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Contribution to the Field Statement

In most coastal marine sediments organic matter turnover and total energy flux are highest at the
surface and decrease significantly with increasing sediment depth, causing depth-dependent
changes in the microbial community composition. Glacial runoff in arctic and subarctic fjords
alters the composition of the microbial community at the surface, mainly due to different
availabilities of organic matter and metals. Here we show that glacial runoff also modifies
microbial community assembly with sediment depth. Sediment age was a key driver of microbial
community composition in six-meter-long marine sediment cores from the Godthabsfjord region,
south-western Greenland. High sedimentation rates at glacier-influenced sediment stations
enabled a complex community of sulfur-cycling-associated microorganisms to continuously
thrive at high relative abundances from the surface into the sediment subsurface. These
communities consisted of putative fermenters, sulfate reducers and sulfur oxidizers, which likely
depended on high metal concentrations in the relatively young, glacier-influenced sediments. In
non-glacier-influenced sediments with lower sedimentation rates, these sulfur-cycling-associated
microorganisms were only present near the surface. With increasing sediment depth these
surface microorganisms were largely replaced by other surface microorganisms that positively
correlated with sediment age and belong to known taxa of the energy-limited, marine deep
biosphere.
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Abstract

Marine fjords with active glacier outlets are hot spots for organic matter burial in the sediments
and subsequent microbial mineralization, and will be increasingly important as climate warming
causes more rapid glacial melt. Here, we investigated controls on microbial community assembly
in sub-arctic glacier-influenced (GI) and non-glacier-influenced (NGI) marine sediments in the
Godthabsfjord region, south-western Greenland. We used a correlative approach integrating 16S
rRNA gene and dissimilatory sulfite reductase (dsrB) amplicon sequence data over six meters of
depth with biogeochemistry, sulfur-cycling activities, and sediment ages. GI sediments were
characterized by comparably high sedimentation rates and had ‘young’ sediment ages of <500
years even at 6 m sediment depth. In contrast, NGI stations reached ages of approximately
10,000 years at these depths. Sediment age-depth relationships, sulfate reduction rates, and C/N
ratios were strongly correlated with differences in microbial community composition between GI
and NGI sediments, indicating that age and diagenetic state were key drivers of microbial
community assembly in subsurface sediments. Similar bacterial and archaeal communities were
present in the surface sediments of all stations, whereas only in GI sediments were many surface
taxa also abundant through the whole sediment core. The relative abundance of these taxa,
including diverse Desulfobacteraceae members, correlated positively with sulfate reduction
rates, indicating their active contributions to sulfur-cycling processes. In contrast, other surface
community members, such as Desulfatiglans, Atribacteria and Chloroflexi, survived the slow
sediment burial at NGI stations and dominated in the deepest sediment layers. These taxa are
typical for the energy-limited marine deep biosphere and their relative abundances correlated
positively with sediment age. In conclusion, our data suggests that high rates of sediment
accumulation caused by glacier runoff and associated changes in biogeochemistry, promote
persistence of sulfur-cycling activity and burial of a larger fraction of the surface microbial
community into the deep subsurface.

Introduction

Arctic fjords with marine-terminating glaciers constitute an important interface for freshwater
and sediment influx from land into the sea, thereby influencing the physical and chemical
conditions in the coastal marine ecosystems (Etherington et al., 2007; Svendsen et al., 2002). The
high influx of sedimentary materials, e.g., minerals, terrigenous organic matter and metals, in
glacier-associated fjords has a strong effect on the distributions of the benthic microbial
communities (Bourgeois et al., 2016; Buongiorno et al., 2019; Park et al., 2011). Increased water
turbidity in close proximity to the glacier can negatively influence surface water primary
production (Etherington et al., 2007; Zajaczkowski, 2008), which leads to lower organic matter
availability in the underlying sediments (Bourgeois et al., 2016). High sediment accumulation
rates often seen in such glacier-proximal environments are also limiting benthic life. On the other
hand, glacial meltwater also provides an important source of dissolved nutrients, which can
stimulate phytoplankton growth beyond the high turbidity zone (Meire et al., 2015; Serensen et
al., 2015; Statham et al., 2008). Consequences of increased primary production together with
strong sediment supply are a net CO> uptake in glaciated fjords as well as rapid burial of fresh
detrital phytoplankton biomass to the underlying sediments (Bourgeois et al., 2016; Meire et al.,
2015; Smith et al., 2015). Fjord sediments also receive significant amounts of terrigenous
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92  organic matter as evidenced by high C/N ratios of the sediment organic matter pool (Gofii et al.,
93  2013; Wehrmann et al., 2014). With these large inputs of both marine and terrigenous organic
94  matter, the ultimate role of glaciated fjord sediments in the global carbon cycle depends on the
95  extent to which the large organic matter inputs get degraded, and thus there is a need to better
96  understand constraints on microbial community structure and degradation potential.
97 The labile fraction of organic matter in marine sediments is initially degraded by
98  microorganisms with hydrolytic and fermenting capabilities (Miiller et al., 2018). These largely
99  unidentified microbial species typically excrete a wide range of enzymes, which enable rapid
100  organic matter turnover even in cold arctic sediments (Arnosti et al., 1998; Teske et al., 2011).
101  Fermentation products released by primary organic matter degrading microorganisms are either
102  further degraded by secondary fermenters or are mineralized completely to CO; via microbial
103  respiration (Arndt et al., 2013).
104 Of prime importance in microbial organic matter degradation is the respiratory reduction
105  of sulfate to sulfide, which facilitates up to 69% of the total organic matter mineralization in
106  Arctic fjord sediments (Serensen et al., 2015). Other key electron acceptors are metals such as
107  iron(oxyhydr)oxides and manganese oxides that can be introduced in high amounts via glacial
108  runoff to marine sediments and are subjected to redox cycling (Bhatia et al., 2013; Buongiorno et
109 al, 2019; Laufer et al., 2016; Wehrmann et al., 2014). Fe(Ill) and Mn(IV) also facilitate the
110  oxidation of reduced sulfur compounds (Wehrmann et al., 2014; Zopfi et al., 2004) and thereby
111 fuel a cryptic sulfur cycle in glacier-influenced sediments (Wehrmann et al., 2017).
112 In sediments with comparably slow sediment accumulation, which typify non-glaciated
113  Arctic shelf areas (Kuzyk et al., 2013), the rate of organic matter mineralization is highest at the
114  surface and decreases significantly with increasing sediment depth (Kuzyk et al., 2017; Lomstein
115 et al,, 2012), reflecting a concomitant decrease in energy available for cell maintenance and
116  growth (Starnawski et al., 2017). This depth gradient results in pronounced compositional
117  changes in the benthic microbial community, which are driven by highly selective survival of
118  microorganisms that are able to subsist in the energy-limited subsurface (Bird et al., 2019;
119  Marshall et al., 2019; Petro et al., 2017; Starnawski et al., 2017). Here, we hypothesized that this
120  strong environmental filtering effect would be attenuated in sediments with high rates of
121  sedimentation (i.e., in coastal sediments impacted by glacial runoff) and result in a different
122  pattern of microbial community assembly with depth. Therefore, we investigated microbial
123  diversity and community compositions of glacier-influenced (GI) and non-glacier-influenced
124  (NGI) coastal sediments in the Godthabsfjord region of Greenland. Compositions of bacterial
125 and archaeal communities and the community of putative sulfite/sulfate-reducing
126  microorganisms (SRM), as analyzed by 16S rRNA and dissimilatory sulfite reductase (dsrB)
127  gene amplicon sequencing, respectively, were compared across sediment samples of different
128  depths and ages. Co-occurrence analyses of operational taxonomic units (OTUs) and correlations
129  with biogeochemical data revealed key environmental factors that were driving the major
130  community differences between GI and NGI sediments. These analyses also identified various
131 uncultivated microorganisms that were associated with sulfur cycling. As hypothesized, our
132  results demonstrate that glacial runoff exerts a strong influence on microbial community
133  assembly processes and community functions in marine sediments.
134
135  Materials and Methods
136
137  Sediment sampling
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138  The sediment cores used in this study were collected using a gravity corer in 2013 during a
139  research cruise on board of RV Sanna (Seidenkrantz et al., 2014). Sampling of the cores for this
140  study was described previously (Glombitza et al., 2015). In brief, up to 6 m long gravity cores
141  were recovered from four sites on the open shelf and within the Godthébsfjord (Nuup Kangerlua)
142  system in South West Greenland (Table 1, Supplementary Figure S1) in August 2013. The four
143  stations can be broadly subdivided into two groups. First, the non-glacier-influenced (NGI)
144  stations 3 and 6. Station 3 (core SA13-ST3-20G) is located outside the fjord on the continental
145  shelf of the Labrador Sea. Station 6 (core SA13-ST6-40G) is situated in the Kapisigdit
146 Kanderdluat, a side-fjord without glaciers. Second, the glacier-influenced (GI) stations 5 and 8.
147  Station 5 (core SA13-ST5-30G) is located in the main channel of the Godthabsfjord. Although
148  station 5 is not directly in front of a glacier, most glacier-derived material is transported towards
149  the Labrador Sea across this site. Station 8 (core SA13-ST8-47G) is in very close proximity to a
150 glacier front at the northernmost outlet of the Greenland ice sheet in the Kangersuneq fjord
151 (Supplementary Figure S1).

152 For molecular analyses, sediment cores were sampled by cutting small holes into the core
153  liner and scraping off the surface with sterile spatulas before collecting sediment samples in
154  duplicates with sterile 5 mL cut-off syringes. The sediment sub-samples were packed in Whirl-
155  Pak bags and immediately frozen at -80°C. Porewater was extracted from the sediment cores as
156  described previously (Glombitza et al., 2015).

157

158  Analytical methods

159  Sulfate, hydrogen sulfide, and dissolved inorganic carbon (DIC) concentration measurements, as
160  well as sulfate reduction rate (SRR) measurements were previously described in Glombitza et al.
161 (2015). In addition, ferrous iron, total organic carbon (TOC), and total nitrogen (TN) were
162  analyzed. For analyses of ferrous iron (Fe?*) concentrations, porewater was amended with 0.5 M
163  HCI (1:1, v/v) and stored at 4°C. One mL of ferrozine solution (1 g L! in 50 mM HEPES-buffer
164  at pH 7) was subsequently added to 20 pL of acid-preserved porewater, producing a magenta
165  color reaction (Phillips and Lovley, 1987; Serensen, 1982). The absorbance was measured at 562
166 nm (Stookey, 1970) with a spectrophotometer (FLUOstar Omega, BMG Labtech GMBH). To
167  determine total organic carbon (TOC) and total nitrogen (TN), sediment samples were treated
168  with sulfurous acid (5-6% w/w) to remove inorganic carbon. Once dried, 50 mg of acidified
169  sediment were packed into cleaned tin cups and burned in the elemental analyzer (FLASH EA
170 1112 series, Thermo Scientific). TOC and TN concentrations were calculated from a standard
171 curve with wheat flour, which contains 43.37% of carbon and 2.31% of nitrogen. The C/N ratio
172 was calculated as the molar ratio of total organic carbon to total nitrogen. For determination of
173  methane concentrations, 2 cm?® sediment was transferred to 20 mL GC vials containing 2.5 mL
174  saturated NaCl with excess crystalline salt. The bottles were vigorously shaken to release
175  methane into the headspace of the GC vials and stored upside down at -20°C until further
176  analysis. Methane concentrations in the vial headspace were subsequently measured by gas
177  chromatography (SRI 310C GC, SRI Instruments Europe GmbH) with a flame ionization
178  detector. Ammonium concentrations were determined from 2 mL of porewater. Concentrations
179  were analyzed spectrophotometrically as previously described (Dansk-Standard, 1975) (Bower
180 and Holm-Hansen, 1980).

181 Sediment age profiles for cores from stations 3, 5, and 6 were based on radiocarbon
182  dating and age modeling. Materials and depths were chosen for dating based on availability. For
183  the '*C age determination, calcareous mollusk shells, benthic foraminifera, and seaweed samples
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184  were collected from cores and the '*C concentrations were determined by Accelerator Mass
185  Spectrometry at the AMS !“C Dating Centre of Aarhus University. The *C ages were calibrated
186  using the Marinel3 radiocarbon calibration curve (Reimer et al., 2013) with a reservoir
187  correction of AR = 140 + 35 years. Age-depth models for cores from station 3 and 6 were
188  calculated using the software Oxcal v4.2 (Ramsey, 2008). The presence of rapidly deposited
189 turbidite sequences in the core from station 5 made a detailed age model difficult.

190 In the core retrieved from station 8 no material usable for '*C dating was found, and thus
191  radiocarbon dating was not possible. Instead, the sediment age was estimated from 2!°Pb and
192  22°Ra measurements of freeze-dried, homogenized sediment samples. The water content of each
193  sample was determined before and after freeze-drying, and results were reported on a dry-weight
194  basis and salt-corrected for bottom-water salinity at the time of sampling. Core sections were
195  analyzed by gamma spectroscopy using a CANBERRA® Broad Energy Germanium with a P-
196 type detector (model BE3830). Detector efficiency and self-absorption were corrected by
197  counting reference material from the International Atomic Energy Agency (IAEA) within the
198  same geometry. The reproducibility errors, determined by counting the same sample four times,
199  were 5.7 and 3.8%, for 2!°Pb and 2*Ra, respectively. >!°Pb was also determined from its 2'°Po
200  daughter isotope using alpha spectroscopy (n=23 sediment sections). The samples were prepared
201  as previously described (Flynn, 1968). A 2*Po tracer, calibrated against a 2!°Po NIST standard
202  (Isotope Product Laboratories) was employed for quantitation. The reproducibility error was less
203 than 1%. Sedimentation rates that were used for the age model presented in this study were
204  estimated from the least-squares fit to the natural log of the excess 21°Pb (?!°Pbex) in the core and
205  the output of a one-dimensional two-layer advection diffusion model that accounts for both
206  bioturbation and compaction with depth (Kuzyk et al., 2015; Lavelle et al., 1985). When using
207 any tracer data for age model reconstructions within marine sediments, it is important to
208 recognize that profiles may be affected by mixing (physical or bioturbation). Physical
209 disturbance such as a rapid deposition event (turbidite) may be seen in, for example, reversal in
210  the sediment porosity gradient and unusually low 2!°Pb profiles in a particular layer. Many
211 organic-rich shelf sediment cores exhibit two-layer 2!°Pb profiles reflecting a ‘surface mixed
212 layer’ (SML) overlying accumulating sediments that are subject to little or no mixing (Kuzyk et
213  al, 2013). If mixing rates are significant relative to sediment accumulation, then it is not possible
214  to assign ages to specific sediment sections because each section will contain a distribution of
215 various ages. In the case of station 8, the sediments are low in organics and 2!°Pbex decreases
216  exponentially with depth, implying that mixing is minor relative to sediment accumulation.
217  Furthermore, the sediment is highly laminated, indicating very little mixing.

218

219 To estimate the loss of surface sediment by gravity coring and to correct the age-depth
220 model, we compared the porewater profiles of ammonium, dissolved inorganic carbon and the
221  carbon isotope ratio '3C/!>C of DIC (data not shown) between Rumohr cores collected during the
222  same cruise and the gravity cores presented in this study. The upper 18 cm of the gravity core
223  retrieved at station 3 and the upper 10 cm of the core retrieved at station 6 were missing. The
224  depths of potential surface sediment loss at the two GI stations were corrected as the mean values
225  of the two first cores (14 cm) since the Rumohr core casts at the GI stations were not successful.
226  Finally, sediment age was recalculated as “actual age”, i.e., the surface of the seafloor was
227  considered as 0 year old at the time of sampling, based on the age models and the above
228 mentioned depth correction.

229
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230  DNA extraction and preparation of 16S rRNA gene and dsrB amplicon libraries

231  Approximately 0.5 to 1 g of sediment was used for DNA extraction according to a previously
232  established protocol (Kjeldsen et al., 2007). Per station, 8 to 10 samples from different depths,
233  corresponding to approximately 2 samples per meter core were selected for further analyses, with
234  highest resolution at the top of the cores (Supplementary Table S1). Barcoded 16S rRNA gene
235 amplicons were produced with a two-step PCR barcoding approach (Herbold et al., 2015), using
236  the general bacterial and archaeal primers U519F (5’-CAGCMGCCGCGGTAATWC-3’) and
237  802R (5’-TACNVGGGTATCTAATCC-3’) for initial amplification (Klindworth et al., 2013).
238  These primers were modified with a 16 bp head sequence as described previously (Herbold et al.,
239  2015). The first round of amplification was performed in triplicates with 12.5 pL per reaction
240  volume. The reaction mix contained 1x Taq buffer (Thermo Scientific), 0.2 mM dNTP mix
241 (Thermo Scientific), 2 mM MgCl, 0.25 U Taq polymerase (Thermo Scientific), 0.2 uM of each
242  primer and approximately 1-10 ng DNA. The PCR started with a denaturation at 95°C for 3 min,
243  followed by 30 cycles of 95°C for 30 s, 48°C for 30 s and 72°C for 30 s, and a final elongation at
244 72°C for 2 min. The subsequent barcoding PCR round (50 pL total volume) was performed with
245  1x Taq buffer (Thermo Scientific), 0.2 mM dNTP mix (Thermo Scientific), 2 mM MgCl,, 1 U
246  Taq polymerase (Thermo Scientific), 0.2 uM of each primer and 2 pL of the pooled triplicate
247  PCR products from the first PCR reaction. The thermal cycling program consisted of an initial
248  denaturation at 95°C for 3 min, 12 cycles of 95°C for 30 s, 52°C for 30 s and 72°C for 30 s,
249  followed by a final elongation at 72°C for 2 min. The dsrB amplicons were produced according
250 to an established protocol (Pelikan et al., 2016). Barcoded amplicons were mixed and further
251  prepared for multiplexed, paired-end MiSeq sequencing (Herbold et al., 2015). Sequence data-
252  sets are available in the NCBI Sequence Read Archive under study accession number
253  PRINAS546002.

254

255  Sequence data processing

256  16S rRNA gene and dsrB amplicon raw reads were demultiplexed, filtered and clustered as
257  described previously (Herbold et al., 2015; Pelikan et al., 2016) using fastg-join (Aronesty, 2013)
258  to merge reads and UPARSE version 8.1.1861 (Edgar, 2013) to generate OTUs. Phylum/class-
259  level classification of 16S rRNA-OTUs was performed with the Ribosomal Database Project
260 naive Bayesian classifier in MOTHUR (Schloss et al., 2009; Wang et al., 2007), using the
261 SILVA database v.128 (Quast et al., 2013) as a reference. dsrB-OTUs were classified by
262  phylogenetic placement of representative sequences into a DsrAB reference tree (Miiller et al.,
263  2015) that was updated with novel sequences from diverse candidate phyla (Anantharaman et al.,
264  2017; Hausmann et al., 2018; Parks et al., 2017). This DsrAB reference tree was constructed by
265  de-replicating novel DsrA and DsrB sequences with less than 100 % similarity to any DsrAB
266  sequence in the original reference database and aligning them to the reference alignments of
267  DsrA and DsrB (Miiller et al., 2015) using MAFFT (Katoh et al., 2002). The combined DsrA and
268 DsrB alignments were then concatenated and sequences with a total length of less than 500
269 amino acids were removed. The concatenated DsrAB alignment was clustered at 70 % sequence
270  identity with usearch (Edgar, 2010), and alignment positions were kept if they were conserved in
271  at least 10 % of all sequences in the 70%-clustered alignment (56 sequences). The unclustered
272  DsrAB alignment (2985 sequences) was then filtered for conserved alignment positions using
273  seqmagick (https://thcre.github.io/seqmagick/) and was used to generate a maximum likelihood
274  tree with FastTree (Price et al., 2010). 16S rRNA gene and dsrB OTU tables were processed in R
275  using native functions (R Core Team, 2015) and the R software package phyloseq (McMurdie
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276  and Holmes, 2013). OTU counts were rarefied, i.e., sub-sampled at the smallest library size
277  (dsrB: 1521; 16S rRNA gene: 4517) and transformed into relative abundances for all further
278  analyses, except for network analyses, which were performed with the unrarefied OTU count
279  matrices (Friedman and Alm, 2012).

280

281  Statistical analyses

282  Shannon alpha diversity was calculated using R (R Core Team, 2015). Beta diversity analyses
283  were performed with the R software package vegan (Oksanen et al., 2017), including
284  calculations of Bray-Curtis distances with the function ‘vegdist()’ and nonmetric
285 multidimensional scaling ordination analysis with the function ‘nMDS()’. Environmental
286  variables were tested for effects on the overall community composition by Mantel tests using the
287 native R function ‘mantel()’. Obtained p-values were corrected for multiple testing with the
288 native R function ‘p-adjust()’ using the Benjamini-Hochberg correction method. Correlations of
289 individual OTUs with environmental variables were calculated with the native R function cor()
290  using the Spearman correlation coefficient. P-values were generated by permuting the values of
291  each environmental variable followed by correlation of individual OTU abundances with the
292  permuted environmental variable. This process was repeated 1000 times and the obtained p-
293  values were corrected as described above.

294 Correlation network analyses were performed separately for 16S rRNA- and dsrB-OTUs
295  to highlight potential synergistic interactions between microbial community members (Weiss et
296  al., 2016). Species co-occurrence networks were calculated using SparCC (Friedman and Alm,
297  2012) based on count matrices of all OTUs with >10 reads in at least 7 out of 34 samples. Use of
298 more abundant and prevalent OTUs increases sensitivity of the network analyses (Berry and
299  Widder, 2014). P-values were generated as described above. Only positive OTU correlations
300 >0.5 were considered. Attributes of individual OTUs, i.e., sampling station and sediment age at
301  which the OTU was found at the highest relative abundance, were assigned to OTUs in R and
302 networks were visualized in Cytoscape (Shannon et al., 2003). Significant OTU clusters, i.e.,
303  significantly more interactions between OTUs within the community cluster than with OTUs
304  outside the community cluster, were defined by Mann-Whitney U tests using the Cytoscape
305  plugin “clusterONE” (Nepusz et al., 2012).

306

307  Phylogenetic analysis

308  Representative sequences of 16S rRNA-OTUs were aligned with the SINA aligner (Pruesse et
309 al.,, 2012) using the SILVA database v.128 (Quast et al., 2013) as a reference. Sequences that
310  were closely related to 16S rRNA-OTUs were extracted from the SILVA database and used to
311 construct a reference tree with FastTree (Price et al., 2010). Subsequently, 16S rRNA-OTU
312  sequences were placed into the reference tree using the EPA algorithm (Berger et al., 2011) in
313 RAxML (Stamatakis, 2014). The placement trees of 16S rRNA-OTUs and ds»B-OTUs (utilized
314  for dsrB-OTU classification) were visualized with iTOL (Letunic and Bork, 2007).

315

316

317  Results

318

319  Depth profiles of sediment age and porewater chemistry differ substantially between non-
320  glacier-influenced and glacier-influenced sediments
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321 A goal of the present study was to identify environmental factors (biogeochemical data is
322  partially described in Glombitza ef al., 2015) that shape the microbial community compositions
323  and interactions in NGI and GI sediments. NGI stations 3 and 6 are located on the open shelf and
324  within the Godthabsfjord, respectively, and were both characterized by a strong gradient of
325 sediment age due to comparably low sedimentation rates with maximum ages of the gravity
326  cores close to 10,000 years (Figure 1). Furthermore, NGI sediments had high TOC and TN
327  concentrations, as well as low C/N ratios down to 500 cm sediment depth. SRR decreased with
328  depth at both stations and sulfate became depleted in the bottom of the core from station 3, but
329 not in the core from station 6. At station 3, hydrogen sulfide concentrations gradually increased
330  with depth and decreased again below a depth of 400 cmbsf, coinciding with the appearance of
331  methane in the porewater. At station 6, hydrogen sulfide was present in lower amounts and
332  methane did not accumulate at any depth.

333 In comparison, GI stations 5 and 8 were both characterized by high sedimentation rates as
334  indicated by the low sediment ages, i.e., around 200 years at the bottom of the core at station 8
335 and around 500 years at the bottom of the core at station 5 (Figure 1). GI stations had low TOC
336  and TN concentrations, as well as high C/N ratios of up to 48. The porewater contained dissolved
337  Fe*' in the upper 250 cmbsf at both GI stations. SRR were high in deeper sediment layers at the
338 @I stations. Notably, SRR in the deep sediments of station 8 were higher than those measured in
339  the uppermost sediment samples from the core retrieved at station 3. Despite substantial SRR,
340  hydrogen sulfide was not detected at any depth.

341

342  Glacier runoff and sediment age are strong determinants of microbial community composition
343 In total, 6755 16S rRNA-OTUs and 1094 dsrB-OTUs were obtained by amplicon sequencing.
344  NGI and GI sediments clearly differed in 16S rRNA- and dsrB-OTU compositions and these
345  differences increased with depth at NGI stations (Supplementary Figure S2 A and B). Mantel
346  correlations with environmental factors revealed that the 16S rRNA- and dsrB-OTU
347  compositions were mostly impacted by sediment age and C/N ratio of organic matter (Table 2).
348  Further differences in 16S rRNA gene and dsrB-OTU compositions were explained to a lesser
349  extent by sediment structure (i.e., density and porosity), TOC, TN, SRR and Fe* concentrations
350 (the latter two parameters were only significant for the 16S rRNA gene community) (Table 2).
351  Gradually increasing sediment age with depth at NGI stations (Figure 1) was associated with
352  gradual changes in 16S rRNA gene and dsrB beta-diversity with depth (Supplementary Figure
353 S2 A and B). 16S rRNA and dsrB alpha-diversity at the NGI stations gradually decreased with
354  depth (Supplementary Figure S2 C and D). In contrast, alpha-diversity in GI stations remained
355  rather high throughout the cores (Supplementary Figure S2 C and D). Relative abundance
356  patterns of most phyla/classes and DsrAB families at GI stations 5 and 8 did not follow a gradual
357 change in compositions with increasing sediment depth like at NGI stations 3 and 6, but
358 remained rather constant, with some fluctuations among taxa (Figure 2). Alpha-, Delta- and
359  Gammaproteobacteria, Campylobacterota and notably Cyanobacteria were overall more
360 abundant at GI sediments as compared to NGI sediments (Figure 2 A). Furthermore, the dsrAB-
361  containing community in GI sediments had higher relative abundances of Desulfobacteraceae,
362  Desulfobulbaceae, uncultured DsrAB family-level lineages 4, 7, and 9 and unclassified DsrAB
363  sequences from the Firmicutes group and the Nitrospira supercluster (Figure 2 B). At NGI
364  stations, several phyla/classes, 1i.e., Acidobacteria, Bacteroidetes, Deltaproteobacteria,
365  Dependentiae (TM6), Gammaproteobacteria, Omnitrophica (OP3), Planctomycetes, and
366  Woesarchaeota (DHVEG-6) decreased in relative abundance with depth, particularly at station 3
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367  (Figure 2 A). The phyla Atribacter (JS1), Aerophobetes (BHI80—139), Aminicenantes (OPY),
368  Alphaproteobacteria, Betaproteobacteria, and Chloroflexi increased in relative 16S rRNA gene
369 abundances with depth at both NGI stations (Figure 2 A). The relative abundances of the
370 following dsrAB-containing groups decreased with depth at NGI stations: Desulfobacteraceae,
371 Syntrophobacteraceae, the uncultured family-level lineages 7 and 9, and uncultured bacteria
372  within the Environmental supercluster 1 (Figure 2 B). In contrast, representatives of the
373  uncultured family-level lineage 3, as well as uncultured bacteria within the Deltaproteobacteria
374  supercluster and the Firmicutes group, increased in relative abundances with depth at the NGI
375  stations.

376

377  OTUs that were positively correlated to SRR have high inter-species connectivity in young
378  sediments

379  Correlation network analyses of 16S rRNA- and dsrB-OTUs revealed two nearly separated 16S
380 rRNA-OTU clusters and two completely separated dsrB-OTU clusters, which were structured
381 along a sediment age gradient (Figure 3 A and B). One cluster included OTUs that were most
382  abundant in old NGI sediments and the other one included OTUs that were most abundant in
383  young GI and NGI sediments. These separate network clusters in ‘young’ and ‘old’ sediments
384  largely overlapped with regions of particularly high inter-species OTU correlations. These
385  ‘young’ and ‘old’ sediment OTU clusters were separated at a sediment age of around 300-400
386  years (Figure 3 C and D), which corresponds to a sediment depth of 30-40 and 20-30 cmbsf at
387  NGI stations 3 and 6, respectively.

388 The OTUs in the 16S rRNA- and dsrB-OTU networks were additionally subjected to
389  correlation analyses with environmental parameters (Supplementary Figures S3 and S4). The
390 majority of OTUs that constituted the ‘young’ and ‘old’ sediment clusters were positively
391  correlated with SRR and sediment age, respectively (Figure 3 A and B). Most OTUs that
392  correlated positively with SRR also correlated negatively with sediment age and vice versa
393  (Supplementary Figures S3 and S4). OTUs that positively correlated to SRR showed distinct
394  distributions in relative abundances, i.e., highest abundances in the surface sediments of NGI
395  stations and mostly ubiquitous distributions throughout the whole core at GI stations (Figure 4).
396 Many of these 16S rRNA-OTUs (#=10) and most of the ds¥rB-OTUs belonged to the family
397  Desulfobacteraceae (Supplementary Figures S5 and S6). Other SRR-correlated 16S rRNA-
398 OTUs belonged to the families Desulfobulbaceae, Desulfarculaceae, and Syntrophobacteraceae
399 and to the phyla/classes, Acidobacteria, Actinobacteria, Alphaproteobacteria, Bacteroidetes,
400  Ignavibacteria, Gammaproteobacteria, Planctomycetes and Woesarchaeota (Supplementary
401  Figure S5). Besides the prevalence of Desulfobacteraceae, dsrB-OTUs positively correlated to
402 SRR were affiliated with the uncultured family-level lineages 7 and 9 (Supplementary Figure
403  S6). The dsrB-OTUs 40 and 41 were also affiliated with the Environmental Supercluster 1. OTU
404 40 belongs to a sequence cluster of uncultured bacteria, and is related to the metagenome-derived
405 genome RBG 13 60 13 (accession number GCA 001796685.1) of a Chloroflexi bacterium
406  (Supplementary Figure S6).

407 OTUs positively correlated with sediment age were affiliated with diverse taxa (Figure
408 5). The phyla/classes that were represented by at least two age-correlated 16S rRNA-OTUs were
409  Aerophobetes (BHI80—13), Alphaproteobacteria, Aminicenantes (OP8), Atribacter (JS1),
410  Chloroflexi, Deltaproteobacteria, Euryarchaeota (Marine Benthic Group D), Omnitrophica
411  (OP3) and Planctomycetes (Supplementary Figure S5). Three dsrB-OTUs that positively
412  correlated with sediment age were affiliated to the family Desulfobacteraceae (Supplementary
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413  Figure S6). The dsrB-OTU 16 belonged to a group of uncultured bacteria in the
414  Deltaproteobacteria supercluster, OTU 58 could only be assigned to the Firmicutes group, and
415 OTU 1 was affiliated with the family Syntrophobacteraceae.

416

417  Discussion

418

419  Glacier-runoff affects age-depth relationships and microbial community assembly in marine
420  sediments

421  Rates and amounts of glacial inputs into sedimentary environments of fjords have a major impact
422  on their biogeochemistry (Glombitza et al., 2015). Here, we have compared microbial
423  community structure between NGI and GI sediments, and highlighted the environmental factors
424  that underlie the observed differences in community assembly with sediment depth. Sulfate is the
425  key terminal electron acceptor in marine sediments of the Godthabsfjord (Serensen et al., 2015),
426  but the depth distributions of SRR and microbial community structures differed between NGI
427  and GI sediments.

428 In the NGI sediments, steep gradients of SRR (Figure 1) indicated that most of the labile
429  organic matter deposited from marine primary production was mineralized near the seafloor
430 surface as typically observed for marine shelf sediments (Flury et al., 2016). Microbial
431  communities in the NGI sediments became less diverse with depth and increasingly distinct from
432  the surface communities (Supplementary Figure S2). Such shifts in community composition with
433  depth can be attributed to the progressing geochemical stratification of the sediment and
434  decreasing flux of energy with increasing sediment age (Petro et al., 2017).

435 In contrast, the two GI sediment cores were characterized by higher sedimentation rates,
436  low porosity (station 8), young ages, low TOC concentrations, low TN, and high C/N ratios
437  (Figure 1); the latter being attributed to influx of terrestrial organic matter (Gofi et al., 2013;
438 Meyers, 1994; Wehrmann et al., 2014). Terrestrial organic matter of particulate phase
439  transported by the glaciers is mostly old, diagenetically altered, and likely unavailable for
440 microbial degradation (Wehrmann et al., 2014). Therefore, the strong impact of C/N ratio
441  differences on the microbial community might only reflect the high rate of sedimentation. The on
442  average higher SRR throughout the GI sediment cores were possibly sustained by low amounts
443  of reactive organic matter that was deposited from algal blooms in nutrient-rich waters of
444  glaciated fjords (Bourgeois et al., 2016). Glacial runoff also contains considerable amounts of
445  iron and manganese (Bhatia et al., 2013; Wehrmann et al., 2014). Accumulation of dissolved
446  Fe?' suggested that Fe(IIT) reduction substantially contributed to organic matter mineralization in
447  upper GI station sediments (Wehrmann et al., 2014). Lack of sulfide accumulation with depth
448 indicated immediate re-oxidation and/or scavenging of sulfide produced from high sulfate
449  reduction activity (Figure 1) (Wehrmann et al., 2017). In agreement with previous studies
450  (Bourgeois et al., 2016; Buongiorno et al., 2019; Park et al., 2011), differences in organic matter
451  availability and electron acceptor concentrations are suggested to had a major influence on the
452  composition of the seafloor microbial community in glaciated fjords.

453

454  [dentities and potential functional interactions of sulfur cycling-associated taxa in ‘young’ NGI
455  and GI sediments

456  16S rRNA gene and dsrB correlation network analyses both revealed two main OTU interaction
457  clusters (Figure 3). In one cluster most OTUs were positively correlated to SRR but not sediment
458  age, while in the other cluster most OTUs were positively correlated to sediment age but not
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459  SRR. The relative abundances of 16S rRNA- and dsrB-OTUs that positively correlated with SRR
460  were highest in ‘young’ GI and NGI sediments with active sulfur cycling (up to about 400 years
461  of age). The majority of these OTUs was affiliated with the family Desulfobacteraceae, as well
462  as other bona fide deltaproteobacterial SRM taxa from marine sediments (Wasmund et al., 2017).
463  In addition, several SRR-correlated dsrB-OTUs were affiliated with uncultured DsrAB lineages.
464  Some of these lineages contain metagenome-derived sequences of uncultivated bacteria from the
465 phyla Acidobacteria (DsrAB family-level lineage 9), Planctomycetes or Chloroflexi
466  (Anantharaman et al., 2017; Wasmund et al., 2016). Interestingly, several 16S rRNA-OTUs that
467  positively correlated with SRR were also affiliated with these phyla, supporting their putative
468 involvement in sulfite/sulfate reduction or sulfur disproportionation in the Godthébsfjord
469  sediments.

470 Despite high rates of sulfate reduction, sulfide did not accumulate in the GI sediments
471  (Figure 1) likely due to its reaction with metals resulting in its oxidation and or precipitation
472  (Wehrmann et al., 2014). Several 16S rRNA-OTUs that correlated positively with SRR were
473  affiliated with taxa containing sulfur-oxidizing microorganisms such as the candidate genus
474  PHOS-HE36 (phylum Ignavibacteriae) (Koenig et al., 2005), the Woeseiaceae/JTB255 sediment
475  group (Gammaproteobacteria) (Dyksma et al., 2016; MuBlmann et al, 2017), and the
476  Rhodobacteriaceae (Alphaproteobacteria) (Lenk et al., 2012; Thrash et al, 2017)
477  (Supplementary Figure S5). In addition, OTU 30 affiliated with the sulfur-oxidizing genus
478  Sulfurovum was solely responsible for the high relative abundance of Campylobacterota at GI
479  station 5. We hypothesize that high SRR and chemical oxidation of sulfide by metals may
480  support significant populations of sulfur-oxidizing or sulfur-disproportionating taxa in deep GI
481  sediments, although future work would be required to substantiate this hypothesis, e.g., detection
482  of mRNA transcripts for sulfur-dissimilating enzymes.

483 We also identified numerous SRR-correlated OTUs that were affiliated with taxa that are
484  not known to have sulfur-based energy metabolisms. While these OTUs could indeed represent
485  unknown sulfur-cycling microorganisms, they may also be degraders of organic matter that fuel
486  sulfate reduction with fermentation products. For instance, some of these 16S rRNA-OTUs were
487  affiliated with BD2-2 (phylum Bacteroidetes), Phycisphaera (phylum Planctomycetes) or OM1
488  (phylum Actinobacteria). Representatives of these phyla hydrolyze and ferment organic
489  polymers in marine sediments and consequently might have trophic associations with SRM
490 (Baker et al., 2015; Schauer et al., 2011; Trembath-Reichert et al., 2016; Webster et al., 2011).
491  These associations may therefore explain their cooccurrences with SRM detected here.

492

493  Assembly of the deep subsurface microbial biosphere in NGI sediments

494  OTU correlation analysis showed that OTU clusters and thus the microbial communities of
495 young and old sediment zones in NGI sediments became ‘disconnected’ at a sediment age of
496  about 300-400 years (Figure 3), corresponding to a sediment depth of approximately 30 cmbsf at
497  NGI stations. This is in line with observations that a considerable shift in microbial community
498  structures occur in marine sediments below the zone of bioturbation, which was suggested to be
499  the main site of assembly of the subsurface community (Jochum et al., 2017; Starnawski et al.,
500 2017). Most OTUs that positively correlated with sediment ages in NGI sediments were
501 affiliated with lineages known to harbor members that selectively persist from the surface into
502 deep subsurface sediments, e.g., Chloroflexi, Aerophobetes, Atribacter (JS1), Aminicenantes
503  (OPS8), Alphaproteobacteria and Deltaproteobacteria (Supplementary Figure S5) (Orcutt et al.,
504  2011; Wang et al., 2016). Members of these taxa, such as the genus Desulfatiglans (Jochum et
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505 al., 2018), the deltaproteobacterial candidate lineage SEEP-SRB1 (Schreiber et al., 2010) or the
506  euryarchaeal Marine Benthic Group D (Kaster et al., 2014; Lloyd et al., 2013; Nobu et al., 2016;
507 Robbins et al., 2016; Wang et al., 2016b; Wasmund et al., 2014) are postulated to have traits
508 such as fermentation, sulfate reduction or acetogenesis to support the maintenance of basic
509  cellular functions even under extreme energy-limited conditions in most subsurface sediment
510  environments (Petro et al., 2017).

511

512  Conclusions

513

514  Coastal marine ecosystems in arctic and sub-arctic oceans are poised to be increasingly impacted
515 by melting of glaciers caused by climate change. In this comparative study, we found that
516  discharge from marine-terminating glaciers had a strong control over the depth-dependent
517  microbial community assembly in sediments of a sub-arctic fjord. Increasing differences in the
518  benthic community composition between GI and NGI sites with depth were largely explained by
519  sediment age. High sedimentation rates at GI stations enabled a complex community of sulfur-
520 cycling-associated microorganisms, including both putative SRM and sulfide oxidizers, to
521  continuously thrive at high relative abundances from the surface deep into the subsurface.
522  Similar communities of sulfur-cycling-associated microorganisms were also present in surface
523  sediments at NGI stations. However, with increasing depth the surface communities were largely
524  replaced by microorganisms that positively correlated with sediment age. Lower sedimentation
525  rates at the NGI sites thus resulted in slow burial and highly selective survival of microorganisms
526  adapted to the energy-limited subsurface (Petro et al., 2017). In summary, our results suggest that
527  increased glacier runoff and the associated high sedimentation rates allow processes that are
528  typically predominant in surface sediments such as sulfide oxidation and associated community
529  members to be rapidly buried and maintained at high abundances in deep subsurface sediments.
530
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561  Tables

562

563  Table 1. Description of the sampling stations and cores, including sampling position, water
564  depth and core length. Table was modified from Glombitza et al., 2015. The exact location of
565  the sampling stations is indicated in Supplementary Figure S1.

Station Core name Latitude (N) Longitude (W) Waterdepth (m) Core length

(cm)

3 SA13-ST3-20G 6426.7425' 5247.6486' 498.2 587

5 A13-ST5-30G 6425.3479' 5130.6209' 622.4 607

6 SA13-ST6-40G 6429.0604' 5042.3240' 389 562

8 SA13-ST8-47G 6440.7078' 5017.4672' 475.8 569
566
567

568 Table 2. Mantel correlations between 16S rRNA gene and dsrB community compositions
569 and physicochemical parameters. Only significant values (p < 0.05) are shown in the table.
570  Parameters with the strongest effect on the 16S rRNA gene or dsrB community compositions are
571  indicated in bold.

16S rRNA gene | dsrB |
Mantel statistic p-value Mantel p-value
statistic

Sediment age [actual years] 0.380 0.003 0.538 0.002
Sulfate [mmol L] 0.179 0.016 0.390 0.002
DIC [mmol L] 0.108 0.047 0.207 0.010
H>S [umol L] 0.227 0.003 0.418 0.002
Fe(IT) [umol L] 0.262 0.003 - -

Density [g cc™!] 0.234 0.003 0.349 0.002
Porosity 0.213 0.003 0.364 0.002
TOC [umol g dw!] 0.228 0.005 0.329 0.002
C/N ratio 0.471 0.003 0.478 0.002
SRR [nmol Sulfate cm™ d'] 0.260 0.003 - -

Methane [pmol L] - - 0.310 0.002

572  DIC, dissolved inorganic carbon; TOC, total organic carbon; SRR, sulfate reduction rate
573
574
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575  Figure legends

576

577  Figure 1. Physicochemical sediment properties in non-glacier-influenced (NGI) and glacier-
578 influenced (GI) sediment cores. Colours indicate the sampling station. Note that the scales are
579 different for each physicochemical parameter. Data on SRR and DIC, as well as, sulfate and
580  sulfide concentrations were taken from Glombitza et al., 2015.

581

582  Figure 2. Microbial community composition in non-glacier-influenced (NGI) and glacier-
583 influenced (GI) sediment cores. Changes in 16S rRNA phylum/class (A) and DsrAB-family
584  (B) relative abundances with sediment depth are shown. Only phyla/classes and DsrAB-families
585  with a relative abundance greater than 1% are shown. DS, Deltaproteobacteria supercluster.
586  ESI, Environmental supercluster 1. FG, Firmicutes group. NS, Nitrospira supercluster.

587

588  Figure 3. Co-occurrence of abundant OTUs across non-glacier-influenced (NGI) and
589 glacier-influenced (GI) sediment cores. Inter-species correlations are indicated for 16S rRNA
590 gene (A) and dsrB (B) OTUs. Only edges with p < 0.01 and R?> > 0.5 are shown. OTUs are
591  colored and shaped according to the approximated sediment age and sampling station at which
592  they were found at the highest relative abundance, respectively. The orange and green border
593  color of OTUs indicates significant correlations to sulfate reduction rates and sediment age,
594  respectively. OTUs that are connected by black and purple edges formed significant community
595  clusters in old and young sediments, respectively. C and D, Age of the sediment layer at which
596  individual OTUs from (A) and (B) were found at the highest relative abundance across all
597  samples and stations. Each dot represents an OTU. Black and purple background colors indicate
598 the affiliation to significant community clusters determined for the inter-species correlation
599  networks, respectively.

600

601  Figure 4. Relative abundances of 16S rRNA- and dsrB-OTUs with significant correlations
602 to sulfate reduction rates in non-glacier-influenced (NGI) and glacier-influenced (GI)
603 sediment cores. The column annotation indicates the sampling depth in centimeters below
604  seafloor (cmbsf). The color range from blue to red indicates the relative abundance of OTUs.
605  Phyla/classes and DsrAB-families that were represented by more than one OTU are indicated in
606  bold.

607

608  Figure 5. Relative abundances of 16S rRNA- and dsrB-OTUs with significant correlations
609 to sediment age in non-glacier-influenced (NGI) and glacier-influenced (GI) sediment
610 cores. The column annotation indicates the sampling depth in centimeters below seafloor
611  (cmbsf). The color range from blue to red indicates the relative abundance of OTUs.
612  Phyla/classes and DsrAB-families that were represented by more than one OTU are indicated in
613  bold.

614

615
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Below 1 % relative abundance
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