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Terrestrial Dissolved Organic Matter Mobilized From Eroding Permafrost Controls Microbial Community Composition and Growth in Arctic Coastal Zones
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Climate warming is accelerating erosion along permafrost-dominated Arctic coasts. This results in the additional supply of organic matter (OM) and nutrients into the coastal zone. In this study we investigate the impact of coastal erosion on the marine microbial community composition and growth rates in the coastal Beaufort Sea. Dissolved organic matter (DOM) derived from three representative glacial deposit types (fluvial, lacustrine, and moraine) along the Yukon coastal plain, Canada, were used as substrate to cultivate marine bacteria using a chemostat setup. Our results show that DOM composition (inferred from UV-Visible spectroscopy) and biodegradability (inferred from DOC concentration, bacterial production and respiration) significantly differ between the three glacial deposit types. DOM derived from fluvial and moraine types show clear terrestrial characteristics with low aromaticity (Sr: 0.63 ± 0.02 and SUVA254: 1.65 ± 0.06 L mg C−1 m−1 & Sr: 0.68 ± 0.01 and SUVA254: 1.17 ± 0.06 L mg C−1 m−1, respectively) compared to the lacustrine soil type (Sr: 0.71 ± 0.02 and SUVA254: 2.15 ± 0.05 L mg C−1 m−1). The difference in composition of DOM leads to the development of three different microbial communities. Whereas Alphaproteobacteria dominate in fluvial and lacustrine deposit types (67 and 87% relative abundance, respectively), Gammaproteobacteria is the most abundant class for moraine deposit type (88% relative abundance). Bacterial growth efficiency (BGE) is 66% for DOM from moraine deposit type, while 13 and 28% for DOM from fluvial and lacustrine deposit types, respectively. The three microbial communities therefore differ strongly in their net effect on DOM utilization depending on the eroded landscape type. The high BGE value for moraine-derived DOM is probably caused by a larger proportion of labile colorless DOM. These results indicate that the substrate controls marine microbial community composition and activities in coastal waters. This suggests that biogeochemical changes in the Arctic coastal zone will depend on the DOM character of adjacent deposit types, which determine the speed and extent of DOM mineralization and thereby carbon channeling into the microbial food web. We conclude that marine microbes strongly respond to the input of terrestrial DOM released by coastal erosion and that the landscape type differently influence marine microbes.
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INTRODUCTION

The permafrost region in the northern hemisphere covers approximately 22% of the land surface which is not covered by glaciers and ice (Obu et al., 2019). A seasonally unfrozen active layer which thaws every year during the warm season is situated on top of the permafrost layer. The permafrost layer itself is permanently frozen, per definition, for at least 2 years in a row (Pollard, 2018). Recent estimates project that ∼1,000 ± 150Pg organic carbon (OC) are stored in the upper 3 m of the soils, plus 500 Pg C in deeper deposits such as yedoma and deltaic sediments (Hugelius et al., 2014; Schuur et al., 2015; McGuire et al., 2018). The amount of carbon stored in active and permafrost layers across the Northern Hemisphere is larger than the carbon storage of any other soil regions on Earth (e.g., temperate and tropical soils) and also surpasses that of the atmosphere (Jobbágy and Jackson, 2000; Strauss et al., 2017).

Due to climate change, permafrost is warming at a global scale (Biskaborn et al., 2019) and the increased loss in soil integrity primes Arctic coastlines for erosion (Günther et al., 2015; Hoque and Pollard, 2016; Obu et al., 2016; Fritz et al., 2017; Couture et al., 2018; Jones et al., 2018). Coastal erosion is further promoted by the reduction in landfast sea ice, making the shores vulnerable to environmental forcing, such as bathing of coastal bluffs in warm seawater and increased wave heights during storms (Overeem et al., 2011; Fritz et al., 2017). Dissolved organic matter (DOM), which is mobilized from permafrost compartments in Cryosols (i.e., soil type in cold regions which is affected by permafrost and cryoturbation processes), is highly biodegradable and directly available for microbial utilization upon permafrost thaw (Dou et al., 2008; Vonk et al., 2013; Abbott et al., 2014; Drake et al., 2015; Fritz et al., 2015; Spencer et al., 2015; Wologo et al., 2020). Increased release of DOM from degrading permafrost landscapes to the Arctic coastal zone (ACZ) can potentially lead to changes in OC processing by marine microbes (Colatriano et al., 2018). This can in turn influence marine primary production and higher trophic levels by increases in regenerated nutrients (Sipler et al., 2017), competition for mineral nutrients (Thingstad et al., 2008) and decreased light penetration (Arrigo and Brown, 1996). Utilization of dissolved organic carbon (DOC) (Tanski et al., 2019) and its offshore transport to deeper oceans (Belicka et al., 2002) will also be affected by the change in microbial carbon processing. This will ultimately affect the overall carbon cycle and thereby impact the carbon budget and aquatic ecosystems in the ACZ. Due to the magnitude of permafrost thaw (Romanovsky et al., 2010; Smith et al., 2010) and increase in coastal erosion (Günther et al., 2015; Fritz et al., 2017; Jones et al., 2018) a better estimate of marine microbial carbon processing of DOC from coastal erosion and its effect on microbial communities in ACZ is needed.

In this study we examine three different permafrost landscape units, which are omnipresent in our study region (Yukon coastal plain, western Canadian Arctic). The landscape units differ from their (post-)glacial genesis and OC storage and include fluvial (FLU) deposits (∼53 kg OC m–3 in the top meter of soil); lacustrine (LAC) deposits (∼47 kg OC m–3); and moraine (MOR) deposits (∼40 kg OC m–3) (Couture et al., 2018). Organic matter in FLU deposits comes from dispersed plant detritus mixed with mineral soil or peat layers that accumulated under stagnant water conditions in abandoned river channels (Rampton, 1982; Schirrmeister et al., 2011). Organic matter in LAC deposits was incorporated from the reworking and deposition of older material eroded from shore bluffs into lakes together with in situ production of fresh OM from aquatic plants and animals (Schirrmeister et al., 2011) along with talik formation (Wolter et al., 2017) and OC degradation in these lake sediments (Walter Anthony et al., 2018) due to permafrost thaw under the lakes. For the MOR deposit type, peat lenses and organic-rich silt is characteristic for the upper part of the deposits, where syngenetic formation and cryoturbation of permafrost has been the main driver behind the storage of OM (Rampton, 1982). This lead to high rates of accumulation and preservation of plant remains, which consists of less decomposed OM and high TOC (Schirrmeister et al., 2011). The organic matter incorporated into FLU and LAC has likely experienced Holocene decomposition since they were waterlogged during this period, whereas MOR likely been preserved since the Pleistocene and experienced very low decomposition (Strauss et al., 2017). During Holocene decomposition, labile OM, such as aliphatic and peptide-like compounds, in FLU and LAC deposits have been reworked by microbial activity, thereby leaving a higher amount of less labile compounds, such as aromatic compounds, when refrozen during the cooling of the middle Holocene (Stapel et al., 2017; Strauss et al., 2017; Heslop et al., 2019).

Terrestrial OM along permafrost coasts is released primarily as particulate organic carbon (POC) to the ACZ (Tanski et al., 2016). Although erosion of the coastline delivers relatively low amounts of DOC (annual flux of 55 Mg yr–1) to the ACZ compared to Arctic rivers (34–38 Tg y–1 if the entire pan-Arctic watershed is considered) (Guo and Macdonald, 2006; Holmes et al., 2012; Tanski et al., 2016; Wild et al., 2019), the DOC released by coastal erosion is highly biodegradable upon thaw (Vonk et al., 2013, 2015; Fritz et al., 2015; Spencer et al., 2015). In addition, upon exposure to seawater with high ionic strengths, ion exchange can release and further dissolve mineral-bound particulate OM or colloids, which can mobilize 19–50% of the bound OM (Kaiser and Guggenberger, 2000; Kawahigashi et al., 2006; Dou et al., 2008). The release of DOM from coastal erosion can therefore be assumed to have a large influence on microbes in coastal environments. Multiple studies have shown that the supply of permafrost-derived DOM can lead to rapid changes in marine microbial community composition and growth (Blanchet et al., 2017; Sipler et al., 2017; Müller et al., 2018) and it has recently been shown that the marine bacteria Chloroflexi, have the capacity to utilize terrestrial DOM (Colatriano et al., 2018). The effect of rapid mineralization of OC from permafrost thaw has been shown for freshwater bacterial communities, where microbes can degrade 34% of permafrost-derived DOC within 14 days of incubation (Vonk et al., 2013) or 47% within 28 days of incubation (Mann et al., 2015). However, there are knowledge gaps associated with the impact of DOM derived from coastal erosion of different glacial deposit types and how it affects marine microbial composition and carbon processing.

Here we study the bioavailability of DOM, released directly to marine microbes in the ACZ, through coastal erosion, using a chemostat approach. This allows the development of a stable microbial community under conditions where the constant supply of substrate could reflect conditions in coastal waters influenced by coastal erosion. We investigate the biodegradability of DOM derived from three representative glacial deposit types (FLU, LAC, and MOR) to test if differences in DOM character can induce differences in bacterial community composition (BCC) and bacterial growth efficiency (BGE). We also follow the changes in DOM character imparted by microbes using absorbance and fluorescence spectroscopy. We hypothesized that (i) the DOM provided by erosion of permafrost coasts is highly bioavailable for marine microbes and that (ii) different DOM characteristics among glacial deposit types induce different growth rates and the establishment of different bacterial communities.



MATERIALS AND METHODS


Study Area

The study area is located in the western Canadian Arctic on the Yukon coastal plain near Herschel Island - Qikiqtaruk (Figure 1). The Yukon coastal plain is about 282 km long and 10–30 km wide. Cliff heights are diverse, ranging from 2–3 m on the mainland across from Herschel Island to 60 m in the eastern part of the Yukon coastal plains (Couture et al., 2018). The mean annual air temperature is −11°C, with the highest temperature during July month reaching 7.8°C (1971–2000) (Environment Canada, 2016). The parent material of the Cryosols in the Yukon coastal plains originate from an ice-rich glacial margin and has been deposited by glacial transportation (ice and meltwater) of earth material and later on reworked by water during Holocene Thermal Maximum (higher than modern summer temperatures) (Fritz et al., 2012).
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FIGURE 1. Satellite image of sampling region in Northern Canada near Herschel Island – Qikiqtaruk along the Yukon Coastal Plain. Glacial deposit types (yellow = fluvial, red = lacustrine, and green = moraine) and coastal seawater (blue) were sampled in 2019. Background color: Landsat-8/OLI RGB image acquired on September 15, 2018. Contour interval: 3′.


Sampling targeted fluvial, lacustrine, and moraine deposits since they represent the permafrost landscape on the Yukon coastal plain and differ the most in OC content and storage among all post-glacial landscape units (Couture et al., 2018). Fluvial sediments are poorly-drained floodplain deposits consisting of fine-grained sediments. The fluvial sediments used for this study were taken from the floodplains of the Babbage River Delta and may resemble other floodplain deposits in the study area. The fine-grained and ice-rich fluvial deposits are prone to erosion and can be mobilized with increasing river discharge, floods and deltaic or river bank erosion. Lacustrine sediments originate from thermokarst formation within moraine deposits (Krzic et al., 2010). These sediments accumulated with lake formation and have a fine-grained composition with peat layers present (Rampton, 1982). Lacustrine deposits are situated in flat and gently sloping terrain and have a poor surface drainage (Rampton, 1982). Moraine deposits are very common and cover approximately 50% of the formerly glaciated part of the Yukon coastal plain. Moraines are ice-rich and surfaces usually well drained due to a distinct topographic gradient with slopes of 5–25° (Rampton, 1982). The finer sediments in the upper layer of moraine soil were commonly washed away by meltwater from the glacier and moved to lacustrine and marine environments (Krzic et al., 2010).



Collection of Samples

Permafrost and active layer sediment samples as well as coastal seawater samples were collected in April and May 2019. The sediment samples were taken with a SIPRE corer at three sites with different glacial deposit types; (A) fluvial (FLU, fluvial deposits, 69.20686 N, 138.36730W), (B) lacustrine (LAC, lacustrine-wetland deposits, 69.33580 N, 138.8768W), and (C) moraine (MOR, moraine ridge-drained deposits, 69.46122N, 139.24230W). Subsamples were taken from the active layer (FLU: 9–24 cm, LAC: 4–14 cm, and MOR: 27–42 cm) and from the permafrost layer (FLU: 105–120 cm, LAC: 55–70 cm, and MOR: 90–105 cm) of the cores. All samples were stored frozen (−18°C) and in the dark.

Seawater samples were collected in the wider Mackenzie Bay in Herschel Basin through the sea ice using a Niskin water sampler (69.50978 N, 138.86278 W). A Conductivity, Temperature, and Depth (CTD) cast was taken to make sure seawater was collected from the main water body avoiding layers below the sea ice or close to the seabed. Seawater was stored in pre-leached 1 L Nalgene bottles, which were rinsed with the sample two to three times. Seawater was stored cold (4°C) in the dark for 1 month prior to the experiment. The seawater had a salinity of 31 ppt and was later used as a bacterial inoculum.



Preparation of Soil Medium and Bacterial Culture

All the equipment used in the experiment was acid cleaned. Soil extracts were prepared from the six soil cores from FLU, MOR, and LAC glacial deposit types. For each glacial deposit type, extracts were prepared by dissolving soils from the active layer (wet weight; FLU: 343 g, LAC: 331 g, and MOR: 282 g) or the permafrost layer (wet weight; FLU: 581 g, LAC: 192 g, and MOR: 222 g) separately into 8 L of ultrapure water (water extraction). The same volume of soil was added, which resulted in different mass due to differences in ice content between the glacial deposit types. The soil was kept in suspension overnight and then allowed to settle for 1 h before filtration through a 0.2 μm filter (AcroPak Capsules with Supor® Membrane, PALL). Salts were added (NaCl 21.1 g, MgCl2 4.5 g, Na2SO4 3.5 g, CaCl2 1 g, KCl 0.6 g, KBr 0.1 g, H3BO3 0.02 g, and NaHCO3 0.2 g per L) to a final salinity of 31 ppt (reflecting the same salinity and ratios as the sampled seawater). The water extractions from the soils were then stored at 20°C overnight to let the salts completely dissolve. For each glacial deposit type, the soil extract from the active layer was mixed with an equal volume of soil extract from the permafrost layer (2 × 7 L mixed soil extracts per glacial deposit type) and then autoclaved. We mixed the two layers to reflect what will happen during coastal erosion when the whole soil column collapses into the ACZ. After the first autoclaving, the mixed soil extracts were split into four replicates (4 × 3.5 L mixed soil extracts per deposit type). The extracts were then re-filtered through a 0.2 μm filter and KNO3 and K3PO4 was added to a final concentration of 16 and 1 μM, respectively. The sterile soil extracts were then autoclaved a second time. The sterile soil extracts were stored overnight, in darkness at 4°C, until the start of the experiment, where they were used as medium for the chemostat cultures. The mixed and sterile soil extracts are hereafter referred to as medium/media.

The sampled seawater obtained from Herschel Basin was used as bacterial inoculum. To adapt the marine microbial communities to the DOM derived from the Cryosols and thereby get a faster establishment in the chemostats, 900 ml of seawater was mixed with 200 ml from the respective autoclaved medium, 3 days before the start of each chemostat experiment. This formed the base of the culture to be used in the chemostat experiments.



Experimental Setup

Chemostats for each glacial deposit type were run in quadruplicates using the same approach as reported in Sjöstedt et al. (2012b). For each chemostat, 3.5 L of medium was used and 0.2 L of marine bacterial inoculum as culture. Medium was fed dropwise through a glass tube to prevent back growth (Hagstrom et al., 1984). Oxygen was supplied by passing air through a 0.2 μm pore-size polytetrafluoroethylene Acrodisc CR filter (Pall Corporation) (Zweifel et al., 1996). The chemostats were run for 14 days in the dark and at 20°C, which is standard temperature for biodegradation experiments (Vonk et al., 2015). The dilution rate was 1 day–1, which is close to the median growth rate of marine bacteria ranging from polar to temperate regions (Moriarty, 1986).

Samples for bacterial abundance (BA) and optical measurements of DOM (absorbance and fluorescence) were taken both from the culture (once per day) and the medium (every 2 days). Bacterial community composition samples were taken from the culture every day. Samples for DOC and nutrient concentrations were taken from the culture daily and from the medium at day 0, 7 and 14. Samples from the culture were taken from the outflow of the chemostat, whereas samples from the medium were taken by carefully disconnecting the tubing feeding the culture with medium.



DOM Absorbance and Fluorescence

Samples (20 ml) were collected in acid washed and precombusted 40 ml glass vials with Teflon-lined caps and measured within 2 h of collection. The absorption spectrum of colored DOM (CDOM) and excitation-emission-matrix (EEM) of fluorescent DOM (FDOM) were measured on filtered samples (0.2 μm Supor Acrodisc, Pall Corporation). Both CDOM and FDOM was measured on an Aqualog fluorometer (HORIBA Jobin Yvon). The CDOM absorbance was measured in a 1 cm quartz cuvette between 239 and 800 nm, with increment of 3 nm and integration time of 0.1 s. The FDOM fluorescence was measured in the same 1 cm quartz cuvette immediately after the CDOM measurement. Emission wavelengths were 245–824 nm with increment of 2 nm and excitation wavelengths 240–450 nm with increment of 5 nm. The emission integration time was adjusted to account for varying FDOM fluorescence intensities between samples. An ultrapure water sample was used as a blank for both absorbance and fluorescence measurements.

The absorption spectrum of the ultrapure blank was subtracted from the absorption spectrum of the chemostat samples. This was performed by subtracting the absorption mean value between 590 and 800 nm. The absorption values were converted to the naperian absorption coefficient according to the following equation, aλ = 2.303∗A/L, where A (unitless) is the optical density measured by the instrument and L (m) is the length of the cuvette and λ is wavelength. Fluorescence data was converted into Raman units (R.U) applying Raman calibration (Lawaetz and Stedmon, 2009), blank subtracted and then corrected for inner filter effects using the drEEM toolbox (Murphy et al., 2013). The quality of CDOM in the contrasting media were compared by using the spectral slope coefficients (Helms et al., 2008) and the carbon specific UV absorbance at 254 nm, SUVA254 (based on decadic absorbance) (Weishaar et al., 2003). The intensity of CDOM absorption in the media and the cultures was compared using the absorption at 330 nm (highest observed degradation wavelength). The fluorescence intensities were summarized using the peak regions defined by Coble (1996). An attempt to characterize the fluorescence data using parallel factor analysis was unsuccessful. A robust result could not be obtained largely due to the fact that the changes in fluorescence occurring were very minor and that the sample dataset largely represented replicate samples of same medium, which invalidated the use of the commonly applied split half analysis for testing the result.

The steady state period for the cultures were determined based on achievement of a stable CDOM absorbance signal (330 nm) after initial flushing and establishment of the cultures during the first week (between days 7 and 13, Supplementary Figure 1).



DOC and Nutrients

After filtration, subsamples for DOC, total dissolved nitrogen (TDN), nitrate/nitrite and phosphate were collected in 30 mL acid-washed HDPE bottles and stored at −20°C until analysis. DOC and TDN concentrations were determined by high-temperature combustion (720°C) using a Shimadzu TOC-V CPH-TN carbon and nitrogen analyzer. The instrument was calibrated using acetanilide (Cauwet, 1999) and carbon determination was referenced to the community deep-sea reference (Hansell laboratory, Miami). DOC accuracy was assured by comparing to reference material provided by the Hansell Laboratory (Sargasso Sea water from 2,600 m near Bermuda; DOC concentration of 42–44 μM). Precision was estimated using a (more comparable) higher concentration sample of aged seawater. This was analyzed every 8 samples in the runs, and was determined to be ±7 μM. Nitrite, nitrate and phosphate were analyzed on a SmartChem200 discrete analyzer (AMS Alliance). The combined concentration of nitrate and nitrite was determined using the method described in Schnetger and Lehners (2014). Phosphate was measured using the manual method described in Hansen and Koroleff (1999). Nutrients standard kits from OSIL were used for calibration.



Bacterial Abundance

Samples (1.6 ml) for BA were fixed with glutaraldehyde (1% final conc.) and stored at −20°C until measured in the flow cytometer. Samples were stained with SybrGreen (Invitrogen) and cells were counted on a FACSCantoII flow cytometer (BD Biosciences), as previously described (Gasol and Del Giorgio, 2000). Fluorescent beads (BD Trucount Tubes, BD Biosciences) were used to calibrate the flow rate. The data was processed using FlowJo9.9.5. Average bacterial abundances were calculated for the steady state period (days 7–13). Bacterial carbon production (BCP) was calculated based on the bacterial abundance as cells produced per day multiplied by a carbon constant (1.6∗10–15 moles carbon cell–1 (Lee and Fuhrman, 1987).



Bacterial Community Composition

Samples for BCC analysis were taken from the cultures from each deposit type every day. 100 ml of water was filtered through 0.2 μm Supor filters (25 mm; Pall Corporation) to collect bacterial biomass for DNA extraction. The filters were stored at −20°C until extraction. The samples from days 0, 9, 11, and 13 for each culture was selected for analysis. From these filters, DNA was extracted using the Qiagen Power Soil kit.

Amplification of the 16S rRNA gene, equimolar pooling and sequencing was performed at the Plateforme d’analyses génomiques (IBIS, Université Laval, Quebec City, QC, Canada). Amplification of the 16S V3–V4 regions was performed using the sequence specific regions (341F-805R) described in Herlemann et al. (2011) using a two-step dual-index PCR approach specifically designed for Illumina instruments. In the first step, the gene specific sequence is fused to the Illumina TruSeq sequencing primers and PCR was carried out in a total volume of 25 μL that contains 1× Q5 buffer (NEB), 0.25 μM of each primer, 200 μM of each dNTPs, 1 U of Q5 High-Fidelity DNA polymerase (NEB) and 1 μL of template DNA. The PCR started with an initial denaturation at 98°C for 30 s followed by 35 cycles of denaturation at 98°C for 10 s, annealing at 55°C for 10 s, extension at 72°C for 30 s and a final extension at 72°C for 2 min. The PCR reaction was purified using the Axygen PCR cleanup kit (Axygen). Quality of the purified PCR products was checked on a 1% agarose gel. A 50–100 fold dilution of this purified product was used as a template for a second PCR step with the goal of adding barcodes (dual-indexed) and missing sequence required for Illumina sequencing. Cycling for the second PCR were identical to the first PCR but with 12 cycles. PCR reactions were purified as above, checked for quality on a DNA7500 Bioanlayzer chip (Agilent) and then quantified spectrophotometrically with the Nanodrop 1000 (Thermo Fisher Scientific). Barcoded amplicons were pooled in equimolar concentration for sequencing on the Illumina Miseq.

Quality control of the sequences was performed by first removing the primer sequence using the Cutadapt 2.7 tool (Martin, 2011) and secondly by trimming the sequences at 260 bp (forward sequence) and 190 bp (reverse sequence). Sequence analysis was then performed using the IBIS computing infrastructure and the Dada2 algorithm (Callahan et al., 2016). In the end, 1,694,984 sequences were retained (median of 42,939 sequences per sample) following the different quality filters resulting in a total of 912 amplicon sequence variants (ASV). Taxonomic assignment was performed using the SILVA database (v.138) (Quast et al., 2013). DNA sequences have been deposited in the National Centre for Biotechnology Information (NCBI) Sequence Read Archive under accession number PRJNA675030.

A statistical method applied for differential gene expressions was used to rank ASVs consistently present in replicates as representative for each deposit type (Robinson and Smyth, 2008). In brief, a tagwise dispersion function [edgeR, R package (Robinson et al., 2010)] was used to rank ASVs according to their consistency among replicates and analyze which ASVs that differed significantly between deposit types. Differences were considered significant at p < 0.01. By using a generalized linear model, we tested for differential representation of ASVs between deposit types using the Toptag function, an analysis quite similar to an ANOVA. The analysis applies log2-counts per million (logCPM) that is used for estimating relative representation in the community, where low value within a range from 1 to 100 is considered high relative abundance. The analysis also reports logFC that is the x-fold change in ASV contribution to the community. The change in log2 CPM gives a measure of the consistency of replicates (Canelhas et al., 2016).

Richness (S.Obs, observed number of species) and evenness were calculated in R 3.0.2 using the package Vegan (Oksanen et al., 2019). Non-metric multidimensional scaling (NMDS) was performed using normalized data (relative abundances) of ASVs obtained from sequencing of the 16S rRNA gene. Distances were based on Bray–Curtis dissimilarity matrix to describe relationships in community composition among samples. Vectors representing significantly correlated (PERMANOVA, p ≤ 0.05, df = 39, n = 999 permutations) DOM characteristics were plotted with the ordination [R 3.0.2, Vegan package (Oksanen et al., 2019)]. Vector length and direction reflects strength and direction of correlation between the DOM characteristics and community composition. Correlations between differences in community composition and differences in DOM utilization (BCP, BGE, and change in DOM characteristics between medium and culture) was investigated using Mantel tests [R 3.0.2, mvabund package, (Wang et al., 2012)].



Biological Oxygen Demand (BOD)

To investigate respiration rates, a sample from each culture replicate in each glacial deposit type (n = 12) was taken at the end of the experiment and incubated for 24 h. Oxygen consumption was measured using a Pyroscience Firesting four channel optode oxygen sensor equipped with 20 mL respiration vials and a temperature sensor. As the chemostats for each glacial deposit type were set up sequentially (1 day apart), the respiration measurements could all be carried out on day 13 (steady state period). Medium and culture from each glacial deposit type was mixed 1:1, to ensure adequate substrate supply during the respiration measurements. Respiration rates were calculated as the slope of oxygen concentration over time for two periods (2–12 h and 12–24 h) as for several of the incubations it was clear that there was a shift (flattening) of the oxygen concentrations during the BOD experiment. Data from the first 2 h were disregarded as it was clear there was a lag time before the establishment of stable respiration rates.



Data Analysis, Presentation, and Statistics

To simplify the data analysis only measurements from the steady state period were used to compare the growth and uptake rates of the cultures. For the optical measurements (absorption and fluorescence), the absorption spectrum and the EEM from the culture were subtracted with the absorption spectrum and the EEM from their respective medium for each day in the steady state period. The newly created absorption spectra and EEMs from the subtraction could then be used to identify the net production or removal of CDOM and FDOM. A mean value per deposit type was calculated using replicates and days in the steady state.

To investigate the fate of bioavailable carbon from the glacial deposit types, four parameters were calculated; (1) total respiration (calculated from BOD experiments as the sum of respiration rates <12 h and >12 h multiplied by 12 h), (2) total bacterial carbon production [based on bacterial abundance as cells produced per day multiplied by a carbon constant of 1.6∗10–15 moles carbon cell–1 (Lee and Fuhrman, 1987)], (3) the total change in DOC concentration (calculated from the difference between medium and culture) and (4) BGE (calculated by dividing BCP by the DOC uptake).

In order to test for differences between glacial deposit types an analysis of variance (ANOVA) test was performed when criteria of normality and heterogeneity was met. If these criteria were not met, the Kruskal–Wallis test was applied. To resolve regions of the absorption spectra and fluorescence EEMs where medium and culture differed significantly, a two sample t-test was applied for each wavelength independently. The significance level was set to a p-value of 0.05. ANOVA and t-test ran in MatLab while Kruskal–Wallis test was applied in R.

The averages (mean) and standard deviations were calculated across the four replicates within each glacial deposit type. This was applied to all parameters using all measurements in the steady state (across days and replicates) unless else stated. Difference in samples number are due to missing data and outliers (defined from boxplots in R) and sample numbers will be stated after each parameter for each glacial deposit type.



RESULTS


Characteristics of DOM

The DOC concentration in the media was highest in LAC, followed by MOR and FLU with an average concentration of 632 (±34, n = 8), 543 (±36, n = 8), and 526 (±26, n = 6) μM DOC, respectively (Figure 2). DOC concentrations in the LAC medium were significantly higher than in both the MOR and FLU medium (ANOVA, p < 0.01), while MOR and FLU were not significantly different (ANOVA, p = 0.16). One replicate of FLU (2 out of 8 measurements) was removed when calculating the mean DOC concentration due to its anomalously low value (368 μM), while the source of the error could not be identified. The average DON concentration in the media was 28.7 (±4.5, n = 8), 25.2 (±1.9, n = 8), and 24.1 (±2.7, n = 8) μM DON for FLU, LAC, and MOR, respectively (Figure 2) and there was no significant difference among the three media (ANOVA, p > 0.05). The DOC:DON ratios for FLU, LAC, and MOR media were 17.0 (±1.2, n = 8), 25.1 (±1.4, n = 8), and 22.8 (±2.7, n = 8), respectively. The DOC:DON ratio for FLU was found to be significantly lower than those of LAC and MOR (ANOVA, p < 0.01), while LAC and MOR did not differ significantly between each other (ANOVA, p > 0.05).
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FIGURE 2. Average DOC (A) and DON (B) Concentration (μmol L– 1) of soil media and cultures at steady state. NO3– and NO2 are subtracted from DON, while ammonium is still included. Error bars represent the standard deviation.


The LAC medium had the highest absorption coefficients (Figure 3). The absorption coefficients values at 330 nm differed significantly between all three media and were 15.5 m–1 (±0.4, n = 8) for LAC, 9.2 m–1 (±0.5, n = 12) for FLU, and 7.3 m–1 (±0.5, n = 11) for MOR (Figure 3, ANOVA, p < 0.01). Spectral slopes (S) and SUVA254 were used to assess the quality of the CDOM (Table 1). The S values for 275–295 nm (UVB) and 350–400 nm (UVA) ranged between 13.4–13.7 and 19.2–21.3 μm–1 in the three media. The spectral slopes for the UVB area did not differ significantly between the three media (ANOVA, p > 0.05), while the spectral slope of the UVA area was significantly higher in FLU medium than in the other two media (ANOVA, and p < 0.05). The spectral slope ratio (Sr) values differed significantly between all media (ANOVA, p < 0.01) and were highest for LAC followed by MOR and FLU. The SUVA254 values (Table 1) were also significantly different between all media (ANOVA, p < 0.01) and were highest for LAC, followed by FLU and MOR.
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FIGURE 3. Mean absorption spectra (A) and fluorescence EEMs (B–D, displayed as Raman units, R.U.) for the filtered media at steady-state. (B) LAC, (C) FLU, and (D) MOR.



TABLE 1. Mean spectral slopes [S(275–295) and S(350–400)], slope ratios (Sr), SUVA254 values (calculated from the soil medium CDOM spectra) and intensities of five commonly reported fluorescence peaks (Coble, 1996) (peak A = Ex/Em: 260/430, peak B = Ex/Em: 275/305, peak C = Ex/Em: 340/440, peak M: Ex/Em: 300/390, and peak T = Ex/Em: 275/340) for the three glacial deposit types.

[image: Table 1]
The fluorescence characteristics of the media are shown in Figure 3 and the fluorescence intensities for common peak regions (Coble, 1996) are reported in Table 1. As with the absorption spectra, the fluorescence intensities differed between the media. The visible wavelength peaks (peak A, C, and M) were significantly different between all media (ANOVA, p < 0.01) with highest values for LAC, followed by FLU and MOR (Table 1). For peak T, the fluorescence intensities did not differ between FLU and LAC (ANOVA, p > 0.05), while it was significantly lower for MOR compared to the other two (ANOVA, p < 0.01) (Table 1). For peak B the fluorescence intensities did not differ significantly between MOR and LAC (ANOVA, p > 0.05), while FLU had significantly higher intensity than the other two (ANOVA, p < 0.01) (Table 1).



Alteration of DOM in the Cultures

Inorganic nutrients were added to ensure replete conditions and carbon limitation in the chemostats. Measured nutrient concentrations in the media were on average 13–15 μM for combined nitrate and nitrite and 0.68–1.01 for phosphate, and remained above 6 and 0.3 μM, respectively in the water flowing out of the cultures.

There were a significant difference in the concentrations of DOC and DON between the medium and the culture for all glacial deposit types (ANOVA, p < 0.05). The total removal of DOC in FLU, LAC, and MOR cultures was 132 (±50, n = 28), 160 (±46, n = 28), and 158 (±48, n = 28) μM (Table 2) corresponding to 24% (±9%), 25% (±7%), and 29% (±8%) of the initial DOC, respectively. For DON, the highest removal was instead observed for FLU culture and was found to be 10 (±4, n = 28) μM corresponding to 36% (±8%) loss, whereas for LAC and MOR cultures it was found to be 4 (±2, n = 28) and 4 (±1, n = 28) μM corresponding to a loss of 17% (±6%) and 18% (±3%) respectively. The DOC:DON ratios in the cultures changed from their corresponding media and were calculated to be 22 (±4.5, n = 28), 22.6 (±1.9, n = 28) and 20.8 (±6.2, n = 28) for respectively FLU, LAC, and MOR cultures, however, the change was only found to be significant for the FLU deposit type (ANOVA, p < 0.01).


TABLE 2. Overview of the carbon processing at 24 h timescale due to microbial activity in the cultures.

[image: Table 2]The change in the absorption spectra (Figure 4) reveals the spectral fingerprint on the CDOM imparted by the marine microbial communities in the cultures, with a negative change corresponding to degradation and a positive change to production of CDOM. For FLU, the absorption between 239 and 450 nm was significantly lower in the culture compared to the medium during the steady state period (t-test, p < 0.05). A similar yet weaker change was apparent for LAC and only significant at wavelengths between 308 and 371 nm (t-test, p < 0.05). The reduction in CDOM absorption at 330 nm, for FLU and LAC was respectively −1.32 (±0.28, n = 23) m–1 and −0.70 (±0.35, n = 22) m–1 and significantly different (ANOVA, p < 0.01). For MOR, there was a significant production in CDOM absorption between 239 and 296 nm (t-test, p < 0.05, n = 24) and no significant change at 330 nm (t-test, p > 0.05).


[image: image]

FIGURE 4. Mean absorbance change between culture and medium at steady-state for each glacial deposit type. The dotted lines are displaying the standard deviation across all measurements in the steady-state period for each glacial deposit type (n = 28). The bold line is showing the area of the absorption spectrum that has significantly changed (t-test, p < 0.05).


The fluorescence properties of DOM were altered by the marine microbial communities, but the extent to which the EEM area was altered differed in between all three glacial deposit types (Figures 5A–C). The change in fluorescence intensity between FLU medium and culture was significant for all peaks (t-test, p < 0.05) and the change in peak A, peak B, peak C, peak M, and peak T, corresponded, respectively, to −0.15 (±0.07, n = 23), −0.18 (±0.04, n = 23), −0.06 (±0.04, n = 23), −0.14 (±0.04, n = 23), and −0.05 (±0.05, n = 23) R.U. (Figure 5A). For LAC, the change in fluorescence intensity was only significant for peak B and peak M (t-test, p < 0.05) and corresponded, respectively, to 0.05 (±0.02, n = 22) and −0.07 (±0.04, n = 22) R.U. (Figure 5B). As seen from Figures 5D,G, both the spectral characteristics of the fluorescence loss in the peak A and M regions in the FLU and LAC deposit types was very similar, although the microbial community in FLU removed much more from the medium (Table 1). The spectral characteristics of the fluorescence change in peak B region was also similar between FLU and LAC cultures (Figure 5E), however, there was a large removal in the FLU culture, while there was a weak, but still significant production in the LAC culture. The fluorescence loss in the region of peak C was comparable in character and intensity of removal for both FLU and LAC cultures (Figure 5F), even though there were differing start concentrations in the respective media (Table 1). For MOR, we observed no significant removal of fluorescence but rather a significant production of peak T fluorescence by 0.10 (±0.03, n = 24) R.U. (Figures 5C,H).
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FIGURE 5. Mean fluorescence change (Raman units, R.U.) between culture and medium at steady-state for each glacial deposit type. Panels (A–C) Shows the excitation-emission-matrix (EEM) with areas that are significant (p < 0.05) changed from the medium. (A) FLU, (B) LAC, and (C) MOR. Panels (D–H) Shows the excitation and emission spectra at specific emission and excitation wavelengths for different peaks. Panel (D) Peak A, (E) Peak B, (F) Peak C, (G) Peak M, and (H) peak T. The bold line shows which area is significant different from the soil medium. Note the y-axis changes, negative values represent a removal of fluorescence and positive values a production.




Bacterial Growth and Bacterial Community Composition

At steady state the average BA was significantly different between all the three glacial deposit types (Kruskal–Wallis, p < 0.005) and the average abundance was 9.2 (±2.5, n = 28) 106 cell/mL in FLU culture, 32.1 (±14.6, n = 28) 106 cell/mL in LAC culture and 45.7 (±14.2, n = 28) 106 cell/mL in MOR culture.

Analysis of BCC was based on the % of reads. The BCC in the start cultures (Figure 6A) were dominated by Gamma- and Alphaproteobacteria in all cultures. In the FLU start culture, the bacterial community was composed of 48% Gammaproteobacteria, 42% Alphaproteobacteria and 10% Bacteroidetes. For LAC, the start culture had a BCC of 91% Gammaproteobacteria, 8% Alphaproteobacteria and 1% Bacteriodetes. Last, the MOR start culture had a BCC of 61% Gammaproteobacteria, 36% Alphaproteobacteria, and 3% Bacteroidetes. Other taxa contributed to less than 0.5% of the sequences in each of the three glacial deposit types. In the start cultures, the dominant order within Alphaproteobacteria was Rhodobacterales which contributed to 99, 87, and 98% of the Alphaproteobacterial reads in FLU, LAC, and MOR, respectively. In LAC start culture, the abundance of Sphingomonadales was 11% (Supplementary Table 1). Within Gammaproteobacteria the dominant orders in all treatments were Oceanospirillales and Burkholderiales. In the MOR start culture, Cellvibrionales and Nitrosococcales were also important and the abundance of each of these orders were 15% (Supplementary Table 1).
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FIGURE 6. Relative abundance of taxa (% of total number of reads) found in the culture for each glacial deposit type (A) Prior to the chemostat experiment and (B) During steady state of the chemostat experiment.


During the steady state period (Figure 6B), the bacterial community in the FLU and LAC cultures became dominated by Alphaproteobacteria [67% (±5, n = 12) and 87% (±13, n = 12), for FLU and LAC, respectively]. In contrast the community in the MOR culture became more dominated by Gammaproteobacteria [88% (±1, n = 12)]. The abundance of other taxa remained very low in the cultures from all three glacial deposit types. At steady state, Rhodobacterales was the dominant order within Alphaproteobacteria within all glacial deposit types and contributed to between 79 and 98% of the Alphaproteobacterial reads. Other orders contributing to at least 1% of the reads in at least one of the glacial deposit types were Sphingomonadales, Caulobacterales and Rhizobiales (Supplementary Table 1). Within Gammaproteobacteria, Oceanospirillales was the dominant order in the cultures from all glacial deposit types and contributed to between 79 and 99% of the Gammaproteobacterial reads. In the FLU and LAC cultures the abundance of Nitrosococcales was 14% and 13% of the reads, respectively. Other orders with an abundance above 1% in at least one of the glacial deposit types were Alteromonadales and Cellvibrionales (Supplementary Table 1).

Based on tagwise dispersion analysis, 125 ASVs differed significantly in abundance between the MOR and the FLU cultures, 157 ASVs between the LAC and FLU cultures and 144 ASVs between the LAC and MOR cultures (Supplementary Tables 2–4). Based on the top 10 ASVs there was a significant higher abundance of ASVs belonging to the genus Sulfitobacter in the FLU cultures compared to both the LAC and MOR cultures (Supplementary Tables 2, 3). In the LAC culture several of the ASVs with significantly higher abundance compared to the FLU and MOR cultures belonged to the genus Pacificibacter and Polaribacter (Supplementary Tables 3, 4). Whereas in the MOR culture several of the ASVs belonged to the genus Amphritea and Marinomonas (Supplementary Tables 2, 4).

During the development of all the cultures, bacterial community richness decreased, while community evenness either increased slightly (FLU and LAC) or decreased drastically (MOR) (Supplementary Table 5). During the steady state, both richness and evenness were significantly higher in FLU compared to both LAC and MOR (Kruskal–Wallis, p < 0.05).

During the steady state period the cultures from the different glacial deposit types formed three clearly distinct clusters (Figure 7) indicating that the composition of bacterial communities in cultures was significantly different between glacial deposit types (PERMANOVA, F = 36.75, r2 = 0.67, p < 0.01), despite starting with the same marine inoculum. Replicates from the same glacial deposit type were very similar indicating good reproducibility in the BCC. For MOR and LAC cultures, there was a clear development from the start community to the steady state community, whereas for the FLU culture the start and steady state communities were rather similar. Significant DOM characteristics plotted as vectors on the NMDS plot indicate that BCC is linked to DOM composition of the medium (Figure 7B and Supplementary Table 6) and that the different glacial deposit types were linked to different DOM characteristics. The strongest predictors are peak A and peak C (R2 0.9521, respectively, 0.9503). The BCC in the LAC culture was positively correlated to peak A and peak C but also to peak M and SUVA254. The BCC in the FLU culture was positively correlated to peak B and negatively correlated to DOC concentration and Sr. In contrast, the BCC in the MOR culture was not positively correlated to any of the included DOM characteristics but negatively correlated to peak T. Bacterial community composition was also correlated to DOM utilization. Differences in BCC was significant correlated to BCP, BGE, ΔpeakA, ΔpeakB, ΔpeakC, ΔpeakM, and ΔpeakT (where Δ refer to the change between medium and culture, Mantel test, p < 0.05, Pearson r = 11–46%, n = 36, Supplementary Table 7).
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FIGURE 7. (A) NMDS coordination plot based on 16S rRNA gene amplicon sequencing showing differences in bacterial community composition over time and between deposit types (Stress = 0.0903). Analysis is based on data from Illumina sequencing and Bray–Curtis dissimilarities. Glacial deposit type is indicated by color and time by filled and open circles (start and steady state). The center of the crosses represent the average (at steady-state) NMDS value of each glacial deposit type, while the length of the crosses represent the standard deviation. (B) NMDS coordination (as in A) with vectors indicating significant DOM characteristics of the medium. The direction of the vector indicate an increase of the variable and the length of the vector indicate the strength of the association.




Carbon Processing

Average respiration rates were calculated for two time periods, <12 and >12 h, as there was a significant (ANOVA, p < 0.01) decrease in rates for FLU and LAC (Figure 8). Initial respiration rates were highest in FLU. For the second period (>12 h) FLU and LAC had comparable lower respiration rates while MOR maintained a respiration rate which was comparable to the initial stage (<12) (ANOVA, p > 0.05).
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FIGURE 8. Respiration rates (oxygen μmol L–1 h–1) for each glacial deposit type, divided into two different categories <12 h (blue bar) and >12 h (red bar). Error bars represent standard deviation.


Bacterial carbon production rates were highest for the MOR culture, followed by the LAC and FLU cultures (Table 2) and the BCP rates differed significantly between all the glacial deposit types (Kruskal–Wallis, p < 0.001). Based on the change in DOC concentration (see section “Alteration of DOM in the Cultures”) between medium and culture, the DOC uptake over 24 h (Table 2) was found to be similar between LAC and MOR, but significantly lower in FLU (ANOVA, p < 0.01, respectively). Bacterial growth efficiency (Table 2) was found to be significantly higher in the MOR culture (ANOVA, p < 0.001), while the BGE in the FLU and LAC cultures did not differ significant between each other (ANOVA, p = 0.14).



DISCUSSION


Characteristics of DOM in Media

Our results show that the composition and biodegradability of DOM differs between post-glacial landscape units and that these differences are related to the glacial processes. In agreement with our results, a recent study also found a coupling between permafrost soil formation and DOM character for different permafrost end-member types (tills, diamicton, lacustrine, peat, and Yedoma deposits) (MacDonald et al., 2021). In addition, different soil-forming factors such as ice content, permafrost extent and parent material (epigenetic vs. syngenetic formation) shape the biogeochemical response to permafrost thaw in aquatic systems (Tank et al., 2020). Factors such as grain size and the amount of minerals can also influence the OM content (Palmtag and Kuhry, 2018; Opfergelt, 2020). These findings underline that soil formation and erosion conditions play an important role when looking at DOM release due to coastal erosion, but at the same time highlight the complexity of studying biodegradation related to permafrost thaw. The differences in soil formation history, OC content, and grain size therefore likely help explain some of the subtle differences we observed in DOM characteristics between our glacial deposit types.

The DOC:DON ratios (17–25) of the DOM in the media in this experiment indicate a high bioavailability of freshly eroded coastal permafrost soil. Ratios were on the whole lower than those for Arctic rivers [>50, (Dittmar and Kattner, 2003; Holmes et al., 2012)] but comparable to four different Arctic lagoons and coastal waters (16–19) near our sampling site (Dunton and Crump, 2014) as well as thermokarst feature outflows (19.5) (Abbott et al., 2014). Similarly to these studies, Dittmar and Kattner has reported an average DOC:DON ratio for the ACZ around the Laptev Sea of 21.4 (150 μM DOC and 7 μM DON). SUVA254 is correlated to the aromatic content of DOM (Weishaar et al., 2003) and SUVA254 from permafrost-derived DOM are expected to vary between 0.6 and 4.5 L mg C–1 m–1 (Ward and Cory, 2015; Raudina et al., 2017; Wickland et al., 2018; Coch et al., 2019; Fouché et al., 2020) depending on the OM content, with mineral soil types posing lower SUVA254 values than organic soil types. In our study, the average SUVA254 value across the three glacial deposit types was found to be 1.66 L mg C–1 m–1 and therefore fits with the reported average of 1.82 L mg C–1 m–1 obtained from 221 Arctic Canadian soil samples including active layer and permafrost layer (Fouché et al., 2020). Since the contribution of polyphenolic and condensed aromatic compounds leads to lower degradability of organic matter (Textor et al., 2019), we could therefore expect a higher bioavailability in MOR compared to FLU and LAC, based on the SUVA254 values. As with the DOC:DON ratios, the SUVA254 values are lower than that reported for DOM in Arctic rivers (Walker et al., 2013; Mann et al., 2016; O’Donnell et al., 2016; Coch et al., 2019). DOM is transformed during the transport along the river (Drake et al., 2018; Zhang et al., 2020) and according to the River Continuum Concept it can be expected that labile DOM from the catchment would be rapidly removed, while more recalcitrant DOM would be transported downstream (Vannote et al., 1980). This might explain the higher SUVA254 and DOC:DON ratio in Arctic rivers compared to the media used in the experiment.

Slope ratio has shown to be inversely correlated to molecular weight, with low values (<1.0) typical for terrestrial DOM (Helms et al., 2008). DOM extracted from Canadian Arctic soil types expect to have Sr values that range between 0.58 and 3.24 (Fouché et al., 2020). Ward and Cory (2015) demonstrated that the CDOM in the active layer and permafrost layer from soils in Alaska had Sr values of 0.72 and 0.96, respectively, while Wickland et al. (2018) reported Sr values ranging between 0.73 and 1.13 across the active layer and permafrost layer for three other soil types in Alaska (Orthels, Histels, and Turbels). Sr values increase as DOM is processed in natural settings, particularly via photodegradation (Helms et al., 2008). However, since our media has been kept in dark during the whole experiment, the Sr values in this study relate to the composition of CDOM rather than processing. In addition, it has been shown that lower spectral slopes in the UVA area for Arctic coastal water is not correlated with photodegradation (Juhls et al., 2019), and that the lower spectral slope for UVA instead likely reflects lability of DOM (Matsuoka et al., 2015). Therefore, we conclude that the significant differences in Sr values between the three glacial deposit types underline differences in the DOM composition. The higher UVA spectral slope for FLU medium compared to LAC and MOR media (Table 1) indicates a lower bioavailability of the DOM pool in this glacial deposit type and fits with results from the BGE values (Table 2).

An important difference between the DOM from natural coastal erosion and the DOM in this experiment is the fact that the media was autoclaved. Autoclaving might cause changes in DOM composition due to hydrolysis and denaturation of various compounds and colloids (Dill and Shortle, 1991; Druart and De Wulf, 1993) and, therefore, also changes in bioavailability. However, all the parameters reported above were within natural ranges for soils found in the study region. In addition, it has been shown that even if autoclaving changed DOC in an unpredictable manner, it did not cause a convergence of the DOC pool from different lakes (Andersson et al., 2018). This means that although DOC is not identical to the initial conditions after autoclaving, the diversity of DOC is preserved.



Optical Signature of Microbial Degradation

The microbial degradation of the DOM in the media imparted an optical signature on the absorption and fluorescence properties of the DOM. Despite the fact that the initial spectral characteristics of the DOM in the media were only subtly different between glacial deposit types, the results show significant differences in DOM turnover. The high utilization rate of permafrost-derived DOM has been correlated to the relative high abundance of hydrogen-rich compounds, such as aliphatic molecules (amino acids, peptides, and protein) and carbohydrates (Spencer et al., 2015; Stapel et al., 2017; Textor et al., 2018, 2019). Lower degradability of organic matter in some soils has on the other hand been correlated with a greater contribution of polyphenolic and condensed aromatic compounds, often linked to decomposition processes of the overlying vegetation during unfrozen periods (Textor et al., 2019). Although harder for bacteria to utilize, compounds such as lignin phenols and related poly-phenolic compounds, can be metabolized or transformed into other compounds (Fasching et al., 2014).

Even though the highest amount of DOC was degraded in the MOR culture (Figure 2), the optical signature indicated a net production of CDOM and FDOM (Figures 4, 5). Production of fluorescence peaks B and T in coastal waters are known to be correlated to amino acids produced by bacterial communities (Yamashita and Tanoue, 2003). This production of CDOM and FDOM, together with the high DOC removal, suggests that the DOM derived from the MOR deposit type contains a high amount of colorless labile DOM compounds (less conjugated aliphatic molecules). Since these compounds are easier for bacteria to utilize (Berggren et al., 2010), CDOM and FDOM would not be degraded as long as these labile DOM compounds are available. The high amount of colorless DOM can probably be explained by the glacial formation process behind MOR. Since the MOR deposit type was not submerged in water during glacial processes (Krzic et al., 2010), little prior decomposition of these less conjugated aliphatic compounds has occurred. The upper permafrost layer of MOR may have thawed during the Holocene Thermal Maximum, where active layer depths reached more than 1 m (Burn, 1997), which could have resulted in intensive carbon degradation under aerobic conditions as a topographic gradient remained. However, this assumption remains speculative for our sampled sites.

From the optical signature (Figures 4, 5), the FLU culture showed degradation of CDOM and FDOM compounds across the whole absorbance spectrum and fluorescence EEM. This suggests that only a very small amount of colorless bioavailable DOM was present and that the microbial community degraded the bioavailable CDOM and FDOM, such as labile conjugated aliphatic and aromatic compounds, immediately. This assumption fits well with the FLU deposit type, which potentially lacks less conjugated and colorless labile aliphatic compounds, previously leached from vegetation into the active layer (Textor et al., 2019). The lack of these compounds could be due to degradation when the FLU deposit type was submerged under stagnant waters during glacial processes in the Holocene Thermal Maximum (Krzic et al., 2010; Schirrmeister et al., 2011), thereby leaving a higher abundance of more conjugated aliphatic and aromatic compounds behind when the soil permanently refroze after this period.

For the LAC culture, we observed a production of peak B (Figure 5), which could indicate that the DOM derived from the LAC deposit type was transformed into FDOM compounds upon microbial degradation (Yamashita and Tanoue, 2003; Fasching et al., 2014). However, in contrast to the MOR culture, the LAC culture also degrades CDOM and FDOM compounds (Figures 4, 5), such as labile conjugated aliphatic and aromatic compounds, probably as the competition for the colorless labile DOM increases. Similar to the FLU deposit type, the LAC deposit type was also submerged in water during glacial processes (Krzic et al., 2010), resulting in the degradation of less conjugated and colorless aliphatic compounds prior to our sampling (Walter Anthony et al., 2018). In contrast to the fluvial environment, the lacustrine environment has probably allowed a production of colorless aliphatic compounds (Meyers and Ishiwatari, 1995; Schirrmeister et al., 2011), such as OM excreted from phytoplankton and heterotrophic species which can be very labile compounds and often support bacterial growth (Rosenstock and Simon, 2001; Kinsey et al., 2018).

Our results suggest that the DOM composition in Cryosols with a different glacial geomorphic history, induce marine microbial communities to impart different optical degradation signatures, ultimately indicating differences in biodegradability among the glacial deposit types. The results also indicate that DOM in the media is more bioavailable than riverine terrestrial DOM, since several studies found no to very low degradation by marine microbial communities as the riverine terrestrial DOM enters coastal waters (Köhler et al., 2003; Amon and Meon, 2004; Herlemann et al., 2014; Blanchet et al., 2017). Large rivers have already lost most of the labile ancient soil DOM components at the time the material reach the ACZ, as degradation occurs mostly in uplands and headwaters (Drake et al., 2015; Spencer et al., 2015). Nonetheless, it can therefore be argued that DOM released from coastal erosion of Cryosols will have a larger impact on the coastal environment in the ACZ than that of riverine DOM.



Substrate Driven Community Differences

The observed distinct patterns in BCC between the three glacial deposit types, used in this experiment, reflect the subtle underlying differences in DOM quality (Figure 7 and Supplementary Table 1). The grouping of the BCC across replicates (Figure 7) within each soil treatment indicates a systematic DOM control on BCC development from a common marine inoculum community. Interestingly, the community composition in the MOR culture was not positively correlated to any of the DOM characteristics included in the analysis which might indicate that this community is selected by the colorless DOC dominating the MOR medium. This agrees with the negative correlation to peak T and SUVA254 for MOR soil, which indicates a response to less degraded DOM pool with a lower aromaticity. In contrast, the BCC of FLU and LAC cultures were positively correlated to one or several of the DOM characteristics (Table 1). The positive correlation to peak B in the FLU medium indicate a response to a higher relative amount of protein-like compounds, whereas the positive correlation to peak A, peak C, peak M, and SUVA254 in the LAC soil show a response to humic-like compounds (Coble, 2007; Stedmon and Nelson, 2015).

Common for all of the three different cultures was the reduction in species richness between start and steady state, which essentially indicates that cultivation in the chemostat selected bacterial communities that were best suited to the specific DOM derived from the glacial deposit types. The rise and dominance of Gammaproteobacteria and Alphaproteobacteria in these chemostat cultures agrees with results from regrowth batch experiments (Sipler et al., 2017; Müller et al., 2018). However, Gammaproteobacteria are commonly found to dominate biodegradation experiments, as these bacterial taxa are known to be opportunistic with high growth rate and ability to exploit available DOM (Herlemann et al., 2014). This was clearly the case for the MOR culture (Figure 6) where the highest DOC uptake and respiration rates were measured (Figure 8), coupled with CDOM and FDOM production (Figures 4, 5). Combined these results indicate that moraine soil DOM contains colorless labile DOM which is rapidly degraded and supporting the development of the Gammaproteobacteria community. In the FLU and LAC cultures, we instead observed a dominance of Alphaproteobacteria (Figure 6). This difference in BCC was paralleled with the notable difference in CDOM and FDOM signatures imparted by the communities (Mantel tests, Supplementary Table 3). In FLU and LAC cultures, there were a significant removal of CDOM and FDOM (Figures 4, 5). Although both dominated by Alphaproteobacteria, the FLU and LAC communities were also distinct (Figure 7) and this apparently influenced the extent of CDOM and FDOM removal (Figures 4, 5).

Alphaproteobacterial reads were dominated by the order Rhodobacterales in cultures from all glacial deposit types, whereas Oceanospirillales was the dominant order among Gammaproteobacterial reads. However, the difference in BCC was verified at the genus level where several ASVs differed significantly in abundance between the three glacial deposit types (tagwise dispersion analysis). There was significant higher abundance of ASVs belonging to the genus Sulfitobacter in the FLU culture, and members from this genus have been isolated from similar environments (Park et al., 2019). The first isolate and type specie, Sulfitobacter pontiacus, is a sulfur-oxidizing chemoheterotrophic bacteria which utilizes mainly carboxyl and amino acids (Sorokin, 1995). In the LAC cultures several of the ASVs with significantly higher abundance belonged to the genus Polaribacter and Pacificibacter. Polaribacter belongs to Flavobacteria (Bacteroidetes) which have been ascribed to act as degraders of high molecular weight OM, such as proteins and carbohydrates (Thomas et al., 2011). The type specie for Pacificibacter, Pacificibacter maritimus, was isolated from shallow marine sediments and utilizes mostly sugars, amino acids and a few carboxylic acids (Romanenko et al., 2011). And last, in the MOR culture several of the ASVs belonged to the genera Amphritea and Marinomonas. The majority of the members of the genus Amphritea are closely associated with living marine organisms, however, some members of the genus has been isolated from marine sediments (Miyazaki et al., 2008). Species within Amphritea oxidize various sugars and carboxylic acids (Gärtner et al., 2008). Members of the genus Marinomonas have a widespread distribution in marine environments and have for example been found in seawater (Yoon et al., 2005), sea ice (Zhang et al., 2008) and seafloor sediment (Romanenko et al., 2011). Based on the characterization of Marinomonas polaris and Marinomonas arctica the species utilize sugars, amino acids, and sugar alcohols, but not complex carboxylic acids and aromatic compounds (Gupta et al., 2006; Zhang et al., 2008).

Although it is hard to link these ASVs to specific characteristics of the DOM, these analyses show that the presence and abundance of specific phylotypes might determine the utilization of DOM. Our results are therefore in line with the growing number of studies linking community composition to OM lability (Cottrell and David, 2003; Gómez-Consarnau et al., 2012; Nelson and Carlson, 2012; Logue et al., 2016; Balmonte et al., 2019) and shows that the bioavailability should be seen as an interaction between the chemical composition of DOM and the metabolic capacity of the microbial community (Nelson and Wear, 2014).



Microbial Carbon Processing

Climate change will intensify erosion of Arctic coasts (Günther et al., 2015; Hoque and Pollard, 2016; Obu et al., 2016; Couture et al., 2018; Jones et al., 2018) but the ultimate fate of this carbon source is still unknown (Fritz et al., 2017). Understanding how DOC from different glacial deposit types will be mobilized by bacteria in the ACZ could eventually help us quantify the fate of carbon export from eroding soils along Arctic coastlines. We acknowledge the important difference between natural coastal erosion and our experiment, where coastal erosion will add both OM and in situ microbial communities to the marine water. Recent studies along aquatic continua have shown that microbial communities in lakes and streams contain organisms with terrestrial origins (Crump et al., 2012; Ruiz-González et al., 2015; Hauptmann et al., 2016). However, it is not clear whether bacteria transported with soil will be active and thrive in sea water since salinity is one of the strongest environmental filters (Langenheder et al., 2003). In addition to ‘species sorting’ which probably will take place in response to this chemical limit (Van der Gucht et al., 2007) there will also be priority effects for well established communities (Svoboda et al., 2018). We therefore believe that most of the carbon reaching the ACZ due to coastal erosion will be processed by the marine bacterial community.

In this study we demonstrate that not only are colorless DOM compounds being mobilized by marine microbial communities when Cryosols are released into the ACZ, but also that CDOM and FDOM compounds are bioavailable to marine microbial communities. The DOC removal by marine microbial degradation is the sum of carbon used for bacterial production and carbon released through respiration (Table 2). The bacterial production achieved by the chemostat cultures is dependent on the dilution rate, the quality of substrate (DOM bioavailability) and the ability of the community to utilize the substrate (Del Giorgio and Cole, 1998). As the dilution rates were set constant, the differences observed here reflect a combination of community composition and DOM character. The FLU culture had the lowest removal of DOC (Figure 2 and Table 2) and lowest BCP. MOR and LAC cultures achieved approximately 3–4 times higher BA than FLU and abundances were higher than those often achieved in bottle experiment (Sipler et al., 2017; Müller et al., 2018), where supply of substrate is limited. Although the DOC removal was similar between the MOR and LAC cultures, BCP was two times higher in the MOR cultures.

Differences in BCP will have consequences for bacterial growth efficiency (BGE) which is a measurement of how efficiently carbon is converted into biomass (Del Giorgio and Cole, 1998). BGE has been shown to be strongly correlated with the composition of terrestrial DOM (Berggren et al., 2007). BGE in our study varied between 13 and 66% with highest values in the MOR culture and lowest in the FLU culture. Estimates of BGE for natural aquatic bacterial communities range from 5 to 60% with the highest values usually found in coastal waters and estuaries (Del Giorgio and Cole, 1998). However, in the Arctic region other studies have found the BGE to be 19.5% within Arctic Rivers and between 7 and 10% within Arctic Fjords (Middelboe et al., 2012; Paulsen et al., 2017), while it has been found to be lower in Arctic Ocean with 6.3% in the Fram Strait (Kritzberg et al., 2010) and 2.2% in the Chucki Sea (Cota et al., 1996). The fact that the BGE results from our study exceeds what has been previously found within other aquatic ecosystems throughout the Arctic Ocean, therefore suggest that the DOC from freshly exposed Cryosols could be one of the most labile sources of carbon in this region. In addition, the high variation in BGE between glacial deposit types suggest that the lability of DOC depends heavily on the specific deposit type being eroded. The increased rate of coastal erosion and thereby release of highly bioavailable DOM can therefore have a huge impact on the marine microbial communities in the ACZ.

Several studies have shown that a potentially large amount of CO2 is released during coastal erosion due to microbial processes (Vonk et al., 2012; Semiletov et al., 2013; Tanski et al., 2019). Our results on BCP and respiration show that carbon processing by the marine microbial communities will lead to different fates of the DOC depending on the glacial deposit type. With a lower BGE, lower amounts of bioavailable DOC are stored as biomass in the marine microbial communities and more of the carbon may be respired to the atmosphere as CO2, as seen for the FLU deposit type. However, the majority of DOC was indeed refractory to biodegradation. This refractory DOC may be exported further out into ACZ where it may end up being buried in sediments or stored in the deep ocean.



Summary of Findings and Future Implications

Coastal erosion in the Arctic is intensifying and DOM from Cryosols will become an even more important source in the ACZ in the future. Here we show that the composition and biodegradability of DOM differs between post-glacial landscape units and that the differences in DOM composition and biodegradability are related to the glacial processes.

The three different DOM sources (FLU, LAC and MOR) supported the development of three different marine microbial communities, which was especially clear when comparing the MOR deposit type to FLU and LAC. These findings indicate a clear substrate-driven control on marine microbial community composition, especially where the input of organic carbon and DOM in the ACZ is dominated by release from coastal erosion of Cryosols. The bacterial communities imparted different spectral fingerprints on the absorption spectra and fluorescence EEMs of the DOM. Based on these fingerprints, we show that both colorless DOM and labile CDOM and FDOM fractions are being degraded. Also, the spectral results suggest that the more refractory CDOM and FDOM pool can be associated with CDOM and FDOM found in the open ocean after passing the ACZ. In addition, we show that absorbance at 330 nm could to be a proxy of microbial degradation of CDOM, especially produced in FLU and LAC deposit types during the Holocene Thermal Maximum.

The chemostat approach applied here provides a simulation of the constant substrate supply to coastal waters that can occur during summer open water conditions with maximum permafrost erosion rates. However, the results from this experiment will not fully represent what is happening in the natural environment. Important differences include the higher-than-natural incubation temperature at 20°C, which is standard for bioavailability studies, but might affect both the activity and composition of the bacterial community (Pomeroy and Wiebe, 2001; Adams et al., 2010; Sjöstedt et al., 2012a), together with autoclaving of the media, which can cause changes in the bioavailability and composition of the DOM. However, chemostats has been suggested to be the method that most closely resembles the growth conditions bacteria encounter in natural systems (Kovárová-Kovar and Egli, 1998) and the reproducibility between the replicate chemostats provide confidence in the robustness of this method. It is therefore clear that DOM quality influences the BCC, which in turn also affects the net effect of DOM degradation. Moraine deposit type will result in the net production of CDOM and FDOM in coastal waters, while the deposits types that are formed in aquatic environments, such as FLU and LAC, will lose CDOM and FDOM as it passes through coastal waters. These findings suggest a continuum, where the presence of ancient colorless labile DOM supports a rapidly growing community and a net production of CDOM and FDOM, which in turn can be degraded by other members of the bacterial communities with the capacity to degrade CDOM and FDOM.

To achieve a better understanding of carbon turnover from coastal erosion of Cryosols in the ACZ and its effects on climate and ecology in the future, more studies including qualitative measurements on DOM, such as absorbance and fluorescence spectroscopy, coupled with both bacterial and phytoplankton community assessment should be performed. Nevertheless, it is important to note that a large proportion of bioavailable DOM in these systems may not be captured and characterized using optical measurements.
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