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   The central Arctic Ocean is rapidly changing due to amplified warming and sea ice retreat. Nonetheless, it remains challenging to document and decipher impacts on key ecosystem processes such as primary production and pelagic-benthic coupling, due to limited observations in this remote area. Here we investigated environmental changes at the Laptev Sea continental slope (60-3400 m water depth) from the surface to the seafloor, by replicating sample transects two decades apart. Mean break-up of sea ice occurred earlier and mean freeze-up occurred later in 2012 compared to 1993, extending the ice-free period by more than 30 days. On average, observations and model results showed an annual increase in primary production of 30% and more in the study area in 2012. In contrast, calculated and modelled fluxes of particulate organic carbon (POC) to the seafloor were only slightly higher in 2012 and did not extend as far into the deep Laptev Sea as the increase in primary production, possibly due to a more developed retention system. Nevertheless, benthic surveys revealed a substantial increase in phytodetritus availability at the seafloor along the entire transect from the shelf edge to the deep sea. This calls for carbon input by lateral advection from the shelves, additional input from sea ice, and/or a late summer bloom. We also investigated the composition and activity of bacterial communities at the seafloor and potential linkages to the observed environmental changes. While bacterial abundance, biomass and overall community structure showed no systematic differences between the two contrasting years at all depths, extracellular enzymatic activities had increased as a result of higher food availability. This was partly reflected in higher benthic oxygen uptake, indicating a moderate impact on benthic remineralization rates at the time of sampling. Our results show considerable effects of ocean warming and sea ice loss on the ecosystem from the surface ocean to the seafloor in the Laptev Sea, which are likely to continue in the coming decades.
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   1 Introduction

 The Central Arctic Ocean and its vast surrounding shelves are undergoing rapid changes due to increasing air temperatures, ocean warming and the loss of sea ice (Janout et al., 2020; Previdi et al., 2021; Nicolaus et al., 2022). Across the Arctic Ocean, sea ice coverage has declined by about 13% per decade compared to the mean September sea ice extent for 1981-2010 (Perovich et al., 2010; Stroeve et al., 2012; Serreze and Meier, 2019), leading to increased periods of ice-free conditions throughout much of the Arctic Ocean (Notz and Stroeve, 2016; Peng et al., 2018). One important consequence is freshening of the upper ocean, causing increased stratification and limiting nutrient supply (Carmack, 2007; Rabe et al., 2014; Rabe et al., 2022). In addition to the loss in overall sea ice extent, a significant loss of multiyear ice (MYI) has been observed, with a decrease of MYI area by 17% per decade between 1979 and 2011 (Comiso, 2012). This is also reflected in an average thinning of the Arctic sea ice by a factor of two (from 3 m to 1.4 m) from 1957-1976 to 2003-2007 (Kwok and Rothrock, 2009; Perovich, 2011), and changing light transmission in summer by a factor of 3 (Nicolaus et al., 2012; Arndt and Nicolaus, 2014). This in turn has been accompanied by an increase in Arctic Ocean primary production (Arrigo et al., 2008; Vetrov and Romankevich, 2014; Lewis et al., 2020). Satellite-based assessments estimate that net primary production in the Arctic Ocean has increased by 57% since 1998, with highest increases on the eastern interior shelves, including the Laptev Sea (Arrigo et al., 2008; Petrenko et al., 2013; Frey et al., 2014; Lewis et al., 2020). Some studies have investigated the contribution of ice- and ice-associated algae to primary production, which can be considerable (e.g. Fernández-Méndez et al., 2015), but which may decline in the future with decreasing sea ice extent and loss of multi-year ice. All of these changes may lead to variations in the magnitude (Lalande et al., 2009) and composition of organic matter export (Lalande et al., 2019) from the surface. Furthermore, primary production is also limited by nutrient supply, and other potential changes in the pelagic food web (Torres-Valdés et al., 2013; Janout et al., 2016b). Changing growth conditions may favor smaller cells, such as nanoflagellates (Li et al., 2009), whereas melting sea ice favors sinking of aggregates of large diatom cells that grow attached to the underside of sea ice, e.g. Melosira arctica or Nitzschia frigida (Boetius et al., 2013; Lalande et al., 2019; Nöthig et al., 2020a).

 Together, these changes (i.e. increasing temperatures, combined with declines in sea-ice extent, ice thickness and multiyear ice) are already impacting the composition of primary producers in the Arctic Ocean (Li et al., 2009; Nöthig et al., 2015a; Assmy et al., 2017), and resulting in shifting habitats for marine species (Kovacs et al., 2011; Wassmann et al., 2011). Much less is known about the propagation of such changes from the surface to the seafloor via pelagic-benthic coupling (e.g. Wassmann et al., 2004; Carmack and Wassmann, 2006; Grebmeier et al., 2006; Wassmann and Reigstad, 2011; Boetius et al., 2013; Rapp et al., 2018; Kedra and Grebmeier, 2021). However, the availability of organic matter at the seafloor is known to be a major driver for the structure and function of benthic communities, including fauna (Smith et al., 2008) and microbes (Boetius and Damm, 1998; Bienhold et al., 2012). Only few studies have investigated benthic communities in the Central Arctic and Laptev Sea, due to the difficult accessibility of these regions (Vanaverbeke et al., 1997; Steffens et al., 2006; Vedenin et al., 2018; Wiedmann et al., 2020b). Even less information is available about benthic bacterial communities (Boetius and Damm, 1998; Bienhold et al., 2012; Rapp et al., 2018; Walker et al., 2021), although they play an essential role in carbon and nutrient cycling (Jørgensen and Boetius, 2007). Thus, temporal changes in benthic community composition and function remain extremely difficult to determine due to the lack of (baseline) data and long-term observations, which are needed to assess changes in physical, chemical, and biological parameters over longer time scales.

 Here we focus on the Arctic continental slope which has important functions for the climatology and ecology of the Arctic Ocean (Bluhm et al., 2020). The Laptev Sea and adjacent East Siberian Sea are among the widest continental margins on Earth. The Laptev Sea spans around 500,000 km2, with a mean depth of approximately 50 m (Jakobsson et al., 2004). The Laptev Sea shelf and slope system is relevant to the hydrography and sea ice physics of the entire Arctic, due to its role in sea ice formation (Krumpen et al., 2019). Observations over the past two decades reported negative trends in the timing of ice break-up (-3.8 d/decade between 1992 and 2019) and a significantly delayed onset of freeze-up (+8.5 d/decade between 1992 and 2019) in the Laptev Sea region (Krumpen et al., 2020). Accordingly, open-water area and duration have increased by 20% and 62%, respectively, between 1998 and 2018 (Lewis et al., 2020), with strongest changes in the past decade. At the same time, higher upper ocean temperatures have been recorded, e.g., exceeding 5°C in more recent years, in contrast to sub-zero temperatures in earlier ice-dominated years (Demidov et al., 2020; Janout et al., 2020). A satellite-based study provided first evidence that intensified melt in the marginal zones of the Arctic Ocean interrupts the transarctic conveyor belt and has led to a reduction of the survival rates of sea ice exported from the shallow Siberian shelves (Krumpen et al., 2019). As a consequence, less and less ice formed in shallow water areas has reached the Fram Strait, and more ice and ice-rafted material is released in the northern Laptev Sea and central Arctic Ocean.

 The sea ice retreat and longer phytoplankton growing season have led to higher primary production in the area (Arrigo et al., 2008; Kahru et al., 2011; Vetrov and Romankevich, 2014), e.g. the annual production in the Laptev Sea sector was 65% higher in 2007 than mean production from 1998-2002 (Arrigo et al., 2008). Over the past two decades (1998-2018), sea-surface temperature has increased by 158%, satellite-based chlorophyll a concentrations by 11%, and integrated production by 112% (Lewis et al., 2020). Much of the increase in NPP can be attributed to an increase in open water area (Bélanger et al., 2013; Arrigo and van Dijken, 2015; Lewis et al., 2020), but increased storminess may be another contributing factor, by supplying additional nutrients through upwelling (Zhang et al., 2014; Crawford et al., 2020).

 Recent studies have provided valuable baseline information and regional comparisons of pelagic communities in the Laptev Sea (Sukhanova et al., 2017; Sukhanova et al., 2019; Polyakova et al., 2021), and few have targeted benthic communities (e.g. Hansen et al., 2020; Kokarev et al., 2021). But even though the Laptev Sea is one of the Arctic regions most strongly affected by changes in sea ice cover, and primary production (Arrigo et al., 2008; Lewis et al., 2020), we lack information about long-term changes in the Laptev Sea ecosystem and its biological components (Schmid et al., 2006).

 Here, we specifically investigated environmental differences at the Laptev Sea continental slope from the surface to the seafloor between two contrasting years, two decades apart. Samples from 1993, when the Laptev Sea was still largely ice-covered throughout the year, were used as ecological baseline against which Arctic change can be assessed. We returned to the study area in September 2012 to resample the same stations between 60 and 3400 m water depth. We hypothesized that the decline of sea ice cover over the Laptev Sea shelf and continental slope had led to: i) changes in the supply of organic matter to the seafloor, reflecting increased open water area and associated changes in primary production patterns in the area, and ii) subsequent changes in benthic microbial biomass, activity, and diversity.

 
  2 Material and methods

  2.1 Sampling site

 Sampling stations were located along the Laptev Sea continental slope between 76-80°N and 110-140°E and covered water depths from 54 to 3427 m ( Figure 1  and  Table 1 ). Sampling took place during two expeditions with RV Polarstern: between 3rd and 18th September 1993 on PS27 (ARK-IX/4) and between 28th August and 2nd September 2012 on PS80 (ARK-XXVII/3). Station lists can be accessed via the PANGAEA data publisher for PS27 (Fütterer, 2016) and PS80 (Boetius, 2014). Profiles of temperature and salinity were obtained from CTD measurements during these expeditions in 1993 (Schauer and Rohardt, 2010) and 2012 (Rabe et al., 2012). Data presented here include remote sensing (sea ice and chlorophyll a concentrations), model data (chlorophyll a concentration, net primary production, export production) as well as direct sampling and measurement of parameters on board or in the home laboratory (chlorophyll a, POC, nutrients, benthic biogeochemical parameters). For spatially integrated data by remote sensing or modeling we defined an area of interest (AOI) of 269000 km2 between 76-80°N and 110-140°E ( Table S1 ), which included the sampling stations ( Table 1 ). For the results of this interdisciplinary multi-parameter study, we present individual values and/or averages and ranges, indicating the major trends down the slope and between the years. We refrain from performing statistical tests on the limited, yet valuable, number of samples from this remote Arctic location. Instead we focus on the combination of different datasets to provide a comprehensive overview and comparison from surface to seafloor.

  

 Figure 1 | Sampling locations on the Laptev Sea continental slope. The same stations were targeted in 1993 and 2012; sampling took place in August/September (see  Table 1  for exact positions and sampling dates). While the Laptev Sea was largely ice-covered throughout the year in 1993, the entire sampling area was ice-free in 2012. The marginal sea ice extent is indicated in yellow (1993) and blue (2012). 

 

  Table 1 | Benthic stations down the Laptev Sea continental slope, sampled in September 1993 and August/September 2012. 

 

 
  2.2 Sea ice and sea surface temperature

 The seasonal evolution of satellite-based sea ice concentration in the sampling area is based on 85 GHz SSM/I brightness temperatures provided by CERSAT (Center for Satellite Exploitation and Research). Daily sea ice concentration estimates are calculated using the ARTIST Sea Ice (ASI) algorithm and available on a 12.5 km×12.5 km grid (Ezraty et al., 2007). The same product was applied to determine the timing of sea ice break-up and freeze-up for the region between 76° N, 110° E and 80° N, 140° E. An ice-free grid point is defined as the first day in a series of at least 10 d when ice concentration reaches zero (Janout et al., 2016b).

 The time series of sea surface temperature (SST) is based on the CMEMS OSTIA reprocessed analysis product. It is a satellite and in-situ foundation SST analysis created by the OSTIA (Operational SST and Ice Analysis) system using re-processed ESA SST CCI, C3S (Merchant et al., 2019) EUMETSAT and REMSS satellite data and in-situ data (Atkinson et al., 2014). The product provides the daily average SST at 20 cm depth on a regular global grid at 0.05° since 1981 (Good et al., 2020).

 
  2.3 Modelled chlorophyll, net primary production and export flux

 We used a biogeochemical ocean model to estimate the mean chlorophyll a concentrations, net primary production (NPP) vertically integrated from the surface to the seafloor, as well as the vertical flux of POC to the seafloor in the area of interest. These calculations were carried out for the summer time period from July to September for both 1993 and 2012. Mean values were extracted for the area of interest.

 The Regulated Ecosystem Model REcoM2 (Schourup-Kristensen et al., 2014) is a medium-complexity biogeochemical model based on the nutrients nitrate, silicate and iron. It entails two phytoplankton classes (nanophytoplankton and diatoms), one zooplankton and one detritus class. REcoM2 is coupled to the hydrodynamic model FESOM, a Finite Element Sea-ice Ocean Model (Wang et al., 2014), which runs on an unstructured, triangulated grid, making it possible to locally increase resolution for a better description of small scale processes in areas of interest. In the current study we employ a global mesh that has been refined to a 4.5 km resolution in the Arctic Ocean north of 60°N (Wekerle et al., 2017; Wang et al., 2018). Riverine input of DIN, dissolved inorganic silicon (DSi) and organic nitrogen (DON) was supplied by the model-based database Global NEWS version 2 (Beusen et al., 2009; Mayorga et al., 2010). Aeolian input of nitrate to the surface water was incorporated by using global 10-year mean fields from 1850 to 2000 (Lamarque et al., 2010). The effect of sea ice coverage on PAR is taken into account by scaling the surface PAR linearly with the fraction of open water in a given model node, thereby neglecting the fraction of PAR that penetrates the sea ice directly. This simplification is a common technique used in large-scale biogeochemical models (Castellani et al., 2022).

 For the biogeochemical setup, the macronutrients DIN and DSi were initialized from World Ocean Atlas 2005 (Garcia and Levitus, 2006) and the dissolved inorganic carbon (DIC) and alkalinity were initialized using the GLODAP database (Key et al., 2004). Due to scarcity of iron measurements, the model’s iron concentration was initialized with an output file from the Pelagic Interaction Scheme for Carbon and Eco-system Studies model [NEMO-PISCES, (Aumont and Bopp, 2006)]. All other tracers were initialized using very small values. After spin-up of FESOM (Wekerle et al., 2017), the coupled REcoM2-FESOM model was run from 1980 to 2015. Atmospheric forcing was provided by the Japanese reanalysis dataset (Japan Meteorological Agency, 2013). The biological model performance has been assessed by (Schourup-Kristensen et al., 2018).

 
  2.4 Satellite chlorophyll and sea ice concentration data for comparison with model

 We extracted daily values of satellite-based chlorophyll a estimates from the GlobColour project (MODIS-Aqua L3M algorithm with 4 km resolution), which has been developed, validated, and distributed by ACRI-ST, France (http://globcolour.info). Data were only available for the year 2012. To obtain daily values of chlorophyll a concentration within the area of interest, we masked out positions with data for each day and spatially averaged them. This calculation was done for June to September, as no data are available before June. Sea ice concentration was retrieved from the National Snow and Ice Data Center - NSIDC (Cavalieri et al., 1996, updated yearly, accessed: 15 Mar 2017).

 
  2.5 Water column chlorophyll a, POC, nutrients

 All parameters were retrieved from corresponding stations in 1993 (n=10) and 2012 (n=9). Chlorophyll a and POC concentrations from 1993 and 2012 were retrieved from PANGAEA (Nöthig et al., 2015b; Nöthig and Springer, 2015) and from (Nöthig et al., 2020b); measurements covered 5 discrete depths across the upper 50 m. Nutrient concentrations for 1993 (Luchetta et al., 2021) and 2012 (Bakker, 2014) were retrieved from the PANGAEA database, and covered 21 stations across the study area (n=21). Between 0 and 100 m water depth nutrients were measured at 5-7 discrete depths. In 1993, nutrient concentrations were measured according to the method of (Grasshoff et al., 1983), using a Chemlab Continuous Flow Analyzer (see also Olsson et al., 1999). In 2012, nutrient concentrations were measured with a standard photometric method using a Technicon TRAACS 800 continuous flow auto-analyser (Technicon Corporation) according to established methods (Boetius et al., 2013; Fernández-Méndez et al., 2015).

 
  2.6 New production

 New primary production was calculated from the seasonal nutrient drawdown in the mixed layer since previous winter (Boetius et al., 2013; Fernández-Méndez et al., 2015). In order to obtain continuous vertical nutrient profiles, the Reiniger-Ross method (Reiniger and Ross, 1968) was used to interpolate between the sampling depths. The maximum depth of winter convection was determined as the temperature minimum located below the summer halocline, following Rudels et al. (1996) and Korhonen et al. (2013). The temperature minimum is considered a remnant of the winter mixed layer, representing conditions in the surface layer during previous winter. Nutrient concentrations in the winter mixed layer were estimated to be equal to the values observed at the depth of the temperature minimum. Using these values as a baseline in the beginning of the productive season, new production was integrated within the surface layer above the temperature minimum. Due to the lack of nutrient sampling near the surface in 1993, the upper 15 m were considered to be completely mixed and thus the observation at 15 m was extrapolated as constant up to the surface. Even when shallower observations existed, they were discarded. For consistency, this approximation was also applied to the nutrient profiles from 2012, although shallower measurements were available. For 2012, results with extrapolated values were compared to results with the observed values and did not show large differences ( Table S2 ). We included additional stations in the area of interest (i.e. not limited to the exact stations sampled for benthic work) for better coverage of the region.

 
  2.7 Biogeochemical measurements of sediment samples

 Methods used in 2012 were aligned with procedures in 1993 (Boetius and Damm, 1998), to allow for direct comparisons between the two years (for further information see method descriptions below). Datasets from 1993 were retrieved from PANGAEA, and are listed in  Table 2 .

 Sampling in 2012 was conducted with a TV-guided multiple corer (MUC), in order to retrieve undisturbed sediment cores. Upon retrieval of the MUC, the overlying water was carefully removed from each core and the upper first centimeter of sediment was cut using a steel plate and a custom-made plastic ring. At each station (n=10), sediment samples from three replicate cores were pooled and transferred to a cooling container (0°C), where subsamples for further analyses were taken.

 Samples for chloroplastic pigment equivalents, extracellular enzymatic activity and oxygen uptake were processed and measured directly on board, while samples for total organic carbon, bacterial abundance and bacterial diversity were stored and further processed in the home laboratory.

  2.7.1 Chloroplastic pigments, total organic carbon, bacterial abundance and extracellular enzymatic activity

 Chloroplastic pigments were extracted from 1 ml sediment with 3x8 ml acetone (90%), including the addition of glass beads and grinding of the samples in a cell mill Boetius and Damm (1998). Samples were centrifuged and chlorophyll a and phaeopigment (after addition of 30 µl 25% HCl) concentrations were determined in the supernatant by fluorometric measurement with a Turner Trilogy fluorometer with the “Chlorophyll a Acidification” fluorescence module. Measurements were performed in triplicate for each sample. Chlorophyll and phaeopigment concentrations were calculated as follows:

  

  

 Where Chl a: chlorophyll a, Phaeo: phaeopgiments, RFUb: relative fluorescence units before acidification, RFUa: relative fluorescence units after acidification, CF: calibration factor (slope of linear regression of calibration curve), AF: Acid factor (see below), f: dilution factor.

 The acid factor (AF) is calculated from the acid ratio (AR), the acid ratio being the sum of fluorescence ratios before and after acidification for the calibration standards.

  

  

 Chloroplastic pigment equivalents (CPE) are the sum of chlorophyll a and phaeopigment concentrations.

 Samples for total organic carbon (TOC) measurements were stored at -20°C, before measurements in the home laboratory. TOC was determined with a CNS elemental analyzer (EA/NA, Fisons Instruments) after combustion at 1050°C; inorganic carbon was removed by acidification of a sample aliquot with hydrochloric acid.

 For the determination of bacterial abundance, 2 ml sediment were fixed in 9 ml formaldehyde/seawater at a final concentration of 2-4% formaldehyde and stored at 4°C. Bacterial cell counts were performed using acridine orange direct counts (Meyer-Reil, 1983) following the protocol described in (Boetius and Damm, 1998; Hoffmann et al., 2017). A total of 60 grids over two replicate filters were counted for each sample. Bacterial biomass was estimated using a conversion factor of 3 x 10-13 g C µm-3 (Børsheim et al., 1990), and assuming an average cell volume of 0.07 µm3 (Boetius and Lochte, 1996).

 The potential extracellular enzymatic activities of the hydrolases beta-glucosidase, chitobiase, aminopeptidase and extracellular enzymes acting as esterases were determined in alignment with Boetius and Lochte (1994). The method uses small substrate proxies linked to a fluorophore (Hoppe, 1983; Arnosti, 2011). When the fluorophore is cleaved from the substrate, enzymatic hydrolysis is measured as an increase in fluorescence with time. The substrates and final concentrations are listed in  Table S3 . After substrates were added to sediment slurries, samples were incubated at in situ temperature on a test tube shaker. At 3 time points (after ~ 70, 190, 300 Min), 1 ml of incubate was withdrawn and the reaction stopped with the addition of 250 µl borate buffer. After centrifugation at 3500 g for 10 minutes at in situ temperature, the supernatant was transferred to UV cuvettes and fluorescence was measured with a Hitachi F-2000 spectrofluorometer (Boetius and Damm, 1998). Determinations of extracellular enzymatic activities were performed in triplicate for all samples. Fluorescence of methylumbelliferyl (MUF) and methylcoumarin (MCA)-labelled substrates was determined at an excitation and emission wavelength of 365 nm and 445 nm, respectively. Fluorescein diacetate (FDA)-labelled substrates were measured at 470 nm and 510 nm, respectively. The increase in liberated fluorochrome per time is calculated as the average of the differences between time points, each divided by the time of incubation between measurements, and is then converted to enzyme activity (µM h-1).

 
  2.7.2 Oxygen consumption rates

 Benthic oxygen consumption rates were determined from ex situ microsensor measurements of diffusive oxygen uptake in retrieved sediment cores (n=8), consistent with Boetius and Damm (1998). Directly after recovery, cores were stored at in situ temperature and the overlying water gently stirred by rotating small magnets to avoid the development of a stagnate water body above the sediment. Core recovery can alter oxygen consumption estimates, especially temperature increase and lysis of organic material can stimulate consumption processes (Glud, 2008). In our case, core heating can be excluded. An increase in oxygen consumption due to short-term availability of labile organic material cannot be ruled out. High-resolution microprofiles across the sediment water interface were measured using Clark-type O2 microelectrodes equipped with a guard cathode (Revsbech, 1989) mounted to motorized micromanipulator (Glud et al., 2009). Sensors were calibrated at in situ temperature against (1) air-saturated bottom water taken from the overlying water from the MUC cores (100% saturation), and (2) dithionate-spiked bottom water (anoxic). Microprofiles across the sediment-water interface were measured with a vertical resolution of 100 μm on a total length of max. 5 cm. The diffusive oxygen uptake (DOU, mmol m-2 d-1) was calculated from the O2 gradient just below the sediment surface and Fick’s first law of diffusion (Rasmussen and Jorgensen, 1992).

  ,

 where Ds (cm-2 s-1) = molecular diffusion coefficient in sediment, calculated as Ds = D0 * por m-1, where por is the porosity, D0 = diffusion coefficient in water and m = 3 (Berner, 1980; Ullman and Aller, 1982), C (μM) = solute concentration, z (cm) = depth in the sediment.

 
  2.7.3 Bacterial diversity fingerprinting

 After retrieval on board, sediment samples (n=10) for DNA extraction were stored at -20°C until further analyses. Samples from PS27 (1993) were continuously stored at -20°C. These samples were extracted in 2007/2008, i.e. after 14.5 years of storage time. Samples from PS80 were extracted after 1 year of storage time.

 DNA was extracted from 1 g of sediment using the UltraClean Soil DNA Isolation Kit (MoBio Laboratories, USA) for samples from 1993 and from 0.5 g of sediment using the MoBio Power Soil Kit (MoBio Laboratories, USA) for samples from 2012, using the protocols provided by the manufacturer; DNA was eluted in 60-100 µl Tris-EDTA-buffer and stored at -20°C. DNA concentrations were determined on a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies Inc., USA) and ranged between 2-10 ng/µl for samples from 1993 and 5-74 ng/µl for samples from 2012.

 Automated ribosomal intergenic spacer analysis (ARISA) was performed according to the procedure described in Bienhold et al. (2012). 16S rRNA gene amplicon sequencing was accomplished with 454 pyrosequencing technology, using primers covering the hypervariable V4-V6 region (530F GTGCCAGCMGCNGCGG, 1100R GGGTTNCGNTCGTTR). Sequencing was performed at the Research and Testing Laboratory, Texas. Flowgram files were processed and converted into an OTU-by-sample table using mothur v.1.37.6 (Schloss et al., 2009) according to the standard operating procedure (Schloss et al., 2011), including the implemented denoising algorithm (Quince et al., 2011). Alignment of sequences and taxonomic classifications were carried out using the SILVA reference database (release 138) (Pruesse et al., 2007) ( Supplementary Material ). The dataset consisted of 121,204 sequences. Sequences that were assigned to mitochondria, chloroplasts, Archaea, and Eukaryota were removed from the dataset. OTUs were clustered at a threshold of 3% sequence difference. Bacterial richness estimates were calculated with subsampling to the smallest dataset (1172 sequences in sample LAP_013). The corresponding script SubsampleNGS.R is available on github (https://github.com/chassenr/NGS). OTU tables were clr-transformed to compare changes in the abundance of bacterial genera along the water depth gradient and between years. Statistical analyses were performed and data visualized in R Studio (RStudio-Team, 2020) using R version 4.0.0 (R-Core-Team, 2020) and the packages ampvis2 (Andersen et al., 2018), phyloseq (McMurdie and Holmes, 2013), scico (Pedersen and Crameri, 2008), vegan (Oksanen et al., 2010), as well as tidyr, ggplot2, dplyr, and tibble from tidyverse (Wickham et al., 2019). Bioinformatic scripts are provided as Supplementary information.

 
 
  2.8 Summary of carbon production, export and remineralization

 In order to compare carbon production, export and remineralization at the seafloor, we harmonized all measurements to equivalent carbon units where possible, i.e. to g C m-2 yr-1. NPP was estimated to take place at the modelled daily rate for a productive period of ca. 3 months, i.e. from July to September, and was averaged over the area of interest (269,000 km2). New production calculated from nutrient drawdown is provided in  Table S2  and was averaged over all stations. In accordance with NPP, modelled POC export flux to the seafloor was also calculated over a productive period of 92 days. POC flux (export production) to the seafloor based on new production from nutrient drawdown was calculated using the relationship of Berger et al. (1988):   where z is given in units of 100 m, and PP is the primary production. For fluxes at depths below 1000 m water depth, we used the following formula, also according to Berger et al. (1988):   where r is 1%.

 Carbon remineralization rates were calculated from oxygen uptake at the seafloor assuming a molar ratio of C = 0.77 O2 as in Boetius and Damm (1998) and integrated over the productive season (Jul-Sep) and over one year (365 days). Chlorophyll pigment concentrations at the seafloor were converted to carbon units assuming a C:Chl ratio of 100 (Boon and Duineveld, 1998; Vernet et al., 2017; Demidov et al., 2021). Different C:Chl ratios would either increase or decrease the estimated carbon biomass at the seafloor, but not change the relative difference between years, unless ratios differ significantly between the years, which we cannot resolve here.

 
  2.9. Data availability.

 Environmental data are provided at the World Data Center PANGAEA (https://www.pangaea.de/) and are referenced in the text and in  Table 2 . Amplicon sequence data (standard flowgram files) have been deposited in the European Nucleotide Archive (ENA) at EMBL-EBI under accession number PRJEB43433 (https://www.ebi.ac.uk/ena/data/view/PRJEB43433) using the data brokerage service of the German Federation for Biological Data (GFBio, Diepenbroek et al., 2014), in compliance with the Minimal Information about any (X) Sequence (MIxS) standard (Yilmaz et al., 2011).

  Table 2 | Dataset citations for sediment data from the Laptev Sea continental slope in 1993 and 2012. 

 

 
 
  3 Results

  3.1 Differences between ocean surface physical and biogeochemical conditions (1993 vs. 2012)

  3.1.1 Sea ice, sea surface temperature and hydrography

 Sea ice cover (15 Aug – 14 Sep) in the Laptev Sea AOI decreased from 1992 to 2020. Average ice concentrations were 48% for the period 1992-2005 and 16% for the period 2006-2020 ( Figure S1 ), and 1993 (75%) and 2012 (1%) represent relatively high and low ice concentrations within these periods, respectively. While the sampling area was mostly ice covered in summer 1993, it was completely ice free in summer 2012 ( Figure 1 ). The mean number of ice-free days differed by more than 50 days between the two years, with 29 days in 1993 and 82 days in 2012 ( Figure 2 ). The timing of sea ice retreat shifted to earlier in the season and mean break-up of the ice occurred about 20 days earlier in 2012 (27 July) than it did in 1993 (19 Aug); mean freeze-up occurred later in 2012 (27 Oct) compared to 1993 (16 Sep) ( Figure S2 ). These differences between the two years are also reflected in a positive decadal trend of the number of ice-free days per year between 1992 and 2020 ( Figure 2C ). SST over the same area increased from an average of -0.6°C for the period 1992-2005 to 1.3°C for the period 2006-2020, with 1993 (-1.5°C) and 2012 (1.9°C) on the lower and higher end of these values. Salinity and temperature measurements from CTD profiles at the time of sampling show a relatively warm and fresh surface layer in the top 10-20 m in 2012 that was not present in 1993 ( Figures S3, S4 ). A more stable stratification in 2012 was also indicated by higher Brunt-Väisälä frequency (BVF) values, calculated from temperature, salinity and pressure using the CSIRO Marine Research MATLAB Seawater Software Library version 3.3 (Morgan, 1994) ( Figure S5 ). For the eastern part of the study area the average BVF for 10 to 40 dbar was 3.5 x 10-4 s-2 in 1993 and 8.2 x 10-4 s-2 in 2012. For the western part average BVF was 0.8 x 10-4 s-2 in 1993 and 8.7 x 10-4 s-2 in 2012.

  

 Figure 2 | Number of ice free days in 1993 (A) and 2012 (B); white represents fully ice-covered, i.e. no ice-free days. (C) Trend (days/decade) in number of ice free days per year calculated based on remote sensing data from 1992 – 2020, based on 85 GHz SSM/I brightness temperatures provided by CERSAT (Center for Satellite Exploitation and Research). The black rectangles indicate the area of interest. 

 

 
  3.1.2 Primary production and export flux

  3.1.2.1 Model and satellite data

 There were clear differences in the seasonal development of sea-ice and chlorophyll concentrations between the two years ( Figure 3 ), with an earlier (starting early vs. late June) and more complete retreat of sea ice in the area of investigation in 2012 compared to 1993. Correspondingly, the mean chlorophyll a concentrations showed an earlier increase, and reached slightly higher concentrations in 2012. The chlorophyll concentrations in 2012 were, however, temporally more variable compared to 1993, with higher maximum concentrations.

  

 Figure 3 | Seasonal development of chlorophyll and sea-ice concentration in the study area of the Laptev Sea for 1993 and 2012. (A, C) 2012 and 1993 from model results (Regulated Ecosystem Model REcoM2 coupled to the hydrodynamic model FESOM, a Finite Element Sea-ice Ocean Model). The dark blue line marks mean sea ice concentration, with the standard deviation indicated in light blue. The mean chlorophyll concentration is calculated from the vertical chlorophyll maximum, and is plotted with a dark green line, the corresponding standard deviation is indicated in light green. The maximum and minimum chlorophyll concentrations in the area are plotted as light green lines. For 1993 (A) data are available as monthly means; for 2012 (C) the output is available for every two days. (B, D) 1993 and 2012 from ocean color; NSIDC sea ice concentration (Cavalieri et al., 1996) is plotted as a dark blue line and the standard deviation in light blue. Both sea ice and chlorophyll fields are available as daily output, but for chlorophyll no ocean color based products exist for 1993. 

 

 Chlorophyll a concentrations from model and satellite data followed the same patterns, but differed in magnitude. The average of the modelled chlorophyll maximum from July-September and over the area of investigation was 0.40 mg Chl m-3 for 1993 and 0.58 mg Chl m-3 for 2012 ( Figure 3 ). Satellite-based estimates were higher (2.89 mg Chl m-3 on average), but were only available for 2012. Comparing the chlorophyll concentration from biogeochemical models and satellite-based estimates is challenging, and it is worth noting that the modeled values take the entire area into account, including below the ice, while only a few points in space and time are available for the satellite-based estimates from ice-free areas, contributing to quantitative differences of both approaches. For the summer period of 2012, satellite-based chlorophyll values are available for 53 days, for 39 of these days chlorophyll data was available for less than 5% of the study area, and only 4 days had more than 20% coverage, with the maximum area coverage being 42%. Further, the Arctic Ocean, and especially the Laptev Sea, is an optically complex area, introducing challenges for the ocean-color algorithm developed for blue water conditions (Wang et al., 2005). For example, the presence of colored dissolved organic matter is known to artificially increase chlorophyll concentrations from satellite estimates in areas of high river discharge, such as from the Lena, leading to overestimations (Matsuoka et al., 2007; Chaves et al., 2015). Another difference between the two methods is how the ubiquitous Arctic subsurface chlorophyll maximum (SCM) is taken into account. The biogeochemical model explicitly models the SCM, the chlorophyll concentration of which is plotted in  Figure 3 , while the satellite-based estimates of chlorophyll concentration are calculated based on a combination of ocean color and a model, which relies on assumptions regarding e.g. the depth of the mixed layer and the subsurface profile of phytoplankton carbon (e.g. Behrenfeld and Falkowski, 1997; Carr et al., 2006). It covers a non-specified depth range, and it is not clear to what extent SCMs are recorded (Arrigo et al., 2011; Hill et al., 2013). Previous studies suggest that a lack of correction for SCM may lead to an underestimate of up to 19% in the Arctic (Cherkasheva et al., 2013). For the biogeochemical model, the extent of the sea ice is somewhat underestimated in 1993, indicating that productivity may have been lower than what the model predicts this year. The resolution of the model is another factor that especially impacts the physical environment; while the study area is well resolved by the model grid, some processes, such as meso- and submesoscale transport of nutrients from the deep water to the surface (Schourup-Kristensen et al., 2021) is only parameterized and not explicitly resolved in the current setup. Despite of these shortcomings both methods indicate similar patterns and provide information about this remote and complex area. Modelled mean rates of NPP were about 2.9 times higher in 2012 than in 1993. Average values were 80 ± 55 mg C m-2 d-1 (range: 0.01 – 211 mg C m-2 d-1) in 1993 and 230 ± 58 mg C m-2 d-1 in 2012 (range: 86 - 472 mg C m-2 d-1) ( Figures 4A, B ). The average rate of modelled POC export to the seafloor from July-September and over the area of investigation was 4.0 ± 9.3 mg C m-2 d-1 (range: 0.003-38.0 mg C m-2 d-1) in 1993 and 6.4 ± 11.9 mg C m-2 d-1 (range 0.005-78.4 mg C m-2 d-1) in 2012, which corresponds to 1.6-times higher average values in 2012, but with large standard deviations ( Figures 4C, D ).

  

 Figure 4 | Modelled primary production and POC flux. Top: Modelled mean primary production averaged over July, August and September in 1993 (A) and 2012 (B). Bottom: Modelled vertical POC flux to the seafloor in 1993 (C) and 2012 (D). The orange rectangles indicate the area of interest. The white line indicates the ice margin. Regulated Ecosystem Model 2 (REcoM2) coupled to the Finite Element Sea Ice-Ocean Model (FESOM), with a resolution of 4.5 km. 

 

 
  3.1.2.2 Nutrient drawdown

 The average depth of the winter mixed layer as determined from the CTD profiles was 56 ± 11 m in 1993 and 49 ± 8 m in 2012. Seasonal nutrient drawdown in the area was calculated for nitrate, phosphate and silicate ( Table S2 ). Silica drawdown included a few negative values for both years, which were excluded for average calculations, as it is not clear what they were caused by. There may have been additional input of silica, e.g. via release from sea ice, or there were very few diatoms at these stations. Inorganic nitrogen consumption was 106 mmol m-2 in 1993 and 139 mmol m-2 in 2012, phosphate consumption was 7 and 8 mmol m-2, respectively, and silicate consumption was 72 and 85 mmol m-2. N:P was thus shifting from 15 to 17, potentially indicating increasing nitrogen limitation. N:Si was 1.5 and 1.6, i.e in the range for Arctic diatom-based production (Takeda, 1998; Krause et al., 2018). New production calculated from the seasonal DIN drawdown, assuming a Redfield C:N ratio of 6.6, was on average across all stations 8.3 ± 3.8 g C m-2 yr-1 in 1993 and 11.0 ± 4.0 g C m-2 yr-1 in 2012. The estimated POC flux to the seafloor based on the primary production calculated from nutrient drawdown was 0.52 ± 0.66 (range: 0.05-2.16) g C m-2 yr-1 in 1993 and 0.56 ± 1.1 (range: 0.03-3.91) g C m-2 yr-1 in 2012 ( Table S2  and  Table 3 ).

  Table 3 | Summary of carbon production, export and remineralization down the Laptev Sea continental slope. 

 

 
  3.1.2.3 Measured water column parameters at the time of sampling

 Chlorophyll a standing stocks integrated over 50 m water column, were on average 12 mg m-2 (range: 6-20 mg m-2) in 1993 and 17 mg m-2 (range: 1-33 mg m-2) in 2012 ( Table 4 ). POC concentrations were on average 3.8 g m-2 (range: 1.6-7.2 g m-2) in 1993 and 6.3 g m-2 (range: 4.9-6.7 g m-2) in 2012. Nitrate values in surface waters (0-20/25 m) at the time of sampling were much lower in 2012 (0.04-1.1 µmol L-1) compared to 1993 (0.8-4.1 µmol L-1), potentially reflecting the longer productivity phase and the increased stratification. Phosphate values ranged between 0.2-0.5 µmol L-1 in 1993 and between 0.1-0.3 µmol L-1 in 2012. Silica values were between 1.1-4.2 µmol L-1 in 1993 and 1.2-4.4 µmol L-1 in 2012.

  Table 4 | Variables derived from water column samples collected from pelagic (CTD/Rosette) stations corresponding to main benthic (MUC) stations sampled in 1993 and 2012. 

 

 
 
 
  3.2 Differences between seafloor biogeochemical conditions (1993 vs. 2012)

  3.2.1 Biogeochemistry, bacterial abundance and activity

 Most benthic stations were revisited in 2012 within a distance of <1km. Stations at ~ 500 m and 1500 m water depth were 5 km and 14 km apart, respectively. Only the two shallowest stations (i.e. at 50-60 m water depth) were 40 and 100 km apart between the two years due to limitations in transit time ( Figure 1 ).

 Observations with the TV-guided MUC provided insights into benthic fauna distributions down the Laptev Sea continental slope, but video material was only available for 2012 (Bienhold and Boetius, 2022). On the shelf and upper margin (60-200 m), bottom waters were turbid, indicating a high load of particles. Accordingly, we observed many filter feeders at the seafloor (e.g. crinoids, gorgonians, ophiurids), and also a few fish (Zoarces). At about 1000-1500 m, the bottom water started to become clearer and the benthic landscape changed, i.e. filter feeders decreased in abundance, and there was less megafauna in general. Below 2500 m detritus feeders, especially holothurians, increased in abundance.

 Chlorophyll pigment (CPE) concentrations, as a proxy for phytodetritus input to the seafloor, decreased with increasing water depth, but were higher in 2012 for all but two stations when compared to 1993. At several of the revisited stations, concentrations had more than doubled ( Figure 5A  and  Table 5 ). Contrary to the overall trend between the years, at the shallowest station, CPE was higher in 1993 compared to 2012. Overall, CPE concentrations ranged between 13 and 1 µg cm-3 down the continental slope, with an average of 2.9 µg cm-3 (1.7 µg cm-3 when excluding the shallowest station) in 1993, and 3.5 µg cm-3 in 2012 ( Table 5  and  Figure 5A ). Chla/CPE ratios were considerably lower in 1993 (0-13%) compared to 2012 (34-52%), indicating a higher availability of fresh organic matter (phytodetritus) at the seafloor in 2012.

  

 Figure 5 | Biogeochemical parameters in surface sediments (0-1 cm) with increasing water depth along the Laptev Sea continental slope in September 1993 and August/September 2012. Water depths are averages of stations sampled in 1993 and 2012 (see also  Table 1 ). (A) Chlorophyll pigment concentrations, (B) Total organic carbon concentrations, (C–F) Extracellular enzymatic activities of beta-glucosidase, chitobiase, aminopeptidase and esterase, (G) Bacterial cell numbers (Numbers correspond to ~ 20 - 80 µg C cm-3), (H) Benthic oxygen uptake. The values correspond to a carbon remineralization rates of 1.5-7.6 mg C m-2 d-1 in 1993 and 2.3-9.2 mg C m-2 d-1 in 2012. (1993: 0.5-2.8 g C m-2 yr-1; 2012: 0.8-3.4 g C m-2 yr-1). 

 

  Table 5 | Benthic biogeochemical variables determined in surface sediments (0-1 cm) down the Laptev Sea continental slope in September 1993 and August/September 2012. 

 

 Total organic carbon (TOC) concentrations in the first cm of sediment ranged between 0.4-1.5% across the slope, and remained largely unchanged between the two years ( Figure 5B ). The top 1 cm layer reflects an input of about 8 years of sedimentation on the shelf (Vonk et al., 2012) and 26-83 years on the slope (Stein and Fahl, 2004), of which the annual OC input is only 1-2% (Stein and Fahl, 2004), so decadal changes could only be recorded if exceeding a 5-fold increase, for which not enough nutrients are supplied to the surface waters of the Laptev Sea.

 Potential extracellular enzymatic activities (EEA) of four selected extracellular enzymes all showed considerably higher values in 2012 ( Figures 5C–F ). The hydrolases beta-glucosidase and chitobiase showed decreasing values with water depth in both years. Beta-glucosidase is a hydrolytic enzyme involved in the breakdown of beta-glycosidic bonds that may occur in a variety of substrates, such as glycolipids, poly/oligosaccharides, and cellulose. Chitobiases are involved in the breakdown of chitin, the most abundant polymer in the ocean, mostly derived from zooplankton carapaces and fecal pellets. Aminopeptidase activity increased with increasing water depth, as reported previously (Boetius and Damm, 1998 and references therein). This group of enzymes catalyzes the cleavage of amino acids from peptides and proteins, and it may be induced by starvation (Albertson et al., 1990; Boetius and Lochte, 1996). Esterase activities did not show a clear trend with water depth. Esterases are also hydrolytic enzymes and may break down lipids, as for example found in membranes. Both aminopeptidase and esterase were higher in 2012 compared to 1993, indicating an overall increased remineralization potential.

 Bacterial cell densities ranged between 1.2x109 and 2.8 x109 cells cm-3 sediment and were on average 1.9x109 cells cm-3 sediment in 1993 and 3.7x109 cells cm-3 sediment in 2012 (range: 9.4x108-3.7 x109 cells cm-3 sediment). Densities decreased with water depth, but remained largely constant between years, with slight variations at the different stations ( Figure 5G ). Counting errors are usually within 10% of the counts.

 Benthic oxygen uptake, as an indicator for carbon supply and remineralization, varied between the years. It only showed a substantial increase of more than 2-fold in 2012 at one of the deepest stations (~ 3000 m water depth;  Figure 5H ), indicating a higher remineralization of organic material in the deep sea compared to 1993. Diffusive oxygen uptake was on average 0.52 (0.16-0.82) mmol m-2 d-1 in 1993 and 0.60 (0.25-1.00) mmol m-2 d-1 in 2012 ( Table 5 ). Measurements correspond to carbon remineralization rates of 0.44 mg C m-2 d-1 (1.5-7.6 mg C m-2 d-1) in 1993 and 0.51 mg C m-2 d-1 (2.3-9.2 mg C m-2 d-1) in 2012.

 
  3.2.2 Benthic bacterial diversity and community composition

 A clustering of OTU at 3% sequence difference resulted in 7098 OTU, ranging between 1172-13603 per sample ( Table S4 ). The dataset contained 2686 singletons, i.e. sequences occurring only once in the entire dataset, corresponding to 2.2% of all sequences and 37.8% of all OTU. These sequences were removed from the dataset before further analyses, resulting in a final number of 4412 OTU.

 Bacterial richness estimates calculated with subsampling to the smallest dataset yielded OTU numbers ranging between 326-542, and Chao1 estimates ranging from 511 to 1457. Bacterial richness decreased with increasing water depth, as previously reported (Bienhold et al., 2012). Richness values were slightly higher in 2012 compared to 1993 ( Table S4 ).

 Bacterial community structure changed in both years with increasing water depth (Bienhold et al., 2012), with a clear clustering of samples with depth, which can be distinguished into four categories: 54-68 m (shelf), 202-796 m (upper slope), 1482-2620 m (lower slope), and 2995-3387 m (bottom slope) ( Figure 6 ). Depth groupings were confirmed with an analysis of similarity (ANOSIM statistic R=0.62, p=0.001), which also confirmed significant differences (adj. p<0.05, with 1000 permutations) for all pairwise comparisons between depth groups, except for the comparison between 54-68 and 2995-3387 m, which may be an artefact due to the low number of samples (n=2) in the latter group. At the same time there appear to be no systematic shifts in bacterial community structure between the two years, as indicated by both 454 tag sequencing ( Figure 6 ) and ARISA fingerprinting ( Figure S6 ). There is a clear increase in dissimilarity when comparing shallow stations with stations of increasing water depth (Table S5). At the same time, comparisons between any two stations within and between the years did not yield considerable differences. The average dissimilarity (Bray-Curtis) between any two stations was 60% in 1993, 54% in 2012 and 58% when comparing stations between 1993 and 2012 at the level of bacterial OTUs.

  

 Figure 6 | Differences in bacterial community structure with water depth and between 1993 and 2012. Non-metric multidimensional scaling plot based on Bray-Curtis dissimilarities of 454 tag sequencing data. Samples from 2012 are marked with an asterisk (*). 

 

 Bacterial communities were dominated by the classes Gammaproteobacteria, Bacteroidia, Alphaproteobacteria, NB1-j_cl, Acidimicrobiia, and Verrucomicrobiae ( Figure S7 ). The top ten most abundant OTU belonged to Woeseia (Gammaproteobacteria), Cellvibrionales (Gammaproteobacteria), Actinomarinales (Actinobacteriota), Nitrosococcales (Gammaproteobacteria), and Flavobacteriales (Bacteroidota) (Table S6). The most abundant bacterial classes and families were shared between the two years, but also showed changes in their relative abundance with water depth and between the years ( Figure S8 ). Flavobacteriaceae and Rubritaleaceae increased in relative abundance in 2012 at the shallower stations, which is reflected in the stronger representation of several group members at the genus level as well (Figure 7). Flavobacteriaceae also showed a conspicuous increase at the deepest station in 2012.

  

 Figure 7 | Changes in the abundance (clr-transformed) of bacterial genera in surface sediments along a water depth transect (increasing water depth from left to right, see also  Table 1 ) down the Laptev Sea continental slope in 1993 and 2012. Aquibacter, Maribacter, Formosa, Flavobacteriaceae_unclassified (Bacteroidia); Rubritaleacea_unclassified, Luteolibacter (Verrucomicrobiae); Woeseia (Gammaproteobacteria). 

 

 
 
 
  4. Discussion.

 Here we compared field observational data sets, as well as model runs from two years (1993 and 2012), representative of two different phases of the Central Arctic climatic state with typical ice cover for the phase before 2000, and with the severe summerly decline observed afterwards, in the Central Arctic [https://www.meereisportal.de/en/seaicetrends/monthly-mean-arctic/, (Grosfeld et al., 2016)], as well as in the Laptev Sea ( Figure S1 ). Our results suggest that the climate warming and subsequent sea-ice loss has led to a noticeable but limited increase in primary production in the area, due to enhanced stratification and nutrient limitation, although stratification can be quite variable in the region (Janout et al., 2020). The biggest response was detected in the phytodetritus deposition at the Laptev Sea slope inferred from sedimentary chlorophyll pigments, to an extent that indicates substantial shifts in the development of the pelagic system and timing of POC export.

  4.1. Decreasing sea ice cover results in higher primary production at the surface, but not in considerably higher POC fluxes.

 There was a considerable loss of sea ice between the two investigated phases, resulting in a substantially larger open water area and longer ice-free period in 2012 compared to 1993. This is also reflected in the increase of the number of ice-free days per year between 1992 and 2020 (Bélanger et al., 2013; Arrigo and van Dijken, 2015; Lewis et al., 2020). Strong sea ice melt in 2012 was favored by anomalously warm spring conditions, paired with southerly winds (Janout et al., 2016a). As a consequence, average primary production calculated from observed seasonal nutrient drawdown, and estimated from a coupled biogeochemical/sea ice model, was higher in 2012 compared to 1993 ( Table 3 ) (Arrigo et al., 2008; Kahru et al., 2011; Fernández-Méndez et al., 2015; Lewis et al., 2020).

 Nutrient drawdown suggested a 1.3-times increase in new production between the two years, and the model suggested a 2.5-times increase in NPP. While the model integrates over the entire area of interest, new production calculated from nutrient drawdown averages values across the different stations (n=21 for each year). If we upscale the average new production from nutrient drawdown to the respective open water area, which was 4-times larger in 2012 compared to 1993, new production could be as much as 6-times higher across the area of investigation in 2012 (0.5 Tg C yr-1 in 1993 vs. 2.95 Tg C yr-1 in 2012). However, these values are derived from a limited number of measurements, and do not take under-ice production into account.

 The increase in modelled NPP over the area of investigation (1.9 Tg C yr-1 in 1993 and 3.5 Tg C yr-1 in 2012) reflects the increase in open water area, rather than higher local production. This is confirmed by a significant positive correlation between September open water area and modelled NPP for the years 1985 to 2015 (r=0.75, p=9.4x10-7), also consistent with other reports (Pabi et al., 2008). Modelled open water area for September and data from NSIDC (Cavalieri et al., 1996, updated yearly, date accessed: 2017-03-17) were strongly correlated (r=0.86, p=6.5*10-10), indicating a high degree of fit between the two. The observed shift in the Redfield ratio indicates substantial nitrate limitation in 2012, confirming that sea-ice retreat may release light limitation, but is followed by a rapid nutrient limitation of primary production (Lalande et al., 2014b; Duarte et al., 2021; Oziel et al., 2022). This is also supported by higher POC : Chla ratios in 2012. The increased stratification due to a substantial freshening and warming of the surface layer limits nutrient supply from depth. An increased variability of stratification has been reported in the region for the period after the mid-2000s, with the region of freshwater influence being determined by summer winds in the ice-free areas (Janout et al., 2020); trends in stratification are thus difficult to generalize. Riverine influence is expected to be rather low for most of the stations investigated here, as indicated by surface salinities reported in previous studies (Janout et al., 2020; Laukert et al., 2022).

 We also upscaled NPP estimated by the model and new production estimated by nutrient demand to the entire Laptev Sea area (105° to 150°E; 301,130 km2) for both years. Modelled NPP was 20 Tg C yr-1 in 1993 and 29 Tg C yr-1 in 2012. In comparison, (Pabi et al., 2008) found that NPP in the Laptev sector varied without a clear cause from approximately 15 to 35 Tg C yr-1 between 1998 and 2006, based on ocean color in ice-free areas that can be observed by remote sensing. Our numbers are thus similar, but in the higher range of these values observed in earlier years. New production estimated from nutrient demand was 2.5 Tg C yr-1 in 1993 and 3.3 Tg C yr-1 in 2012 for the entire area of the Laptev Sea. These values are much lower and represent an underestimate, because they are upscaled from 21 station in the outer shelf and slope region, excluding the highly productive coastal areas.

 Measured chlorophyll a standing stocks at the time of sampling were only 1.3-times higher in 2012. Compared to NPP, this suggests a faster turnover of biomass in 2012, which could be due to a shift towards smaller phytoplankton species in the model, in turn caused by a shift from light to nutrient limitation. This assumption is supported by observations from sediment traps in the region, e.g. samples in 1995 showed higher fluxes of ice-associated pennate diatoms, while in 2012 there were higher fluxes of flagellates and centric diatoms (Lalande et al., 2014a; Lalande et al., 2014b). This would also be in agreement with a range of other studies of the wider Arctic region that have evidenced shifts from larger to smaller phytoplankton species during summer with increasing temperatures and decreasing sea ice cover (Nöthig et al., 2015a; Engel et al., 2017). On the Laptev Sea shelf, phytoplankton size structure is also closely connected to riverine input, and dynamics may differ from more central parts of the shelf/slope (Demidov et al., 2021). Few studies have addressed the outer parts of the slope, and further investigations of pelagic communities in the Laptev Sea are required to unravel potential long-term shifts. Microscopic assessments of phytoplankton community composition in our study area, combined with microscopic counting of a sediment trap deployed on the Lomonosov Ridge over one year from 1995 to 1996 (Zernova et al., 2000; Fahl and Nöthig, 2007), indicated spring bloom stages at stations close to the sea ice (with diatoms such as Nitzschia spp. and Fragilaria spp.) and another stage at stations with less or no ice cover (with large numbers of Chaetoceros spp. and Thalassiosira spp.) in 1993. In 2012, most of the microplanktonic community resembled a heterotrophic regenerating late summer community with only little contribution of diatoms (Flores et al., 2019), indicating that for several of the stations the ecosystem was at different states during the two periods of our summer investigations.

 To compare POC export fluxes, we looked at interpolated and modeled results, as well as the measured oxygen demand at the seafloor. POC flux estimated from nutrient drawdown based on the relationship by Berger et al. (1988), was only 1.1-times higher in 2012 (0.52 vs. 0.56 g C m-2 yr-1, respectively). The modeled data suggest a 1.4-times higher POC export flux in 2012 compared to 1993 (0.37 vs. 0.59 g C m-2 yr-1, respectively). The calculated and modeled POC flux to the seafloor accounted for 4-5% and 6-7% of the surface production in 1993 and 2012, respectively. In addition to the magnitude of primary production, several factors may influence the amount of material eventually exported to deeper water layers and the seafloor, including the depth of the mixed layer, the sea ice extent and thickness, the timing of blooms and species composition of the primary producers (Wiedmann et al., 2020a; Dybwad et al., 2021; Fadeev et al., 2021), as well as the potential match/mismatch of OM production and export with grazers (Janout et al., 2016b), and finally the magnitude of remineralization by heterotrophic protists and bacteria in the water column.

 Some studies have suggested that upon warming, the relative importance of sea-ice biota, pelagic communities and benthic assemblages may shift from a benthos-dominated to a zooplankton dominated mode (Carroll and Carroll, 2003). Indeed, previous studies have shown that an earlier sea-ice retreat in 2014 led to increased zooplankton grazing, compared with a later ice retreat on the Laptev Sea shelf in 2015 (Janout et al., 2016b). Similar observations have been reported from the Pacific Arctic sector (Grebmeier et al., 2006). Increased zooplankton grazing would limit the flux of POC to the seabed despite higher NPP, as observed here, and would limit growth of benthos (Schmid et al., 2006; Degen et al., 2015). However with phytoplankton growth likely starting earlier in the region, due to sea ice thinning, and indicated by an earlier and stronger increase in modeled chlorophyll a concentrations in 2012 compared to 1993, it remains to be shown that zooplankton and other fauna, including their progeny, are able to adapt and feed earlier.

 Carbon demand at the seafloor, extrapolated from oxygen consumption rates to the productive season (Jul-Sep), was 0.44 g C m-2 season-1 in 1993 and 0.51 g C m-2 season-1 in 2012. Assuming that the measured rates represent background values rather than elevated rates during high input events, the benthic carbon demand for the entire years would be 1.75 g C m-2 yr-1 in 1993 and 2.01 g C m-2 yr-1 in 2012. Benthic carbon demand extrapolated to the productive season matched with estimated POC flux. However, since our measurements were performed well after the surface water bloom, they likely do not represent elevated benthic remineralization rates. In addition, this calculation assumes no benthic remineralization during the rest of the year, and thus would underestimate annual carbon demand. Benthic carbon demand extrapolated to the entire year, however, exceeded POC flux estimates, a common observation in the Arctic (Wiedmann et al., 2020b) and in other deep sea regions (Jørgensen et al., 2022). This value may overestimate benthic carbon demand, if carbon remineralization rates are lower during winter or underestimate carbon demand, if the measured rates represent background values. Additionally, we may have underestimated the total annual flux of organic matter to the seafloor, because lateral input, as well as input from intermittent sea ice are not accounted for in our estimates of POC flux. Besides these uncertainties, the measured and estimated rates may suggest that carbon input was somewhat enhanced in 2012 compared to 1993, but did not reach a new level likely to cause a benthic regime shift. The values are well in the range of other reports from comparable depths in the Arctic Ocean (Bourgeois et al., 2017; Kiesel et al., 2020; von Appen et al., 2021).

 
  4.2 Higher availability of organic matter at the seafloor and response of benthos

 In this study we also measured an increased input of phytodetritus to the seafloor at the time of sampling, with a higher proportion of sedimentary chlorophyll a, suggesting sedimentation of rather fresh material at the end of the summer in 2012, despite the potential earlier onset of primary production. The reason could be a late bloom, i.e. induced by winds in the ice-free zone, by lateral advection from shelves or input of ice rafted debris (Krumpen et al., 2019), which could not be further quantified in this study. Most likely is a relatively fresh deposition from a late summer export event (Ardyna et al., 2014), possibly facilitated by nutrient-upwelling from the shelves during a summer cyclone in August 2012 (Zhang et al., 2014). The deeper/more northern stations between 78° and 80°N may also have experienced input from sea ice, as indicated by low sea surface salinities in 2012, which coincided with an enhanced sea ice melt signal inferred from δ18O oxygen isotope measurements (Janout et al., 2016a). The scenario of a recent export event is matched by the finding of higher potential microbial enzyme activities not yet reflected in substantially higher oxygen uptake rates (except for one of the deepest stations) or higher microbial biomass. Previous studies show that extracellular enzymes are rapidly stimulated by fresh organic matter deposits, but that there is a substantial lag time of weeks to a month before secondary production leading to enhanced consumption sets in (Boetius and Lochte, 1994; Arnosti, 2011).

 This conclusion is also supported by the comparison of benthic bacterial community composition across the Laptev Sea slope. Differences in phytodetritus input between the two years (at the same water depths), did not result in substantial changes in bacterial community structure as expected for a regime shift in the area. Community composition was remarkably reproducible between the two sampling years. However, the higher availability of fresh phytodetritus may explain the generally higher proportions of Flavobacteriacea and Rubritaleaceae in 2012, bacteria typically associated with phytoplankton blooms and degradation of polymeric matter (Martinez-Garcia et al., 2012; Cardman et al., 2014; Teeling et al., 2016; Rapp et al., 2018). Our results support earlier evidence of strong changes in bacterial community structure with increasing water depth, consistent with earlier studies of the same samples from 1993 (Bienhold et al., 2012) and in other regions of the Arctic (Jacob et al., 2013). The significant clustering at water depths of 54-68 m (shelf), 202-796 m (upper slope), 1482-2620 m (lower slope), and 2995-3387 m (bottom slope/abyssal plain) is consistent with patterns of benthic meio- and macrofauna in the Laptev Sea and on a pan-Arctic scale (Vanaverbeke et al., 1997; Vedenin et al., 2018; Vedenin et al., 2022). This suggests that to detect changes in biodiversity and biogeochemical functions, any further assessments of community change must provide enough replication across the shelf and slope.

 
 
  5 Conclusion

 This study provides insights into climate change impacts on ecological and biogeochemical functions in a region of the central Arctic Ocean which is rapidly warming and losing its summerly sea ice cover. We have compared observations and modeling results representing the decadal changes in the state of the Arctic before and after 2000. Based on various independent estimates, average primary production was at least 30% higher across the area of investigation in 2012 compared to 1993, although we recorded a substantial variation across individual stations. Our data confirm earlier studies that the decrease in ice cover and longer open water period results in higher production, but that production is rapidly nutrient-limited by increased stratification. This is likely to limit POC build-up and export fluxes, also due to stronger pelagic recycling ( Table 3 ). These may be the main reasons that estimated POC fluxes and benthic carbon remineralization rates did not differ strongly between the years. We conclude that we observed a relatively fresh phytoplankton deposit across the deeper slope at the time of sampling (Aug/Sep) in 2012, which led to high microbial hydrolytic activities but not yet to higher bacterial standing stocks, indicating an early stage of remineralization in response to the organic deposits at the seafloor. The potential temporal shifts in phytoplankton blooms, grazing pressure, vertical POC flux and community composition from the surface ocean to the seafloor deserve further attention. The Arctic Ocean is under rapid change, with presumably significant effects on the entire ecosystem. These open questions should be addressed in future studies, e.g. through moored sediment traps and analyses of phytoplankton and phytodetritus composition in the water column and at the seafloor, also specifically taking into account the relevant time frames over which measured and estimated variables integrate. Key regions of the Arctic such as the Laptev Sea may serve as sentinels for other areas of the Arctic Ocean.
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PANGAEA station ID PANGAEA station Bottom water ~ Chla POC_ POC/ NO, NO, PO, PO,  Si(umolL") Si (umol L")

sediment samples ID water samples  temperature (mgm?)® (gm?)" Chla (umolL') (umolL"') (umolL') (umolL')  0-20/25m*  20/25-50 m*
&) 0-20/25m" 20/25-50 m* 0-20/25m®  20/25-50 m*
Ps2462-1 PS27/043-1 -6l 202 10 197 12 na. 03 06 20 61
PS2479-1 PS27/067-1 109 73 30 414 na. na. na. na. na. na.
PS2477-1 PS27/064-1 044 64 na. na. 26 47 03 04 42 70
PS2476-1 PS27/062-1 049 63 3s 565 21 39 03 na. 37 47
PS2458-1 PS27/038-1 0.03 1374 72 52 08 33 02 03 L1 23
PS2474-1 PS27/059-1 064 58 na. na. 27 53 04 05 31 39
PS2457-1 PS27/035-1 085 37 na. na. 11 58 05 05 37 27
PS272:1 PS27/056-1 093 67 na. na. 11 50 04 04 19 22
PS2471-1 PS27/054-1 79 16 199 37 51 04 04 19 22
PS2455-1 PS27/033-1 167 33 199 27 56 03 05 22 21
Averages 1993 (where applicable) 123 38 27 18 03 05 26 37
Median 1993 (where applicable) 76 34 27 50 03 05 22 27
PS80/302-1 PS80/301-1 162 na. na na. 01 35 02 06 12 87
PS80/309-1 PS80/308-1 18 na na na. 01 27 02 0s 13 65
PS80/310-1 na na. na na na. na. na na. na. na. na.
PS80/312-1 PSS0/311-1 029 27 68 208 01 30 01 04 12 22
PS80/299-1 PS80/298-1 051 104 78 751 0.04 63 03 06 36 65
PS80/313-1 PS80/314-1 057 312 67 194 07 66 02 06 17 41
PS80/296-1 PS80/297-1 070 L4 51 3637 06 62 02 06 14 50
PS30/318-1 PS80/317-1 90 50 556 L1 19 02 04 35 25
PS80/320-1 PS80/319-1 160 64 39 02 16 02 04 28 25
PS80/292-1 PS80/291-1 092 na. na. na. 004 18 02 03 44 33
Averages 2012 (where applicable) 159 63 06 18 02 05 24 15
Median 2012 (where applicable) 132 65 o1 18 02 05 28 1

“nutrients were available for 0-25 m and 50 m in 1993, and for 0-20 m and 20-50 m in 2012
“chlorophyll a and POC were integrated over the upper 50 m.
na. not available.
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OEBPS/Images/table1.jpg
Sample ID PANGAEA station ID Lat (°N) Lon (°E) Date (yyyy-mm-dd) Water depth (m)

LAP_001 PS2462-1 77.4088 133.5518 1993-09-06 54

LAP_002 PS2479-1 77.5223 114.4558 1993-09-18 65

LAP_003 PS2477-1 77.2525 118.5528 1993-09-17 230
LAP_004 PS2476-1 77.3966 118.1933 1993-09-17 534
LAP_005 PS2458-1 78.1365 133.3323 1993-09-05 796
LAP_006 PS2474-1 77.6803 118.5765 1993-09-15 1517
LAP_007 PS2457-1 78.3865 133.1905 1993-09-04 2019
LAP_008 PS2472-1 78.667 118.7417 1993-09-14 2620
LAP_009 PS2471-1 79.1618 119.7865 1993-09-13 3051
LAP_009-1 PS2455-1 79.6501 130.5958 1993-09-03 3427
LAP_010 PS80/302-1 77.9713 136.9677 2012-08-30 68

LAP_011 PS80/309-1 77.1691 114.916 2012-09-01 62

LAP_012 PS80/310-1 77.2519 118.5545 2012-09-01 202
LAP_013 PS80/312-1 77.3966 118 2012-09-01 529
LAP_014 PS80/299-1 78.1361 133.3328 2012-09-29 775
LAP_015 PS80/313-1 77.6800 118 2012-09-01 1482
LAP_016 PS80/296-1 78.3886 133.2015 2012-08-29 1963
LAP_017 PS80/318-1 78.6672 118.7398 2012-09-02 2570
LAP_018 PS80/320-1 79.1616 119.7876 2012-09-02 2995

LAP_019 PS80/292-1 79.6498 130.5975 2012-08-28 3387





OEBPS/Images/table5.jpg
Date Water Chla Phaeo CPE  Chl TOC C/ Chi Beta-glu  Esterase Amino-  Bacterial Bacterial DOU Cremin.  C remin. C

(yyyy- depth (p§ (p§ (p§ a (% N activity activityJ activit pep cell biomassrg (;gmgl (mg C‘ m? (gC nf reminzz
mm-dd) (m) cm”) em”) cm”) (%) dw) [uM b MM h'] [pMhT] activit numbers  (ug Ccm™) m™d”) d’) season™) (gCm
[BM BT (*10” em?) )
1993-09-06 54 176 1139 13.15 134 131 7.0 2.50 3.02 155 320 36 76.0 na. na. na. na.
1993-09-18 65 0.30 328 3.58 84 NA NA 179 0.90 4.1 13.0 37 779 0.82 7.58 0.70 277
1993-09-17 230 018 265 283 64 057 65 086 065 26 100 19 397 080 7.39 0.68 270
1993-09-17 534 0.10 198 2.08 48 L10 72 149 0.52 18 260 20 412 0.56 517 0.48 1.89
1993-09-05 796 0.07 205 212 33 L19 69 0.77 0.36 24 240 1.1 233 0.52 4.80 0.44 175
1993-09-15 1517 0.03 079 0.82 37 1.36 8.0 033 0.14 22 510 22 464 0.42 3.88 0.36 142
1993-09-04 2019 0.05 114 119 42 0.33 46 0.52 033 19 57.0 1.9 389 na. na. na. na.
1993-09-14 2620 0.01 1.06 1.07 09 1.66 78 0.19 0.06 36 87.0 23 473 0.34 3.14 0.29 115
1993-09-13 3051 0.00 084 0.84 0.0 1.52 88 0.13 0.02 53 83.0 13 28.1 0.16 1.48 0.14 054
1993-09-03 3427 0.04 101 1.05 38 1.02 73 0.16 0.09 23 116.0 0.9 19.7 053 4.90 0.45 179
Averages 0.25 262 2.87 49 112 7.1 0.87 0.61 42 49.9 21 438 0.52 479 0.44 175
1993
2012-08-30 68 1.94 233 427 455 1.01 74 1.56 1.25 140 64.2 28 59.6 na. na. na. na.
2012-09-01 62 3.15 3.82 6.97 452 L18 8.0 218 134 123 64.8 22 457 100 9.24 0.85 337
2012-09-01 202 344 361 7.05 48.8 0.57 86 334 na. 183 1314 20 412 0.65 6.01 0.55 219
2012-09-01 529 192 248 440 437 L12 74 225 0.79 142 67.5 23 487 08 7.39 0.68 270
2012-09-29 775 L18 233 351 337 1.02 185 178 0.56 86 738 19 40.1 073 6.75 0.62 246
2012-09-01 1482 0.77 132 209 369 140 74 0.91 0.29 63 63.0 15 390 033 3.05 0.28 L1
2012-08-29 1963 0.66 145 211 314 0.41 163 0.68 0.22 49 836 1.8 368 na. na. na. na.
2012-09-02 2570 0.67 119 1.86 359 1.68 77 0.56 021 146 1439 17 358 0.25 231 0.21 0.84
2012-09-02 2995 0.51 098 149 340 1.06 6.6 033 0.15 142 180.9 12 253 0.65 6.01 0.55 219
2012-08-28 3387 0.31 0.68 0.99 313 0.89 163 0.40 0.18 87 160.5 14 284 0.36 333 031 121
Averages 1.46 2.02 347 38.6 103 104 1.40 0.55 11.6 1034 19 40.1 0.60 5.51 0.51 2.01
2012

Chla, Chlorophyll a; Phaeo, Phaeopigments; CPE, Chloroplastic Pigment Equivalents; TOC - Total Organic Carbon; C/N - carbon to nitrogen ratio; extracellular enzymatic activities; Chi, Chitobiase; Beta-glu, Beta-glucosidase; Aminopep - Aminopeptidase;
Bacterial cell numbers and biomass; DOU - Diffusive Oxygen Uptake; C remin. - Carbon remineralization calculated from DOU (per day, per productive season = 92 days, and per year = 365 days). n.a, not available.





