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Summary 24 

The post-glacial Baltic Sea has experienced extreme changes that are archived today in the deep 25 

sediments. IODP Expedition 347 retrieved cores down to 100 m depth and studied the climate 26 

history and the deep biosphere. We here review the biogeochemical and microbiological 27 

highlights and integrate these with other studies from the Baltic seabed. Cell numbers, endospore 28 

abundance and organic matter mineralization rates are extremely high. A 100-fold drop in cell 29 

numbers with depth results from a small difference between growth and mortality in the ageing 30 

sediment. Evidence for growth derives from a D:L amino acid racemization model, while 31 

evidence for mortality derives from the abundance and potential activity of lytic viruses. The 32 

deep communities assemble at the bottom of the bioturbated zone from the founding surface 33 

community by selection of organisms suited for life under deep sediment conditions. The mean 34 

catabolic per-cell rate of microorganisms drops steeply with depth to a life in slow-motion, 35 

typical for the deep biosphere. The subsurface life under extreme energy limitation is facilitated 36 

by exploitation of recalcitrant substrates, by biochemical protection of nucleic acids and proteins, 37 

and by repair mechanisms for random mismatches in DNA or damaged amino acids in proteins. 38 

 39 

Introduction 40 

The deep seabed harbors Earth’s largest reservoir of organic matter (e.g., Horsfield et al., 2006). 41 

Due to continued sedimentation over geological time, deposited organic matter is buried deeper 42 

and deeper beneath the seafloor and becomes increasingly recalcitrant to microbial degradation. 43 

Yet, thousands and even millions of years after burial, a slowly shrinking microbial community 44 

continues to live on the organic remains. This deep biosphere has now been traced down to a few 45 
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km depth in the seabed (Inagaki et al., 2015) and has been detected in sediments more than 100 46 

million years old (Roussel et al., 2008).  47 

 48 

Microorganisms that inhabit these ancient sediments have an exceedingly low catabolic rate, 49 

which enables only very long generation times of tens to thousands of years (Hoehler and 50 

Jørgensen, 2013). It is a great challenge to study microbial life in such extreme slow-motion and 51 

to understand how the organisms adapt to the changing environment. Who are the 52 

microorganisms that live beneath the seafloor and how are their metabolic processes controlled 53 

(e.g., Teske, 2006; D’Hondt et al., 2014; Parkes et al., 2014)? Do most of the microorganisms 54 

have the pre-capacity to thrive under extreme energy limitation or do a few hunger specialists 55 

among the buried communities become dominant at the end (e.g., Finkel, 2006; Jørgensen and 56 

Marshall, 2016)? Experimental methods to study the in situ metabolic activity of these organisms 57 

are available but are pressed to their limit in such deep subsurface environments. Microbiological 58 

techniques may be successful in cultivating subsurface organisms but they generally do not catch 59 

the really slow growers. A more practical approach is to develop new and even more sensitive 60 

molecular and isotopic approaches or to select suitable study sites that have been exposed to 61 

large-scale natural climate experiments in the past - experiments that can now be interpreted in 62 

order to reach a functional understanding of the biogeochemical processes and microbial 63 

communities. 64 

 65 

The Baltic Sea is such a natural laboratory for several reasons: a) the sediments are relatively 66 

young with high sedimentation rates, high organic matter content, and high abundance of 67 

microbial cells, b) the entire Baltic Sea basin has undergone extreme climate changes from total 68 
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glaciation to a large pro-glacial freshwater lake to the modern, eutrophic, brackish-marine sea, 69 

and c) sediments are stratified according to these changes in glacial till, ice lake clay, and 70 

organic-rich brackish-marine mud from the modern Holocene period. These shifts between 71 

freshwater and brackish were accompanied by strong changes in temperature, oxygen, nutrients 72 

and biological productivity. Such naturally occurring contrasts lend themselves to comparative 73 

studies of slow-growing microorganisms, studies that are not possible in laboratory experiments. 74 

The Baltic Sea sediments are thereby a trade-off: the microbial activity is sufficiently high to be 75 

suited for diverse types of experimental and microbiological studies, yet not quite as energy-76 

starved as the truly deep biosphere of the oceanic seabed. 77 

 78 

The dynamic history of this basin inspired an integrated study of the glacial-interglacial geology, 79 

climate development, and deep biosphere of the Baltic Sea. In 2013, an expedition was organized 80 

with the Greatship Manisha by the European Consortium for Ocean Research Drilling (ECORD) 81 

as part of the Integrated Ocean Drilling Program (IODP, Expedition 347) (Andrén et al., 2015a). 82 

The expedition drilled more than 100 m down into the seabed and recovered sediment cores from 83 

the Holocene and late Pleistocene periods, i.e. from the past 15.000 years. The expedition aimed 84 

to reconstruct past environmental conditions in the Baltic Sea basin based on the geological 85 

record and to investigate the deep subsurface microbial life present in the Baltic today.  In the 86 

following, we synthesize highlights from that expedition and analyze the results in relation to 87 

other studies of subsurface biogeochemistry and microbiology in the Baltic seabed and beyond. 88 

The Baltic Sea region and the coring stations, from which data are drawn, are shown on the map 89 

in Fig. 1. 90 

 91 
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The Baltic Sea environment 92 

To set the stage, we will first give a short overview of the glacial-interglacial history of the Baltic 93 

Sea (Fig. 2). The last ice age in Northern Europe led to the Weichselian glaciation starting 94 

115,000 years ago. During the glacial maximum about 20,000 years ago the Scandinavian Ice 95 

Sheet reached a thickness of 1-2 km and central Scandinavia was depressed relative to its present 96 

level due to the enormous mass of the ice (e.g., Steffen and Kaufmann, 2005). Progressing 97 

glaciers plowed through the landscape in the Baltic Sea basin and removed most of the deposits 98 

from the earlier Eemian interglacial period, even down to the basement rock of granite and 99 

limestone in many areas. As the ice retreated, it left glacial till, sand and clay. The post-glacial 100 

rebound is still ongoing with an uplift of up to 7 mm yr-1 in the central Baltic Sea (Paulson et al., 101 

2007). 102 

 103 

Sediments of the deep Baltic Sea basins are an archive of this late glacial-interglacial 104 

development. The history started with the gradual melting of the ice 20,000-10,000 years ago. 105 

South of the retreating ice sheet a Baltic Ice Lake developed 16,000 years ago into which the 106 

glacial melt water deposited thick layers of varved freshwater clay. This clay is very poor in 107 

organic matter and is of brownish-gray color due to a high content of ferric iron. Due to the 108 

shifting balance between global eustatic sea-level rise and isostatic rebound of the Scandinavian 109 

Shield during the deglaciation, the gateways between the Baltic Sea basin and the North Sea 110 

opened and closed. This resulted in transient brackish (Yoldia Sea) and freshwater (Ancylus 111 

Lake) periods 11,700- 9,800 years ago before the fully brackish-marine Littorina Sea was finally 112 

established about 8,500 years ago and became the modern Baltic Sea ca 3,000 years ago (Björck, 113 

1995; Sohlenius et al., 2001; Andrén et al., 2011; Kotthoff et al., 2017). 114 
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 115 

The Baltic Sea has an area of 373,000 km2 and a drainage area four times that size, which makes 116 

it one of the largest intracontinental, brackish-marine basins in the world. Today the sea is 117 

eutrophic due to a high influx of nitrogen and phosphorus, which has caused a gradual 118 

accumulation of nutrients over the past 50-100 years (Andersen et al., 2017). The permanent 119 

salinity stratification and long retention time of the deep water cause oxygen depletion in the 120 

deepest basins. Thus, the 459-m deep Landsort Deep in the central Baltic Sea has remained 121 

anoxic over the past several thousand years with only episodic, but major, inflow events of saline 122 

and oxygenated North Sea water (Hardisty et al., 2016). The 250-m deep Gotland Basin is 123 

hypoxic to anoxic (ICES, 2019). The sea-surface temperature varies between winter and summer 124 

from 0˚ to 17˚C in the north and 3˚to 18˚C in the south (HELCOM, 2019a), while the sea-surface 125 

salinity ranges from north to south from <3 to 15. During the Holocene thermal maximum 126 

between ca 9,000 and 5,000 years ago, the salinity was higher and euxinic conditions were more 127 

extensive (Zillén et al., 2008; Dijkstra et al., 2016). 128 

 129 

As an example of a sedimentation basin in the Baltic Sea, Fig. 3 shows a stratigraphic sediment 130 

column and a seismic transect across the Landsort Deep, in which IODP Expedition 347 drilled 131 

(Station M0063; Fig. 1) (Andrén et al., 2015b). The upper 26 m of sediment consists of partly 132 

laminated clay-gyttja deposited during the brackish-marine phase (Littorina Sea, past 7,400 133 

years) with a mean sedimentation rate of 3-4 mm yr-1 (Andrén et al., 2015b; Obrochta et al., 134 

2017). The underlaying ca 20 m is clay from the Ancylus Lake and the Yoldia Sea. Below 48 135 

mbsf is a 45-m thick deposit of varved Baltic Ice Lake clay changing to sand and gravel at ca 90 136 
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mbsf. Beneath these late-glacial to Holocene sediments follows a very poorly sorted till 137 

deposited by the glaciers directly on top of the bedrock of Precambrian or Cambrian age.   138 

 139 

Biogeochemical processes 140 

The larger basins and local depressions of the Baltic seabed consist of muddy sediments with 141 

clayey and silty gyttja, which cover about one third of the entire Baltic Sea area (HELCOM, 142 

2019b). Due to high deposition rates of these organic-rich sediments, the zonation of the 143 

predominant biogeochemical processes is compressed towards the sediment surface. Oxygen 144 

penetrates only a few mm to a cm into the mud, while nitrate penetrates a few times deeper (e.g., 145 

Rasmussen and Jørgensen, 1992; Nielsen et al., 2004). The depth of sulfate penetration varies 146 

strongly, from a few dm to many m, due to variations in sedimentation rate and in methane flux 147 

from below (e.g., Hilligsøe et al., 2018). Methane accumulates beneath the sulfate zone with 148 

concentrations that in many places exceed the in situ hydrostatic pressure, thereby forming free 149 

gas bubbles trapped in the soft sediment (Laier and Jensen, 2007; Mogollon et al., 2012, 2013). 150 

The methane accumulation is very sensitive to the thickness of the Holocene mud layer (HML), 151 

and the geographic distribution of sub-seafloor methane fluxes is therefore very heterogeneous 152 

and tends to be focused in hotspots (Flury et al., 2016; Hilligsøe et al., 2018). The IODP stations 153 

presented here are generally located in sedimentation basins where available electron acceptors 154 

are depleted at shallow depth, and sediment diagenesis is therefore dominated by 155 

methanogenesis. 156 

 157 

An example of the geochemical zonation is shown in Fig. 4 from the Landsort Deep. It should be 158 

noted that the IODP coring did not catch the top few dm of sediment and therefore missed the 159 
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shallow, near-surface sulfate zone. Two broad zones of elevated total organic carbon (TOC) 160 

occurred at 3.5-11 mbsf and 18-27 mbsf (meters below seafloor) (Fig. 4A) due to large-scale 161 

anoxic events in the Baltic Sea during the Medieval climate anomaly (1.250-800 years ago) and 162 

the Holocene Thermal Maximum (9,000-5,000 years ago), respectively (Andrén et al., 2015b; 163 

Dijkstra et al., 2016; Hardisty et al., 2016; Zhou et al., 2017). These anoxic zones are 164 

characterized by finely laminated sediments (Fig. 3A) and elevated concentrations of 165 

phosphorus, bound in Mn- and Mg-rich iron phosphates (vivianite) (Dijkstra et al., 2016). 166 

Alkalinity reached an extremely high peak of 57 mequivalents L-1 due to the high rates of 167 

organic carbon mineralization in the HML, in contrast to low rates in the organic-poor Ice Lake 168 

clay. Although sulfate was depleted already at a few dm depth, sulfate still remained in the deep 169 

Ice Lake clay as a relic from the early Littorina stage when seawater sulfate diffused directly 170 

down through the thin mud layer and into the clay (Mogollón et al., 2012; Holmkvist et al., 171 

2014). Some high outliers (Fig. 4C) are presumably due to contamination with seawater sulfate, 172 

as the sulfate concentration in methanic Baltic Sea sediments appears to be controlled by the 173 

sulfate-reducing bacteria at a very low threshold concentration of 5-10 µM (Pellerin et al., 2018).  174 

 175 

Methane was highly supersaturated down to 50 mbsf and became depleted only at the inverted 176 

sulfate-methane transition at 65 mbsf (Fig. 4D). During IODP Expedition 347 it was not possible 177 

to perform accurate experimental measurements of methanogenesis rates in the Landsort Deep 178 

sediment due to strong disturbance upon core retrieval by outgassing methane, which disrupted 179 

the sediment structure and affected the process rates. Modelling of the methane data from the 180 

Landsort Deep suggested that the true concentration peak was about 50 mM at 20 mbsf, i.e. 181 

much higher than the measured concentrations (Egger et al., 2017). Yet, seismic records showed 182 
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that gas bubbles were not present in situ as the partial pressure of methane was still below the 50 183 

bar hydrostatic pressure in the Landsort Deep sediment. Modelling suggested two peaks of 184 

methanogenesis of 60 and 80 pmol CH4 cm-3 d-1 in the organic-rich layers around 6 and 23 mbsf, 185 

respectively (Egger et al., 2017).  186 

 187 

The subsurface peak of salinity in the HML (Fig. 4E.) shows that the Baltic Sea was more salty 188 

during the Holocene Thermal Maximum than it is today. The Baltic Sea basin started as a 189 

freshwater lake in late-glacial time when the Ice Lake clay was deposited, and the salinity shows 190 

that the pore fluid in the deepest clay is still freshwater. High concentrations of Mn2+ and Fe2+ 191 

down to 4-5 mbsf show that reduction of Mn(IV) and Fe(III) continues for >1000 years after 192 

burial, probably because sulfate is depleted very close to the sediment surface so that free sulfide 193 

is not available in the subsurface to react with the metals (Fig. 4F and G). The modestly elevated 194 

Fe2+ concentrations in the middle of the HML were interpreted as the result of iron-dependent 195 

anaerobic methane oxidation (Egger et al., 2017). More strongly pronounced iron reduction at 196 

25-45 mbsf shows that much of the Fe(III) in the post-glacial clay survived the 8,000 years of 197 

burial, probably due to the low organic carbon content.  198 

 199 

The acetate concentration was higher in the HML than in the post-glacial clay with a striking, yet 200 

unexplained peak right at the transition between the two (Fig. 4H). Formate showed a similar 201 

distribution while propionate and butyrate had rather uniform, low concentrations throughout 202 

sediment column (Glombitza et al., 2019). Low-micromolar to sub-micromolar concentrations of 203 

the volatile fatty acids are thus characteristic throughout the geochemical zones in the Baltic Sea 204 

sediments. This shows that they are maintained by methanogens or sulfate reducers at a 205 
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minimum threshold concentration that is probably energetically controlled, whereby the free 206 

energy is variable at mostly -5 to -20 kJ mol-1 for methanogenesis and -20 to -60 kJ mol-1 for 207 

sulfate reduction. Their turnover rate, in contrast, is controlled by their production rate from the 208 

upstream microbial food chain of organic matter degradation and fermentation (Glombitza et al., 209 

2015, 2019; Jørgensen et al., 2019b). 210 

 211 

Sulfate reduction and methanogenesis rates were measured during an expedition to the Bornholm 212 

Basin where the upper 0-5 mbsf of the sediment column was cored at IODP Station M0065 (Fig. 213 

1). The sulfate-methane transition here was very shallow, 0.35 mbsf, and the fluxes of sulfate 214 

and methane to the SMT were high (Fig. 5A). Fig. 5C and D show the depth distributions of 215 

sulfate reduction rates and methanogenesis rates from DIC measured by 35S and 14C radiotracer 216 

technique, respectively. Sulfate reduction rates dropped off steeply just beneath the SMT and 217 

were very low in the methane zone. Methanogenesis rates were very low in the sulfate zone and 218 

steeply increased to reach maximum values in the SMT. As sulfate reduction and 219 

methanogenesis were the predominant terminal mineralization pathways throughout the sediment 220 

column, their sum describes the depth distribution of the total organic carbon mineralization 221 

(Fig. 5B). The sum is quasi-linear in the double-log plot which means that the overall 222 

mineralization rates decreased with depth and age in the sediment according to a power law: 223 

Rate = 222 × z−1.26 nmol Corg cm-3 d-1, where z is the depth in m (Beulig et al., 2018). An 224 

extrapolation of this power law was made down through the methane zone within the HML to 225 

estimate the total depth-integrated rate of methane production. This extrapolated rate matched 226 

the upwards methane flux within a factor of two (Jørgensen et al., 2019b). Since most 227 

methanogenesis takes place in the uppermost methane zone where the methane gradient drives 228 
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methane diffusion up towards the SMT, the close match validates the rate measurements (cf., 229 

Flury et al., 2016; Jørgensen et al., 2019a). 230 

 231 

Methanogenesis in subsurface Baltic Sea sediment was found by 14C-tracer experiments to 232 

originate exclusively from reduction of CO2 (Beulig et al., 2019). Yet, acetate is probably the 233 

most important, single, terminal fermentation product, also in the methanic sediment, but 14C 234 

tracer experiments indicated that the acetate was all oxidized to CO2. This suggests that a 235 

syntrophic microbial association transferred electrons from acetate-oxidizing bacteria to 236 

methanogenic archaea. Such an interspecies electron transfer may occur directly from cell to cell 237 

or it may take place through conducting mineral grains in the sediment. The latter was 238 

demonstrated in a Baltic Sea sediment with a syntrophic association of acetate oxidizing 239 

Geobacter and methanogenic Methanosarcina (Rotaru et al., 2018). Methylated compounds, 240 

such as methylamines, appear to play a role for methanogenesis only in surface sediment where 241 

bioturbation mixes down freshly deposited organic material from the water column (Xiao et al., 242 

2017, 2018). 243 

 244 

The SMT is not only a biogeochemical barrier where the methane flux from below is oxidized 245 

with sulfate from above (Fig. 5A). It is also the zone with the highest rates of methanogenesis 246 

(Fig. 5D). This creates an internal, cryptic cycling of methane within the SMT, which is not 247 

detected from diffusion-reaction modelling of the sulfate and methane porewater gradients 248 

(Beulig et al., 2019). In the example from Station M0065 shown in Fig. 5, 40% of the total 249 

methane production in the sediment column took place within the SMT. Furthermore, the sulfate 250 

flux into the SMT was twice the methane flux due to organoclastic sulfate reduction, in addition 251 
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to AOM, within the SMT (Jørgensen et al., 2019a). While sulfate reduction is fed by methane 252 

during AOM, organoclastic sulfate reduction uses the diverse fermentation products from the 253 

degradation of buried sediment organic matter, just as sulfate reduction does in the main sulfate 254 

zone.  255 

 256 

Methane produced in the organic-rich HML diffuses down into the iron(III)-rich post-glacial clay 257 

below and provides an abundant source of reduced carbon in the organic-poor sediment. Egger et 258 

al. (2017) estimated, using a diagenetic transport-reaction model, that up to 20% of the total 259 

AOM in the sediment column of Station M0063 might be due to oxidation with iron(III), partly 260 

in the HML and partly in the limnic clay below where Fe2+ concentrations were correspondingly 261 

high (Fig. 4G). In apparent contrast to this conclusion, methane was depleted in the heavy 262 

isotope, 13C, with increasing depth in the limnic sediment, although anaerobic methane oxidation 263 

is generally expected to preferentially select the light carbon isotope and leave behind methane 264 

enriched in 13C. Egger et al. (2017) suggested that AOM in the limnic sediment occurred close to 265 

thermodynamic equilibrium by which an enzymatic reversibility and equilibrium fractionation 266 

could produce an inverse isotope effect (Yoshinaga et al., 2014). Ash et al. (2019) analyzed the 267 

combined 13C/12C and D/H isotopes in methane throughout the sediment column of Station 268 

M0065 and found that the relative abundances of these clumped isotopes could indeed be 269 

explained by a reversibility of the AOM metabolic pathway in the limnic clay. 270 

 271 

Depth distribution of microbial cells 272 

Microscopic counting of microbial cells stained with the fluorescent dye acridine orange or with 273 

SYBR Gold or SYBR Green, has been standard on many IODP expeditions during the past 274 
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decades. Expedition 347 was the first IODP expedition where direct counts of microbial cells 275 

were done on board the drillship by concurrent flow cytometry (FCM) and epifluorescence 276 

microscopy. Fig. 6A shows an example of the results from Site M0063 in the Landsort Deep. 277 

The acridine orange direct counts (AODC) dropped 100-fold from the sediment surface to 90 278 

mbsf. The two counting methods yielded comparable data in the organic-poor post-glacial clay 279 

below 26 mbsf. However, in the organic-rich Holocene mud the AODC gave 3-10-fold higher 280 

counts than FCM. It was observed on board that the suspensions of Holocene mud prepared for 281 

flow cytometry did not separate the cells effectively so that that method underestimated the true 282 

cell numbers in this sediment (Andrén et al., 2015b). It is therefore critical to check that cells are 283 

well dispersed and to optimize the sample treatment protocol for each sediment type before 284 

running samples on the FCM. However, the FCM method is much faster than the traditional 285 

AODC so that a larger number of samples can be processed. Fig. 6B shows a comparison of the 286 

two methods from four different IODP drilling sites. The methods were used on separate 287 

samples, which explains much of the scatter. The cell numbers are roughly similar, with the 288 

exception of the most organic-rich Holocene sediments (highest AODC cell numbers), as 289 

explained above. 290 

 291 

The number of endospores at Station M0063 (Fig. 6A) was calculated from the concentration of 292 

extracted dipicolinic acid, an important component of the spore coat, using a conversion factor of 293 

2.24 × 10-16 mol DPA per endospore (Fichtel et al., 2007; Mhatre et al., 2019). Endospore 294 

numbers were ca 5 × 107 cm-3, which was about 100-fold lower than the total cell numbers in the 295 

upper meters of the sediment. Endospore numbers did not drop much with depth and gradually 296 

approached the declining numbers of vegetative cells of 107-108 cm-3 near 90 mbsf.  297 
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 298 

This trend is similar to the global marine database on endospores and cell numbers compiled by 299 

Wörmer et al. (2019). They also found an endospore:cell ratio of about 1:100 near the sediment 300 

surface increasing to about 100:1 below 100 mbsf. The latter is much higher than in the Baltic 301 

Sea, possibly due to the young sediments and high organic matter turnover in the Baltic 302 

compared to open ocean sites at the same sediment depth. It remains unknown what controls the 303 

endospore numbers in the oceanic seabed where their abundance remains surprisingly constant at 304 

ca 105-106 endospores cm-3 between <1 and 500 m depth (Wörmer et al., 2019). The lack of a 305 

systematic depth trend may indicate that endospores from the near-surface sediment simply 306 

survive for millions of years during burial into the seabed. Alternatively, there may be a dynamic 307 

balance down through the sediment column between the formation of new endospores and the 308 

germination or death of old endospores, a balance that roughly maintains the endospore 309 

abundance. In support of the latter, the abundance of deposited endospores from thermophilic 310 

bacteria, which cannot grow or produce endospores in the cold seabed, was found to drop 311 

exponentially with depth and age in Aarhus Bay sediment with a half-life of ca 300 years (de 312 

Rezende et al., 2013). 313 

 314 

Global data on cell numbers versus depth in the seabed have been compiled by, e.g. Kallmeyer et 315 

al. (2012) and Parkes et al. (2000, 2014). The main controlling parameter is the availability of 316 

organic matter, which scales with age of the sediment and its organic carbon content (e.g., 317 

Middelburg, 1989; Kallmeyer et al., 2012). Cell counts from ODP or IODP expeditions roughly 318 

follow a power law, both versus depth and versus age. Parkes et al. (2000) compiled a global 319 

dataset and found a log-log linear regression of: log cells (per cm3) = 6.93 – 0.4×log age (million 320 
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years), which is equal to: log cells (per cm3) = 9.33 – 0.4×log age (years). In Fig. 7 we have 321 

plotted cell numbers from the literature and from the Baltic Sea as a function of sediment age 322 

and color coded data according to the organic carbon content. Ages cover a very large range, 323 

from 100 years to 100 million years. Many data fall around or below the global regression of 324 

Parkes et al. (2000). However, in the 1-100 million year old sediments from the “desert” regions 325 

of the ocean, notably from the Pacific gyres that have extremely low sedimentation rates and an 326 

organic carbon content below 0.1% (purple and dark blue circles in Fig. 7), the cell numbers are 327 

several orders of magnitude lower than the indicated power law trend. 328 

 329 

Cell numbers in the Baltic Sea are extremely high, mostly 107 to 109 but reaching up to 5×109 330 

cells cm-3. The Baltic Sea sediments are also young and date back only to the post-glacial period 331 

starting about 11,700 years ago. Had the same data been plotted against sediment depth rather 332 

than sediment age, they would fall 10-100-fold above the “global regression” of Parkes et al. 333 

(2014). The color code in Fig. 7 shows a clear distinction between the low-organic limnic clay 334 

deposited in the Baltic Ice Lake until the beginning of the Littorina Sea about 8,000 years ago 335 

(light blue and green triangles) and the high-organic Holocene mud (yellow and red triangles) 336 

deposited since then. It is striking that cell numbers in the two types of deposit are similar and do 337 

not reflect the transition from organic-poor to organic-rich sediment. We conclude that a 338 

difference in mean organic carbon concentration from 0.1-1% in the post-glacial clay to 2-10% 339 

in the Holocene mud (e.g., Fig. 4A) has only a modest effect on the cell numbers relative to the 340 

overall control by the age of the organic matter. 341 

 342 
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These data all rely on direct microscopic counts of microbial cells with fluorescently stained 343 

DNA. Microbial cells in sediments are often quantified by other techniques and a comparison of 344 

methods is therefore important. An inter-laboratory calibration was done using sediment samples 345 

from the four drill sites in the Baltic Sea (Buongiorno et al., 2017). The methods were: A) Direct 346 

counts by fluorescence microscopy using acridine orange, SYBR Gold or SYBR Green I, B) 347 

quantitative real-time PCR (qPCR), and C) fluorescence in situ hybridization (FISH) enhanced 348 

by catalyzed reporter deposition (CARD-FISH; Pernthaler et al., 2002). The study concluded 349 

that CARD-FISH strongly underestimated total cell numbers, which were mostly below the limit 350 

of quantification by the applied technique (1.3×107 cells cm-3). The underestimation was less 351 

pronounced or less systematic with the more sensitive qPCR technique. The comparison 352 

furthermore showed that results strongly depended on which protocols are used by CARD-FISH 353 

or qPCR. 354 

 355 

In microbiological studies using IODP drilling and coring techniques, such as advanced piston 356 

coring (http://iodp.tamu.edu/tools/index.html), it is critical to determine whether the samples 357 

become contaminated by microbial cells from drilling fluid or seawater. The general IODP 358 

contamination test uses a perfluorocarbon (PFC) tracer, which is mixed into the drilling fluid, 359 

and which can be analyzed at high sensitivity by gas chromatography upon retrieval of cores and 360 

core samples (e.g., Lever et al., 2006). The choice of which samples to analyze may then be 361 

guided towards the least contaminated core sections. As the solubility of the hydrophobic PFC in 362 

seawater is very low, it is important to check carefully whether the tracer has indeed been 363 

thoroughly mixed and dissolved in the drilling fluid. This was done on Expedition 347 by 364 

sampling drilling fluid directly from each retrieved piston core and then comparing PFC 365 
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concentrations within samples with that of the surrounding fluid. The average contamination 366 

level in the samples used was found to correspond to the potential introduction of 10-100 cells 367 

cm-3 of sediment. In comparison to the in situ cell abundance of 107-109 cells cm-3, this was only 368 

about a millionth of the indigenous community (Andrén et al., 2015b). 369 

  370 

Microbial biomass and turnover 371 

It is a fascinating aspect of the deep biosphere that about half of all prokaryotes in the ocean, 372 

some 3-5×1029 cells, are found in sub-seafloor sediments (Kallmeyer et al., 2012; Parkes et al., 373 

2014). This number is surprisingly similar to the estimated cell number in the continental 374 

subsurface, 2-6×1029 cells (Magnabosco et al., 2018). Assuming a mean carbon content of 14 fg 375 

C cell-1 (femtogram = 10-15 g), Kallmeyer et al. (2012) calculated a global sub-seafloor biomass 376 

of 4.1 Pg C (petagram = 1015 g). This is 0.7% of the total living biomass on Earth (Bar-On et al., 377 

2018). Braun et al. (2016) made a detailed study of the size and biomass distribution of 378 

prokaryotic cells in subsurface Baltic Sea sediments. They extracted and purified a sufficiently 379 

large number of cells from the sediment by density centrifugation and FACS to enable 380 

quantification of their amino acid carbon by HPLC. The cell-specific carbon content down 381 

through the sediment column was 19-31 fg C cell-1, which is higher than the global mean used by 382 

Kallmeyer et al. (2012) but within the range found in seawater in the open ocean, outside of the 383 

main gyres (Lever et al., 2015). 384 

 385 

Whereas the total sub-seafloor microbial biomass is very large, its turnover is very slow. It is an 386 

important question whether life in the deep biosphere requires mutations relative to the surface 387 

microorganisms or unique adaptations to subsist with only the basal power requirement of 388 
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microbial life (Hoehler and Jørgensen, 2013). Several studies have shown that deep sub-seafloor 389 

communities assemble at the bottom of the bioturbated sediment zone, which is generally at 10-390 

20 cm depth in coastal sediments, and that the strongly energy-limited life conditions of the deep 391 

biosphere start there (Starnawski et al., 2017; Chen et al., 2017; Jochum et al., 2017; Marshall et 392 

al., 2019) (see below). We therefore conclude that the bottom of the bioturbated zone 393 

functionally constitutes an upper boundary of the deep biosphere, rather than a fixed subsurface 394 

depth as has been mostly used in the literature (e.g., Whitman et al., 1998; Kallmeyer et al., 395 

2012).  396 

 397 

Mhatre et al. (2019) used a model of Lomstein et al. (2012) by which microbial biomass 398 

turnover can be calculated from the ratio between the stereoisomeric D and L forms of amino 399 

acids, such as aspartate, in the microbial necromass. Most aspartate originally deposited in 400 

detritus or produced in situ by bacteria is in the L-form, from which it spontaneously converts 401 

into the D-form with a rather well-defined, temperature-dependent rate constant. Since this 402 

conversion takes place over tens of thousands of years it is detectable only in the bulk amino 403 

acids in the sediment organic matter but not in the living biomass. Theoretically, the ratio 404 

between D and L aspartate will approach unity unless L-aspartate continues to be produced and 405 

the amino acids continue to turn over. The deviation of the D:L ratio from unity in very old 406 

necromass is therefore a measure of the dynamic turnover of aspartate between new production 407 

in living biomass and degradation in dead necromass. With increasing depth in the seabed this 408 

production and degradation approach a steady state balance, which is a prerequisite for the 409 

applied model.  410 

 411 
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Fig. 8A shows depth profiles from the Landsort Deep of amino acid concentrations in microbial 412 

biomass and in the 10-100-fold larger necromass pool, which is the bulk organic matter pool in 413 

the sediment. The calculated turnover times of the microbial necromass are 1.400-6.000 years, 414 

highest in the organic-poor, post-glacial clay (Fig. 8B). This is shorter than the age of the 415 

sediment and shows that the total amino acid pool in the subsurface has turned over several times 416 

since the sediment was deposited. Thus, the amino acids are not just the remains of detritus from 417 

the water column and sediment surface but are produced directly in situ in the sediment (Mhatre 418 

et al., 2019). According to the difference in pool sizes, the turnover times of microbial biomass 419 

are 10-100-fold faster than of the necromass, or 30-90 years in the lower Holocene mud and 200-420 

800 years throughout the late-glacial clay. If biomass turnover is coupled to cell turnover, then 421 

the mean generation times of the subsurface microorganisms must be tens to hundreds of years. 422 

This is within the range found at several other sites in the ocean using this and other approaches. 423 

 424 

The turnover of microbial biomass can also be estimated by an alternative approach, from the 425 

mean rate of carbon metabolism per cell. Such a calculation can be done from the community 426 

size of sulfate reducing microorganisms, determined by qPCR quantification of dissimilatory 427 

sulfite reductase (dsrB) genes, divided by experimentally measured rates of sulfate reduction. 428 

This provides information about mean cell-specific sulfate reduction rates. However, a 429 

conversion from this to cell turnover requires knowledge about the growth yield, i.e. the 430 

efficiency of carbon incorporation into biomass during respiration. Some authors have assumed a 431 

growth yield of 7-8%, corresponding to about 2 g cell carbon produced per mol acetate oxidized 432 

(Lomstein et al., 2012; D’Hondt et al., 2014; Petro et al., 2019). This is about half of the growth 433 

yield in batch cultures of acetate oxidizing sulfate reducers (Widdel and Pfennig, 1981; Isaksen 434 
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and Jørgensen, 1996; Lien and Beeder, 1997; Knoblauch and Jørgensen, 1999). Theoretically, 435 

the growth yield could be much lower than this, which means that the generation times would be 436 

much longer than calculated above. There is currently no direct method available to determine 437 

growth yields in the deep biosphere. However, rates of microbial biomass turnover calculated by 438 

the D:L racemization method and by the cell-specific metabolic rate method were found in deep 439 

sediments of the Eastern Tropical Pacific to balance by a growth yield of 7-8% (Lomstein et al., 440 

2012). There is no direct quantification of in situ growth rates, but single-cell stable isotope 441 

probing experiments with deep sub-seafloor sediments have shown incorporation of 2H from 442 

deuterated water, 15N from labeled ammonium, and 13C from labeled CO2. Such experiments 443 

indicate the potential for growth in the deep biosphere but also show that a highly variable 444 

fraction of the cells assimilate the labeled substrates under the given laboratory conditions 445 

(Morono et al., 2011; Trembath-Reichert et al., 2017). 446 

 447 

The Baltic Sea sites were mostly located in sedimentary basins with a shallow sulfate zone that 448 

could not be resolved by IODP coring but required separate sampling for this purpose. Petro et 449 

al. (2019) quantified the depth distribution of sulfate reducing microorganisms and of sulfate 450 

reduction rates at high resolution in Aarhus Bay sediments at the  Baltic Sea – North Sea 451 

transition, which had a relatively high organic carbon turnover and a sulfate-methane transition 452 

at 0.5 mbsf. From the sediment surface and down through the 50-cm deep sulfate zone, sulfate 453 

reduction rates dropped from 200 to 0.4 nmol cm-3 d-1. The abundance of sulfate reducing 454 

microorganisms dropped from 5×108 to 107 cells cm-3. This corresponded to a drop from about 455 

25% to 5% of the total 16S rRNA gene copy numbers or from 10% to 1% of the total 456 

microscopic cell counts, which is rather similar to other data from Aarhus Bay obtained by 457 
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Jochum et al. (2017). From these cell numbers, they calculated that the mean cell-specific sulfate 458 

reduction rates dropped from 0.06 to 0.003 fmol cell-1 d-1. Using a similar growth yield of 7-8% 459 

as mentioned above, they estimated that biomass turnover times of sulfate reducers increased 460 

from 1 to 15 years down through the rather shallow sulfate zone. In a 3-m deep sulfate zone at 461 

another station in Aarhus Bay, Hoehler and Jørgensen (2013) calculated a much steeper drop in 462 

mean cell-specific SRR, from 0.1 to 0.0005 fmol cell-1 d-1. The latter is of similar magnitude as 463 

cell-specific rates of respiration in deep oceanic sediments (Røy et al., 2012; Lomstein et al., 464 

2012; D’Hondt et al., 2014). 465 

 466 

A similar calculation can be done for methanogenesis rates beneath the sulfate zone. Egger et al. 467 

(2017) modelled methane production in subsurface sediments of the Landsort Deep and 468 

estimated rates of 0.012 nmol CH4 cm-3 d-1 at 11-18 mbsf. This depth interval lay between two 469 

sapropel layers located at 3.5-11 mbsf and 18-27 mbsf (Fig. 4A) with methanogenesis peaks of 470 

60-80 pmol CH4 cm-3 d-1. The abundance of archaea in the same sediment was 7×106 cells cm-3 471 

(Buongiorno et al., 2017), of which 26% were potentially methanogens, notably Euryarchaeota 472 

including ANME-1b and unclassified families within the order Methanomicrobiales (Zinke et 473 

al., 2017). With an estimated (7×106 × 0.26 =) 1.8×106 methanogens cm-3, these accounted for 474 

only 0.1% of the total microbial cell numbers in the methanogenic sediment. The mean cell-475 

specific methanogenesis rate was thus 0.007 fmol cell-1 d-1, i.e. somewhat higher than for the 476 

deep sulfate reduction. 477 

 478 

The calculated microbial biomass turnover times in the subsurface sediments may translate into 479 

microbial generation times, provided that the cells both die, grow and divide during the slow 480 
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turnover of their biomass. It is thereby important to realize that the gradual decrease in cell 481 

numbers with depth (Fig. 6A) is not just the result of slow cell death but is the net result of death 482 

rates being slightly higher than growth rates during burial. Thus, Starnawski et al. (2017) 483 

estimated 600 generations of cell division during 10,000 years of burial deep down into Aarhus 484 

Bay sediment during which cell numbers dropped from 109 to 2×107 cells cm-3. This corresponds 485 

to a mean drop in community size of 10% per generation, which would mean that 90% or more 486 

of the cells did indeed grow and divide. The 10% is even an order of magnitude faster decrease 487 

than calculated for the deep biosphere in four-million year old Pacific sediments off Peru 488 

(Jørgensen and Marshall, 2016). This simple comparison indicates that the deep biosphere 489 

community gradually approaches a steady-state between growth and mortality as the sediment 490 

ages from thousands to millions of years. 491 

 492 

A potential cause of microbial mortality in the subsurface is viral lysis. Viruses occur widespread 493 

in the deep sub-seafloor at an abundance that sometimes exceeds that of their putative bacterial 494 

or archaeal hosts (Middelboe et al., 2011; Anderson et al., 2013; Engelhardt et al., 2014). The 495 

expression of viral homologs in metatranscriptomes from deep sediments provides evidence of 496 

active virus production (Engelhardt et al., 2015). Cai et al. (2019) quantified the abundance of 497 

viruses in Baltic Sea sediments from the IODP Expedition 347 and used laboratory experiments 498 

to study their potential for inducible lysogenic or lytic viral production. By screening a large 499 

number of cells under the transmission electron microscope (TEM), intact virus-like particles 500 

(VLP) were for the first time observed inside prokaryotic cells down to 70 mbsf (Fig. 9A). This 501 

demonstrates the in situ assembly of viral particles in their hosts.  502 

 503 
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The viral counts were 108-1010 VLP cm-3 (Fig. 9B), slightly higher than the cell numbers. The 504 

counts were strongly correlated with the prokaryotic cell abundance, which suggests that the 505 

viral replication depends on host density. In other studies of subsurface sediments, the virus to 506 

cell ratio was found to vary more strongly, possibly because the viral abundance depends not 507 

only on the in situ production but also on the degree of preservation and rate of decay 508 

(Yanagawa et al., 2013). The inducible lysogenic viral production in Baltic Sea sediments 509 

accounted for only about 20% of the total, potential viral production, indicating that lytic 510 

infection leading to cell mortality might be the predominant life cycle of the viruses (Fig. 9C). 511 

The experimental data show that the potential for viral production was related to the prokaryotic 512 

cell abundance and was indeed very high, much higher than could be possible in situ. Thus, viral 513 

lysis may be a major factor in controlling prokaryotic population size and turnover rate in deep 514 

subsurface sediments (Cai et al., 2019), similar to their function in deep-sea surface sediments 515 

(Danovaro et al., 2008). 516 

 517 

Extensive TEM analyses of Baltic Sea samples showed a large diversity of virus morphologies 518 

rarely found in the water column, such as filamentous, spherical, encapsulated, rod-shaped, and 519 

spindle-shaped forms. Sequence analysis of the major virus capsid gene, g23, in sub-seafloor 520 

samples showed diverse T4-like myovirus groups, of which half were assigned to viruses 521 

infecting cyanobacteria and therefore possibly originating from the water column. Together, 522 

these studies indicate that the sub-seafloor viral community originates from both the in situ 523 

production of new viruses and the persistence of viruses that were buried beneath the sediment 524 

surface thousands of years ago (Cai et al., 2019). 525 

 526 
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Microbial diversity 527 

The taxonomic identity of bacteria in Baltic Sea sediments was investigated at several IODP 528 

stations using 16S rRNA gene sequencing (Bird et al., 2019) and metagenomic sequencing 529 

(Marshall et al., 2018) (Fig. 10). Bulk DNA extracted from Baltic sediment is representative of 530 

intracellular DNA from living cells, rather than extracellular DNA from dead cells, as DNA 531 

turnover rates in sediment are high enough to make the fossil DNA fraction insignificant (Torti 532 

et al., 2018). The major classes of bacteria were all previously identified in deep sediments, 533 

including JS1 (phylum Atribacteria), Gammaproteobacteria and Deltaproteobacteria (phylum 534 

Proteobacteria), Dehalococcoidia and Anaerolineae (phylum Chloroflexi), and Phycisphaerae 535 

(phylum Planctomycetes) (Parkes et al., 2014; Teske, 2006, 2013).  536 

 537 

In order to determine how the subsurface microbial communities were formed (assembled), we 538 

examined datasets collected at high depth-resolution from shallower sediments. The comparison 539 

shows that many of the “deep” clades are already detected in the uppermost sediment (Cupit et 540 

al., 2019, Fig. 11A), and can even be detected in RNA extracted from the uppermost 2.5 cm 541 

(Klier et al., 2018). Other clades appear only beneath the 10-20-cm deep, bioturbated sediment. 542 

At sites without bioturbation, also the uppermost sediment had a similar microbial community at 543 

the base of the bioturbation zone (Marshall et al., 2019). The environment thereby selects for a 544 

subset of the organisms found at the surface, which leads to a decline in microbial richness from 545 

the surface downwards (Fig. 11B). A similar trend has been identified also in other sediments 546 

(Walsh et al., 2016, Petro et al., 2017, Kirkpatrick et al. 2019). The relatively low number of 547 

cumulative generations due to low growth rates in the subsurface sediment (Jørgensen and 548 

Marshall, 2016) explains why mutations and evolution do not play a significant role in forming 549 
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deep communities (Starnawski et al., 2017). Over the thousands of years of increasing burial 550 

depth, the sediment environment is merely acting as a selective filter. 551 

 552 

The founding surface community has an impact on the deep subsurface community, a 553 

phenomenon that is particularly interesting due to the stratigraphic history of the Baltic Sea, with 554 

organic-poor, post-glacial lake sediments overlain by organic-rich, Holocene, brackish-marine 555 

sediments. The bacterial class, Caldisericia, is only found in the older glacial sediments, both in 556 

Aarhus Bay (Jochum et al., 2017) and at station M0059, but is curiously absent at stations 557 

M0060 and M0063 (Fig. 10). Metagenomes from all four IODP sites show that communities in 558 

the post-glacial clay are more similar to one another than they are to communities in the 559 

overlying Holocene sediment (Marshall et al., 2018). At M0059 and several other Baltic and 560 

Skagerrak sites, the sulfate-reducing community in deep sediments is found to leave a site-561 

specific, strain-level fingerprint from the surface sediment while broad family-level patterns of 562 

selection are preserved from site to site (Marshall et al., 2019). To summarize, subsurface 563 

microbial communities are the result of both the founding community and the selective filtering. 564 

 565 

With this background, we can analyze how founding surface communities are altered by 566 

changing sediment conditions with increasing burial depth. Are community alterations a 567 

reflection of challenging growth conditions for all microbes, with some microbes just dying off 568 

more slowly than others? Or is there evidence that microbes thrive and grow and perhaps even 569 

increase in absolute abundance in deeper sediment? As described earlier, we know from D:L 570 

amino acid racemization modelling and from the potential for infection by lytic phages that there 571 

is a production of new biomass in the deep subsurface. We can also examine the change in 572 
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absolute abundance of microbial taxa with depth – whereby an increase in absolute abundance 573 

for a specific microbial clade would indicate a net increase in biomass. It was shown in Aarhus 574 

Bay that an uncultivated clade of deltaproteobacteria, the “Aarhus Bay Lineage”, indeed 575 

increased in absolute abundance with depth (Petro et al., 2019).  576 

 577 

The Baltic Sea provides an additional type of evidence for growth of the subsurface 578 

communities. The deep post-glacial clay was deposited in a freshwater lake, which was later 579 

buried beneath Holocene brackish-marine mud. Over the past thousands of years, as seawater 580 

ions slowly diffused down into the limnic clay, microorganisms living down there have 581 

experienced a slow shift in the ambient salinity from fresh to salty. A comparison of the present 582 

salinity distribution down through the sediment column and the distribution of salinity-tolerance 583 

genes shows that the deeply buried microorganisms have shifted over time from a predominant 584 

freshwater to a predominant seawater community (Marshall et al., 2018).  585 

 586 

These findings from the Baltic Sea are in contrast to analyses of absolute abundance changes in 587 

the Bering Sea and the Bay of Bengal, where no net increase in the abundance of any microbial 588 

lineage was detected (Kirkpatrick et al. 2019). The authors concluded that the change in 589 

community composition from the surface sediment to the deep sub-seafloor did not require net 590 

replication but might simply be the result of different mortality rates during burial. The sites in 591 

that study have a very different time scale compared to the Baltic Sea, spanning 0.74 million 592 

years (Bay of Bengal) and 1.3 million years (Bering Sea), in contrast to the Aarhus Bay and 593 

M0059 sites spanning a time scale of 10-15 thousand years. Moreover, Baltic Sea sediments 594 

have high cell numbers and high organic carbon content compared to other deep subsurface 595 
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sediments studied (Fig. 4 and 7). This could explain why microbial cells in Baltic Sea sediment 596 

are more active and likely to replicate than in other sediments of similar depth elsewhere in the 597 

world ocean. 598 

 599 

Physiology of Subsurface Microorganisms 600 

We have established that there are certain microbial lineages that are characteristic for the deep 601 

subsurface, and that these lineages are seeded from the surface and increase in relative 602 

abundance with increasing sediment depth. The question then becomes: what makes these 603 

lineages suited for life in the deep subsurface? What specific adaptations can we observe that 604 

might explain their presence in deep sediments? Studies from Expedition 347, alongside other 605 

deep subsurface literature, have provided several indications of how deep subsurface lineages 606 

make a living in this challenging environment. We can describe these adaptations as strategies 607 

for coping with energy limitation and maximizing energy yields in deep sediment. 608 

 609 

Strategies for coping with energy limitation have been explored in a comprehensive study using 610 

single-cell genomics, metabolomics, metatranscriptomics, and enzyme assays (Bird et al., 2019). 611 

This study concluded that certain adaptations were widespread across several phyla, including 612 

the deacetylation of proteins for better binding and protection of nucleic acids (thus lowering the 613 

maintenance energy burden of RNA and DNA) and the use of trehalose to stabilize proteins (thus 614 

lowering the maintenance energy burden of proteins). Another adaptation, found in JS1 genes, 615 

suggested Na+-based ATP generation, which is more efficient than H+-based ATP generation due 616 

to much lower passive diffusion loss of Na+ than of H+ through the membrane. Na+-based energy 617 

conservation has been described as an adaptation to extreme energy limitation in archaea (Mayer 618 

and Müller, 2014) and in acetogenic bacteria (Schuchmann and Müller, 2014).  619 
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 620 

Mhatre et al. (2019) studied the presence and expression of genes encoding Protein-L-iso 621 

aspartate(D-aspartate) O-methyltransferase (PCMT) at Station M0059 and M0063. PCMT 622 

recognizes damaged L-isoaspartyl and D-aspartyl residues in proteins and catalyzes their repair, 623 

thus helping to protect amino acids in proteins from degradation by racemization. This gene was 624 

expressed by a wide variety of microbial taxa in Baltic subsurface sediments, and was present at 625 

a higher genome-normalized density than in sequenced microbial isolates, suggesting that this is 626 

an adaptation favored under energy limitation. DNA repair was another mechanism, apparent 627 

from enriched genes at depth. Metagenomes showed significantly higher relative abundances of 628 

mutL for DNA mismatch repair in deep, organic-poor post-glacial sediment compared with 629 

overlying Holocene sediment (Marshall et al., 2018). Metatranscriptomes showed a similar 630 

trend, whereby double the percentage of reads were assigned to expressed DNA repair genes at 631 

42 mbsf (Station M0059) compared to shallower depths (Zinke et al., 2017). 632 

 633 

Strategies to increase energy yield in the deep subsurface include the exploitation of recalcitrant 634 

substrates that were not consumed in the uppermost sediment layer, or the degradation of 635 

necromass from dead microbes produced at shallower depths. Such substrates include peptides 636 

and carbohydrates, which need to be degraded extracellularly before being taken up by 637 

microorganisms. The activity of five peptidases and four carbohydrate hydrolases increased with 638 

depth, suggesting that this metabolism becomes increasingly important as more labile sources of 639 

carbon are consumed (Bird et al., 2019). Genes encoding such enzymes are present and 640 

expressed (Zinke et al., 2019), and single-cell genomes have been used to assign these expressed 641 

genes to deep-subsurface enriched phyla such as Atribacteria and Chloroflexi (Bird et al., 2019). 642 
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The capacity for extracellular peptide degradation in deep sediment lineages is not restricted to 643 

bacteria: similar observations were made prior to Expedition 347 for predominant archaea in 644 

marine sediment based on single-cell genomes recovered from Aarhus Bay sediment (Lloyd et 645 

al., 2013). 646 

 647 

The generally shallow SMT in the Baltic Sea sediments meant that the sulfate zone was mostly 648 

lost during IODP coring and that the terminal electron-accepting process throughout most of the 649 

sediment column studied was methanogenesis. Interestingly, several studies have shown that 650 

conventional methanogens are absent in deep methanic Baltic sediments below the SMT. 651 

Instead, the putatively methane-oxidizing archaeal lineages ANME-1 and ANME-2b are present 652 

(Marshall et al. 2018, Beulig et al. 2019). This may imply that these ANME archaea function 653 

down there as methanogens rather than methanotrophs, as has been suggested before from other 654 

settings (Lloyd et al. 2011, Bertram et al., 2013). However, the role of ANME archaea as 655 

methanogens is controversial (Timmers et al. 2017) and the question of why ANME, rather than 656 

conventional methanogens, apparently produce methane in some subsurface sediments remains 657 

unanswered. Could it be due to a numeric dominance already established in the SMT? The status 658 

of ANME as methanogens and the reason for their abundance in deep methanic sediments is an 659 

important topic for future research. 660 

 661 

An alternative terminal electron-accepting process below the SMT is organohalide respiration, 662 

where electrons are consumed by the reductive dehalogenation of halogenated organic 663 

compounds (Atashgahi et al., 2017). Genes encoding the key enzymes in this process, reductive 664 

dehalogenases (RDH), were identified in samples from Expedition 347 using metagenomes 665 
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(Marshall et al., 2018), single-cell genomes (Bird et al., 2019), and metatranscriptomes (Zinke et 666 

al., 2017). The highest fraction of RDH-encoding transcripts was found at site M0059, where a 667 

prominent peak in the porewater bromide-to-chloride ratio may indicate reductive debromination 668 

(Zinke et al., 2017). Intriguingly, this peak occured at around 40 mbsf, suggesting that reductive 669 

dehalogenation may be an alternative terminal electron-accepting process well below the SMT. 670 

 671 

Microbial isolates are generally important for studying physiology and relating metabolic 672 

pathways to microbial diversity. Several novel bacterial genera and isolates were obtained from 673 

Expedition 347 samples, including the novel genus Marinisporobacter (Vandieken et al., 2017), 674 

and the new species Desulfosporosinus nitroreducens and Desulfosporosinus fructosivorans 675 

(Vandieken et al., 2017, Hausmann et al., 2019). Marinisporobacter balticus is an endospore-676 

forming, chemoorganoheterotrophic facultative anaerobe. The Desulfosporosinus species are 677 

endospore-forming sulfate-reducing bacteria that use a number of fatty acids, H2, and alcohols as 678 

electron donors. D. nitroreducens uses nitrate as an electron acceptor. However, these isolates do 679 

not appear to be particularly representative of in-situ bacteria, with only Desulfosporosinus 680 

detectable at Expedition 347 Stations M0060 and M0063 and with ASVs at 97.60% - 98.93% 681 

sequence identity representing only 0.02 - 0.04% of total abundance. Many of the 682 

microorganisms with the most interesting metabolic characteristics that we can surmise based on 683 

cultivation-independent techniques, (e.g. adaptations to extreme energy limitation, extracellular 684 

polymer degradation, ANME-driven methanogenesis, and reductive dehalogenation) were not 685 

isolated from Expedition 347 core material and await further studies before their physiology will 686 

be revealed. 687 

 688 
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Conclusions 689 

The Baltic Sea sediments constitute a high-deposition end-member of the broad range of sub-690 

seafloor environments inhabited by microorganisms. Down to 100 mbsf, the sediment age is less 691 

than 15,000 years and the degradation rates of buried organic matter are relatively high. Volatile 692 

fatty acids are key intermediates in the degradation pathway. Their turnover is controlled by the 693 

initial degradation rates of organic matter and their concentration by the terminal process of 694 

mineralization. Methanogenesis predominates in the subsurface sediments where modeled 695 

methane concentrations are high and often lead to shallow gas formation. The anaerobic 696 

microbial food chain supports a microbial abundance of 107 - 5×109 cells cm-3 and an endospore 697 

abundance of 107 cm-3. The subsurface microbial communities assemble at the bottom of the 698 

bioturbated zone and develop from the surface community during burial by purifying selection 699 

rather than by mutation. The mean cell-specific rates of catabolism are very low in the deep 700 

sediments, 0.003 fmol cell-1 d-1 for sulfate reduction and 0.007 fmol cell-1 d-1 for methanogenesis. 701 

A D:L amino acid racemization model suggests that these low rates still enable growth, in close 702 

balance with mortality due to viral lysis. This turnover enables the subsurface communities to 703 

adapt to changing environmental conditions, for example to a slow shift in porewater salinity 704 

from fresh to salty in the post-glacial, limnic clay. Microbial life in the subsurface sediments 705 

demands the ability to cope with strong energy limitation and yet to maximize energy yields. 706 

Strategies in this direction include biochemical mechanisms to minimize energy loss by 707 

maintaining a sodium rather than a proton motive force across the cell membrane, to protect 708 

nucleic acids and proteins from decay, and to repair damage to these essential molecules. 709 
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Figures 1040 

Figure 1. Map of the southern Baltic Sea region with sediment stations. Red marks indicate 1042 

IODP-ECORD Leg 347 drilling positions, while blue marks in Aarhus Bay indicate gravity 1043 

coring positions. 1044 

 1045 
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Figure 2. Late-glacial to post-glacial history of the Baltic Sea region, showing four stages in the 1047 

gradual retreat of the Scandinavian Ice Sheet. Repeated opening and closing of gateways to the 1048 

open sea led to salinity shifts between freshwater and brackish-marine conditions. A) The Baltic 1049 

Ice Lake just prior to its maximum extension and final drainage. B) The Yoldia Sea at the end of 1050 

the brackish phase. C) The Ancylus Lake during its maximum extension. D) The Littorina Sea  1051 

during the most saline phase. The ages are shown as thousands of years before present (ka BP). 1052 

(Reproduced from Andrén et al., 2011). 1053 
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 1055 

Figure 3. A) Stratigraphic sediment column from IODP Station M0063 in the Landsort Deep, 1056 

central Baltic Sea . A) Partly laminated, brackish-marine clay-gyttja at 0-26 mbsf (gray) overlays 1057 

Ancylus Lake and Yoldia Sea clay at 26-48 mbsf (light gray). The sediment below 48 m is 1058 

varved Baltic Ice Lake clay (orange). (Stratigraphy from Andrén et al., 2015b; 1059 

Chronostratigraphy from Obrochta et al., 2017). B) Seismic transect across the Landsort Deep.  1060 

Orange: fine-grained late-glacial to Holocene deposits; brown: poorly sorted glacial till; purple: 1061 

bedrock. TWT: two way travel time of acoustic signal in seconds. The TWT was translated to 1062 

depth assuming a sound velocity of 1500 m s-1. (Seismic data courtesy of Tom Flodén and 1063 

Martin Jakobsson).  1064 
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Figure 4. Total organic carbon content (% of dry weight) and porewater chemistry of a 90-m 1067 

deep sediment column from the Landsort Deep (IODP Station M0063). The upper 26-m thick 1068 

Holocene Mud Layer, marked by a broken line, overlays 70 m of post-glacial clay. Salinity is 1069 

calculated from chloride concentrations. Sulfate outliers marked by (+) symbols are expectedly 1070 

contaminated by seawater. Methane concentrations >5 mM are also shown by (+) symbols 1071 

because most methane was lost upon core retrieval due to outgassing. (Redrawn from Andrén et 1072 

al., 2015b). 1073 
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Figure 5. Depth distribution of A) sulfate and methane, B) total organic matter mineralization 1076 

rates by sulfate reduction and methanogenesis combined, C) sulfate reduction rates, D) 1077 

autotrophic methanogenesis rates. The (+) symbols in A) indicate that methane was partly lost by 1078 

degassing. Notice that the plot in A) is linear while the plots in B), C) and D are double-1079 

logarithmic. (Data from Beulig et al. (2018) and Jørgensen et al. (2019a) Station BB03, which is 1080 

identical to IODP Station M0065). 1081 
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 1085 

Figure 6. A) Distribution of microbial cells (expressed as log10) down to 90 mbsf in Baltic Sea 1086 

sediment of Station M0063. Quantification of cells by flow cytometry (SYBR green stain, FCM) 1087 

or epifluorescence microscopy (acridine orange direct counts, AODC) and of endospores 1088 

estimated from dipicolinic acid concentrations. The broken horizontal line at 26 mbsf marks the 1089 

transition from post-glacial clay to Holocene mud. B) Comparison of cell numbers determined 1090 

by AODC and by FCM at four Baltic Sea drilling sites. The broken line indicates a 1:1 ratio 1091 

between the two methods. (Data from Andrén et al. (2015b) and Mhatre et al. (2019)). 1092 
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 1096 

Figure 7. Microbial cell numbers in subsurface sediments relative to the sediment age, in a 1097 

double log plot. Data points are color coded for organic carbon content of the sediment (% of dry 1098 

weight). The line shows the “global power law regression” by Parkes et al. (2000). (Compilation 1099 

based on Jørgensen and Marshall (2016) and Andrén et al. (2015b)). 1100 
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Figure 8. Subsurface sediment from IODP Station M0063 in Landsort Deep. A) Depth 1108 

distribution of total amino acid nitrogen in endospores, microbial cells, and microbial necromass. 1109 

B) Turnover time of microbial biomass and microbial necromass calculated from a D:L 1110 

racemization model. The model requirement of quasi-steady state was fulfilled only below 17 1111 

mbsf. (Redrawn from Mhatre et al., 2019). 1112 
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Figure 9. Viruses in sediment from IODP Station M0059 in Little Belt. A) Transmission electron 1121 

micrograph of virus particles (arrows) inside infected bacterial cell. B) Depth distribution of free 1122 

virus-like particles in the sediment column. C) Potential production rate of lytic and lysogenic 1123 

viruses plotted against the abundance of prokaryotic cells. Virus and cell numbers should be 1124 

multiplied by 108. (Redrawn from Cai et al., 2019). 1125 
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 1132 

Figure 10. Most abundant ten bacterial classes identified using 16S rRNA gene sequences from 1133 

IODP Expedition 347. For each station and sampling depth, the numbers show the percentage of 1134 

reads in each class. Data in Fig. 10 and 11 were analyzed using DADA2 (Callahan  et al., 2016) 1135 

and classified using the SILVA database version 132 (Quast et al., 2013). (Data available under 1136 

NCBI/EBI BioProject ID PRJNA339861, from Bird et al., 2019). 1137 
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 1142 

Figure 11. A) Most abundant ten bacterial classes identified using 16S rRNA gene sequences 1143 

from Aarhus Bay Station M5. For each depth, the numbers show the percentage of reads in each 1144 

class. B) Number of Amplicon Sequence Variants (ASVs) (“Species richness”) at each depth. 1145 

Reads were randomly subsampled to equal sequencing depth to make comparable richness 1146 

values. (Data available under NCBI/EBI BioProject ID PRJNA377833, from Cupit et al., 2019). 1147 
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