage). Dominant taxa also included Navicula (17%) and Nitszchia (10%) species (see Table 2 for complete species list). The relative contribution of the centric diatoms then decreased drastically from 11 June, when Nitzschia frigida reached a relative abundance of 76%. On 17 June, the assemblages were dominated by Nitzschia frigida (37%), Navicula spp. (32%), and Fossula arctica (10%). Finally, on 23 June, Nitzschia spp. was still abundant but the assemblages were largely dominated by Stauronella arctica (72%), which had only contributed to a small fraction of the previous assemblages. The highest number of species (N = 41) (see Table 2) was identified in the ice sample collected on 5 June (the second sampling week).
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FIGURE 5. Relative abundance (%) of the diatom taxa in the (i) sea-ice, (ii) sediment trap, and (iii) surface sediment samples. This figure illustrates the diatom succession and vertical transfer of the valves to the seafloor sediment. Sampling dates are indicated under each sample. vc, vegetative cell; rs, resting spore.



The presence of the three known IP25-producing taxa (Haslea spicula, H. kjellmanii, and Pleurosigma stuxbergii var. rhomboides) was validated through SEM observation. Haslea crucigeroides, which, like H. vitrea produces HBIs but not IP25, was also observed (Table 1). The overall relative abundance of the three IP25-producing taxa remained rather low over the five sampling weeks, with values ranging from 0.3 to 1.3%. This translated into total concentrations rising from 0.21 to 9.66 valves mL−1. In line with these low numbers, measured concentrations of the lipid biomarker IP25 were rather low during the entire sampling interval (from 0.4 to 0.7 pg mL−1, Table 1). The concentrations of IP25 and abundance of IP25-producing species followed distinct trends over time (Figure 3).

Trap and Seafloor Sediments

The sediment trap collected particles during the intervals preceding (i) and during/following (ii) the seasonal ice melt:

i) 24 April to 3 June 2014

 A total of 33 taxa were identified (Supplementary Material). This assemblage was largely dominated by pennate diatom taxa including Cocconeis spp. (40%) and Navicula spp. (7%). The resting spores of both Chaetoceros spp. and Thalassiosira antarctica var. borealis contributed to 7 and 4% of the assemblage, respectively (Figure 5). Furthermore, although T. hyperborea and Nitzschia spp. were important contributors to the ice assemblages, they were virtually absent from the sediment trap sample. The high abundance of benthic diatoms of the genus Cocconeis Ehrenberg in the sediment trap and its low abundance in the above sea-ice communities was likely due to events of resuspension of seafloor sediments.

ii) 1 July to 4 August 2014; and 15 July to 4 August 2015

 Both assemblages had a total of 20 taxa (Supplementary Material). Total centric diatoms, with important contributions of Chaetoceros spp. (vegetative cells and resting spores) and Thalassiosira antarctica var. borealis (resting spores), represented 36 and 61% of the assemblages in 2014 and 2015, respectively (Figure 5). The species Fossula arctica (23 and 14%), Fragilariopsis oceanica (20 and 11%), F. cylindrus (9 and 5%), and F. reginae-jahniae (5 and 2%) were also significant contributors to the assemblages.

None of the IP25-producing diatom taxa were observed in any of the sediment trap samples analyzed.

In the seafloor sediment sample, a total of 21 taxa belonging to 14 genera were identified (Supplementary Material). Resting spores of Chaetoceros spp. dominated the assemblage (32%). Other important taxa included Fragilariopsis oceanica (20%), Fossula arctica (18%), Thalassiosira antarctica var. borealis (resting spores) (9%), and Fragilariopsis reginae-jahniae (7%) (Figure 5). Neither IP25-producing diatom taxa, nor Nitzschia spp. were recovered from the surface sediment sample. Navicula spp. represented ca. 2% of this assemblage.

The sedimentary IP25 content was 20.69 ng g−1 dry sediment or 1.56 μg g−1 TOC (data from Ribeiro et al., 2017).

DISCUSSION

Seasonality of the Diatom Flora

The sea-ice algal assemblages were marked by rapid compositional shifts, with an initial dominance, and with low absolute concentrations, of the centric diatom Thalassiosira hyperborea. This species was also reported in sea-ice from other Arctic regions influenced by river discharge (Hasle and Lange, 1989). At our study site, its relative abundance decreased promptly, and this species was not identified in the sea-ice samples from the subsequent sampling weeks. It is therefore possible that these cells became entrapped in the sea-ice when it formed during the preceding autumn. The most steady and significant contributors to the sea-ice communities were taxa belonging to the pennate genera Nitzschia Hassall and Navicula Bory. The latter were further characterized by high species diversity (Table 2). In this respect, the assemblages from the studied fjord are comparable to those from other seasonally sea-ice covered Arctic regions where these two genera, and especially Nitzschia frigida, are typically found in the sea-ice (e.g., Medlin and Hasle, 1990; Syvertsen, 1991; Rózanska et al., 2009; Poulin et al., 2011; Leu et al., 2015; Olsen et al., 2017). The high relative abundance of the pennate Stauronella arctica during the last sampling week was however surprising since this species has, to our knowledge, never been reported to dominate sea-ice assemblages in the Arctic.

Although Fossula arctica, Fragilariopsis cylindrus, and F. oceanica contributed to the sea-ice flora, their highest relative abundances were found in the trap and surface sediment samples. This suggests that, in this study area, their growth was likely favored during the final stage of sea-ice retreat, and in the surface-water environment resulting from melt (e.g., cold and low-salinity). This is coherent with observations from other sea-ice covered regions that have associated these species with the pelagic vernal bloom (e.g., Kang and Fryxell, 1992; Hasle et al., 1996; von Quillfeldt, 2000, 2004). By contrast to the Fragilariopsis species mentioned above, F. reginae-jahniae was only observed in the trap and surface sediment samples, suggesting that it colonizes the sea-ice or surface-waters later in the season. The high abundances of both vegetative cells and resting spores of Chaetoceros Ehrenberg in the two July sediment traps suggest that more open conditions are required for these to thrive. Blooms of colonial centric Chaetoceros spp. have been reported to occur along the marginal ice zone (e.g., Wassmann et al., 1999), but are often found at highest concentrations later in the season (e.g., von Quillfeldt, 2000; Krawczyk et al., 2014). The production of resting spores can occur massively over a short period of time (e.g., Rembauville et al., 2018), as part of a survival strategy that includes a benthic reservoir of resistant cells that can function as inoculum for the next growing season. In the North Water polynya, Chaetoceros sp. produce large quantities of fast sinking resting spores as a response to nutrient depletion, allowing the population to be sustained for an extended period of time (Booth et al., 2002). Overall, observations made here are in line with those reported by Krawczyk et al. (2015), showing alternating dominance of Fragilariopsis spp. and Chaetoceros spp. in the pelagic protist assemblages of Young Sound, in July/August of 2010–2012 and 2009–2011, respectively.

Vertical Export of IP25 and Diatom Valves

Several diatom genera identified from the sea-ice, notably Nitzschia, Haslea Simonsen, and Navicula, were only sporadically observed in the trap and surface sediment samples, and most of the time as fragments. From our dataset, it is difficult to determine whether their absence or low representation in the sediments was primarily due to degradation during vertical sinking or caused by a “dilution effect” due to the dominance of the main spring blooming species. Our observations are however consistent with studies from other Arctic regions where these are generally rare or absent (e.g., Moros et al., 2006; Sha et al., 2014; Krawczyk et al., 2017). Similarly, the weakly silicified vegetative cells of Chaetoceros spp., that were important contributors to the phytoplankton community as illustrated by their high abundance in the second set of trap samples, were not reported from the surface sediment sample. Compared to the vegetative cells, the resting spores of Chaetoceros can be 3–4 times more silicified (Rynearson et al., 2013), allowing them to sink more rapidly toward the seafloor. They have been proven to be more resistant to bacterial degradation (Kuwata and Takahashi, 1990) and remain intact after being digested by zooplankton (Kuwata and Tsuda, 2005). All of these factors favor their export to, and preservation in, the seafloor sediments.

All the diatom taxa that were identified from the surface sediments were also observed either in the sea-ice or sediment trap samples. Classical cluster analysis shows that the diatom assemblage from the surface sediment sample was most similar to that of the sediment trap sample that covers the interval from 1 July to 4 August 2014, which represents the melt and post-melt diatom production (Figure 6). This is coherent with data from Rysgaard et al. (2001) showing that ice algae only contribute to a minor fraction (< 1%) of the total pelagic primary production in the fjord.
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FIGURE 6. Dendrogram resulting from the cluster analysis. SI, sea-ice sample; TS, sediment trap samples; and YST2, surface sediment sample.



Although the sedimentary IP25 (20.69 ng g−1 dry sediment or 1.56 μg g−1 TOC) content was relatively low, i.e., up to 7 times lower than the values reported from other marine Arctic settings where sea-ice lasts throughout spring/summer (e.g., Müller et al., 2011; Xiao et al., 2015), it is comparable to the values reported from other regions influenced by river or meltwater runoff (e.g., Xiao et al., 2013; Limoges et al., 2018). The low IP25 concentrations in the sediments are consistent with the low concentrations of IP25-producing taxa found in the fjord's sea-ice. During the fourth and fifth week of sampling, while the total abundance of IP25-producing species increased, IP25 concentrations measured from sea-ice stabilized and decreased (Figure 3). The absence of a relationship between the concentrations of IP25-producing species and the lipid IP25 in the sea-ice samples may arise from (i) intra-specific differences in the production of IP25 and subtle changes in the relative contribution of the different IP25-producing species in sea-ice, and/or (ii) changes in the intracellular biosynthesis of IP25 in response to environmental conditions (e.g., light intensity, salinity, temperature, nutrients, etc.). We note that Brown et al. (2014) measured relatively similar intracellular IP25 concentration (ranging from ca. 0.6 to 3.8 pg cell−1) for each of the IP25-producing diatom taxa investigated. Here, the potential impact of those parameters other than sea-ice presence on the intracellular IP25 biosynthesis cannot be excluded nor quantified individually, and we recognize that further studies would be needed to address this. Since the abundance of IP25-producing species increases in parallel to a slight decrease in the salinity of the sea-ice bottom (Figure 3), our data do not indicate a direct adverse impact of low-salinity on the abundance of IP25-producing species, but neither rule out a potential effect of low-salinity on IP25 synthesis.

Implications for Paleo-Environmental Studies

The main contributors to the surface sediment assemblage were resting spores of the centric diatom Chaetoceros and Thalassiosira antarctica var. borealis, and the pennate Fossula arctica, Fragilariopsis oceanica, and F. reginae-jahniae. All of these (except F. reginae-jahniae) were minor components of the sea-ice communities, but their peak abundances occurred during or following ice melt. Based on previous work (e.g., von Quillfeldt, 2000, 2001), the pennate Fossula arctica, and Fragilariopsis oceanica, as well as Fragilariopsis cylindrus, which have been frequently used as sea-ice indicator species in paleoceanographic studies, occur earlier in the spring and appear to reflect the cold and low surface salinity conditions of the marginal ice zone. Thalassiosira antarctica var. borealis and Chaetoceros spp. on the other hand generally bloom later in the season, when the cold and low-salinity surface layer is breaking up and the mixing layer is deeper. These successional characteristics of diatom communities are important to take into account when interpreting palaeo-records from Arctic regions.

The confirmed presence of three IP25-producing species (Haslea spicula, H. kjellmanii, and Pleurosigma stuxbergii var. rhomboides) in the Young Sound together with the detection of IP25 in the sea-ice samples is of critical importance because it provides direct evidence for in-situ production of IP25 in this fjord, even though some additional advection of the biomarker from offshore waters cannot be excluded. The weak IP25 sedimentary fingerprint does not appear to be the result of diagenetic processes during vertical transfer toward the sediment but is rather consistent with low overall diatom production and low abundance of IP25-producing species in the fjord ice. In Young Sound, total sea-ice diatom concentrations increased from 21 to 985 valves mL−1 (or ca. 11 to 493 cells mL−1) over the five sampling weeks, which is markedly lower than what is reported from other Arctic regions. For example, Hsiao (1980) reported total diatom concentrations of up to ca. 40,000 cells mL−1 in the bottom 10 cm of sea-ice cores collected in May 1972 from Husky Lakes (formerly known as Eskimo Lakes), Northwest Territories, Canada. Riedel et al. (2003) also reported concentrations of more than 100,000 cells mL−1 in the bottom 3–5 cm of sea-ice cores collected in May 2001 from McDougall Sound, near Resolute Bay, Nunavut. We must note that these differences could be due, in part, to significant spatio-temporal variabilities in-ice biomass (e.g., Lange et al., 2017), and limited ice sampling here. The low production in Young Sound is also possibly related to the ecological needs of the different diatom species and environmental parameters, other than the simple presence of sea-ice (e.g., nutrient levels, light, temperature, salinity, etc.), that affect their growth and steer the assemblage composition. The relative abundance of IP25-producing species (0.3 to 1.3% of sympagic assemblages) is at the low end of the range reported from a number of sites in the Arctic by ( Brown et al. (2014), their Table 3). This suggests that Young Sound is only marginally suitable for the growth of IP25-producing species. Importantly, it has been shown that the bottom horizon of sea-ice (0–3 cm) is strongly affected by the properties of the under-ice surface-water (e.g., Reeburgh, 1984). Poulin et al. (1983) and Gosselin et al. (1986) suggested that lower under-ice salinity negatively influences the settlement efficiency of sympagic microalgal populations, through its role in shaping the microstructure of the ice. Such interplay between salinity, ice porosity, and sea-ice algal colonization was observed in coastal sea-ice, in the Gulf of Finland (Granskog et al., 2005). Although it might be challenging to mimic sea-ice conditions in the laboratory, carefully designed culture experiments are recommended to test the growth and IP25 production of the source species under different environmental conditions. In particular, cultures under salinity conditions that are similar to those observed in fjords influenced by meltwater during spring/summer are needed.

In light of the observations made here, as well as in other studies documenting the modern distribution of IP25 in sediments from areas influenced by freshwater (Xiao et al., 2013; Hörner et al., 2016; Ribeiro et al., 2017; Limoges et al., 2018), we recommend careful interpretation of paleo sea-ice records based on the sedimentary IP25 signal in regions that are susceptible to significant inter-annual, but also longer-term changes in salinity. Lower salinities may influence the structural nature of sea-ice and its propensity to sustain algal growth, including IP25-producing diatom species. As stated above, it is also plausible that low-salinity conditions, as well as other parameters (e.g., light intensity, nutrient levels) influence IP25 synthesis and intracellular concentration in these species. To summarize, in fjords and coastal embayment regions, the presence of IP25 may for now be regarded as a signal of presence of seasonal sea-ice, rather than a robust indicator of variability in sea-ice concentration. In all cases, multi-proxy approaches are preferred to allow for a more critical evaluation of the paleo-environmental signal derived from this biomarker.

CONCLUSIONS

The spring diatom succession was captured by the sea-ice and sediment trap samples. An important shift in the composition of the assemblages was recorded, with an early diatom colonization by the centric Thalassiosira hyperborea, which was rapidly replaced by pennate diatoms belonging to Nitzschia and Navicula species, and Stauronella arctica. Fossula arctica, other Fragilariopsis, Thalassiosira antarctica var. borealis spores, and Chaetoceros spp. (vegetative cells and resting spores) appeared to thrive in the melt and post-melt environment. The surface sediment diatom assemblages were dominated by the pennate diatoms Fragilariopsis oceanica, Fossula arctica, Fragilariopsis reginae-jahniae and the resting spores of the centric diatoms Thalassiosira antarctica var. borealis and Chaetoceros spp. The paleo-environmental signal preserved by the diatom assemblages in the surface sediment therefore primarily reflected the melt and post-melt sea-surface conditions.

This study confirms the in-situ production of the sea-ice biomarker IP25 in this fjord system and that Haslea spicula is one of the species responsible for the production of the sea-ice biomarker IP25. Haslea crucigeroides, like H. vitrea, produced other HBIs (including triene) but not IP25. Finally, while IP25 is produced in seasonally sea-ice covered coastal environments with freshwater influence, it may not reflect variability in sea-ice concentrations. In the Young Sound, the growth of IP25-producing diatom taxa, and possibly also their cellular IP25 synthesis, appear to be affected by the physico-chemical conditions (e.g., light, salinity, nutrient levels) that prevail in the sea-ice microenvironment.
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N. kariana var. frigida (Grunow) Cleve 1,2,4

N. lineola Grunow 1,2,3,4
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The numbers correspond to the seavice or sediment trap samples in which they were found (refer to Table 1).

The x s used to mark the presence of the different taxa in the surface sediment sample. Typical sympagic taxa for which the HBI content was analyzed in the culture experiment are
identified. The "indicates the IP2s-prodlcing species according to Brown et al. (2014).
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