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This study was supported by the Helmholtz Association (HGF) in the framework of the 

Helmholtz Young Investigators Research Group “MicroCene – Microbial Communities of the 

terrestrial subsurface” by a grant to Susanne Liebner (VH-NG-919). It focused on the 

development of microbial abundance, bacterial communities, and the occurrence of anaerobic 

oxidation of methane (AOM) by anaerobic methane oxidizing archaea (ANME) in warming 

submarine permafrost of the East Siberian Arctic Shelf. Two study sites in the central and 

western Laptev Sea, sampled during the expedition COAST I in 2005 and the expedition Laptev 

Sea – Buor Khaya in 2012, were chosen for the analyses in this study. The laboratory work was 

mainly performed at GFZ German Research Centre for Geosciences, Helmholtz Centre 

Potsdam. Physicochemical analyses were performed at the Alfred Wegener Institute, Helmholtz 

Centre for Polar and Marine Research, Potsdam.  

The thesis is written in English, organized as a publication-based cumulative dissertation and 

submitted to the Faculty of Science at the University of Potsdam. It consists of a general 

introduction comprising the motivation of the study, a scientific background about permafrost 

with a focus on submarine permafrost, the permafrost carbon feedback, and microbial life in 

permafrost. Following the introduction, aims and objectives of the study as well as a description 

of the study sites are described. The results of this work are presented in two manuscripts with 

first authorship and one manuscript with co-authorship, which are published in peer-reviewed 

scientific journals. The thesis finishes with a synthesis including conclusions, critical remarks 

and future prospects. 
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Summary 

 

The Arctic region is especially impacted by global warming as temperatures in high latitude 

regions have increased and are predicted to further rise at levels above the global average. This 

is crucial to Arctic soils and the shallow shelves of the Arctic Ocean as they are underlain by 

permafrost. Perennially frozen ground is a habitat for a large number and great diversity of 

viable microorganisms, which can remain active even under freezing conditions. Warming and 

thawing of permafrost makes trapped soil organic carbon more accessible to microorganisms. 

They can transform it to the greenhouse gases carbon dioxide, methane and nitrous oxide. On 

the other hand, it is assumed that thawing of the frozen ground stimulates microbial activity and 

carbon turnover. This can lead to a positive feedback loop of warming and greenhouse gas 

release.  

Submarine permafrost covers most areas of the Siberian Arctic Shelf and contains a large 

though unquantified carbon pool. However, submarine permafrost is not only affected by 

changes in the thermal regime but by drastic changes in the geochemical composition as it 

formed under terrestrial conditions and was inundated by Holocene sea level rise and coastal 

erosion. Seawater infiltration into permafrost sediments resulted in an increase of the pore water 

salinity and, thus, in thawing of permafrost in the upper sediment layers even at subzero 

temperatures. The permafrost below, which was not affected by seawater, remained ice-bonded, 

but warmed through seawater heat fluxes. 

The objective of this thesis was to study microbial communities in submarine permafrost with 

a focus on their response to seawater influence and long-term warming using a combined 

approach of molecular biological and physicochemical analyses. The microbial abundance, 

community composition and structure as well as the diversity were investigated in drill cores 

from two locations in the Laptev Sea, which were subjected to submarine conditions for 

centuries to millennia. The microbial abundance was measured through total cell counts and 

copy numbers of the 16S rRNA gene and of functional genes. The latter comprised genes which 

are indicative for methane production (mcrA) and sulfate reduction (dsrB). The microbial 

community was characterized by high-throughput-sequencing of the 16S rRNA gene. 

Physicochemical analyses included the determination of the pore water geochemical and stable 

isotopic composition, which were used to describe the degree of seawater influence. One major 

outcome of the thesis is that the submarine permafrost stratified into different so-called pore 

water units centuries as well as millennia after inundation: (i) sediments that were mixed with 

seafloor sediments, (ii) sediments that were infiltrated with seawater, and (iii) sediments that 
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were unaffected by seawater. This stratification was reflected in the submarine permafrost 

microbial community composition only millennia after inundation but not on time-scales of 

centuries.  

Changes in the community composition as well as abundance were used as a measure for 

microbial activity and the microbial response to changing thermal and geochemical conditions. 

The results were discussed in the context of permafrost temperature, pore water composition, 

paleo-climatic proxies and sediment age. The combination of permafrost warming and 

increasing salinity as well as permafrost warming alone resulted in a disturbance of the 

microbial communities at least on time-scales of centuries. This was expressed by a loss of 

microbial abundance and bacterial diversity. At the same time, the bacterial community of 

seawater unaffected but warmed permafrost was mainly determined by environmental and 

climatic conditions at the time of sediment deposition. A stimulating effect of warming was 

observed only in seawater unaffected permafrost after millennia-scale inundation, visible 

through increased microbial abundance and reduced amounts of substrate.  

Despite submarine exposure for centuries to millennia, the community of bacteria in submarine 

permafrost still generally resembled the community of terrestrial permafrost. It was dominated 

by phyla like Actinobacteria, Chloroflexi, Firmicutes, Gemmatimonadetes and Proteobacteria, 

which can be active under freezing conditions. 

Moreover, the archaeal communities of both study sites were found to harbor high abundances 

of marine and terrestrial anaerobic methane oxidizing archaea (ANME). Results also suggested 

ANME populations to be active under in situ conditions at subzero temperatures. Modeling 

showed that potential anaerobic oxidation of methane (AOM) could mitigate the release of 

almost all stored or microbially produced methane from thawing submarine permafrost.  

Based on the findings presented in this thesis, permafrost warming and thawing under 

submarine conditions as well as permafrost warming without thaw are supposed to have 

marginal effects on the microbial abundance and community composition, and therefore likely 

also on carbon mobilization and the formation of methane. Thawing under submarine 

conditions even stimulates AOM and thus mitigates the release of methane. 
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Zusammenfassung 

 

Die globale Erwärmung beeinträchtigt die Arktische Region besonders stark. Im Vergleich zum 

globalen Mittel sind die Temperaturen in den hohen Breitengraden am stärksten gestiegen und 

werden voraussichtlich auch weiterhin am stärksten ansteigen. Das ist äußerst kritisch, da 

arktische Böden und die flachen Schelfgebiete des Arktischen Ozeans von Permafrost geprägt 

sind. Dieser mehrjährig gefrorene Boden ist ein Habitat für eine große Anzahl und Diversität 

von Mikroorganismen, die lebensfähig sind und auch unter gefrorenen Bedingungen aktiv sein 

können. Einerseits machen eine Erwärmung und das Tauen des Permafrosts gespeicherten 

organischen Kohlenstoff zugänglicher für die Mikroorganismen. Diese können den Kohlenstoff 

in die Treibhausgase Kohlenstoffdioxid, Methan und Distickstoffoxid umwandeln. 

Andererseits stimuliert das Tauen des gefrorenen Bodens die mikrobielle Aktivität und den 

Kohlenstoffumsatz. Das kann zu einem sich verstärkenden Rückkopplungsprozess aus 

Erwärmung und Freisetzung von Treibhausgasen führen. 

Submariner Permafrost umfasst den größten Teil des Ostsibirischen Arktisschelfs und enthält 

ein großes, wenn auch nicht quantifiziertes Kohlenstoffreservoir. Der submarine Permafrost 

wird jedoch nicht nur durch Veränderungen des Wärmehaushalts beeinflusst, sondern auch 

durch drastische Veränderungen in der geochemischen Zusammensetzung. Durch den 

holozänen Meeresspiegelanstieg und durch Küstenerosion wurde der unter terrestrischen 

Bedingungen gebildete Permafrost überflutet. Ein Eindringen von Meerwasser führte in den 

Permafrostsedimenten zu einem Anstieg der Porenwasser-Salinität und dadurch zum Tauen des 

Permafrosts in den oberen Schichten, sogar bei Temperaturen unter 0 °C. Tiefer liegende 

Permafrostsedimente, die (noch) nicht vom Meerwasser beeinflusst wurden, blieben eis-

gebunden, aber begannen sich durch den Wärmestrom des Meerwassers zu erwärmen.  

Das Ziel dieser Dissertation war es, die mikrobiellen Gemeinschaften in submarinem 

Permafrost zu untersuchen. Der Fokus lag dabei auf der Reaktion der Gemeinschaften auf den 

Einfluss des Meerwassers und die Langzeiterwärmung. Die Arbeit nutzt dafür einen 

kombinierten Ansatz aus molekularbiologischen und physikochemischen Analysen. Die 

mikrobielle Abundanz, Gemeinschaftszusammensetzung und -struktur sowie die Diversität 

wurden in Sedimentbohrkernen zweier Standorte in der Laptew See untersucht, welche seit 

Jahrhunderten bis Jahrtausenden submarinen Bedingungen ausgesetzt waren. Die mikrobielle 

Abundanz wurde mit Hilfe von Zellzahlen und Kopienzahlen des 16S rRNA Gens sowie 

funktioneller Gene bestimmt, die kennzeichnend für die Methanproduktion (mcrA) und 
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Sulfatreduktion (dsrB) sind. Die mikrobielle Gemeinschaft wurde mit Hilfe der Hochdurchsatz-

Sequenzierung des 16S rRNA Gens charakterisiert. Physikochemische Analysen beinhalteten 

die Untersuchung der geochemischen Zusammensetzung der Porenwassers und der stabilen 

Wasserisotopen. Beide Zusammensetzungen wurden genutzt, um den Grad des 

Meerwassereinflusses auf die Permafrostsedimente zu beschreiben. Ein Hauptergebnis der 

Arbeit ist, dass sich submariner Permafrost sowohl nach Jahrhunderten als auch nach 

Jahrtausenden der Überflutung in verschiedene Schichten, sogenannte Porenwassereinheiten, 

unterteilen lässt: (i) Sedimente, die sich mit dem Meeresboden vermischt haben, (ii) Sedimente, 

die vom Meerwasser infiltriert wurden und (iii) Sedimente, die vom Meerwasser unbeeinflusst 

sind. Diese Schichtenbildung spiegelt sich erst nach jahrtausendelanger Überflutung auch in 

der mikrobiellen Gemeinschaftszusammensetzung wider, nicht jedoch nach Jahrhunderten. 

Änderungen sowohl in der Gemeinschaftszusammensetzung als auch in der Abundanz wurden 

als Maß für mikrobielle Aktivität und die mikrobielle Reaktion auf die sich ändernden 

thermischen und geochemischen Bedingungen genutzt. Die Ergebnisse wurden im Kontext von 

Permafrosttemperatur, Porenwasserzusammensetzung, paleoklimatischen Proxys und dem 

Sedimentalter diskutiert. Die Kombination aus Permafrosterwärmung und steigender Salinität, 

sowie die Permafrosterwärmung allein, resultierten auf Zeitskalen von Jahrhunderten in einer 

Störung der mikrobiellen Gemeinschaft. Dies drückte sich durch einen Verlust der mikrobiellen 

Abundanz und der bakteriellen Diversität aus. Gleichzeitig wurde die bakterielle Gemeinschaft 

im vom Meerwasser unbeeinflussten, aber erwärmten Permafrost hauptsächlich durch die 

Umweltbedingungen und das Klima zur Zeit der Sedimentablagerung geprägt. Ein 

stimulierender Einfluss der Erwärmung konnte im vom Meerwasser unbeeinflussten Permafrost 

erst nach jahrtausendelanger Überflutung beobachtet werden. Dies wurde durch einen Anstieg 

in der mikrobiellen Abundanz und einer Abnahme der organischen Substrate sichtbar.  

Obwohl die bakteriellen Gemeinschaften des Permafrostes submarinen Bedingungen für 

Jahrhunderte bis Jahrtausende ausgesetzt waren, unterschieden sie sich kaum von den 

Gemeinschaften im terrestrischen Permafrost. Die Gemeinschaft des submarinen Permafrosts 

wurde von Phyla wie Actinobacteria, Chloroflexi, Firmicutes, Gemmatimonadetes und 

Proteobacteria dominiert, welche auch unter gefrorenen Bedingungen aktiv sein können. 

Darüber hinaus enthielten die archaellen Gemeinschaften an beiden Standorten eine hohe 

Anzahl von marinen und terrestrischen anaerob methan-oxidierenden Archaeen (ANME), bei 

denen eine Aktivität unter in situ Bedingungen bei Minusgraden angenommen wird. Eine 

Modellierung zeigte, dass die anaerobe Oxidation von Methan (AOM) potenziell fast die 
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gesamte Menge des gespeicherten und mikrobiell produzierten Methans in tauendem 

submarinem Permafrost reduzieren könnte.  

Die Ergebnisse der Arbeit deuten darauf hin, dass das Tauen von Permafrost unter submarinen 

Bedingungen sowie eine Erwärmung ohne Tauen marginale Effekte auf die Abundanz und 

Zusammensetzung der mikrobiellen Gemeinschaften und somit wahrscheinlich auch auf die 

Mobilisierung von Kohlenstoff in Form von Methan hat. Das Tauen unter submarinen 

Bedingungen stimuliert sogar AOM und reduziert somit den Ausstoß von Methan. 
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1 Introduction 

1.1 Motivation 

The Arctic plays an essential role in the earth’s climate system. As the Arctic Ocean is 

intimately connected with the climate systems around it, the Arctic is more sensitive to changes 

in climate than Antarctica. Temperature in high-latitude regions have been rising twice as fast 

as the global average over the last 30 years [IPCC in Climate Change 2013, 2013] and are 

projected to experience the strongest increase across the world as a consequence of climate 

change in the future (Fig. 1-1) [Kattsov et al., 2005; IPCC in Climate Change 2013, 2013].  

 

 

Figure 1-1: Mean annual temperature change between 2071-2090 and the reference period 1986-2005 

based on different emission trajectories (i.e., Representative Concentration Pathways, RCPs). 

Representative Concentration Pathways provide concentrations of atmospheric greenhouse gas (GHG) and 

the trajectory that is taken over time to reach those concentrations. These RCPs are named according to the 

level of radiative forcing (enhanced greenhouse effect or warming) that they produce by the year 2100. The 

four RCPs include a) one low pathway in which radiative forcing peaks at 2.6 Watts per square meter (Wm-

2) before 2100 and is followed by a decline, two intermediate 'stabilization pathways' in which radiative 

forcing is stabilized at b) 4.5 Wm-2 and c) 6 Wm-2 after 2100, and d) one high pathway in which radiative 

forcing reaches 8.5 Wm-2 by 2100 (Climate Inspector. available from https://gisclimatechange.ucar.edu/ 

[accessed on 28-02-2019] [Moss et al., 2011]). 
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Rising temperatures are causing changes in the physical condition of the otherwise permanently 

frozen ground (permafrost). On the regional scale this has socio-economic consequences 

including human settlement on uneven ground, destructive effects on the infrastructure and 

impacts on the regional economy [Anisimov, 2017]. However, besides regional effects, rising 

temperatures in the Arctic region have become a global problem. Permafrost soils, that are 

widespread in the Arctic region, have the potential to amplify the global climate change. 

Warming affects the soil/sediment stability and diffusivity and thereby unlocks large quantities 

of soil organic carbon. Several efforts have been made to model and predict the release of this 

carbon in the form of greenhouse gases into the atmosphere [Shakhova et al., 2010b; Schuur et 

al., 2015]. However, among those predictions, improvements are needed that include the 

physical and biological processes controlling the dynamics of permafrost carbon release. 

Biological processes include the microbial turnover of soil organic carbon. Therefore, it is 

necessary to understand the role and potential of microbial life in the cryosphere (i.e. sea, lake 

and river ice, snow cover, glaciers, ice caps and sheets, and frozen ground like permafrost) as 

these ecosystems are especially sensitive to climate changes. Although recently the interest in 

studying microorganisms in the cryosphere has grown, the current understanding of microbial 

diversity and activity in degrading frozen ground and of the role of micorobial populations in 

carbon turnover and release is limited. 

Thus, the present thesis aims at reconstructing the response of microbial communities to 

permafrost degradation in the Arctic region by using a combination of geochemical and 

molecular biological analyses. Submarine permafrost, which started to warm hundreds to 

thousands of years ago because of seawater inundation, is used as a natural laboratory for 

studying the long-term response of microorganisms to permafrost warming. Furthermore, the 

thesis offers new insights into microbial life and its controls in permafrost thawing under 

submarine conditions. 
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1.2 Permafrost and the carbon feedback 

Permafrost environments 

In the Northern Hemisphere 24 % of the land surface (excluding glaciers and ice sheets) [Zhang 

et al., 2003] and large areas of the Arctic shelves are underlain by perennially frozen ground 

(Fig. 1.2). This so called permafrost is defined as ground that remains at or below 0°C for at 

least two consecutive years [van Everdingen, 1998].  

 

 

Figure 1-2: Circumpolar permafrost distribution of submarine and terrestrial permafrost. Terrestrial 

permafrost can be classified into continuous permafrost (underlying 90-100% of the landscape); 

discontinuous permafrost (50-90%); and sporadic permafrost (0-50%) (Source: [Brown et al., 1997], 

International Permafrost Association).  
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In different geographical locations different types of permafrost exist with respect to permafrost 

structure, organic matter content and age. Traditionally, terrestrial permafrost is classified into 

continuous, discontinuous or sporadic permafrost by the amount of ice it contains (Fig. 1-2). It 

is overlain by the so-called "active layer", soil which is exposed to seasonal freeze-thaw cycles. 

A specific type of permafrost can be found in Northeast Siberia. The so called 'Yedoma' or 'Ice-

complex' is characterized by high levels of organic matter (~2% carbon) and an ice content of 

50-90%.  

Recently, it was shown that owing to global warming the depth of the active layer has increased 

in many locations over the past few decades [Walter et al., 2006; Shur and Jorgenson, 2007; 

Romanovsky et al., 2010; Vieira et al., 2010] and the permafrost temperature in the continuous 

and discontinuous permafrost zone as well as in mountain permafrost and Antarctica has risen. 

At a global scale permafrost has warmed by 0.3 °C within the last decade [Biskaborn et al., 

2019].  

The permafrost carbon feedback 

Research on permafrost has considerably advanced in recent years due to emerging concerns 

about the impacts of permafrost warming on the activation of indigenous microorganisms. 

Permafrost warming and thawing increases sediment permeability and can result in the release 

of stored methane into the atmosphere [Shakhova et al., 2010a, 2014; Portnov et al., 2013; 

Thornton et al., 2016]. In addition, stored organic carbon released by permafrost thawing can 

become more accessible to microorganisms. The northern permafrost region is estimated to 

contain 1307–1580 Pg (=Gt) of organic [Hugelius et al., 2014; Schuur et al., 2015], twice as 

much as there is currently in the atmosphere [Zimov et al., 2006; Schuur et al., 2009]. 

Approximately 800 Pg of this organic carbon is stored in permafrost soils and deposits, while 

still unquantified amounts exist below the extensive shallow water areas of the Arctic 

continental shelf in submarine permafrost (Fig. 1-3). The organic carbon primarily originates 

from plant material and was buried by dust deposition, sedimentation in flood plains and peat 

development over decades to millennia [Zimov et al., 2006; Schuur et al., 2008]. 

Microorganisms are assumed to mineralize the organic carbon within the sediment in low-

oxygen or anaerobic conditions promoting the formation of greenhouse gases, such as methane 

(CH4), carbon dioxide (CO2), and nitrous oxide (N2O) [Wagner et al., 2007; Koch et al., 2009; 

Mackelprang et al., 2011; Graham et al., 2012]. 
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Figure 1-3: Terrestrial and atmospheric 

carbon stocks in relation to the carbon stored 

in the northern permafrost region and in 

perennially frozen ground. The surface area 

of the circles represents the size of the carbon 

stock. The stocks are given in Gt. For global 

soils, atmosphere, vegetation, and fossil 

fuels, means are taken of the minimum - 

maximum ranges given in [Ciais et al., 

2013]. The 1307 Gt of the northern 

circumpolar permafrost region and 822 Gt of 

permafrost soils and sediments were 

calculated in [Hugelius et al., 2014]. Figure 

modified after [Strauss, 2014]. 

 

 

 

Microbial conversion and release of just a fraction of the frozen carbon pool could alter the 

atmospheric greenhouse gas budgets significantly. This can generate positive feedbacks to the 

regional and global warming, even accelerating warming (Fig. 1-4) [Shakhova et al., 2014]. 

However, the effect of rising permafrost temperature on microbial processes remains to be 

investigated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-4: The permafrost carbon feedback loop generated by rising air temperatures in the Arctic. 
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1.3 Submarine permafrost  

Dimension and formation 

The shallow shelf areas of the Arctic Ocean are underlain by submarine permafrost (Fig. 1-2). 

The shelves reach from the coastline down to 100 m water depth [Rachold et al., 2007]. They 

are found in the Barents Sea, Kara Sea, Laptev Sea, East Siberian Sea, Chukchi Sea, and the 

Beaufort Sea (Fig. 1-5). The shallowest and most spacious shelf of the World Ocean is the East 

Siberian Arctic shelf (ESAS) encompassed by the Laptev, East Siberian and the Russian part 

of the Chukchi Seas. It covers an area of 2 million km2 or 14 % of the Arctic Ocean [Berchet 

et al., 2016]. Thereby, it is almost three times larger as compared with the terrestrial Siberian 

wetlands and it comprises more than 80 % of the potential submarine permafrost in the Arctic 

(Fig 1-2) [Overduin et al., 2015].  

 

Figure 1-5: The Arctic Ocean and its constituent seas. The red dotted line indicates the limits of the 

Arctic Ocean. Main basins of the deep Arctic Ocean basin: NB – Nansen Basin, AB – Amundsen Basin, 

MB – Makarov Basin, CB – Canada Basin. (Włodarska-Kowalczuk, Maria (2013): Arctic Ocean. 

Available from http://www.coastalwiki.org/wiki/Arctic_Ocean [accessed on 16-01-2019]) 

 

http://www.coastalwiki.org/wiki/Arctic_Ocean
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Submarine permafrost on the Arctic sea shelves was formed as terrestrial permafrost when the 

non-glaciated shelves were exposed to subaerial conditions due to lower sea levels during the 

last glacial cycle. Subsequently, post-glacial sea level rise during the Holocene inundated the 

shelves [Romanovskii and Hubberten, 2001]. Since the stabilization of the sea level, 5 ka ago, 

coastal erosion is responsible for the formation of subsea permafrost. Degradation of permafrost 

coasts, which account for 34% of the coasts worldwide [Lantuit et al., 2012], is thereby caused 

by a combined effect of declining sea ice cover, longer and warmer thawing seasons and sea 

level rise. Thus, waves can hit the coast higher and longer during the ice-free season [Fritz et 

al., 2017]. Coastal erosion on the ESAS, with mean modern coastal erosion rates of 1 - 2 m yr-

1 [Lantuit et al., 2012] and a high local variability of up to 10 m yr−1 [Lantuit et al., 2013], 

results in an annual formation of 10 km² of subsea permafrost [Grigoriev, 2008]. 

The average thickness of submarine permafrost within most of the shelf is 300 – 350 m, with a 

maximum thickness of 500 m and more [Romanovskii et al., 2004]. Frozen sediments are 

thickest near the shore, where seawater submergence occurred more recently. Submarine 

permafrost depths in the nearshore zone of the Western Laptev Sea and along the coast of the 

East Siberian Sea range from 400 to 600 m and from 300 to 400 m, respectively [Romanovskii 

et al., 2005]. With increasing distance to the shore, the depth of the ice-bonded permafrost table 

increases (Fig. 1-6) and consequently, the thickness of the cryotic (<0 °C), but ice-free sediment 

overlying the offshore permafrost, also increases. The increasing thickness of the unfrozen 

sediment layer above the permafrost table is an indicator for the increasing duration of seawater 

influence and progressive thawing of the ice-bonded sediment from above. Consequently, the 

outer shelf is now underlain by discontinuous, patchy permafrost [Romanovskii et al., 2005; 

Schuur et al., 2015]. 

Thermal regime of submarine permafrost 

Upon sea transgression, the submerged permafrost on the shelf started to degrade as the 

relatively warm ocean water warmed the sediment. In the Laptev Sea, mean annual bottom 

water temperatures of -1.8 °C to -0.5 °C [Osterkamp, 2001] are 12 to 17 °C warmer than the 

annual average surface temperature of terrestrial permafrost [Romanovskii et al., 2005]. 

Although thawing of frozen fresh-water sediments under the impact of low-temperature 

seawater proceeds very slowly, permafrost temperatures within the largest part of the shelf lie 

around -1.0 °C to -2.0 °C, within the range of freezing-thawing processes [Romanovskii et al., 

2004]. The remaining frozen sediments are therefore much more vulnerable to temperature 

increases than permafrost on land. Bottom-water warming due to decreasing sea-ice coverage 
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[Stroeve et al., 2008], rising air temperatures in winter [ACIA, 2004] and water-mass inflow 

from the Atlantic and Pacific Oceans into the Arctic Ocean [Walczowski and Piechura, 2006; 

Woodgate et al., 2006] thereby increase the degradation rates of submarine permafrost in the 

Laptev and East Siberian Seas. Besides top-down seawater heat and salt fluxes, bottom-up 

geothermal heat fluxes are also responsible for the degradation of submarine permafrost 

[Osterkamp, 2001; Shakhova et al., 2010a].  

Submarine permafrost degradation 

Inundation and infiltration of seawater change the thermal regime and geochemical composition 

of submarine permafrost drastically [Ulyantsev et al., 2016]. Thermal and chemical conditions 

of submarine permafrost are varying across the shelf and rely on many factors.  

Permafrost degradation in the nearshore zone (<10 m water depth) is controlled by coastal 

erosion rates, wave dynamics, sediment supply and cross-shore transport, water column salinity 

and temperature as well as sea ice dynamics (especially the timing and duration of bottom-fast 

ice) and diffusive transport processes within the sediment column [Overduin et al., 2012]. Close 

to the beach (Zone 2, Fig. 1-6) waves and high tides produce significant salt concentrations in 

the active layer. The active layer and temperature regime differ from that on land since coastal 

banks and bluffs often accumulate wind-blown snow. In shallow water regions (<1.5 - 2 m 

water depth, Zone 3), sea ice seasonally freezes to the seabed. The so-called bottom-fast ice 

couples the seabed conductively to the atmosphere. While the seabed is covered with relatively 

warm seawater in the summer, in the winter it becomes very cold and salt concentrations at the 

seabed are high. At greater water depths (Zone 4), where the ice does not or only sporadically 

freeze to the seabed, the under-ice circulation causes higher seawater salinities and lower 

temperatures above the seabed. In both settings there is an active layer at the seabed that thaws 

and freezes seasonally. Brine drainage from the growing sea ice increases water salinity and 

decreases temperatures of the bottom-water. This causes seasonal, partial freezing of the less 

saline pore waters in the sediments. Furthermore, due to their high salt concentrations brines 

are responsible for thawing the underlying submarine permafrost at negative sediment 

temperatures. This kind of circumstance is very important in the evolution of submarine 

permafrost as here the major proportion of salt infiltrates the sediment. Highly saline and dense 

brines infiltrate the seabed, even when it is partially frozen.  

Regions further offshore (Zone 5), charachterized by water depths that guarantee normal 

seawater over the seabed throughout the year, have relatively constant chemical and thermal 

conditions since the ice-bonded permafrost no longer couples conductively to the atmosphere. 
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Thus, the permafrost thaws continuously throughout the year and depth to the ice-bonded 

permafrost increases rapidly with increasing distance from the shore [Osterkamp, 2001]. 

 

 

 

Figure 1-6: Model of the transition of terrestrial permafrost to submarine permafrost. Five zones 

with different thermal and chemical conditions can be distinguished (modified after [Osterkamp, 2001] and 

[Eicken et al., 2005]).  

 

1.4 Microbial life in permafrost 

Limitations of microbial life in permafrost 

Permafrost is a unique habitat for microorganisms and is colonized by Bacteria, Archaea and 

Fungi. There is a high variability in the composition and abundance of permafrost 

microorganisms. Organisms which are capable of growth and reproduction at low temperatures 

have been classified as psychrophiles, cryophiles, cold-tolerant or cold-adapted [Feller and 

Gerday, 2003; Margesin and Collins, 2019]. The temperature limit for cell reproduction and 

growth of bacteria, archaea, and unicellular eukaryotes lies at -20 °C [Clarke, 2014; Bakermans, 

2017], while microbial activity in permafrost soils has been reported to be measurable down to 

-39 °C [Panikov et al., 2006]. In the cryosphere, freezing temperature and water availability are 

the most important factors that limit microbial life and determine biomass, diversity and 
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community structure [Pointing et al., 2009; Yergeau et al., 2009; Zeglin et al., 2009]. As 

freezing results in the removal of liquid water through the formation of ice, permafrost can be 

considered an environment of low water availability [Franks, 2003]. Thus, the true limiting 

factor for life in the cold is the lack of liquid water at low temperatures and not low temperature 

per se [Clarke, 2014; Bakermans, 2017]. Within permafrost, liquid water is only present as very 

thin films surrounding soil and ice particles. In Siberian permafrost, the thickness of water films 

was predicted to range between 15 nm at -1.5 °C to 5 nm at -10 °C (Fig. 1-7b) [Rivkina et al., 

2000]. Those water films, however, are too small to harbor microorganisms or to allow for the 

migration of microbial cells. Bacteria were found to be predominantly located in brine veins 

[Junge et al., 2001, 2004] – that is liquid water in subzero environments, where increased solute 

and salt concentrations depress the freezing point [Raymond-Bouchard et al., 2017] (Fig. 1-7a). 

Nevertheless, the thin water films are important for the survival and in situ activity of 

microorganisms, as they protect viable cells from destruction by ice crystals and serve as a 

nutrient medium for microbial growth [Gilichinsky, 2002]. 

 

 

 

Figure 1-7: Permafrost features and water film thickness. a) The permafrost layer (grey) is overlain by 

a seasonally thawed active layer (brown). The bold dashed line indicates the surface of the permafrost table. 

Close-ups show individual soil microaggregates and microcolonies of bacterial or archaeal cells in the pores 

containing free water - called brine veins (modified after [Jansson and Taş, 2014]). b) Measured amounts 

of unfrozen water (filled triangle) and calculated thickness of unfrozen water films (dotted line) in 

permafrost as a function of temperature (modified after [Rivkina et al., 2000]).  

 

 

In addition to cryodessication, freezing causes physiological limitations for microbial cells. 

Proteins lose their flexibility or denature due to the cold. Cell membranes lose fluidity affecting 
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the nutrient transport [Chattopadhyay, 2006], and a higher stability of nucleic acids inhibits 

replication, transcription and translation [D’Amico et al., 2006]. Furthermore, cells that have 

been preserved in permafrost for thousands to millions of years are also exposed to constant 

irradiation from native radio nuclides, which destroys the DNA of the ancient cells [Gilichinsky 

et al., 2008].  

Microbial survival strategies  

In order to overcome the limitations and stresses charachteristic to the permafrost environment 

microbial cells have devloped several survival strategies (Fig. 1-8) [Maayer et al., 2014; 

Margesin and Collins, 2019]. For example, Bacteria entrapped in frozen soil were found to be 

more resistant to irradiation than bacteria in thawed soil [Gilichinsky et al., 2008] and to own 

DNA repair mechanisms [Johnson et al., 2007].  

 

 

 

 

Figure 1-8: Physiological adaptations in a psychrophilic prokaryote [Maayer et al., 2014]. 
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Strategies to survive subzero temperatures include entering a dormant state with low metabolic 

activity and production of cryoprotectants or similar molecules (ice nucleating molecules, anti-

freeze proteins, compatible osmotic solutes) [Bakermans et al., 2009; Maayer et al., 2014]. 

Cold-adapted microorganisms shift their phospholipid metabolism to maintain membrane 

fluidity and functionality at subzero temperatures by regulating the branched-to-saturated fatty-

acid production in the cell membranes [Denich et al., 2003; Unell et al., 2007; Mykytczuk et al., 

2013]. Further adaptation mechanisms include modifications to RNA transcription and protein 

folding [Riley et al., 2008; Ayala-del-Río et al., 2010], as well as the generation of carbon and 

energy reserves to overcome slow metabolism and rates of nutrient uptake [Maayer et al., 

2014]. 

Microbial Abundance and Viability 

Abundance 

Despite the existing limitations microorganisms are abundant in permafrost soils and sediments. 

Their abundance can vary by permafrost type and cell counts range from 103 to 108 cells g-1 

sediment in Arctic permafrost, while seasonally frozen soils contain up to 109 cells g-1 sediment 

[Steven et al., 2006; Gilichinsky et al., 2008; Jansson and Taş, 2014]. In most cases, bacterial 

counts in permafrost environments are equal or even greater than those in other cryo-

environments such as sea ice, glacier ice, marine sediments or lakes [Steven et al., 2006]. 

Archaea are present in permafrost as well, though 200-1000 times lower in abundance [Yergeau 

et al., 2010; Altshuler et al., 2017]. In Siberian active layer soils Archaea were found to account 

for at least 1 to 12% of the total cell counts [Kobabe et al., 2004; Hoj et al., 2008]. 

Viability & Activity 

Several studies using different isolation techniques and approaches have shown that viable 

bacteria can be abundant in Siberian permafrost (102-108 cells g-1) [Shi et al., 1997; Vorobyova 

et al., 1997; Vishnivetskaya et al., 2000]. Currenlty available data suggest that viability seems 

to be independent of temperature, but instead depends on the volume of ice and the age of 

permafrost. With increasing age and ice content, the number of viable cells decreases 

[Gilichinsky et al., 1989, 1992; Khlebnikova et al., 1990; Steven et al., 2006]. In Arctic samples, 

the fraction of culturable cells is minor and represents only 0.1– 10% of the total cell counts 

[Vishnivetskaya et al., 2000; Steven et al., 2006]. An explanation for the low viable cell recovery 

might be the dominance of dwarfed cells in Siberian permafrost, which are viable but non-
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culturable (Steven et al., 2009). However, at least up to 22% of cells were identified by staining 

to have intact cell membranes and were thus classified as live [Mackelprang et al., 2017]. 

Since microorganisms can be viable they can also remain active at extremely low temperatures 

[Rivkina et al., 2000; Wagner et al., 2007]. Buford Price and Sowers [2004] proposed that 

microbial metabolic rates of cold-adapted communities can be classified into three groupings: 

(1) a rate sufficient for bacterial growth, (2) a rate for maintenance of metabolism but too low 

for growth, and (3) a rate for survival solely to repair macromolecular damage accumulated 

during prolonged storage over geological time scales in bacteria characterized as “largely 

dormant”. Several studies reported of either activity or growth at temperatures substantially 

below the freezing point in frozen soils and permafrost [Steven et al., 2006; Nikrad et al., 2016]. 

For instance, early studies measured respiration and fluxes of CO2 or N2O (e.g. CO2 respiration 

down to -18°C [Elberling and Brandt, 2003]), or evaluated the growth of isolates (acetate 

incorporation at -20°C [Rivkina et al., 2000]). More recent studies focused on RNA-based 

methods like FISH [Kobabe et al., 2004], microarray [Yergeau et al., 2007] or T-RFLP analysis 

[Männistö et al., 2013], as well as metatranscriptomics [Coolen and Orsi, 2015], and enzyme 

activity measurements [Waldrop et al., 2010] in Arctic permafrost or tundra soils. Others 

determined the respiration and/or incorporation of labelled substrates such as 13C-glucose 

(respiration down to -39°C [Panikov et al., 2006]), 14C-glucose (microbial uptake down to -

15°C [Gilichinsky et al., 2003]), 14C-acetatic acid (14C respiration at -15°C [Steven et al., 2007b, 

2008a]), or 13C-acetate in combination with stable isotope probing (SIP) (bacterial genome 

replication down to -20°C [Tuorto et al., 2014]). Two of the most recent studies performed 

either proteomic analysis of an permafrost isolate at -10°C [Raymond-Bouchard et al., 2017]) 

or metaproteomics in permafrost soils [Hultman et al., 2015]. All those studies underline that 

microbial life continues into the subzero temperature range. This activity contributes to carbon 

and nitrogen flux even under freezing conditions affecting global processes.  

Microbial diversity and community composition 

To study the diversity and community composition of (active) microorganisms in permafrost 

culture-independent methods like direct sequencing of environmental ribosomal RNA (rRNA) 

genes (clone libraries or high-throughput sequencing approaches) or various –omics approaches 

are used today [Vishnivetskaya et al., 2006; Steven et al., 2007a; Liebner et al., 2008; Yergeau 

et al., 2010; Mackelprang et al., 2011; Bakermans et al., 2014; Frank-Fahle et al., 2014; 

Ganzert et al., 2014; Mitzscherling et al., 2017; Winkel et al., 2018]. Culture-independent 

approaches revealed a higher and different bacterial diversity compared to culture-dependent 
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techniques [Hultman et al., 2015]. In general, bacteria appear to be more diverse than archaea 

or fungi [Jansson and Taş, 2014; Altshuler et al., 2017], and similar to abundance microbial 

diversity is lower in permafrost than in active-layer soils [Taş et al., 2014].  

Culture-independent approaches revealed that bacterial phyla such as Proteobacteria, 

Firmicutes, Chloroflexi, Acidobacteria Actinobacteria and Bacteroidetes commonly occur in 

Arctic permafrost [Liebner et al., 2009; Jansson and Taş, 2014; Mitzscherling et al., 2017; Taş 

et al., 2018]. Isolated i.e. viable bacteria belonged to the phyla of Firmicutes, Actinobacteria, 

Bacteroidetes and Proteobacteria [Jansson and Taş, 2014 and references therein]. In addition, 

transcriptomic analysis and stable isotope probing demonstrated Chloroflexi and 

Gemmatimonadetes to be active under frozen conditions in permafrost [Tuorto et al., 2014; 

Coolen and Orsi, 2015]. The most active members of the microbial communities are 

Proteobacteria, Acidobacteria, and Firmicutes [Hultman et al., 2015]. 

The archaeal population is suggested to be diverse as well, as taxa that were detected in 

permafrost belong to the major archaeal domains Euryarchaeota, Crenarchaeota and 

Thaumarchaeota [Rivkina et al., 2007; Steven et al., 2007a, 2008b; Yergeau et al., 2010; 

Wilhelm et al., 2012; Taş et al., 2014] Out of this pool Euryarchaeota were found to be one of 

the most transcriptionally active microbial groups under frozen conditions [Coolen and Orsi, 

2015]. In Siberian and alpine permafrost, most of the archaeal community was composed of 

methanogenic species [Steven et al., 2007a]. Also, the isolation of viable methane-producing 

strains suggests that permafrost is a favorable environment for methanogenesis [Jansson and 

Taş, 2014].  

Methanogenesis and Methanotrophy 

The existence of methanogens - methane producing archaea - is of concern as permafrost 

warming and thawing is expected to stimulate microbes and their contribution to carbon 

turnover [Waldrop et al., 2010; Mackelprang et al., 2011; Graham et al., 2012; Schuur et al., 

2015] leading to the formation of the greenhouse gases CH4 and CO2. Wei et al. [2018] reported 

that permafrost thaw resulted in an increase of methane emissions accompanied with an 

increase in the abundance of methanogenic archaea and significant shifts in the archaeal 

community and their activities. Methanogens can be distinguished by their substrate. 

Hydrogenotrophic methanogens produce methane using H2, CO2 and sometimes formate as a 

carbon source, whereas acetoclastic methanogens use acetate as a carbon source. The latter 

group is responsible for approximately two-thirds of the biogenic methane that is produced 

annually on Earth [Jansson and Taş, 2014]. Besides methanogenic activity, metagenomic 



Introduction 

25 

 

analyses have identified functional pathways for methanotrophs in permafrost [Mackelprang et 

al., 2011; Taş et al., 2014]. Methanotrophic bacteria are able to aerobically metabolize methane 

as a source of carbon and energy. They can be divided into two distinct physiological groups. 

Type I methanotrophs assimilate formaldehyde produced from the oxidation of methane using 

the ribulose monophosphate pathway [Anthony, 1986]. Type II methanotrophs utilise the serine 

pathway for formaldehyde assimilation [Hanson and Hanson, 1996]. Functional pathways for 

both type I and type II methanotrophs have been detected in permafrost metagenomes. Due to 

the anoxic conditions in submarine permafrost systems another type of methanotrophy is more 

likely to occur: the anaerobic oxidation of methane (AOM). It is catalyzed by anaerobic 

methane oxidizing archaea (ANME). So far, AOM has mainly been studied in the so-called 

sulfate-methane transition zone (SMTZ) in the seabed [Knittel and Boetius, 2009]. In the ocean 

seabeds, >90% of the methane that is produced by methanogenesis is consumed by anaerobic 

oxidation of methane (AOM) [Hinrichs and Boetius, 2002; Reeburgh, 2007]. Hence, AOM 

efficiently controls the methane efflux from the ocean seafloor. AOM in marine sediments is 

coupled to sulfate reduction with penetrating sulfate from the seawater being utilized as the 

electron acceptor [Iversen and Jørgensen, 1985]. ANME archaea of the marine clades ANME-

1a/b, ANME-2a/b/c and ANME-3 [Knittel and Boetius, 2009] live in a syntrophic lifestyle with 

sulfate-reducing bacteria (SRB) [Boetius et al., 2000; Orphan et al., 2001; Niemann et al., 2006] 

of the genera Desulfosarcina, Desulfococcus, Desulfobulbus and Desulfofervidus 

(Deltaproteobacteria) [Knittel and Boetius, 2009], and of the phylum Thermodesulfobacteria 

[Krukenberg et al., 2016]. In addition to the marine ANME clades, there is evidence of 

terrestrial AOM in wetland and permafrost habitats [Shcherbakova et al., 2016; Narrowe et al., 

2017] driven by ANME-2d [Haroon et al., 2013; Weber et al., 2017]. Furthermore, the coupling 

of AOM to alternative electron acceptors such as iron [Beal et al., 2009; Crowe et al., 2011], 

manganese [Beal et al., 2009], nitrate [Raghoebarsing et al., 2006; Haroon et al., 2013] and 

humic substances [Smemo and Yavitt, 2011; Scheller et al., 2016] has been suggested. So far, 

the microbial oxidation of methane in permafrost environments is only evident in aerobic soils 

and sediments [Liebner et al., 2011; Knoblauch et al., 2015], while communities that oxidize 

methane anaerobically in (thawing) deep subsurface permafrost remain to be detected and 

explored. 
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1.5 Aims and Objectives 

Seawater inundation leads to permafrost warming and changes the pore water geochemical 

composition, as salt water infiltrates submarine permafrost sediments. This makes submarine 

permafrost more vulnerable to thawing and degradation than permafrost under subaerial 

conditions, and accordingly increases the potential for the release of methane and CO2. 

It is thus crucial to understand how microbial communities and abundance respond to warming, 

degradation and changing geochemical conditions with respect to carbon mobilization and 

greenhouse gas release. So far, our knowledge about the response of microbial communities in 

relict terrestrial permafrost to submarine conditions is limited to one study on the methanogenic 

communities [Koch et al., 2009]. Thus, this thesis provides pioneer work in investigating the 

microbial ecology of submarine permafrost and the microbial response to permafrost warming 

and thawing under submarine conditions. 

The work described in this thesis extends the current understanding on the structure and 

development of bacterial communities in dependence of pore water characteristics, stage of 

permafrost degradation, time of inundation and temperature in submarine permafrost. 

Furthermore, permafrost archaeal communities were analyzed with respect to potential 

anaerobic oxidation of methane under submarine conditions. 

 

In this thesis, the following questions were addressed: 

• How does inundation of terrestrial permafrost change the pore water chemical 

conditions and physical state of permafrost?  

• Is submarine permafrost a suitable natural laboratory to study the response of 

microbial communities to permafrost warming and thaw, and how do submarine 

permafrost communities differ from communities in onshore permafrost?  

• What is the response of the indigenous microbial community to seawater 

infiltration and permafrost thaw?  

• Do microbial communities already respond to permafrost warming without thaw 

on climate relevant time-scales and how does this occur? 

• Is submarine permafrost a habitat for microbial assemblages involved in the 

anaerobic oxidation of methane and could they function as a filter for methane 

release? 

 



Introduction 

27 

 

The methodologies applied to answer the questions are displayed in the flow chart on the 

following page. A combined approach of microbiological and physico- as well as geochemical 

analyses was used. Microbiological analyses of abundance and community composition were 

based on culture-independent techniques, while physico- and geochemical investigations were 

made on pore water and bulk material of the permafrost sediments. 
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1.6 Overview of publications 

Manuscript I (Journal of Geophysical Research: Biogeosciences, 2017, 122(7), 1689–

1704, DOI: 10.1002/2017JG003859)  

The article was highlighted as Research Spotlight (Eos, 2017, 98, DOI: 

10.1029/2017EO080655) 

 

The development of permafrost bacterial communities under submarine conditions 

 

Authors: Julia Mitzscherling1, Matthias Winkel1, Maria Winterfeld2, Fabian Horn1, Sizhong 

Yang1, Mikhail N. Grigoriev3, Dirk Wagner1,7, Pier P. Overduin2 and Susanne Liebner1,8 

Aims: The purpose of this study was to investigate the development of microbial abundance 

and bacterial community composition under submarine conditions with a focus on the 

combined effect of seawater intrusion and warming. Two sites in the Laptev Sea were 

studied, that were inundated for different time periods and thus represented different stages 

of permafrost degradation. They differed in depth and dimension of the phase boundary 

between unfrozen to frozen sediments, and in the pore water characteristics. The latter were 

analyzed to define the level of seawater infiltration and permafrost degradation. Bacterial 

communities and microbial abundance were related to physicochemical parameters in order 

to determine the effect of seawater inundation and to investigate the microbial response to 

warming.  

Summary: Submarine permafrost is more vulnerable to thawing than permafrost on land. 

Besides increased heat transfer from the ocean water, the penetration of salt lowers the 

freezing temperature and accelerates permafrost degradation. Microbial communities in 

thawing permafrost are expected to be stimulated by warming but how they develop under 

submarine conditions is completely unknown. We used the unique records of two submarine 

permafrost cores from the Laptev Sea on the East Siberian Arctic Shelf, inundated about 540 

and 2500 years ago, to trace how bacterial communities develop depending on duration of 

the marine influence and pore water chemistry. Combined with geochemical analysis, we 

quantified total cell numbers and bacterial gene copies, and determined the community 

structure of bacteria using deep sequencing of the bacterial 16S rRNA gene. We show that 

submarine permafrost is an extreme habitat for microbial life deep below the seafloor with 

changing thermal and chemical conditions. Pore water chemistry revealed different pore 
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water units reflecting the degree of marine influence and stages of permafrost thaw. 

Millennia after inundation by seawater, bacteria stratify into communities in permafrost, 

marine-affected permafrost, and seabed sediments. In contrast to pore water chemistry, the 

development of bacterial community structure, diversity and abundance in submarine 

permafrost appears site-specific, showing that both sedimentation and permafrost thaw 

histories strongly affect bacteria. Finally, highest microbial abundance was observed in the 

ice-bonded seawater unaffected but warmed permafrost of the longer inundated core, 

suggesting that permafrost bacterial communities exposed to submarine conditions start to 

proliferate millennia after warming. 

Co-author’s contribution: P. P. Overduin and M. N. Grigoriev conducted field work. M. 

Winterfeld and P. P. Overduin provided pore water and physicochemical data. M. Winkel 

and a masters student performed the cell counts. F. Horn preprocessed the sequence data 

and built OTU tables. S. Yang performed R applications. All authors contributed to the 

discussion and interpretation of the data and the writing of the paper.  

 

Manuscript II (Scientific Reports, 2018, 8(1), 1–13, DOI: 10.1038/s41598-018-19505-

9)  

 

Anaerobic methanotrophic communities thrive in deep submarine permafrost  

 

Authors: Matthias Winkel1, Julia Mitzscherling1, Pier P. Overduin2, Fabian Horn1, Maria 

Winterfeld2, Ruud Rijkers1, Mikhail N. Grigoriev3, Christian Knoblauch4, Kai 

Mangelsdorf5, Dirk Wagner1,7, and Susanne Liebner1,8 

Aims: The submarine permafrost at both sites in the Laptev Sea was found to have deep 

sulfate-methane transition zones (SMTZ). As this is a potential habitat for anaerobic methane 

oxidizing archaea (ANME) this study aimed at identifying and quantifying microorganisms 

that are potentially involved in the anaerobic oxidation of methane (AOM) in thawing 

permafrost deep below the seafloor, and at evaluating their potential activity.  

Summary: Thawing submarine permafrost is a source of methane to the subsurface 

biosphere. Methane oxidation in submarine permafrost sediments has been proposed, but the 

responsible microorganisms remain uncharacterized. We analyzed archaeal communities 

and identified distinct anaerobic methanotrophic assemblages of marine and terrestrial origin 

(ANME-2a/b, ANME-2d) both in frozen and completely thawed submarine permafrost 
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sediments. Besides archaea potentially involved in anaerobic oxidation of methane (AOM) 

we found a large diversity of archaea mainly belonging to Bathyarchaeota, Thaumarchaeota, 

and Euryarchaeota. Methane concentrations and δ13C-methane signatures distinguish 

horizons of potential AOM coupled either to sulfate reduction in a sulfate methane transition 

zone (SMTZ) or to the reduction of other electron acceptors, such as iron, manganese or 

nitrate. Analysis of functional marker genes (mcrA) and fluorescence in situ hybridization 

(FISH) corroborate potential activity of AOM communities in submarine permafrost 

sediments at low temperatures. Modeled potential AOM consumes 72–100% of submarine 

permafrost methane and up to 1.2 Tg of carbon per year for the total expected area of 

submarine permafrost. This is comparable with AOM habitats such as cold seeps. We thus 

propose that AOM is active where submarine permafrost thaws, which should be included 

in global methane budgets. 

Personal contribution: I carried out the molecular work including DNA extraction, 

quantification of the mcrA and dsrB genes via quantitative PCR and preparations of the 

Illumina sequencing of the archaeal 16S rRNA and of the pyrosequencing of mcrA. 

Furthermore, I contributed to the data interpretation and writing. 

 

Manuscript III (Biogeosciences, 2019, 16(19), 3941–3958. https://doi.org/10.5194/bg-

16-3941-2019)  

The article was Highlight Article in Biogeosciences (October) 

 

Microbial community composition and abundance after millennia of submarine 

permafrost warming  

 

Authors: Julia Mitzscherling1, Fabian Horn1, Maria Winterfeld2, Linda Mahler1, Jens 

Kallmeyer1, Pier P. Overduin2, Matthias Winkel6, Mikhail N. Grigoriev3, Dirk Wagner1,7 and 

Susanne Liebner1,8 

Aims: With this study, the response of microbial communities to submarine permafrost 

warming without thaw was investigated on the basis of changes in the microbial abundance 

and bacterial community composition. Along an onshore-offshore transect in the western 

Laptev Sea the sediment cores that were analyzed shared one lithostratigraphical unit. This 

unit was deposited at a similar time, in a similar environment and showed a high level of 

similarity with regard to pore water characteristics. The unit was so far unaffected of 
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penetrating seawater but warmed by > 10 °C due to centuries to millennia of inundation. The 

aim of this study was to investigate whether permafrost warming alone could already 

stimulate microbial activity and change the community composition.  

Summary: Warming of the Arctic led to an increase of permafrost temperatures by about 

0.3°C during the last decade. Permafrost warming is associated with increasing sediment 

water content, permeability and diffusivity and could on the long-term alter microbial 

community composition and abundance even before permafrost thaws. We studied the long-

term effect (up to 2500 years) of submarine permafrost warming on microbial communities 

along an onshore-offshore transect on the Siberian Arctic Shelf displaying a natural 

temperature gradient of more than 10 °C. We analysed the in-situ development of bacterial 

abundance and community composition through total cell counts (TCC), quantitative PCR 

of bacterial gene abundance and amplicon sequencing, and correlated the microbial 

community data with temperature, pore water chemistry and sediment physicochemical 

parameters. On time-scales of centuries, permafrost warming coincided with an overall 

decreasing microbial abundance whereas millennia after warming the microbial abundance 

was similar to cold onshore permafrost. In addition, the dissolved organic carbon content of 

all cores was lowest in submarine permafrost after millennia-scale warming. Based on 

correlation analysis TCC unlike bacterial gene abundance showed a significant rank-based 

negative correlation with increasing temperature while bacterial gene copy numbers showed 

a strong negative correlation with salinity. Bacterial community composition correlated only 

weakly with temperature but strongly with the porewater stable isotopes δ18O and δD, and 

with depth. The bacterial community showed substantial spatial variation and an overall 

dominance of Actinobacteria, Chloroflexi, Firmicutes, Gemmatimonadetes and 

Proteobacteria which are amongst the microbial taxa that were also found to be active in 

other frozen permafrost environments. We suggest that, millennia after permafrost warming 

by over 10°C, microbial community composition and abundance show some indications for 

proliferation but mainly reflect the sedimentation history and paleo-environment and not a 

direct effect through warming. 

Co-author’s contribution: P. P. Overduin and M. N. Grigoriev conducted field work. M. 

Winterfeld and P. P. Overduin provided pore water and physicochemical data. F. Horn 

conducted the bioinformatics analysis. L. Mahler performed and J. Kallmeyer advised the 

cell counting. All authors contributed to the discussion and interpretation of the data and the 

writing of the paper with particular contribution by S. Liebner.  
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2 Study Area 

2.1 Regional setting 

The Laptev Sea is bordered by the Taymyr Peninsula to the west and the New Siberian Islands 

to the east. It is characterized by average water depths of less than 60 m. During the Weichselian 

glaciation (late Pleistocene, 18 ka BP) large areas of the non-glaciated arctic continental shelf 

[Svendsen et al., 2004] was exposed to climatic conditions which led to the formation of cold, 

thick and continuous permafrost. Consequently, permafrost with high ice contents (ice-

complex, ice contents of 80-98% [Romanovskii et al., 2004]) formed on the Siberian coastal 

lowland and small islands close to the shore [Romanovskii et al., 2000].  

 

 

Figure 2-1: Time-slice reconstruction of the Holocene transgression for the Laptev Sea Shelf showing 

the retreat of the coastline [Bauch and Kassens, 2005]. 
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With the beginning of the climatic warming during the Holocene the sea level started to rise 

continually. A combination of coastal erosion, abrasion and warming led to the rapid 

degradation of the ice-rich terrestrial permafrost. As a consequence, the coastline shifted further 

south (Fig. 2-1). According to Bauch et al. [2001] the rates of sea level rise in the Laptev Sea 

region varied considerably. Between 11 and 10 ka BP the sea level rose at 5.4 mm yr-1, for the 

period between 10 to 9 ka BP it was 13.3 mm yr-1 and in the final stage between 9 and 5 ka BP 

the sea level rose at 7.9 mm yr-1. Due to the low topographic inclination angle, the final stage 

of sea level rise affected the largest area of the shelf. At the end of the transgression (~5 ka BP) 

the sea level showed signs of stabilization.  

Mean modern annual ground temperatures of the terrestrial permafrost lie at -11 °C to -12 °C 

[Romanovskii et al., 2005], while the mean annual bottom water temperatures in the Laptev Sea 

range between -1.8 °C to -0.5 °C [Osterkamp, 2001] leading to sediment temperatures of -1.0 

°C and -2.0 °C within the largest part of the shelf [Romanovskii et al., 2004]. Bottom-water 

salinity varies between 24 ‰ in the shallow coastal areas and 34 ‰ in the central shelf areas 

[Zhigarev, 1997]. 

The study sites within the Laptev Sea that were investigated in the present work are located at 

Cape Mamontov Klyk, in the western part, and in the Buor Khaya Bay, in the central Laptev 

Sea (Fig. 2-2). The site at Mamontov Klyk is located approximately 250 km westward and 550 

km northward of the Buor Khaya site. 

 

 

 

 

Figure 2-2: Geographical location of the study sites. (a) Location of the Laptev Sea on a circumpolar 

perspective map and the potential extent of submarine permafrost (striped area, based on Brown et al. 

[2002]) (b) Geographical location of the drilling sites at Cape Mamontov Klyk (C2) and in the Buor Khaya 

Bay (BK2), western and central Laptev Sea. (modified from Overduin et al. [2015]) 
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2.2 Buor Khaya Study Site 

The Buor Khaya peninsula is located in the central Laptev Sea, southeast of the Lena Delta and 

is part of the Yana-Indigirka lowland. The region is underlain by continuous permafrost which 

extends down to 450-650 m [Romanovskii et al., 2004]. The climate of the study area is 

continental with mean annual air temperatures of -12.8°C and a precipitation of up to 321.5 

mm. The mean temperature of the warmest month July is 8.7 °C, whereas the mean temperature 

of the coldest month January is -32.5°C [Schirrmeister et al., 2016]. 

 

 

 

Figure 2-3: Study site at Buor Khaya. a-c) Buor Khaya Peninsula, the permafrost landscape and coast. 

The red mark indicates the drilling position of core BK2. b) Close-up of the permafrost landscape with 

thermokarst lakes. c) Close-up of the permafrost coast and sea ice near the drill site. (source of a,b and c: 

https://www.google.com/maps/, [accessed on 09-05-2019]) d) Permafrost coast near the drill site and signs 

of coastal erosion (Photo: P. P. Overduin, 2010) e) Portable drill rig (URB-4T) for submarine sediment 

sampling on the sea ice during the Expedition Laptev Sea – Buor Khaya in spring 2012 (Photo: L. 

Schirrmeister, 2012). 

 

Along the western coastline of the Buor Khaya Peninsula, the mean annual coastal erosion rates 

range between 0.5 m yr-1 and 1.4 m yr-1 [Günther et al., 2012]. Since the late glacial (late 
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Pleistocene) and Holocene warming the creation of submarine permafrost was primarily caused 

by the thermal erosion of the coast, which is mainly composed of high cliffs made up of ice-

complex deposits and thermokarst features [Schirrmeister et al., 2016]. The coastal retreat 

thereby eroded the Late Pleistocene Ice Complex and Holocene thermokarst deposits 

transporting this organic-rich sediment material into the ocean and exposing underlying 

Pleistocene alluvial sands to submarine conditions. The organic carbon content of the sandy 

sediment generally does not exceed 1–2 wt%. Values of the overlying deposits composed of 

Ice Complex and Holocene thermokarst deposits are substantially higher with mean total 

organic carbon (TOC) values of 3.2 wt% and 6.2 wt%, respectively [Strauss et al., 2013]. 

Drilling at the study site 800 m off the Buor Khaya peninsula (71°25′20.3″N, 132°05′05.3″E) 

in 2013 revealed that ice-bonded permafrost can be found at a depth of 24.75 m below seafloor 

(m bsf). Ground temperatures in the unfrozen sediments ranged between -0.5 and 0.5 °C, and 

between -1.0 and -0.8 °C in the ice-bonded sediments. Modeled geothermal heat flux and 

modern seabed temperatures show the development of an area free of ice-bonded permafrost 

(talik) [Nicolsky et al., 2012] in the central Buor Khaya Bay, indicating that this region is 

underlain by “warm” submarine permafrost which is sensitive to environmental changes. Based 

on the mean modern coastal erosion rate the borehole site was flooded approximately 540 years 

ago, meaning that the ice-bonded permafrost degraded at a mean rate of 5.3 cm yr-1 [Overduin 

et al., 2015]. 

2.3 Cape Mamontov Klyk Study Site 

Cape Mamontov Klyk (~73°60’N, 117°18’E) is situated about 150 km west of the Lena Delta 

(Fig. 2-4). The study area belongs to the Lena-Anabar lowland and is part of the continuous 

permafrost zone with thicknesses of 400 to 600 m. The climate on the coastal low-land is 

characterized by polar tundra climate. Mean temperatures of the warmest month range between 

0 and 10 °C and the mean annual precipitation is low with 230 to 270 mm, 75% of it falling 

during summer. The mean annual air temperature is about -14°C. Mean winter air temperatures 

reach -22°C [Dereviagin and Kunitsky, 2004]. 

Since the end of the final stage of transgression, the ice-rich terrestrial permafrost eroded at 

average rates of 3 - 4.5 m yr-1 [Grigoriev, 2008] for the coastal section of Cape Mamontov 

Klyk. This caused a southward retreat of the shoreline of approximately 10-40 km [Bauch et 

al., 2001; Overduin et al., 2007]. Erosion and submergence of the permafrost landscape resulted 

in a submarine topography comprised of the remains of former thermokarst features (lakes and 
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lagoons), river valleys, and remnants of ice-bearing as well as ice-bonded permafrost, in 

particular of the ice-complex [Overduin et al., 2007]. The organic carbon content of the sandy 

Pleistocene (early to middle Weichselian) sediment deposits is low with <0.1 to 1.9 wt%, 

whereas the late Pleistocene and Holocene deposits have higher organic carbon contents 

ranging from 1.0 to 3.9 wt% [Winterfeld, 2009].  

 

 

 

Figure 2-4: Study Site at Mamontov Klyk. a-c) Cape Mamontov Klyk, the permafrost landscape and 

coast. b) Close-up of the permafrost landscape with thermokarst lakes and river valleys. The red mark 

indicates the drilling position of the core furthest offshore (C2). c) Close-up of the permafrost coast at the 

drill site and position of the onshore core C1. (source of a, b and c: https://www.google.com/maps/, 

[accessed on 09-05-2019]) d) Coastal cliff at Cape Mamontov Klyk with an outcrop of the ‘Yedoma’ ice-

complex. The dark spots represent fossil polygon centre and thermokarst mounds. (Photo: H.-W. 

Hubberten, 2008). e) Portable drill rig (URB-2A-2) for submarine sediment sampling on the sea ice during 

the Expedition COAST I in April 2005 (Photo: V. Rachold, 2005). 

 

 

Drilling of 5 boreholes from the mainland to about 11.5 km offshore in a north-south transect 

(117°10’E) in 2005 revealed an increase in the depth to the ice-bonded permafrost table and in 

ground temperature with increasing distance to the shore [Overduin, 2007a; Rachold et al., 
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2007]. The terrestrial core was completely frozen and exhibited the lowest average ground 

temperature of -14 °C. Going further offshore sediment temperatures increased from average -

4.6 °C 1 km off the coast to -1.4 °C 3 km off the coast and -1.3 °C 11.5 km off the coast. Also, 

the thickness of the non-frozen sediment layer overlying the ice-bonded permafrost increased 

from 1.7 m 1 km off the coast, over 7.6 m 3 km off the coast to 29.0 m in 11.5 km distance 

from the coast. 

Assuming a constant mean annual coastal erosion rate of 4.5 m yr-1 [Grigoriev, 2008] the drill 

site located furthest offshore (11.5 km) was inundated approximately 2500 years ago [Rachold 

et al., 2007]. Accordingly, the drill sites located 3 km and 1 km off the coast, were inundated 

around 660 and 220 years ago, respectively. More recent analysis based on remote sensing 

shows that 40-year coastal erosion rates for the same stretch of coastline between 1965 and 

2007 were slower (about 2.9 m yr-1 [Günther et al., 2013b], which would translate into even 

longer inundation periods. 
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3 Manuscript I - The development of permafrost bacterial 

communities under submarine conditions 

 

Abstract 

Submarine permafrost is more vulnerable to thawing than permafrost on land. Besides increased 

heat transfer from the ocean water, the penetration of salt lowers the freezing temperature and 

accelerates permafrost degradation. Microbial communities in thawing permafrost are expected 

to be stimulated by warming but how they develop under submarine conditions is completely 

unknown. We used the unique records of two submarine permafrost cores from the Laptev Sea 

on the East Siberian Arctic Shelf, inundated about 540 and 2500 years ago, to trace how 

bacterial communities develop depending on duration of the marine influence and pore water 

chemistry. Combined with geochemical analysis, we quantified total cell numbers and bacterial 

gene copies, and determined the community structure of bacteria using deep sequencing of the 

bacterial 16S rRNA gene. We show that submarine permafrost is an extreme habitat for 

microbial life deep below the seafloor with changing thermal and chemical conditions. Pore 

water chemistry revealed different pore water units reflecting the degree of marine influence 

and stages of permafrost thaw. Millennia after inundation by seawater, bacteria stratify into 

communities in permafrost, marine-affected permafrost, and seabed sediments. In contrast to 

pore water chemistry, the development of bacterial community structure, diversity and 

abundance in submarine permafrost appears site-specific, showing that both sedimentation and 

permafrost thaw histories strongly affect bacteria. Finally, highest microbial abundance was 

observed in the ice-bonded seawater unaffected but warmed permafrost of the longer inundated 

core, suggesting that permafrost bacterial communities exposed to submarine conditions start 

to proliferate millennia after warming. 

Introduction 

Extensive shallow water areas of the Artic continental shelf are underlain by submarine 

permafrost [Zhang et al., 1999; Rachold et al., 2007]. The shallowest and most spacious shelf 

of the World‘s Ocean is the East Siberian Arctic Shelf (ESAS) encompassed by the Laptev, 
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East Siberian and the Russian part of the Chukchi Seas. It comprises more than 80% of the 

potential submarine permafrost in the Arctic [Overduin et al., 2015]. 

Submarine permafrost is relict terrestrial permafrost that developed on land and was 

subsequently inundated by post-glacial sea level rise during the Holocene, 7 to 15 ka ago 

[Romanovskii & Hubberten, 2001]. Even today, especially Arctic permafrost coasts, that 

account for 34% of the coasts worldwide [Lantuit, 2012], are vulnerable to sea level rise, 

declining sea ice cover, and longer and warmer thawing seasons [Fritz et al., 2017]. Resulting 

coastline collapses, with mean modern erosion rates of 1 to 2 m yr-1 [Lantuit, 2012] and local 

erosion rates of up to 25 m yr-1 [Jones et al., 2009], lead to an annual formation of about 10 

km² of submarine permafrost on the ESAS alone [Grigoriev, 2008]. This erosion of permafrost 

coasts is an abrupt form of permafrost degradation and results in yet unquantified fluxes of 

carbon and nutrients from thawing permafrost with presumably large consequences for the 

biogeochemical cycling of the shelf area [Fritz et al., 2017]. 

The seawater inundation and infiltration causes drastic changes in the thermal regime and 

geochemical composition of submarine permafrost (Ulyantsev et al., 2016). With annual 

average bottom water temperatures of -1.8 °C to 1 °C [Wegner et al., 2005], it is 12 to 17 °C 

warmer than the annual average surface temperature over on-land permafrost [Romanovskii et 

al., 2005]. As temperatures in high latitudes have been rising faster than the global average over 

the past decades [IPCC in Climate Change, 2013], bottom-water warming further increases the 

degradation rates of submarine permafrost in the Laptev and East Siberian Seas. Besides top-

down seawater heat and salt fluxes, bottom-up geothermal heat fluxes are responsible for the 

degradation of submarine permafrost [Osterkamp, 2001; Shakhova et al., 2010]. The seabed 

temperature of much of the Artic shelf seas is cryotic (<0 °C). In coastal waters, submarine 

permafrost temperature is around -1 °C [Overduin et al., 2015], the limit to maintain ice-bonded 

permafrost under submarine conditions [Grigoriev, 2008]. Warming and destabilization of 

submarine permafrost increases sediment permeability. On the one hand, this can result in the 

release of long preserved methane (CH4) into the water column and atmosphere [Shakhova et 

al., 2010; Portnov et al., 2013; Shakhova et al., 2014, Thornton et al., 2016]. On the other hand, 

trapped organic material becomes more accessible to microorganisms after thawing, potentially 

inducing the decomposition of soil organic matter (SOM) and transforming complex organic 

compounds to soluble metabolites and gases, such as CH4, CO2, and N2O [Graham., 2012; 

Mackelprang et al., 2011]. Its release is potentially relevant to global climate, since terrestrial 

and submarine permafrost store twice as much carbon as is currently in the atmosphere [Schuur 

et al., 2009].  
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Microbial life in thawing permafrost is expected to be stimulated before permafrost thaws 

completely [Schuur et al., 2015], i.e. activity and abundance should increase [Waldrop et al., 

2010; Mackelprang et al., 2011; Graham et al., 2012]. Submarine permafrost is thereby affected 

not only by rising temperatures but also by elevated salt concentrations [Harrison and 

Osterkamp, 1982]. In particular during the first decades of inundation, there may be an active 

layer at the seabed that thaws and freezes seasonally [Osterkamp, 2001]. Brine drainage from 

the growing sea ice increases water salinity and decreases temperatures of the bottom-water in 

fall and winter. Brines can infiltrate the seabed, even when it is frozen. They are responsible 

for thawing the underlying submarine permafrost at negative sediment temperatures. In contrast 

to rising temperatures and the release of substrate, the evolution of submarine permafrost with 

salt infiltration as the main process has been disregarded in assumptions how microbial life 

responds to submarine permafrost thaw. Osmotic stress is known to limit microbial growth and 

activity [Galinski., 1995]. Although microbes have a number of features (fast growth rates, 

physiological flexibility and a rapid evolution i.e. mutation or horizontal gene transfer) to 

acclimate, adapt and recover, several studies showed that microbial community composition is 

sensitive to disturbances [reviewed by Allison & Martiny, 2008]. These studies observed shifts 

and no resilience in the microbial community composition within a few years. Therefore, we 

hypothesize that increasing salinity in terrestrial permafrost deposits might impair the 

indigenous microbial community before it is stimulated through rising temperatures. We expect 

the terrestrial community to change its composition in response to seawater infiltration. 

Assuming limited microbial growth and activity due to osmotic stress, as mentioned above, the 

community is initially expected to decrease in population size. To test this, we studied the pore 

water chemistry, and bacterial community composition, diversity and abundance by means of 

the bacterial 16S rRNA gene copy numbers, total cell counts and deep sequencing of the 

bacterial 16S rRNA gene of two submarine permafrost cores from the Western and Central 

Laptev Sea Shelf inundated for different time periods.  

Materials and Methods 

Regional setting and study areas 

The Laptev Sea, bordered by the Taymyr Peninsula to the west and the New Siberian Island to 

the east, has an average water depth of less than 60 m. During the Weichselian glaciation (late 

Pleistocene) large areas of the non-glaciated arctic continental shelf were exposed to climatic 

conditions which led to the formation of cold, thick and continuous permafrost [Svendsen et al., 



Manuscript I  

42 

 

2004]. Subsequently, a large portion of the ice-rich terrestrial permafrost that developed was 

inundated by a combination of the Holocene marine transgression and coastal thermoerosion 

[Winterfeld et al., 2011].  

The first study area at Cape Mamontov Klyk (Supplement Fig. A-1) was described by 

Winterfeld et al. [2011]. Cape Mamontov Klyk (~73°60’N, 117°18’E) is situated in the Western 

Laptev Sea. During a campaign in 2005 [Rachold et al. 2007; Schirrmeister, 2007], a submarine 

core (C2) was drilled about 11.5 km offshore. Assuming a mean annual coastal erosion rate of 

4.5 m yr-1 [Grigoriev, 2008] the drill site was inundated 2500 years ago [Rachold et al., 2007]. 

The core was retrieved in approximately 6 m water depth with a sea ice thickness of 1.35 m and 

bottom-water salinity of 29.2 PSU. Core material was retrieved between 6 and 77 m bsl (meters 

below sea level). Temperature measurements at the site of C2 were performed 1 to 11 days after 

drilling and are described and published elsewhere [Junker et al., 2008; Overduin et al., 2008]. 

Temperatures of the C2 borehole ranged between -1.5 and -0.8 °C.  

The second study area is located in the Buor Khaya Bay (Supplement Fig. A-1). Within the 

framework of the Drilling Expedition Buor Khaya in 2012 [Günther et al., 2013], the submarine 

sediment core BK2 was retrieved about 750 m off the coast west of the Buor Khaya Peninsula, 

in the Central Laptev Sea. Drilling was performed in 4.3 m deep water with a sea ice cover of 

2.09 m and a bottom-water salinity of 5.9 PSU [Günther et al., 2013]. Core material was 

retrieved between 6 and 51 m bsl. Borehole temperature of BK2 was recorded for 4 days after 

drilling. Measurement and temperature data of BK2 were published by Overduin et al. [2015]. 

Borehole temperatures ranged between 0.4 and -0.9 °C. Based on the distance of the borehole 

from the modern coastline and on the mean annual erosion rate of 1.4 ± 0.8m yr-1 [Günther et 

al., 2012], the location of BK2 was flooded around 540 years ago [Overduin et al., 2015]. Since 

the Buor Khaya Peninsula is covered by thermokarst depressions and characterized by an 

eroding Ice Complex coastal bluff, it is likely that the drill site was affected by Holocene 

thermokarst or thermokarst lake development prior to erosion and that it was frozen at the time 

of inundation.  

Geochemical analyses 

Pore water was extracted from thawed subsamples of the sediment cores using Rhizons™ (0.2 

µm pore diameter). Electrical conductivity, salinity, cation (Ba2+, Ca2+, K+, Mg2+, Na+, Siaq) 

and anion (Cl-, SO4
2-, Br-, NO3

-) concentrations, stable isotope concentrations (δ18O, δD), and 

pH were measured for 94 samples of C2 (Cape Mamontov Klyk) and for 80 samples of BK2 

(Buor Khaya Bay) (Supplement Tables A-1 and A-2). Electrical conductivity and salinity were 
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measured with a WTW MultiLab 540 by using a standard conductivity cell (TetraConR 325) 

with four graphite electrodes. Total dissolved element concentration was determined via the 

analytical technique of ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry) 

using a Perkin-Elmer ICP-OES Optima 3000XL. In order to measure the concentration (mg/l) 

of dissolved anions, an ion chromatograph (Dionex DX-320), a latex-particle separation column 

and KOH as eluent were used. Values below detection limit were assigned values of half the 

detection limit for inclusion in PCA analyses. The determination of deuterium (δD) and oxygen 

isotope (δ18O) ratios was performed using a Finnigan MAT Delta-S mass spectrometer in 

combination with two equilibration units (MS Analysetechnik, Berlin).  

Extraction of nucleic acids 

Total nucleic acids were extracted as described by Zhou et al. [1996] in a slightly modified way. 

Sediment samples from 5 to 10 g were homogenized in liquid nitrogen and mixed with 13.5 ml 

of DNA extraction buffer (100 mM Tris-HCl [pH 8.0], 100 mM sodium EDTA [pH 8.0], 100 

mM sodium phosphate [pH 8.0], 1.5 M NaCl, 1% CTAB) and 100 µl of proteinase K (10 

mg/ml) in 50 ml centrifuge tubes. They were incubated with horizontal shaking for 1 h at 37 °C 

and 225 rpm. After the addition of 1.5 ml of 20% SDS, the samples were incubated in a water 

bath at 65 °C for 2 h with gentle inversions every 20 min. Supernatants were recovered by 

centrifugation at 6,000 g for 10 min at room temperature and collected in fresh 50 ml centrifuge 

tubes. The sediment pellets were extracted two more times as follows: addition of 4.5 ml of 

extraction buffer and 0.5 ml of 20% SDS, vortexing the tubes for 10 s, incubation at 65 °C for 

10 min and centrifugation as described before. Supernatants of the three extraction cycles were 

combined and mixed with an equal volume of chloroform-isoamyl alcohol (24:1 v/v) and the 

coprecipitant GlycoBlueTM (1:300). After recovery of the aqueous phase by centrifugation, the 

DNA was precipitated with 0.6 volumes of isopropanol at room temperature for 1 h and pelleted 

by centrifugation at 16,000 g for 20 min. Finally, the DNA pellet was washed three times with 

1 ml of ice-cold 70% ethanol and re-suspended in a final volume of 500 µl of sterile deionized 

water. 

Genomic DNA was quantified with the QBIT2 system (Invitrogen, HS-quant DNA) and 

calculated per gram sediment wet weight. The crude DNA was purified using the HiYield PCR 

Clean-Up & Gel-Extraction Kit (Südlabor, Gauting, Germany) to reduce PCR inhibitors and 

the necessity to dilute the DNA extracts prior to PCR applications. 
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Quantification of the bacterial 16S rRNA genes 

Quantitative PCR was performed using the CFX Connect™ Real-Time PCR Detection System 

(Bio-Rad Laboratories, Inc., Hercules, USA) and the following primer set: Eub341F and 

Eub534R [Muyzer et al., 1993]. Each reaction (25 µl) contained 2x concentrate of iTaq™ 

Universal SYBR® Green Supermix (Bio-Rad Laboratories, Inc., Hercules, USA), 0.4 µM of the 

forward and reverse primer, sterile water and 5 µl of DNA template. The environmental DNA 

samples were diluted 5- to 100-fold and run in three technical replicates. The PCR reactions 

comprised an initial denaturation (5 min at 95 °C), followed by 40 cycles of 0.5 s at 95 °C, 30 

s at an annealing temperature of 55.7 °C, 10 s at 72 °C and a plate read step at 80 °C for 0.3 s. 

Melt curve analysis from 65 to 95 °C with 0.5 °C temperature increment per 0.5 s cycle and gel 

electrophoresis on the PCR products was conducted at the end of each run to identify non-

specific amplification of DNA. The qPCR assay was calibrated using known amounts of PCR 

amplified and cloned gene fragments from a pure Escherichia coli culture. Genomic standards 

were included in each qPCR run to ensure linearity and expected slope values of the Ct/log 

curves. PCR efficiency, based on the standard curve, was calculated using the BioRad CFX 

Manager software and varied between 95 and 100%. All cycle data were collected using the 

single threshold Cq determination mode. Abundances of the bacterial 16S rRNA gene and of 

cells were calculated per gram sediment wet weight. 

Amplification and Illumina MiSeq sequencing of the bacterial 16S rRNA gene  

We sequenced 19 samples from the core C2 and 10 samples from BK2. From BK2, two samples 

right above and below the ice-bonded permafrost table were pooled. The sampling depths are 

illustrated in Fig 2. PCR and sequencing were performed in two technical replicates for each 

sample. Bacterial 16S rRNA genes were amplified using the sequencing primers S-D-Bact-

0341-b-S-17 and S-D-Bact-0785-a-A-21 (Supplement Table A-3) comprising different 

combinations of barcodes (Supplement Table A-4). Preparation and sequencing was performed 

in two technical replicates. 

PCR amplification was carried out with a T100™ Thermal Cycler (Bio-Rad Laboratories, CA, 

USA) and the PCR mixture of 25 µl contained 0.025 U µl-1 of HotStarTaq DNA Polymerase 

(Qiagen), 1x PCR buffer (Tris-Cl, KCl, (NH4)2SO4, 15 mM MgCl2; pH 8.7, Qiagen), 0.4 µM 

of forward and reverse primer (Supplement Table A-3), dNTP mix (0.2 mM each; Thermo 

Fisher Scientific, Darmstadt, Germany), 2 µM of MgCl2 (Qiagen), RNase-free water (EURx) 

and 2.5 µl of DNA extract. PCR conditions were as follows: initial denaturation at 95 °C for 5 
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min, followed by 30 cycles of denaturation (95 °C for 30 s), annealing (55 °C for 30 s) and 

elongation (72 °C for 1 min), and a final extension step of 72 °C for 10 min.  

PCR products were purified from agarose gel with the HiYieldPCR Clean-Up & Gel-Extraction 

Kit (Südlabor, Gauting, Germany). Amplicons were quantified with the QBIT2 system 

(Invitrogen, HS-quant DNA), mixed in equimolar amounts and sequenced from both directions 

(GATC Biotech, Konstanz) based on the Illumina MiSeq technology. The library was prepared 

with the MiSeq Reagent Kit V3 for 2x 300 bp paired-end reads according to the manufacturer’s 

protocols. For better performance due to different sequencing length, 15% PhiX control v3 

library was used. 

Sequence analyses and bioinformatics 

The acquired raw data of bacterial sequences were analyzed starting with the quality control of 

the sequencing library by the tool FastQC (Quality Control tool for High Throughput Sequence 

Data (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) by S. Andrews). 

Demultiplexing of the sequence reads according to their barcodes and subsequent removal of 

the barcodes was performed with the CutAdapt tool [Martin, 2011]. Using PEAR [Zhang et al., 

2014] forward and reverse sequenced fragments with overlapping sequence regions were 

merged and the nucleotide sequence orientation was standardized. Low quality sequences were 

filtered and trimmed by Trimmomatic [Bolger et al., 2014] and chimeras were removed by 

Chimera.Slayer. Finally, the QIIME pipeline was used to cluster sequences into Operational 

Taxonomic Units (OTUs) and to taxonomically assign them employing the Greengenes 

database with a cutoff value of 97% [Caporaso, 2010]. Older taxonomic assignments for 

bacteria were corrected manually after Rinke et al., [2013] and Nobu et al., [2016]. OP9 and 

JS1 were renamed to Atribacteria, OD1 to Parcubacteria and CD12 to Aerophobetes. 

Statistical analyses 

OTU0.03 with reads <0.1% of the total read counts per sample, OTU0.03 not classified as bacteria 

or classified as chloroplasts, and absolute singletons were removed prior to statistical analysis. 

Absolute read counts were transformed to relative abundances in order to standardize the data 

and to account for different sequencing depths. Variation in pore water and OTU0.03 

composition between samples and among pore water units, as well as correlations of the 

OTU0.03 composition structure with pore water parameters, and determination of diversity were 

assessed using the Past 3.12 software [Hammer et al., 2001]. Diversity indices and richness 

were calculated based on the mean relative abundance of all OTU0.03 of duplicates. To visualize 
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the grouping patterns of sediment samples based on pore water data, principal component 

analyses based on the Euclidean distance of standardized ((x-mean)/stdev) pore water variables 

were used. Grouping patterns based on the OTU0.03 composition of samples were determined 

by non-metric multidimensional scaling (NMDS) based on the Bray-Curtis distance measure. 

To test whether pore water units and their communities, as well as the total communities of the 

two study sites were significantly different, a Non-Parametric MANOVA/PerMANOVA was 

conducted [Anderson, 2001]. Mantel tests were used to study the relationship between pore 

water units and community structuring effects [Mantel, 1967].  

Determination of the core community of OTU0.03 in two different pore water units was 

performed using a custom R script. We filtered specialist OTU0.03, which were present in all 

samples of one unit but not in the other. 

Total Cell Counts 

Fixation, sonication and filtration of sediment were performed as previously described [Llobet-

Brossa et al., 1998]. In order to prevent lysis of the cells during the hybridization process, 

macromolecules and cytoskeletal structures were stabilized by the fixation with formaldehyde. 

At the same time, the fixation makes the cell walls permeable. An amount of 0.5 g of sediment 

was fixed with 1.5 ml 4% paraformaldedhyde-phosphate-buffered saline (PBS, composed of 

137 mM NaCl, 2.7 mM KCl, 15 mM Na2HPO4, and 1.7 mM KH2PO4 [pH 7.6 in water]) for 1 

h at room temperature or at 4 °C over-night. After incubation the sediment was pelleted by 

centrifugation at 9600 g for 5 min and the supernatant was discarded. The paraformaldehyde 

fixed samples were washed twice in freshly sterile filtered 1.5 ml PBS and stored in 1.5 ml of 

PBS/ethanol (1:1) at -20 °C until further processing. The following sonication, according to 

[Kousuke et al., 2004], was performed to relieve cells attached to sediment particles. A volume 

of 200 µl of the fixed sample was diluted 6-fold in PBS/ethanol (1:1), placed on ice and treated 

by low intensity sonication with a Sonotrode MS73 probe (Sonopuls HD3100, Bandelin, Berlin, 

Germany) for 30 s at a setting of 1.5 s sonication pulses (on/off 0.5 s/1.0 s) and an amplitude of 

20%. Sonication was repeated two times. After each sonication step, the sample was 

resuspended. 200 µl of the supernatant was transferred to a fresh tube and replaced by 200 µl 

of PBS/ethanol. The collected supernatant was chilled on ice for 2 min or stored at -20 °C until 

further processing. The sonicated supernatant was diluted in PBS and filtered through a 

polycarbonate membrane filter. The filtration was performed by applying a vacuum and a 

pressure of around -5 mbar. Finally the filters were air dried at room temperature and stored at 

-20 °C until further processing [Kousuke et al., 2004]. 
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Total cell counts were determined by SYBR Green I. Filters were placed on a glass slide, 

mounted with 3 µl of SBYR Green I staining solution (1 volume of 1:40 SYBR Green I, 1 

volume of 0.1% p-phenylenediamine and 1 volume of 4:1 Citifluor/Vecta Shield) and covered 

with a cover slip [Kallmeyer et al., 2008]. Fluorescence microscopy was performed with a Leica 

DM2000 fluorescence microscope using the filter cube FI/RH for SYBR Green I. 

Results 

Pore water chemistry 

According to the PCA of C2 and BK2 (Fig. 3-1) variance between the samples on the horizontal 

axis (PC1) is explained by the seawater influence represented by salinity, conductivity and most 

of the ion concentrations (Br-, Cl-, Na+, Mg2+), with non-saline sediments to the left and saline 

sediments to the right side. In each plot different clusters contained samples of consecutive 

depth, thus defining pore water units in the sediment. Pore water unit I (PW I) represented 

samples in the upper meters of both cores and is characterized by elevated salinity, conductivity 

and ion concentrations. Pore water unit II (PW II) represented samples located below PW I. 

These sediments showed a rapid decline of cations, anions, salinity and conductivity. The 

parameters mentioned before were lower than in PW I but still elevated in comparison to the 

underlying samples, which represented the pore water unit III (PW III). These were not 

influenced by seawater: salinity was less than 1 PSU for most samples.  

In C2, clusters of PW II and PW III are not very distinct from each other (Fig. 3-1a), as the 

influence of the saline water (concentration of ions, etc.) decreased gradually with depth, 

leading to a smooth transition from one unit to the other. Furthermore, an additional cluster 

formed (PW IV), representing samples in the unfrozen sediments below PW III, located deepest 

in the core. Although clustering apart from PW I on the vertical axis, parameters were 

comparable (high salinity and ion concentrations). Pore water stable isotope signatures in PW 

I & IV laid in the range of -9 to -20 ‰ (δ18O) and -75 to -150 ‰ (δD), where increasing marine 

influence was shown by a tendency toward heavier values. PW III had values consistent with a 

glacial origin of pore water, with values from -30 to -20 ‰ (δ18O) and -150 to -230 ‰ (δD). A 

one-way PerMANOVA still revealed that the variance between each of the clusters was 

significantly higher than within single clusters (p = 0.0001, Supplement Table A-5). One single 

sample was located between the clusters of PW I and PW IV (Fig. 3-1a), representing the 

uppermost centimeters of sediment, namely the seabed.  
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Figure 3-1: Principal component analyses (PCA) show the variation of sediment samples based on 

standardized pore water and temperature data (Euclidean distance). Pore water units (PW) were defined 

based on cluster analysis and are represented by different colors. The percentage of variation between 

samples described by principal components 1 and 2 (PC 1 and 2) is indicated on the axes. In total, PC1 and 

PC2 in (a) explained 78.3 % of the variance between samples of C2 (inundated ~2500 yrs ago). (b) PC1 

and PC2 explained 85.7% of variance between samples of BK2 (inundated 540 yrs ago). Environmental 

variables are projected as dark red vectors.  

 

 

In contrast to C2, the separation of PW II and PW III in BK2 was very clear (Fig. 3-1b). Salinity, 

conductivity and the concentrations of all ions showed a sudden drop at the depth of 28.75 m 

bsl, the same depth at which the ice-bonded permafrost table occurred. The seawater penetration 

abruptly stopped at this depth, leaving the underlying sediments (PW III) unaffected. In BK2, 

PW I and PW II clustered close together as both were comparably strongly influenced by 

seawater. Variations in pore water stable isotope signature for the Buor Khaya borehole were 

discussed in Overduin et al. [2015] and suggest a terrestrial cold climate origin not yet affected 

by the infiltration of seawater in PW III. Together with pH, barium and sulfate concentrations, 

isotopes were important in differentiating PW I from PW II sediments in BK2. However, the 

difference between all three clusters determined by one-way PerMANOVA was significant (p 

= 0.0001, Supplement Table A-6). Two samples were located apart from any cluster. One of 

them originated from the first few centimeters of sediment recovered (6 m bsl, black). However, 

the most deviant sample (PW II IL) originated from 12.35 m bsl depth, most closely located to 

PW II. 
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Analyses of samples from both cores in one principal component analysis (Supplement Fig. A-

2) revealed that the PW III of both cores and PW II of C2 clustered together. Furthermore, the 

PW I of both cores, PW IV in C2 and PW II in BK2 clustered on the opposite site of the plot 

with increased influence of the salt water. PW II of C2 scattered between the PW I/PW II and 

PW III with most of the samples clustering close to PW III. In terms of pore water parameters, 

one-way PerMANOVA revealed no significant difference between both sediment cores (p = 

0.9999; F = -0.0005). 

Stratification of pore water units 

Grouping the samples according to the previously shown clusters, resulted in a clear separation 

of the PW I and II in the PCA, which was reflected in the stratigraphy of C2 (Fig. 3-2a). PW I 

reached down to a depth of 29 m without interruption, whereas PW II and III showed some 

alternating layering effects in some depths. PW II reached down to a depth of 48.8 m bsl and 

was interrupted by PW III at between 44.7 and 45.2 m bsl. The largest zone of PW III extended 

to more than 10 meters from 48.8 to 62.3 m bsl with an interlayer of PW II at 60.5 m bsl. Below 

PW III again a layer of PW II occurred and reached down to a depth of 64.5 m bsl. This was 

followed by sediments which were similar to the PW I, namely pore water unit IV (PW IV).  

PW I in BK2 reached down to a depth of 13.65 m bsl (Fig. 3-2b). An interlayer at the depth of 

12.35 m bsl, resulting from the sample clustering far apart of any cluster (PW II IL in Fig. 3-

1b), divided this unit into an upper and lower part. PW II reached down to a depth of 28.75 m 

bsl. Frozen sediment below the permafrost table, unaffected of marine waters, formed the PW 

III 

Microbial abundance in submarine permafrost 

DNA concentrations of C2 are illustrated in Fig. 3-2a and showed a high value of 265.2 ng g-1 

in the upper centimeters right below the seafloor. A small DNA peak of of 84.3 ng g-1 was found 

in the PW II sediment at a depth of 40.4 m bsl. But the highest DNA concentrations with 

maxima between 89.9 and 341.5 ng g-1 were found at the depth interval of 54.6 to 56.1 m bsl in 

the frozen PW III. The depth profile of the microbial abundance showed the same trend. The 

uppermost sample just below the seafloor revealed high numbers of 9.2 x 106 cells and 3.5 x 

108 gene copies, but total cell counts and bacterial 16S rRNA gene abundance peaked again 

between 54.6 to 56.1 m bsl, with ~5 x 107 cells g-1 and 2.7 x 108 gene copies. 

In comparison, BK2 (Fig. 3-2b) exhibited three to four times lower DNA concentrations than 

C2 (Fig. 3-2a). Cell counts were 20 to 70 times lower and the abundance of the bacterial 16S 
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rRNA gene was even 50 to 250 times lower than in C2. In contrast to C2, the highest biomass 

here was found in the upper meters of the sediment core. In PW I and the thin interlayer of PW 

II DNA concentrations reached values of 68.3 to 87.9 ng g-1. The lower part of PW II was 

characterized by very low values not exceeding 6 ng g-1. Lowest DNA concentrations were 

obtained at the transition of frozen to unfrozen sediment with minimum values of 1.0 ng g-1 

right above the ice-bonded permafrost table (IBPT). In the unaffected frozen unit (PW III) DNA 

concentrations peaked at a depth of 40.5 m bsl with 25.9 ng g-1. Depth profiles of both bacterial 

gene copies and total cell counts were similar. Highest values in BK2 were obtained in the PW 

I and its interlayer with up to 2.4 x 106 cells and 6.2 x 106 gene copies. The second highest 

value of 1.1 x 106 gene copies was found in the ice-bonded part at a depth of around 40.5 m bsl, 

but generally cell counts in BK2 decreased with depth. 
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Figure 3-2: Sediment characteristics, from left to right: pore water units, depth of samples chosen for 

sequencing, DNA concentration (filled dots), bacterial 16S rRNA gene copy number (filled squares) and 

total cell counts (TCC, triangles) per gram sediment wet weight, Richness (no. of OTU0.03, dots), Shannon-
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Index (diversity, squares) and ground temperature (diamond) of (a) C2 (inundated ~2500 yrs ago) and (b) 

BK2 (inundated 540 yrs ago). Sea ice/water thickness is indicated at the top of the Figures; ice-bonded 

permafrost is shown in the graphs. 

 

Diversity 

The richness and diversity of C2 (Fig. 3-2a) were quite constant from the seabed to PW III, 

with the highest values in the marine sample and a slightly decreasing trend. Here, mean 

OTU0.03 numbers of duplicates ranged between 127 and 194, in contrast to OTU0.03 numbers of 

78 to 84 in PW IV (Supplement Table A-7). Diversity indices behaved very similar (Shannon 

index 3.7 to 4.5; Simpson index > 0.9 in PW I-III, and Shannon index 1.7 to 2.6; Simpson index 

0.5 to 0.8 in PW IV). 

In BK2, values of the Shannon index and the richness of OTU0.03 showed a similar trend (Fig. 

3-2b). Both were highest in the unfrozen part (PW I and II) of BK2 and lowest in the permafrost 

unit PW III. Mean OTU0.03 numbers of duplicates ranged between 31 and 189 per sample 

(Supplement Table A-7). A decrease could be observed right above the phase boundary and in 

the ice-bonded PW III. Those depths were highly dominated by few taxa. 

Structure of the bacterial community  

Using the relative abundances of OTU0.03 and the Bray-Curtis distance measure, ordination 

plots were created (NMDS). The NMDS ordination of all samples from both cores showed 

some level of clustering of the bacterial communities in accordance with the separation by 

regional properties and environmental factors (Supplement Fig. A-3). Bacterial communities of 

both study sites formed two significant clusters (Supplement Table A-8). 

Individually, C2 exhibited distinct microbial communities according to the pore water units 

(Fig. 3-3a). The NMDS plot showed an arrangement of the communities according to the depth 

location of pore water units. The community of the deep PW II was located between the PW II 

and PW III clusters showing the similarity to both of them. The microbial communities on the 

OTU0.03 level differed significantly between the units (Supplement Table A-9). A Mantel test 

with the total community and pore water data, including temperature, revealed a significant 

correlation (p = 0.001, correlation R = 0.46). Mantel tests with the total community and single 

pore water parameters at the corresponding depths showed that there was no correlation with 

calcium, silicon and nitrate, and only a weak correlation with sulfate (R < 0.25) (Supplement 

Table A-10). 
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Figure 3-3: Non-metrical multidimensional scaling (NMDS) of the microbial community structure 

based on relative abundances of OTU0.03 (Bray-Curtis dissimilarity). Colors represent the pore water units 

from which the OTU0.03 originate. (a) NMDS of bacterial communities found in C2 (inundated ~2500 yrs 

ago). The seabed is not defined by pore water but by the shallow depth location of the sample. Stress: 0.12. 

(b) NMDS of bacterial communities found in BK2 (inundated 540 yrs ago). PW II IL means the interlayer 

of pore water unit II within PW I. Stress: 0.07. 

 

 

In BK2, we did not observe bacterial community structures that were specific for any pore water 

unit (Fig. 3-3b). In addition to the corresponding pore water data, the bacterial community of 

the sample at 12.35 m depth (PW II IL) differed from the others. Grouping the samples 

according to the pore-water units showed an overall significant difference between those 

groups, but not when considered pairwise (Supplement Table A-11). Furthermore, there was 

no correlation of the overall community composition of BK2 to pore water parameters (p = 

0.357, R = 0.07). 

The most abundant phyla of C2 and BK2 on the order level are shown in Fig. 3-4a and b, and 

Supplement Tables A-12 and A-13. In BK2, 90 orders were identified (Supplement Table A-

14), but only 17 had > 3% abundance. The bacterial community of C2 consisted of 138 

identified orders with 34 exceeding a relative abundance of 3%, twice the number of BK2.  

The composition and distribution of the most frequent orders (> 3%) of both sediment cores 

showed few similarities. Only Clostridiales were found to be abundant in several units of both 

cores. Atribacteria SB-45 was abundant in units with elevated salt concentrations (PW IV in 

C2 and PW I and II in BK2), Burkholderiales in units with low salinity and Rhizobiales 

throughout all PW units (Fig. 3-4). 
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In C2, no clear marine or terrestrial community was observed, except for the uppermost sample 

of C2 representing the seabed, because many of the observed taxonomic groups can be found 

in both, marine and terrestrial environments. The seabed was characterized by many marine 

related orders which were unique for that horizon, such as Pirellulales and orders of the 

Deltaproteobacteria (Desulfobacterales, MBNT15, Myxococcales) and Gammaproteobacteria 

(Chromatiales, Thiotrichales, Marinicellales). In regard of the dominant orders, PW I to PW 

III showed a quite similar community composition. Community characteristics of PW units and 

differences between them are described in the following. PW I mainly contained groups that 

could be found elsewhere in PW II or PW III sediments (Acidimicrobiales, Actinomycetales, 

Gaiellales, Solirubrobacterales, Chloroflexi Gitt-GS-136, Gemmatimonadetes Gemm-1, 

Rhizobiales, Sphingomonadales) and that were mostly absent from the shallowest and deepest 

layers (seabed and PW IV). Abundant groups, such as Actinomycetales and Gitt-GS-136, were 

found in all PW I to PW III. Both underwent a shift on family level from PW II to PW III. 

Actinomycetales in PW II were dominated by Nocardioidiaceae, whereas Intrasporangiaceae 

and Actinotalea dominated in PW III. Further, Chloroflexi Gitt-GS-136 was abundant in PW 

II, while in PW III Chloroflexi Ellin6529 was more abundant. Besides Actinomycetales and 

Chloroflexi, Clostridiales was among the most abundant orders in PW III. In addition, PW III 

contained numerous taxa that were unique for this pore water unit (for example Acidobacteria 

iii1-15, Gaiellales, Bacteriodales or Gemmatimonadetes N1423WL). The deepest unit PW IV 

was highly dominated by Clostridiales and SB-45 of the phylum Atribacteria. Due to the high 

dominance of Clostridia, there were only two other taxa (Aerophobetes and Rhizobiales) with 

a sequence abundance above 3%. In general, PW IV comprised less taxa, reflected in a lower 

diversity and richness compared to the other units (see Supplement Table A-7).  

In BK2, a few taxa such as Clostridiales and Rhizobiales were highly abundant especially 

within PW III and right above the permafrost table. The bacterial community of the sample 

BK2-018 was very different from that of all other samples (Fig. 3-4b) coinciding with the pore 

water data (Fig. 3-1b, PW II IL) and the OTU0.03 data (Fig. 3-3b, PW II IL). Except for 

Clostridiales, all other taxa (for example Acidimicrobiales, Cytophagales, Ignavibacteriales, 

Chromatiales and Thiotrichales) were only observed in BK2-018. Core groups of BK2 were 

Clostridiales, Rhizobiales and Burkholderiales and were found in all three pore water units of 

BK2.  
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Figure 3-4: Relative abundance of bacterial orders of samples from (a) C2 (inundated ~2500 yrs ago) 

and (b) BK2 (inundated 540 yrs ago). Orders with an abundance of more than 3% are shown. The remaining 

orders are categorized as ‘others’. Colors indicate the pore water unit. 
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In addition to the general community composition, we investigated the core communities of 

PW II and PW III in C2 (Supplement Table A-15). We excluded PW I due to the low sample 

number. Given the overall low sample number in BK2, a determination of the core communities 

was not reasonable. The core community of PW II in C2 was much more diverse than that of 

PWIII, counting 28 OTU0.03. In contrast, the community of PW III in C2 contained only 8 

shared OTU0.03. Taxa such as Acidimicrobia, Actinobacteria and Thermoleophilia were 

represented by several OTU0.03 in PW II, but completely absent in the core community of PW 

III. In contrast to the seabed, a clear marine origin of PWII taxa was not evident. Some taxa 

such as Acidimicrobiales (Acidimicrobia), Nocardioidaceae and Geodermatophilaceae 

(Actinomycetales), and Hyphomicrobiaceae (Rhizobiales) were, however, reported to be 

successful in marine environments [Yi and Chun, 2004; Lee and Kim, 2007; Normand et al., 

2014; Oren and Xu, 2014; Zhang et al., 2014a; Mizuno et al., 2015]. 

Discussion 

Bacterial communities in two submarine permafrost settings from the East Siberian Arctic Shelf 

(BK2 and C2) were exposed to permafrost warming and thaw and the infiltration of seawater 

by inundation for about 540 and 2500 years, respectively. The inundation period was thereby 

based on recent rates of coastal retreat. Although the rate at which the sea transgresses over 

land is determined by many different factors, the degradation of permafrost in the nearshore 

zone is at least partially controlled by the coastal erosion rates [Are, 2003; Overduin et al., 

2016]. Due to a high mean annual coastal erosion rate of 4.5 m yr-1 over the past decades at the 

C2 site [Grigoriev, 2008], we assume an initially rapid submergence relative to BK2. The more 

rapid erosion at the C2 site leads to shorter times for seawater penetration for a particular 

distance from the coast, all other factors being equal. In contrast, the comparably low mean 

annual coastal erosion rate over the past decades of 1.4 m yr-1 means that inundation occurred 

more slowly at BK2. The proximity of BK2 to the coast and the shallower water suggests that 

seasonal changes in salinity and temperature are probably still large due to this proximity and 

that wave action will penetrate more deeply into the sediment [Overduin et al., 2015]. The 

marine influence, characterized by a constant salinity in the unfrozen sediment of BK2, 

extended down to the ice-bonded permafrost table, suggesting convective downward transport 

of salt [Overduin et al., 2015]. The coupling of heat with convective transport [Osterkamp, 

2001], and higher terrestrial permafrost and geothermal heat fluxes in this region [Nicolsky et 

al., 2012] likely also explain high sediment temperatures (-0.8 to 0.5 °C) of BK2.  
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Although both coring sites belong to the ice-rich syngenetic permafrost deposits called Yedoma 

or Ice Complex [Schirrmeister et al., 2008, 2016; Grosse et al., 2013], C2 is located 250 km 

westward and 550 northward of BK2. Despite their spatial separation and differing glacial 

sediment source regions, the sub-Yedoma terrestrial sandy sediment at both sites was deposited 

in similar local fluvial-alluvial environments with intermittent organic layers of woody and 

fibrous detritus [Winterfeld et al., 2011; Overduin et al., 2015]. The portions of the two cores 

undergoing submarine degradation have similar ages [Winterfeld et al., 2011; Schirrmeister et 

al., 2016]. Permafrost at the C2 site has a temperature close to -12 °C at the damping depth for 

annual temperature fluctuations; at BK2, the temperature is similar though closer to -10 °C, 

probably due to differences in regional climate. There were similarities between how pore water 

chemistry varied over depth in both cores, which reflected similar stages of permafrost 

degradation. PW III represents ice-bonded and warmed permafrost that was unaffected by the 

infiltration of seawater. PWI and II were found in permafrost of terrestrial origin that had been 

influenced by seawater. PW IV was only observed in one of the cores, where drilling penetrated 

through the frozen permafrost into a partially frozen marine layer. Winterfeld et al. [2011] 

suggested that the corresponding sediment layer was Eemian and marine in origin. The 

similarity of pore water units at the two sites suggests that they are characteristic of submarine 

permafrost. They can be partly explained by post-depositional and post-transgression processes: 

wave and ice turbation of the seabed (PWI), and infiltration of saline seawater into the sediment 

(PWII). In addition to warming of the sediment by the overlying seawater, these processes 

contribute to thawing of permafrost below the seabed after inundation. In C2, for example, PCA 

strongly suggests that seawater infiltrates into ice-bonded permafrost before thawing is 

complete. Higher solute concentrations decrease the temperature of freezing of the pore water 

and increase the liquid water content of the sediment [Overduin et al., 2008]. Since freezing 

affects the volume of the habitable space in the sediment, and the concentration of solutes in 

that habitable space, depending on temperature and salinity, freezing is an important control on 

microbial activity. Determination of the in situ ice and liquid water content in the sediment at 

the time of sampling or during the period of warming following inundation is difficult for 

samples at or close to freezing temperature. Based on the measured pore water salinities, pore 

water solutions had freezing points of between -1.76 and -0.6 °C for PW I & IV and -0.9 and 0 

°C for PW II & III. The almost isothermal temperature profile in Supplement Table A-1, for 

example, showed sediment at or near the freezing point, especially in PW IV. Permafrost 

dynamics and pore water composition in particular thus expand the bacterial habitat and have 

the potential to influence bacterial community composition.  
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The stratification of bacterial sub-communities at C2 (Fig. 3-3a) coincides with changes in the 

bacterial community composition (Fig. 3-4a). For example, the shallowest sample of C2, a few 

centimeters below the seafloor, harbored the highest number of unique phyla, and 

predominantly those typical for marine conditions such as Pirellulales, Desulfobacterales, 

Thiotrichales, Marinicellales [Wang et al., 2012; Campbell and Kirchman, 2012]. The bacterial 

community composition of this layer thus shows a marine origin, so that we refer to it as the 

seabed. The underlying sub-communities of PWI and II lack an imprint of clearly marine taxa 

despite seawater infiltration and even though parameters such as salinity and pore water stable 

isotopes largely serve to explain their community patterns (Supplement Table A-10). At the 

same time they have evolved into sub-communities significantly different from those of the 

unaffected permafrost unit PWIII (Supplement Table A-9). The separation into individual sub-

communities of PW II and III is further manifested through different core groups of both layers 

(Supplement Table A-15). So, although the bacterial community composition has changed in 

response to seawater infiltration, it reflects the bacterial assemblages of terrestrial permafrost 

even after centuries to millennia of exposure to submarine conditions. In C2, bacterial 

communities can consequently be classified as belonging to terrestrial permafrost, marine-

affected permafrost, reworked permafrost sediments, or seabed. Continuing permafrost thaw 

will eventually lead to the complete loss of the original permafrost bacterial assemblages. They 

will probably shift to new assemblages like those of PWII but remain distinct in their 

composition from bacterial communities at the seabed. In contrast to C2, no significant 

correlation between community and environmental data along the BK2 core was observed, 

meaning that an assignment of bacterial communities consistent with pore water units was not 

possible. The statistical lack of significance may have been the result of low biomass in BK2.  

With total cell counts of 103 - 107 cells g-1 sediment the microbial abundances of both submarine 

permafrost cores were within the range of cell counts found in terrestrial long-term cryogenic 

formations such as frozen ground and buried soils [Gilichinsky., 2008]. Cell numbers of C2 

were comparable with microbial abundances from sub-seafloor sediments (106 – 107 cells ml-1 

sediment) [Parkes et al., 2014]. The depth profiles of total DNA concentration, bacterial gene 

copy numbers and total cell counts in both cores followed a similar trend. Still, in C2 the 

abundance of the bacterial 16S rRNA gene often exceeded that of the total cell counts by at 

least an order of magnitude (Supplement Tables A-16 and A-17). This cannot be solely due to 

multiple 16S rRNA gene copies per cell [Schmidt, 1998] but reflects the long-term preservation 

of extracellular DNA (up to 400 000 years) due to low temperature conditions in permafrost 

[Stokstad, 2003; Willerslev et al., 2004]. A large proportion of external DNA has frequently 
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been observed in marine sediments as well [Corinaldesi et al., 2005; Alawi et al., 2014; 

Kirkpatrick et al., 2016]. Future cell separation approaches will shed light on the extent and 

distribution of external DNA versus DNA of intact cells. In sub-seafloor sediments the 

microbial abundance usually shows an exponential decrease with depth [Kallmeyer et al., 

2012]. In C2, however, maximum microbial abundances, bacterial gene copy numbers and 

DNA concentrations occurred in the unaffected permafrost unit, which confirms that even in 

frozen sediments microbial cells can be conserved and survive within thin brine veins [Steven 

et al., 2007a; Wagner et al., 2007; Bischoff et al., 2013]. C2 also exhibited a quite constant 

diversity and richness in all pore water units except for PW IV. The diversity of this submarine 

permafrost site is thereby comparable with the permafrost active layer and permafrost thaw 

ponds [Liebner et al., 2008; Crevecoeur et al., 2015], though lower than in marine and deep-

sea hydrothermal sediments [Wang et al., 2012; Cerqueira et al., 2015]. Recalling the clear 

stratification of bacterial assemblages according to the degree of marine influence, C2 displays 

thus a very unusual sub-seafloor habitat where permafrost table depth, stage of permafrost 

degradation, and time of inundation are constraints for the abundance and structure of bacteria 

and where permafrost is a bottom-up source for sub-seafloor life. “Bottom-up” refers in this 

case to its vertical position and the fact that, due to permafrost thaw, it is being continuously 

released at the lower boundary of the thawed sediment layer. Since C2 can be considered 

representative for submarine permafrost after millennia of exposure to submarine conditions its 

unique features as a subsurface habitat are likely applicable to large areas of the Siberian Arctic 

Shelf.  

The origin and development of bacterial community structure and diversity differ between the 

two submarine permafrost cores. β-diversity, the variation in community composition, increases 

with distance and when local environmental conditions differ [Lindström and Langenheder, 

2012]. Given that the terrestrial sediment at both sites was deposited in similar local fluvial-

alluvial environments, we assign the high β-diversity of the bacterial communities to the large 

spatial distance and different glacial sediment source regions. Not even the infiltration of 

seawater into the units PW I and II resulted in similar bacterial community structure of C2 and 

BK2 (Supplement Fig. A-3, Table A-8) even though dispersal, i.e. the movement of an 

individual taxon from one location to another by passive or active mechanisms [Hanson et al., 

2012] through seawater should be high [Lindström and Langenheder, 2012]. For example, 

abundant taxa of PW II in BK2 were Rhizobiales and Burkholederiales, whereas PW II in C2 

harbored predominantly Acidimicrobiales, Actinomycetales and Chloroflexi Gitt-GS-136. The 

heterogeneity of bacterial communities in shelf sediments of the Laptev Sea is in line with a 
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substantial β-diversity of bacterial communities in deep marine subsurface sediments from 

different continental margin sites in the Pacific Ocean [Fry et al., 2008]. A large β-diversity 

even in sediment layers influenced by seawater for decades and hundreds of years could reflect 

i) that marine bacterial taxa did not establish in the new location of formerly terrestrial sediment, 

ii) the movement of seawater through the sediment matrix is too slow or iii) the movement of 

seawater through the sediment matrix occurs at very different rates in C2 compared to BK2. 

Our results indeed show that sediments of terrestrial origin in C2 are less influenced by marine 

inundation than sediments in BK2. The more gradual transition between PW II and PW III (Fig. 

3-1a) in C2, compared to BK2, indicates that the penetration of seawater into the sediment takes 

place more slowly in C2. This can be due to different seabed conditions caused by wave and 

sea ice action, which drive the diffusive penetration into the seabed, and/or distinct sediment 

column properties that affect the penetration rate [Ulyantsev et al., 2016]. As a consequence of 

the relatively deep water column and the low sea ice thickness, seasonal changes in seabed 

temperature and salinity were likely lower in amplitude at the C2 site. Still, bottom water 

salinity in the western part of the Laptev Sea is higher than in the central Laptev Sea, which is 

influenced by fluvial discharge [Schirrmeister, 2007; Charkin et al., 2011; Günther et al., 

2013]. The concentration profile in C2 [Winterfeld et al., 2011] suggests a predominantly 

diffusive transport of dissolved constituents of the pore water through the sediment column, 

whereas the BK2 profile suggests either more rapid diffusion and/or advective transport 

[Osterkamp, 2001].  

C2 furthermore appears to host bacterial communities that have been stimulated by warming 

and started to proliferate, an assumption that was made before in the context with submarine 

permafrost [Koch et al., 2009] and that is generally associated with the development of 

microbes in thawing permafrost [Graham et al., 2012; Schuur et al., 2015]. Thereby, 

stimulation of the microbes may be facilitated by a rising water content in warming permafrost 

[Overduin et al., 2008]. This is supported by highest total cell counts, DNA concentrations and 

bacterial gene copy numbers of all units in the ice-bonded unaffected permafrost unit of C2, 

when neglecting the seabed sample. We cannot, however, rule out that cell numbers were high 

before transgression. The drop in microbial abundance between the unaffected permafrost unit 

(PWIII) and the terrestrial units that are marine-influenced (PWI and II) further indicate that in 

C2 the microbial community was disturbed by seawater infiltration. This would be in line with 

observed decreases in soil microbial abundance after exposure to elevated salt concentrations 

[Rietz & Haynes, 2003]. In BK2, microbial cell numbers decrease with depth which is typical 

for sub-seafloor habitats. In addition, the microbial data along BK2, for example the lowest 
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microbial abundance in the seawater unaffected permafrost sediments, do not show any 

indication for proliferation due to warming. The ice-bonded permafrost is still characterized by 

sub-zero temperatures, an environment where water activity, rates of nutrient exchange and 

growth rates are low [Rivkina et al., 2000]. Microorganisms must resist exposure to subzero 

temperatures for prolonged periods of time [Wagner et al., 2007]. This is highly selective for 

cells and may be the reason for the small bacterial diversity and population size (104 cells g-1 

sediment) in BK2. In addition, a high mean acetate concentration of 132.6 µM in the unaffected 

sediments (Supplement Fig. A-4) indicate that despite the temperature increase bacterial 

activity and growth in the permafrost unit were not yet stimulated. In fact three orders of 

magnitude less microbial cells in PWIII of BK2 compared to C2 suggest that the reaction of the 

permafrost bacterial community in BK2 to inundation is more strongly determined by 

disturbance than by the beneficial increase in temperature. As a corollary, this would suggest 

that bacterial communities in C2 reflect a later stage in the reaction of permafrost bacterial 

communities to marine transgression of permafrost.  

Conclusions 

This study highlights that submarine permafrost is a suitable natural laboratory for studying the 

response of permafrost bacterial communities both to temperature and salinity increase on 

geological timescales. It shows that concentrations and stable isotopes of pore water solutes can 

be used to distinguish sediments affected by reworking in the marine environment from the 

terrestrial permafrost thawed in situ beneath the seabed. Further we show that seawater 

infiltrates into frozen ice-bonded permafrost before thawing is complete. The effect of these 

processes is also reflected in the bacterial communities found in thawed and frozen submarine 

permafrost. Submarine permafrost originates as terrestrial permafrost but is warmer and has 

more saline pore water as a result of inundation by seawater. These differences change bacterial 

community structure, abundance and diversity, but the communities themselves remain 

terrestrial. The exposure to warming and increasing pore water salinity is a disturbance that 

probably results in a decrease of the community size followed by increasing proliferation on a 

time scale of millennia. Further work is needed to clarify whether differences in the community 

size and structure are a result of different inundation processes or spatial differences, and 

whether microbes in unaffected sediments exposed to warming are actively proliferating.  
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4 Manuscript II - Anaerobic methanotrophic communities 

thrive in deep submarine permafrost 

 

Abstract 

Thawing submarine permafrost is a source of methane to the subsurface biosphere. Methane 

oxidation in submarine permafrost sediments has been proposed, but the responsible 

microorganisms remain uncharacterized. We analyzed archaeal communities and identified 

distinct anaerobic methanotrophic assemblages of marine and terrestrial origin (ANME-2a/b, 

ANME-2d) both in frozen and completely thawed submarine permafrost sediments. Besides 

archaea potentially involved in anaerobic oxidation of methane (AOM) we found a large 

diversity of archaea mainly belonging to Bathyarchaeota, Thaumarchaeota, and 

Euryarchaeota. Methane concentrations and δ13C-methane signatures distinguish horizons of 

potential AOM coupled either to sulfate reduction in a sulfate-methane transition zone (SMTZ) 

or to the reduction of other electron acceptors, such as iron, manganese or nitrate. Analysis of 

functional marker genes (mcrA) and fluorescence in situ hybridization (FISH) corroborate 

potential activity of AOM communities in submarine permafrost sediments at low 

temperatures. Modeled potential AOM consumes 72-100% of submarine permafrost methane 

and up to 1.2 Tg of carbon per year for the total expected area of submarine permafrost. This is 

comparable with AOM habitats such as cold seeps. We thus propose that AOM is active where 

submarine permafrost thaws, which should be included in global methane budgets.  

Introduction 

Terrestrial permafrost landscapes, which developed during glacial cold periods, are known to 

be a large reservoir of organic carbon (~1300 Pg) [Hugelius et al., 2014]. Permafrost thaw and 

the following microbial production of carbon dioxide and methane from liberated organic 

matter may act as a positive feedback to climate warming [Schuur et al., 2015]. Methane has 

34 times higher global warming potential over a 100 year period [IPCC in Climate Change 

2013, 2013] and is a more critical greenhouse gas than carbon dioxide. The amount and the 



Manuscript II  

64 

 

release rates of methane are not well constrained although they are critical for evaluating future 

climate change.  

Several Arctic sources of methane have been identified, including methane bursts during soil 

freezing [Mastepanov et al., 2008], thermokarst lakes [Walter et al., 2006], lakes and ponds 

[Wik et al., 2016], wetlands [Petrescu et al., 2015], gas hydrates [Ruppel and Kessler, 2017] 

and submarine permafrost [Shakhova et al., 2010a]. Submarine permafrost on continental 

shelves of the Arctic Ocean is a consequence of the inundation of terrestrial permafrost by 

seawater during the Holocene marine transgression [Osterkamp, 2001; Rachold et al., 2007]. 

Coastal submarine permafrost froze under subaerial terrestrial conditions in alluvial/fluvial 

settings and has remained frozen since then [Winterfeld et al., 2011; Overduin et al., 2015]. 

Submarine permafrost is much more susceptible to thawing than permafrost on land, because 

of overlying warm marine water causing diffusion of salt water into the sediments from the top, 

and because of geothermal heat flux from below [Shakhova et al., 2010a]. Based on thermal 

modeling of permafrost development over glacial/interglacial cycles, submarine permafrost is 

likely to have persisted in deep sediment layers for hundreds of millennia [Romanovskii and 

Hubberten, 2001]. Over those millennial timescales submarine permafrost reaches its freezing 

point, between -2 and -1 °C, after which it slowly starts degrading due to the influence of high 

salt concentration [Osterkamp, 2001; Romanovskii et al., 2004]. Our knowledge of evolving 

carbon pools and carbon turnover in submarine permafrost is, however, scarce. 

Arctic submarine permafrost regions have the potential to emit large amounts of methane to the 

atmosphere [Shakhova et al., 2014], however flux measurements are controversial. First 

estimates suggest a release of 8.0 Tg of methane per year from the East Siberian Arctic Shelf 

(comprising Laptev Sea, East Siberian Sea and the Russian part of the Chukchi Sea), which 

would equal the release of methane from the entire world ocean [Shakhova et al., 2010a]. In 

contrast, recent estimates for the Laptev and East Siberian Seas are almost three times lower 

(2.9 Tg y-1) [Thornton et al., 2016]. Methane is mainly released from the sediment but the 

source is unclear [Shakhova and Semiletov, 2007]. It is expected that permafrost degradation 

can create pathways for the release of gas captured within submarine permafrost sediment or 

within gas hydrates underneath [Shakhova et al., 2014]. Low δ13C-CH4 values indicate a 

biogenic or thermogenic origin of methane released from submarine permafrost [Koch et al., 

2009; Overduin et al., 2015]. A previous study demonstrated a drop of methane concentrations 

at the permafrost thaw front deep inside the sediments, which coincided with increasing δ13C-

CH4 values from -70‰ to -35‰ that points to anaerobic oxidation of methane (AOM) 

[Overduin et al., 2015]. Sulfate penetrating from the seabed into the sediment created a deep 
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sulfate-methane transition zone (SMTZ) similar to other geological formations in the 

subsurface [D’Hondt et al., 2004], with sulfate being a potential electron acceptor for AOM 

[Thornton and Crill, 2015]. 

Most studies on AOM in the marine system have focused on ANME archaea that couple the 

oxidation of methane to the reduction of sulfate via a syntrophic lifestyle with sulfate-reducing 

bacteria (SRB) [Boetius et al., 2000; Orphan et al., 2001; Niemann et al., 2006]. Three main 

marine clades, ANME-1a/b, ANME-2a/b/c, and ANME-3 have been identified so far [Knittel 

and Boetius, 2009]. These clades are associated with sulfate-reducing bacteria of the genera 

Desulfosarcina, Desulfococcus, Desulfobulbus and Desulfofervidus, which belong to the class 

Deltaproteobacteria [Knittel and Boetius, 2009] and of the phylum Thermodesulfobacteria 

[Krukenberg et al., 2016]. Besides the marine ANMEs there is evidence of terrestrial AOM 

driven by the ANME-2d clade [Haroon et al., 2013; Weber et al., 2017]. ANME-2d sequences 

were detected in wetland and permafrost habitats [Kao-Kniffin et al., 2015; Shcherbakova et 

al., 2016; Narrowe et al., 2017] so they might mitigate the release of methane in these 

environments. A recent study on wetlands showed that even low amounts of sulfate (µM) are 

sufficient to couple AOM with sulfate reduction in terrestrial environments [Segarra et al., 

2015]. In addition, alternative electron acceptors for AOM such as iron [Beal et al., 2009; 

Crowe et al., 2011], manganese [Beal et al., 2009] as well as nitrate [Raghoebarsing et al., 

2006; Haroon et al., 2013] and humic substances [Smemo and Yavitt, 2011; Scheller et al., 

2016] have been suggested. To date, the microbial mitigation of methane emissions from 

permafrost environments is only evident in aerobic soils and sediments [Liebner et al., 2011; 

Knoblauch et al., 2015], while communities that oxidize methane anaerobically in thawing 

permafrost in the deep subsurface remain unexplored [Ruppel and Kessler, 2017]. We 

hypothesize that active marine and terrestrial ANME clades exist in thawing submarine 

permafrost similar to microorganisms found in terrestrial enrichments [Raghoebarsing et al., 

2006; Haroon et al., 2013] or marine SMTZ [Oni et al., 2015; Ruff et al., 2015], and that these 

clades could function as an efficient methane filter for a diffusive methane release.  

We investigated AOM in two deep submarine permafrost cores (48 m and 71 m) from the 

Siberian Shelf with different stages of submarine permafrost thaw [Mitzscherling et al., 2017] 

that were inundated for about 540 and 2,500 years, respectively [Rachold et al., 2007; Overduin 

et al., 2015]. To identify microbial assemblages involved in AOM, we performed high-

throughput sequencing of archaeal and bacterial 16S rRNA genes and of the functional marker 

gene methyl co-enzyme reductase (mcrA) that is encoded by both methanogens and anaerobic 

methanotrophs. We quantified mcrA and dissimilatory sulfate reductase (dsrB) gene markers 
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by quantitative PCR (qPCR) and correlated their abundance with the 16S rRNA gene 

abundance of AOM-related microorganisms. We visualized AOM-related microorganisms by 

catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) and constructed 

ANME-specific 16S rRNA gene clone libraries to resolve their diversity in submarine 

permafrost sediments. Pore water geochemistry i. e. concentrations of methane, nitrate, sulfate, 

iron, and manganese, was analyzed to verify potential horizons of methane consumption. 

Analysis of stable carbon isotope geochemistry of methane and microbial membrane lipid 

biomarker were performed to evaluate the activity of AOM communities in situ. 

Results  

Isotopic evidence of AOM and potential electron acceptors 

Methane concentrations were low (average 48 µM) in the ice-bonded permafrost section of the 

Cape Mamontov Klyk core (hereafter C2) inundated for ~2,500 years [Koch et al., 2009] and 

peaked at approximately 52 m below seafloor (bsf) with a concentration of 990 µM (Fig. 4-

1A). In contrast, methane concentrations in the ice-bonded permafrost section of the Buor 

Khaya core (hereafter BK2) were on average 8 times higher than in C2 (Fig. 4-2A) [Overduin 

et al., 2015]. δ13C values of methane in the ice-bonded permafrost of BK2 showed values 

between -71 and -53‰ typical for a biological origin [Avery et al., 1999] (Fig. 4-2A). Above 

the ice-bonded permafrost, δ13C values of methane ranged from -37 to -30‰ within a few 

meters on top of the thaw front and stayed constant to a depth of about 12 mbsf [Overduin et 

al., 2015]. Above 12 mbsf δ13C-values of methane showed high dynamics with values ranging 

between -67 to -32‰ (Fig. 4-2A). δ13C values of methane in the C2 core were only measurable 

in parts of the ice-bonded permafrost and showed 13C values between -72‰ to -37‰ (Fig. 4-

1A). Independently of one another, both cores showed opposing dynamics of methane 

concentration and δ13C values with a clear signal of AOM at the SMTZ of BK2. Estimated 

release rates of methane from the ice-bonded permafrost of BK2 together with the modeled 

fraction of methane that was oxidized yielded potential AOM rates of 1.7 - 2.1 nmol cm-3 d-1± 

0.9 - 1.2 nmol cm-3 d-1 [Overduin et al., 2015] in the SMTZ.  
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Figure 4-1: Pore water profiles of methane, nitrate, sulfate, manganese and relative archaeal 

abundance in the Mamontov Klyk core C2. (A) Methane concentrations are shown in black and 

corresponding δ13C-values in magenta [Koch et al., 2009]. (B) Nitrate concentrations are shown in blue, 

sulfate concentrations in red, manganese concentrations in green, and iron concentrations in light blue. (C) 

Purple dots on the left shows depth location in the core. Relative abundance of archaeal sequences are 

shown as bar plots. Colors of bars refer to the taxa in the legend below figure. Numbers on the right refer 

to the exact depth in the core. ANME= ANaerobic MEthanotrophic archaea, DHVEG-1= Deep 

Hydrothermal Vent Euryarchaeotal Group 1, DSPEG= Deep Submarine Permafrost Euryarchaeotal Group, 

MBG-B= Marine Benthic Group B, MBG-D= Marine Benthic Group D, MCG= Miscellaneous 

Crenarchaeotal Group. The shaded area represents the permafrost degradation zone, the red area a sulfate-

methane transition zone, and the light blue areas ice-bonded permafrost. All uncolored areas of the plots 

correspond to unfrozen submarine permafrost and marine sediments. 

 

 

Sulfate from seawater penetrated into the ice-bonded permafrost section of core C2 and into the 

thaw front of core BK2 indicating the presence of a SMTZ (Fig. 4-1B and 4-2B). Sulfate 

concentrations of 12 to 24 mM in the unfrozen part of the C2 core decreased with depth and 

penetrated almost 10 m into the ice-bonded permafrost. Here, sulfate concentrations were still 

high with up to 12.5 mM. Below 40 mbsf sulfate concentrations were low (< 0.4 mM) with the 

exception of ~52 mbsf (~1.5-2 mM) and the lower permafrost thaw front at ~58 mbsf (2.3 to 

5.5 mM). Sulfate in the marine-affected layers of BK2 showed low concentrations (< 0.5 mM) 

in the first 5 mbsf and brackish concentration of 2 to 7 mM between 5 mbsf and the ice-bonded 
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permafrost. Inside the ice-bonded permafrost sulfate concentrations were low (average 0.08 

mM) (Fig. 4-2B). In core C2, other potential terminal electron acceptors (TEA) such as nitrate, 

manganese, and iron were detected in the permafrost sediment layers (Fig. 4-1B). The latter 

two were only detected as total ions with no information on the oxidative state. Nitrate and 

manganese concentrations displayed high fluctuations in ice-bonded layers showing marine 

influence [Mitzscherling et al., 2017] in the sediment i.e. between 29 and 43 mbsf. A high 

concentration of nitrate and manganese was also observed at the lower boundary of the ice-

bonded permafrost (58.5 mbsf). In the ice-bonded permafrost part of BK2, manganese, iron and 

nitrate were close to or even below the detection limit. In the unfrozen part, manganese and iron 

concentrations were an order of magnitude higher and iron concentrations showed an increase 

towards the surface (Fig. 4-2B). 

 

 

 

 

Figure 4-2: Pore water profiles of methane, nitrate, sulfate, iron, manganese and relative archaeal 

abundance in the Buor Khaya core BK2. (A) Methane concentrations are shown in black and 

corresponding δ13C-values in magenta [Overduin et al., 2015]. (B) Nitrate concentrations are shown in 

blue, sulfate concentrations in red, manganese concentrations in green, and iron concentrations in light blue. 

(C) Purple dots on the left shows depth location in the core. Relative abundance of archaeal sequences are 

shown as bar plots. Colors of bars refer to the taxa in the legend below figure. Numbers on the right refer 

to the exact depth in the core. ANME= ANaerobic MEthanotrophic archaea, DHVEG-1= Deep 

Hydrothermal Vent Euryarchaeotal Group 1, DSPEG= Deep Submarine Permafrost Euryarchaeotal Group, 
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MBG-B= Marine Benthic Group B, MBG-D= Marine Benthic Group D, MCG= Miscellaneous 

Crenarchaeotal Group. The red area represents a sulfate-methane transition zone and the light blue area ice-

bonded permafrost. All uncolored areas of the plots correspond to unfrozen submarine permafrost and 

marine sediments. n.d. – not detected. 

 

Archaeal community structures of degrading permafrost 

The upper layer of core C2, inundated for 2,500 years, was dominated by sequences of typical 

marine archaeal taxa. They were represented by aerobic ammonia-oxidizing Thaumarchaeota 

of the genus Nitrosopumilus (~44%), Lokiarchaeota found at hydrothermal vents (~15%), 

marine benthic group D (6%) and other marine taxa such as marine group II (~2%, Fig. 4-1C). 

At 18 mbsf Bathyarchaeota sequences of the MCG-6/pGrfC26 clade dominated (~53%) the 

archaeal community. This clade includes members able to degrade polymeric carbohydrates in 

the sulfate reduction zone [Lazar et al., 2016]. In the same depth a shift towards taxa that are 

commonly found in terrestrial environments such as the ammonia-oxidizing Nitrososphaerales 

(~25%) was observed. Here we also detected a so far unknown clade, which we designated as 

Deep Submarine Permafrost Euryarchaeotal Group I (DSPEG I, ~12%). This new clade is 

closely related to Methanomassiliicoccales of the superclass Diaforarchaea. DSPEG I 

increased in relative sequence abundance with depth (Fig. 4-1C and 4-3). DSPEG I and a sister 

clade (designated DSPEG II) were most dominant in the sediment horizons between 29 and 

44.8 mbsf, where they represented between 62 to 84% of all archaeal sequences (Fig. 4-1C). 

Both groups showed less than 82% sequence similarity values to the next cultured 

representative Methanomassiliicoccus luminyensis [Dridi et al., 2012] placing them in a 

putative new order. Other abundant sequences belong to Methanoflorentaceae (~0.1-5%), 

ANME-2d (~0.2-6%), Methanosarcina (~0.2-9%), Bathyarchaeota MCG-6 and MCG-8 (~0.8-

11%), as well as Nitrososphaerales (~3.7-22%). At 45 mbsf there was a pronounced shift 

towards Nitrososphaerales sequences (~65%). In the sediment layers between 49-52 mbsf, 

where most of the electron acceptors showed low concentrations, Bathyarchaeota of the MCG-

6/pGrfC26 clade dominated (~41-78%). In these sediment horizons, many methanogen-related 

sequences appeared, such as Methanoregula (~0.1-6% between 50.06-52.3 mbsf), 

Methanosarcina (~2-18%), Methanobacterium (~3-10% 50.1-52.3 mbsf) and 

Methanomassiliicoccaceae (0.7-14% between 48.8-50.6 mbsf). Between 50.1 and 51.8 mbsf 

Woesearchaeota of the YLA114 clade were present (~3-13%). In core C2 ANME-2d sequences 

increased in relative abundance from less than 1% at 48.80 mbsf to 18% at 52.3 mbsf and up to 

70% at 52.8 mbsf. The high abundance of anaerobic methane-oxidizers coincides around the 
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highest peak of the methane concentration profile in the ice-bonded permafrost (284 µM) at 52 

mbsf (Fig. 4-1). In the same depth, about 1.1% of sequences are related to 

Methanosarcinaceae/ANME-3 as described by reference [Niemann et al., 2006] (Table B-1). 

A second, much smaller peak of the methane concentration profile (10 µM) at 55.6 mbsf 

showed 16% ANME-2d sequences. At the same depth Methanosarcina represented the most 

abundant group (~47% of all archaeal sequences) and DSPEG I and II related sequences were 

the second most abundant (~21%, Fig. 4-1C). Towards the lower boundary of the ice-bonded 

permafrost at 58.7 mbsf, the DSPEG I and II increased again in sequence abundance (~33%). 

The sediment horizon directly underneath the permafrost contained some sequences related to 

marine environments, such as Lokiarchaeota (~9%), and ANME-2a/b (2.5%). The deepest 

sediment sample showed mostly Bathyarchaeota sequences of subgroups MCG-6 and MCG-8 

(~77%) and DSPEG I and II, ANME-2d, Methanoflorentaceae and Nitrososphaerales (~6%, 

4%, 3% and 2%, respectively) sequences. 

The more recently inundated core BK2 contained a mixture of marine and terrestrial archaeal 

sequences in the depth between 4.7 and 12 mbsf. Marine clades were represented by ANME-

2a/2b (~0.5-35%), Methanomicrobia of clade F99a103 (~0.1-16%) that were first discovered 

at a hydrothermal chimney, ANME-2c sister clade (~16%, 8.1 mbsf), Marine Benthic Group D 

(~0.1-10%), Lokiarchaeota (~0.7-9), and Nitrosopumilales (~0.3-4%). Terrestrial clades were 

represented by Methanosarcinales/Methanosarcina (~0.7-15%), DSPEG I and II (~0.1-9%), 

and Nitrososphaerales (~0.2-5%). The high numbers of ANME-2a/b sequences (Fig. 4-2C) at 

depths of ~5 and ~9 mbsf correlated with highest δ13C-methane values in the uppermost 12 m 

that were characterized by highly variable methane δ13C-values (-67 to -31‰, Fig. 4-2C). Still, 

Bathyarchaeota-related sequences of the clades MCG-6 and MCG-8 (~40-71%) dominated 

throughout the layers above the ice-bonded permafrost. In contrast, they drastically decreased 

(~2%) in the upper layer of the ice-bonded permafrost. The sediment horizon between 24.0 and 

24.7 mbsf was characterized by opposing gradients of sulfate and methane. In the upper part of 

this layer that is strongly marine influenced ANME-2a/b made up about 26% of all archaeal 

sequences while in the lower and still partially ice-bonded part of the permafrost thaw front 

both ANME-2a/b and ANME-2d clades were detected in high abundances (about 19% and 

28%, respectively, Fig. 4-2C). In the ice-bonded permafrost of core BK2, archaea were only 

detected in about 45.46 mbsf. Here, Methanosarcina (~37%) and DSPEG I and II (~46%) 

related sequences dominated. A detailed description of the bacterial community structure and 

diversity of both cores was described elsewhere [Mitzscherling et al., 2017]. 
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Figure 4-3: Phylogenetic affiliation of submarine Permafrost archaeal sequences based on 16S rRNA 

gene. Taxonomic cluster in red contain sequences of submarine permafrost. Numbers in brackets show the 

number of OTUs per cluster. The scale bar represents 10 percent sequence divergence. The tree was rooted 

with the DPANN superphlyum. 

 

Diversity of ANME-related groups in degrading permafrost 

Both cores displayed layers where ANME sequences dominated the archaeal community. The 

two major groups, ANME-2a/b and ANME-2d showed a remarkably high diversity with 23 and 

17 operational taxonomic units (OTUs), respectively (Fig. 4-3 and 4-4A). ANME-2d separated 

into 4 different clusters (Fig. 4-4B), with the majority of all sequences falling into cluster 1. 

This cluster also contained Candidatus Methanoperedens nitroreducens BLZ1 [Arshad et al., 

2015], known to either use nitrate [Haroon et al., 2013] or iron [Ettwig et al., 2016] as electron 

acceptor for methane oxidation. Besides the two dominant ANME-groups, we also detected 

sequences in a sister clade of ANME-2c (designated ANME-2e) with 5 OTUs (Fig. 4-3 and 4-

4 for details see also Fig. B-1 and B-2). Other sequences of this group were retrieved from cold 

seep sites and mud volcanoes. Moreover, we detected 1 OTU that fell into the ANME-3 cluster 
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(Fig. 4-3 and 4-4, for details see also Fig. B-2). Clone libraries of the SMTZ, using specific 

ANME-2a primers revealed mainly ANME-2a/b sequences but also ANME-2d as well as one 

sequence of the ANME-2e cluster (Fig. 4-4A, for details see also Fig. B-1). Corroborative 

CARD-FISH analysis of the SMTZ detected ANME-2a consortia with the specific ANME-2a-

647 probe, while detection with a specific probe for Desulfosarcina/Desulfococcus showed no 

signal in any consortium (Fig. B-3). 

 

 

 

 

Figure 4-4: Phylogenetic affiliation of ANME sequences based on 16S rRNA gene. (A) The first number 

in the parenthesis represents the number of OTUs from the Illumina sequencing, while the second number 

represents the number of sequences of the clone library with ANME-specific primers. Methanopyrus 

kandleri was used as outgroup. The scale bar represents 10 percent sequence divergence. (B) The ring 

diagram represents the whole relative abundance of all ANME-2d sequences in both submarine permafrost 

cores. 

 

 

Canonical correspondence analysis (CCA) illustrated that ANME-2a/b and ANME-2e clustered 

with other marine-related archaea and are mainly influenced by salinity, iron and sulfate (Fig. 

4-5). Spearman rank correlations revealed that the abundance of ANME-2a/b significantly 

correlated with iron concentrations (R=0.65, p< 0.03). ANME-2d sequences clustered together 

with sequences of Methanosarcina and Bathyarchaeota of the MCG-6/pGrfC26 clade and fall 

in the terrestrial methane-influenced quadrant of the plot. However Spearman correlation 

revealed no significant correlation. 
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Figure 4-5: Canonical correspondence analysis (CCA) of environmental factors and archaeal taxa 

that contributed with more than 1% in any of the depth. Inlet: Environmental factors are plotted as triplot 

with scaling 3. Samples of core C2 are projected as black dots and samples of BK2 as red dots. The archaeal 

taxa are shown as blue dots. Percentages at axes represent the ‘Eigenvalues’ that explain the variability for 

the first two axes. 

 

Functional groups responsible for methane cycling 

Quantitative detection of the methyl co-enzyme reductase subunit A (mcrA) as functional 

marker for methane production (methanogens) and AOM (ANME) showed a decrease with 

depth in the unfrozen permafrost of both cores (0 to 29 mbsf for C2, and 0 to 24 mbsf for BK2, 

respectively, Fig. B-4A and B-4B). In the ice-bonded permafrost of core C2 we detected an 

increase in mcrA copy numbers with the highest copy numbers (0.3 – 1.2 x 105 ± 0.4 - x 103 g-

1 wet weight) between ~45 and 52 mbsf. At 53 mbsf total mcrA copy numbers decreased, while 

16S rRNA gene sequences at the same depth were almost exclusively affiliated with ANME-

2d (Fig. 4-1C and Fig. B-4A). 454 amplicon analyses of the mcrA sequences showed a relative 

increase of ANME-2d-related mcrA genes towards the layers with highest ANME-2d-related 

16S rRNA gene sequences between 52.3 and 55.6 mbsf (Fig. 4-2C and Fig. B-5). Quantification 

of ANME-2d with recently designed mcrA primers in the ice-bonded permafrost [Vaksmaa et 

al., 2017] showed up to 1.2 ± 0.5 x 105 copy numbers g-1 wet weight at approximately 57 mbsf 

and an average copy number of 5.1 ± 1.5 x 104 g-1 wet weight over the whole core (Fig. B-6). 
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Analysis of the dissimilatory sulfate reductase subunit B (dsrB) for SRB mainly followed the 

depth distribution of Desulfosporosinus 16S rRNA sequences in the C2 core, with a few 

exceptions (29.0, 30.0, 34.4 and 38.5 mbsf) where an increase in the dsrB could not be related 

to any known sulfate-reducers (Fig. B-7A). 

McrA copy numbers in BK2 slightly increased at the SMTZ and may be underestimated due to 

a primer bias against ANME mcrA genes [Vaksmaa et al., 2017], while 16S rRNA gene 

sequences showed 25-47% ANME-related sequences at the SMTZ (Fig. B-4B). The dsrB copy 

numbers slightly increased at the SMTZ, although SRB represented < 1% of the total bacterial 

16S rRNA gene sequences (Fig. B-7B). Phylogenetic reconstruction of SRB at the SMTZ 

indicated that all sequences of the upper part belonged to typical marine clades SEEP-SRB1 

and another seep-associated Desulfobacterium anilini-group (red OTUs, Fig. B-8). In the lower 

part of the SMTZ that is dominated by ANME-2d sequences, seep-associated SRB were below 

detection limit, while only Desulfosporosinus-related sequences (blue OTU, Fig. B-8) could be 

observed.  

Lipid biomarker measurements revealed very low concentrations that prevented a precise 

isotopic analysis to conclude activity of AOM microbial communities. However, calculated 

branched and isoprenoid tetraether (BIT) indices showed values of terrestrial origin ranging 

from 0.99 to 1 [Hopmans et al., 2004]. Moreover calculated methane indices (MI) for 

isoprenoid glycerol dialkyl glycerol tetraethers (GDGTs) showed values between 0.85 to 0.99 

in the unfrozen sediment layer and 1 at the SMTZ [Zhang et al., 2011]. The ratio of archaeal to 

bacterial ether lipids showed dominant archaeal values in the SMTZ (Fig. B-9). For further 

discussion on lipid biomarker see supplementary material. 

Methane oxidation rates in submarine permafrost 

The fraction of produced methane that, based on carbon isotopic signature change, was oxidized 

varied between 72-86% for the C2 core and 79-100% for the BK2 core, respectively. Methane 

release rates depend on the permafrost degradation rate and the methane concentration in the 

pore space of the core section. Assuming that our cores are representative for the whole 

submarine permafrost area with an estimated distribution of 3 million square kilometer (E. A. 

G. Schuur et al., 2015), modeling for the C2 core resulted in 0.0001 – 0.0984 Tg C y-1 (average 

0.004-0.005 Tg C y-1, highest and lowest oxidation, respectively) and 0.0242 – 1.1889 Tg C y-

1 (average 0.1712 – 0.2167 Tg C y-1, highest and lowest oxidation, respectively) for the BK2 

core. 
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Discussion  

Atmospheric methane concentration has been increasing again for the last decade, but the 

sources and mechanisms for this increase are not fully understood [Saunois et al., 2016]. One 

potentially large but highly controversial source of methane is submarine permafrost, which 

faces drastic changes due to global temperature increase and associated Arctic sea ice reduction 

[Richter-Menge et al., 2016]. Our study provides multiple lines of evidence that ANME 

communities are present in submarine permafrost layers where methane is being consumed. We 

thus propose the microbial mitigation of methane release from thawing deep submarine 

permafrost on the Siberian Arctic Shelf. We detected both marine and terrestrial ANME clades 

likely involved in the AOM process at various depths, not only at the permafrost thaw front, 

but also in still ice-bonded permafrost that undergoes degradation. Our study indicates that 

AOM could occur at temperatures below 0°C [Mitzscherling et al., 2017] (Table B-2).  

Pore water methane concentrations in the two cores were in the typical range of deep sediments 

and soils [D’Hondt et al., 2004; Wagner et al., 2007]. The permafrost thaw front at the BK2 

site, inundated about 540 years ago reflects a deep SMTZ. We identified a steep decline of 

methane concentration above the SMTZ. This is in accordance with core (IID-13) [Sapart et 

al., 2017] in close proximity that also showed a large decrease (106 to 103 nM) in methane 

concentrations at the thaw boundary while δ13C-values of methane from unfrozen layers above 

(~15 to 4 m) of this core are not reported. Altogether the study of Sapart et al. [2017] finds no 

evidence for AOM, which might be due to regional influences such as river water, land surface 

run off and warming by river discharge. Our δ13C-values of methane in the unfrozen part clearly 

show a large shift that can only be explained by microbial oxidation. The calculated potential 

rates based on methane release and the fraction of methane oxidized (1.7 - 2.1 nmol cm-3 d-1± 

0.9 - 1.2 nmol cm-3 d-1) [Overduin et al., 2015] are typical for margin SMTZ and exceed those 

of subsurface SMTZ [Knittel and Boetius, 2009].  

At the permafrost thaw front of BK2, we detected marine and terrestrial ANME clades that 

potentially mitigate the methane release into overlying sediment layers. The upper unfrozen 

part of the SMTZ represents a typical marine sulfate-dependent AOM community of ANME-

2a/b (Fig. 4-2C) affiliated with SEEP-SRB1/seep-associated Desulfobacterium anilini-group 

(Fig. B-7A). These sulfate-dependent AOM communities are of marine origin and are often 

found in mud vulcanoes, and in methane and hydrocarbon seeps [Dekas et al., 2016]. 

Visualization of ANME-2a in situ using CARD-FISH further supports their occurrence at the 

permafrost thaw front of BK2. The molecular detection of associated SRB is, however, not 

conclusive. This might be due to SEEP-SRB partners that are not targeted by the DSS685 probe 
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[Schreiber et al., 2010] or by yet unidentified bacterial partners [Hatzenpichler et al., 2016]. 

The lower part of the SMTZ was characterized by a clear transition to a terrestrial AOM 

community closely related to Candidatus Methanoperedens nitroreducens (ANME-2d) that 

might be capable of using alternative TEA such as nitrate and iron [Haroon et al., 2013; Ettwig 

et al., 2016], although no information on the oxidative state of iron is available. A recent 

genomic study proposed that these organisms have the genetic repertoire for an independent 

AOM process without a bacterial partner [Arshad et al., 2015]. Besides the analysis of AOM 

assemblages via a DNA approach we also found high ether lipid MI values in the SMTZ of 

BK2 that further supports a potential involvement of AOM communities [Zhang et al., 2011]. 

The high abundances of marine-derived ANME-2a/b sequences in several depths above the 

SMTZ of BK2 with BIT indices towards an exclusively terrestrial origin show that terrestrial 

and marine sediments were mixed in the upper meters of BK2 (Fig. 4-2). The terrestrial 

sediments were thus influenced by seawater penetrating down to the permafrost table and 

thereby transport of marine organisms into deeper layers occurred (Fig. 4-2). This is consistent 

with profiles of other environmental parameters (pH, temperature, isotopes and ion 

concentrations) and the stratification and composition of the bacterial communities 

[Mitzscherling et al., 2017].  

In core C2 the layer between 29 and 43 mbsf is characterized by alternating frozen and partly 

thawed sediments (Fig. 4-1) and showed high fluctuations in the concentrations of nitrate and 

manganese. These fluctuations indicate degradation of thawing permafrost (shaded area, Fig. 

4-1) and an increase in microbial activity resulting in the consumption of labile carbon pools 

[Hodgkins et al., 2014]. Active processes in ice-bonded permafrost close to thawing (mean 

temperature: -1.2 ± 0.2 °C, Table B-2) can occur in liquid water films surrounding mineral 

particles, which form a network in which microbial activity is expected [Jansson and Taş, 

2014]. Microbial activity may thereby be supported through sulfate as additional electron 

acceptor [Hultman et al., 2015] penetrating into the ice-bonded sediment. Indeed, sulfate 

concentrations decreased and dsrB copy numbers increased with depth pointing towards active 

sulfate reduction and effective anaerobic organic matter decomposition [Canfield et al., 1993]. 

In C2, the SMTZ occurred below the actual permafrost thaw front but inside the ice-bonded 

permafrost and was characterized by high manganese and nitrate concentration. Nitrate and 

manganese concentrations at the SMTZ and in the lower thaw boundary were in the higher µM 

to mM ranges that exceeded those typically reported for subsurface environments [D’Hondt et 

al., 2004] by an order of magnitude (http://publications.iodp.org/). So far it is not clear why 

nitrate as favorable electron acceptor is not quickly consumed under anaerobic conditions. 
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Nevertheless, the high concentrations of nitrate and manganese could promote AOM with 

alternative TEA [Raghoebarsing et al., 2006; Beal et al., 2009] and shows ongoing degradation 

of ice-bonded permafrost. Also, the detection of ANME-2a/b in this layer shows their migration 

into permafrost by downward marine water intrusion [Mitzscherling et al., 2017]. Unlike in 

core BK2, the ice-bonded layer of C2 was almost free of methane. At the same time ANME-2d 

occurred almost entirely throughout this layer. The relatively low copy numbers of ANME-2d 

detected with specific mcrA primers and compared with total cell counts [Mitzscherling et al., 

2017] are still in the range of North Sea and River sediment [Vaksmaa et al., 2017]. The highest 

abundance of ANME-2d coincided with the highest methane concentration, which we 

consistently detected by several molecular approaches (16S rRNA, mcrA and ANME-2d-

specific mcrA). Taken all this together we suggest that ANME-2d members are responsible for 

AOM in the ice-bonded permafrost before it completely thaws. An alternative explanation for 

the low methane concentrations and the low abundance of ANMEs in most of the ice-bonded 

layers are a relic of AOM communities that were active under different environmental 

conditions in the past. Whether methane was trapped in the permafrost during freezing or it was 

produced by microbial degradation of organic matter under recent in situ conditions cannot be 

resolved since radiocarbon analysis would give similar results in both cases.  

Even though sulfate reduction might be relevant for organic matter mineralization61, links to 

sulfate-dependent AOM were not observed in the core C2. While C2 exhibited high copy 

numbers of dsrB and of SRB-related sequences, sulfate reducers were almost exclusively linked 

to Desulfosporosinus that have not been observed in AOM consortia so far. This genus belongs 

to the phylum Firmicutes and has been found in natural terrestrial environments such as 

peatlands, aquifer and permafrost [Pester et al., 2010; Mayeux et al., 2013]. Other TEA than 

sulfate, such as nitrate, iron and manganese, could also be related to AOM, and showed 

relatively low concentrations at the highest occurrence of ANME-2d sequences at 52 mbsf. This 

serves further as an indication of methane consumption during the process of AOM as known 

from physiological studies of ANME-2d enrichments [Haroon et al., 2013; Ettwig et al., 2016] 

but direct evidence is missing. Finally, besides the detected electron acceptors, other TEA such 

as humic acids could serve in the AOM process. Humic acids were shown to be involved in 

AOM [Smemo and Yavitt, 2011; Scheller et al., 2016] in peatlands where they were detected in 

high concentrations. Humic acids are produced during organic matter degradation and soil 

formation [Ghabbour and Davies, 2007] and could thus play a role in thawing permafrost, too. 

Two clades, which we named DSPEG I and DSPEG II, mainly occurred in submarine 

permafrost layers that showed relatively high concentrations of iron and manganese in the pore 
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water (Fig. 4-1B, C). This could point towards an involvement in iron (III) and manganese (IV) 

reduction within the anaerobic oxidation of organic matter, in addition to sulfate reduction 

[Pester et al., 2010]. Since the oxidative state of both metals has not been determined it is not 

clear whether these metals are used as TEA. Future analysis should focus on oxidative states of 

metals in these environments to further clarify a potential role in organic matter degradation 

and AOM. Nevertheless, Spearman rank analysis showed significant correlations between 

DSPEG I and DSPEG II and manganese concentration (R= 0.58, p< 0.006 and R= 0.53, p< 

0.02, respectively) and negative correlations with methane (R= -0.57, p< 0.02 and R= -0.64, p< 

0.004, respectively) as illustrated in the CCA (Fig. 4-5). We propose that these two groups 

reflect indicator taxa (Table B-3) for degrading permafrost. This is also supported by high 

occurrence of DSPEG I and DSPEG II (~19 to 28%, Fig. 4-1C) at the lower boundary of the 

ice-bonded permafrost, representing bottom-up permafrost thaw. Here, high concentrations of 

sulfate, nitrate, and manganese show an upwardly directed thaw process (Fig. 4-1B). Both 

groups were also dominant (47%) in the deepest sample of BK2, while degradation and an 

upward thaw cannot be concluded from our data. Environmental sequences affiliated with the 

DSPEG groups were mainly retrieved from cold environments [Ayton et al., 2010; Daae et al., 

2013] and pristine aquifers [Flynn et al., 2013], which further support an active role in low 

temperature habitats. 

Taken together our molecular and biogeochemical data from two submarine permafrost cores 

indicate several microbial assemblages that have the potential to prevent the release of trapped 

or recently produced methane into the overlying unfrozen sediment following submarine 

permafrost thaw. Therefore, we challenge the assumption that high methane emissions reported 

for the Siberian Arctic Shelves originate from degrading submarine permafrost itself9 and 

suggest different mechanisms to be responsible, such as diffusion or ebullition through 

discontinuities in permafrost or the release from gas hydrates [Kohnert et al., 2017; Ruppel and 

Kessler, 2017] at a limited spatial scale. Microbial assemblages in deep permafrost 

environments are usually associated with slow growth rates [Rivkina et al., 2000] and low 

abundances [Waldrop et al., 2010], and their activity is difficult to measure. New approaches 

such as BONCAT-FISH [Hatzenpichler et al., 2016] have the potential for more direct 

detection of active microorganism and the analysis of their genomic potential.  

The calculated fraction of methane that was oxidized in the SMTZ of BK2 showed high 

efficiencies, pointing towards an effective biological methane filter. While methane oxidation 

within the intact ice-bonded permafrost section of BK2 is unlikely, C2 showed several layers 

with heavier stable isotopes (≥-45‰) and high fractions (72 to 86%) of methane that were 
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oxidized. Actual methane oxidation rates may be even higher, since methane production of 

freshly available organic material is not taken into account. Still, on a global scale the estimated 

submarine permafrost area (~3 million km²) [Schuur et al., 2015], could consume 0.0001 to 

1.1889 Tg y-1 of methane from newly degraded permafrost assuming AOM activities similar to 

those in our cores. This only account for the methane released, since it is difficult to determine 

the total sediment volume in which AOM activity takes place. Submarine permafrost is thus 

comparable to AOM in other environments with high methane fluxes such as seep sites (< 10 

Tg C y-1) [Boetius and Wenzhöfer, 2013], while AOM in wetlands (200 Tg C y-1) [Segarra et 

al., 2015] and marine SMTZ (< 50 Tg C y-1) [Boetius and Wenzhöfer, 2013] clearly show higher 

consumption rates. The latter two span areas that are 6 to 40 times larger than those of 

submarine permafrost.  

Our study provides first molecular evidence of microbial communities in thawing submarine 

permafrost that are likely involved in AOM processes. In addition, many archaeal taxa such as 

the newly designated DSPEG groups, a large diversity of Bathyarchaeota, and 

Thaumarchaeota closely related to nitrogen cycling organisms are detected. Their function is 

unknown and need further investment to understand their contribution in organic matter 

degradation of permafrost thaw processes. 

Materials and Methods 

Site description and sampling 

Sediment cores were drilled along two transects from terrestrial permafrost to offshore, 

submarine permafrost in the Siberian Laptev Sea: Mamontov Klyk (2005) and Buor Khaya 

(2012) (Table B-2). The outermost submarine permafrost cores influenced longest by 

inundation were chosen for chemical and microbial investigation. The Mamontov Klyk study 

site was located in the western Laptev Sea (Fig. B-10). The core drilled 11.5 km offshore is 

characterized by three different lithostratigraphical units and contains two ice-bonded 

permafrost layers between 29.5 - 30.4 mbsf and 34.3 – 58.7 mbsf, respectively [Winterfeld et 

al., 2011]. The core had a total length of 71 m and contained sandy loam sediment with on 

average 0.38 % organic carbon and an average C/N ratio of 14.  

The study site of Buor Khaya is located in the central Laptev Sea on the western part of the 

Buor Khaya peninsula (Fig. B-10). The submarine core contained again three lithological units 

with an ice-bonded permafrost layer between 24.7 – 47.6 mbsf [Overduin et al., 2015]. The 
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core had a total length of 47.7 m. The retrieved sediment material consisted of fine sand and 

contained about 1% organic carbon with a C/N ratio of 14. 

The drilling was performed with a mobile drilling rig (URB-2A-2/ URB-4T) and is described 

elsewhere [Winterfeld et al., 2011; Overduin et al., 2015]. Cores were kept frozen at -20°C and 

transported to the laboratories in Germany under frozen conditions. The frozen cores were split 

along the vertical axis under aseptic conditions. One half was used as an archive, whereas the 

other half was split into quarters for microbiological and for geochemical, sedimentological and 

micropalaeontological analyses.  

Geochemical analysis 

The cores were sectioned at different intervals. The core of the Mamontov Klyk site (C2) was 

separated into 118 horizons that were used for pore water analyses in 2007, 2 years after the 

drilling took place. The core was constantly stored at -20°C between drilling and subsampling. 

The Buor Khaya site (BK2) was divided into 80 horizons. After thawing of subsamples in 2013, 

one year after the drilling, pore water was collected using Rhizones© with an effective pore 

diameter of 0.1 µm. The concentration of sulfate and nitrate was determined via a KOH eluent 

and a latex particle separation column on a Dionex DX-320 ion chromatograph. Total 

manganese and iron ions were measured by a Perkin-Elmer ‘Inductively Coupled Plasma 

Optical Emission Spectrometry’ (ICP-OES) Optima 3000 XL. 

For methane measurements, 3 g of frozen material were retrieved with ice screws and 

immediately immersed in 20 ml serum vials containing a saturated NaCl solution (315 g l-1). 

Serum vials were sealed with butyl-rubber stopper and a crimp seal. Headspace gas was 

measured in triplicates with different setups. In brief, gas was analyzed with an Agilent 689019 

or 7890A13 gas chromatograph equipped with a flame ionization detector and with a carbon 

plot capillary column or HP-Plot Q (Porapak-Q) column. The temperature of the oven, injector 

and detector were 40, 120, and 160°C, respectively. In both cases, helium was used as carrier 

gas. The amount of gas in the vials was calculated from headspace concentrations, gas pressure 

and solubility, and the volume of liquid in the bottles. Methane concentrations are reported 

relative to sediment pore water volume, regardless of whether present as ice or water, based on 

calculated total sediment water content. The δ13C-CH4 was determined with an isotope ratio 

mass spectrometer (Finnigan Delta Plus) equipped with a PreCon and a GC/C III interface 

(Thermo, Bremen, Germany). The precision of replicated measurements was better than 0.5‰ 

VPDB. Methane δ13C-signatures were linked to the VPDB scale using internal (-43.8‰ VPDB) 

and external (RM8561; -73.27‰ VPDB) standards measured at least every 10 analyses. 
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DNA extraction, 16S rRNA Illumina sequencing and analysis  

In 2014, genomic DNA of 4.7-13 g homogenized sediment from different depth (C2: 19 

samples and BK2: 10 samples, Table B-2) was extracted after the protocol of Zhou et al. [1996]. 

DNA concentrations were quantified with Nanophotometer® P360 (Implen GmbH) and 

Qubit® 2.0 Flurometer (Thermo Fisher Scientific).  

The 16S rRNA gene for bacteria was amplified with the primer combination S-D-Bact-0341-

b-S-17 and S-D-Bact-0785-a-A-21. The 16S rRNA gene for archaea was amplified in a nested 

approach with the primer combination S-D-Arch-0020-a-S-19 and S-D-Arch-0958-a-A-19 in 

the first PCR for 40 cycles and S-D-Arch-0349-a-S-17 and S-D-Arch-0786-a-A-20 in the 

second PCR for 35 cycles, respectively. The primers were labelled with different combinations 

of barcodes that are listed together with primer sequences in Tables B-4 and B-5. The PCR mix 

contained 1x PCR buffer (Tris•Cl, KCl, (NH4)2SO4, 15 mM MgCl2; pH 8.7) (QIAGEN), 0.5 

µM of each primer (Biomers), 0.2 mM of each deoxynucleoside (Thermo Fisher Scientific), 

and 0.025 U µl-1 hot start polymerase (QIAGEN). The thermocycler conditions were 95°C for 

5 min (denaturation), followed by 40 cycles of 95°C for 1 min (denaturation), 56°C for 45 sec 

(annealing) and 72°C for 1 minute and 30 sec (elongation), concluded with a final elongation 

step at 72°C for 10 min. PCR products were purified with a Hi Yield® Gel/PCR DNA fragment 

extraction kit (Süd-Laborbedarf). We performed technical duplicates of one DNA sample and 

PCR products of 3 individual runs per sample were combined. PCR products of different 

samples were pooled in equimolar concentrations and reduced to a final volume of 10 µl with 

a concentration of 200 ng µl-1 in a vacuum centrifuge Concentrator Plus (Eppendorf).  

Illumina sequencing has been performed by GATC Biotech AG using 300 bp paired-end mode. 

For better performance due to different sequencing lengths, we used 15% PhiX control v3 

library. 

The quality and taxonomic classification of the Illumina sequences were analyzed with a 

customized QIIME pipeline [Caporaso et al., 2010]. For details see Supplementary material 

and methods. 

Construction of ANME-specific clone libraries 

DNA of permafrost thaw horizons and methane peaks were investigated to amplify ANME 

communities with specific primers. Therefore we used an ANME-specific probe as reverse 

primer and a universal archaeal primer as forward primer (Table B-4). PCR mixes (25 µl) 

contained 1 x PCR buffer, 0.2 mM dNTP’s, 2 mM MgCl2, 0.08 mg ml-1 bovine serum albumin, 

and 0.02 units HotStart Taq Plus Polymerase (QIAGEN) and were performed under the 
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following conditions: initial denaturation 94 °C for 10 min, 30 cycles of denaturation 94 °C for 

30 sec, annealing 59 °C for 1 min, extension 72 °C for 3 min, and a final elongation at 72 °C 

for 10 min. PCR amplicons were purified with the HiYield® Gel/PCR DNA Extraction Kit 

(Süd-Laborbedarf). Purified PCR products were cloned with the TOPO® TA Cloning® Kit 

(Invitrogen). Positive clones were directly sequenced by Sanger sequencing (GATC Biotech). 

Phylogenetic reconstruction  

For phylogenetic analyses of 16S rRNA gene of archaeal and bacterial sequences, the ARB 

software package was used [Ludwig et al., 2004]. After manual refinement of representative 

sequences of OTUs achieved by the Illumina sequencing and partial sequences of clone libraries 

against the alignment of the SILVA 16S rRNA gene SSU reference database release 115 [Quast 

et al., 2012], phylogenetic trees were calculated. Phylogenetic reconstructions were based on 

the maximum-likelihood algorithm (PHYLIP-ML, 100 bootstraps) implemented in ARB with 

reference sequences (> 1400 bp for bacteria and > 850 bp for archaea) and the implement 

archaeal or bacterial position variability filters. Our own partial sequences were added to the 

tree using the maximum parsimony algorithm without allowing changes in tree topology. 

454 pyrosequencing of functional genes and analysis 

The mcrA fragment was amplified using the primer set mlas and mcrA-rev (Table B-4). In a 

touchdown PCR denaturation, annealing and elongation time was set at 1 min. The PCR 

conditions were as follows: initial denaturation at 95°C for 3 min, 15 cycles with a stepwise 

temperature decrement from 65°C to 50°C, followed by 15 cycles with an annealing 

temperature of 55°C and a final elongation at 72°C for 10 min. Tagging of amplicons with 

unique multiple identifier (MID) tags (Table B-6) for 454 sequencing was conducted in a 

second PCR using amplicons from the touchdown PCR as template and 15 cycles with a 

constant annealing temperature of 55°C. PCR reactions were performed in several separate 

reactions and pooled until reaching at least 150 ng final product. We used the same chemicals 

as for 16S rRNA gene amplifications. PCR products were purified with a Hi Yield® Gel/PCR 

DNA fragment extraction kit (Süd-Laborbedarf). Amplicons were quantified with the Qubit 2.0 

system using the ds DNA HS assay kit (Invitrogen), mixed in equimolar amounts and sequenced 

from both directions by Eurofins Genomics using Roche/454 GS FLX++ technology.  

454 mcrA sequences were analyzed with the mothur software [Schloss et al., 2009] by a 

customized standard operating procedure. For details see Supplementary material and methods. 
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Quantification of functional genes 

Quantitative PCR was performed using the CFX Connect™ Real-Time PCR Detection System 

(Bio-Rad Laboratories). Each reaction contained iTaq™ Universal SYBR® Green Supermix 

(12.5 µl per reaction of 2x concentrate, Bio-Rad Laboratories), PCR primers (0.5 µl containing 

20 µM each), sterile water (6.5 µl) and DNA template (5 µl) added to a final volume of 25 µl. 

Primers targeting the functional genes mcrA and dsrB were used (Table B-4). The PCR 

reactions comprised an initial denaturation (5 min at 95°C), followed by 40 cycles of 5 s at 

95°C, 30 s at the specific annealing temperature (see Table B-4), 10s at 72°C and a plate read 

step at 80°C for 3 s. Melt curve analysis from 65 to 95°C with a 0.5°C temperature increment 

per cycle (5 sec) was conducted at the end of each run to check for non-specific amplification 

of DNA. The qPCR assays were calibrated using known amounts of PCR amplified and cloned 

gene fragments from corresponding taxa (standards of pure cultures) in the range of 106 – 101 

copies µl-1. Prior to qPCR analysis, DNA templates were diluted 5- to 100-fold and triplicates 

were analyzed for each sample. The PCR efficiency based on the standard curve was calculated 

using the BioRad CFX Manager software and varied between 88 and 100%, depending on the 

standard. All cycle data were collected using the single threshold cq determination mode. 

Quantification of ANME-2d 

The DNA was diluted 1:100 to prevent inhibition of amplification by environmental 

compounds, e.g. humic acids, and to keep the cq value of the samples within detectable limits. 

The abundance of ANME-2d archaea was quantified by qPCR with specific mcrA primers 

(Table B-4). The PCR mix consisted of 10 µl KAPA HiFi SYBR green mix (KAPA 

Biosystems), primers (0.04 µl containing 100 mM each), MgCl2 solution (0.5 µl of 50 mM), 

bovine serum albumin (BSA) (0.3 µl), sterile water (9.02 µl) and 1 µl DNA template. qPCR 

amplifications were performed by 10 min 98°C initialization; 40 cycles of 5 second 

denaturation at 95°C, 30 second of annealing at 60°C, 1 min of elongation at 72°C, 2 seconds 

at 82°C for fluorescence detection; and finally a melting curve from 55°C to 95°C with a 0.5°C 

increment every 5 seconds. For quantification, a tenfold dilution series of mcrA156F/mcrA345R 

product cloned into a pGEM-T easy plasmid of a known copy number was used as a standard 

[Vaksmaa et al., 2017]. The PCR product specificity was checked by melt analysis and 

compared to the standard with a melting temperature of 82 °C. 
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Microbial lipid biomarker extraction 

Different fractions of lipids were extracted from sediment of the SMTZ. For a detailed method 

description see supplementary material. 

Catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) 

For CARD-FISH, sediments were fixed for 1 h at room temperature with 4 % formaldehyde 

(Fluka). For amplification, a fluorescine-labelled tyramide was used. The protocol for CARD-

FISH followed the description published earlier [Winkel et al., 2014]. For details see 

supplementary material and methods. 

Statistical analysis of archaeal community 

Statistical analysis was performed with the PAST 3.14 software [Hammer et al., 2001]. 

Canonical correlation analysis (CCA) was performed with 7 environmental parameters 

(chloride, pH, conductivity, methane, sulfate, manganese, iron, and nitrate) as explanatory 

variables and relative abundance of archaeal genera to families. Explanatory variables were 

standardized by log10 transformation prior to computation, with the exception of pH and 

conductivity. Chloride, pH and conductivity were used to account for the marine influence of 

seawater penetration into the permafrost. The significance of canonical axes was tested via 

permutation computed for N = 999. Spearman correlation analysis was performed with the 

implemented tools in PAST 3.14. 

Modeling of methane oxidation rates in submarine permafrost 

For the modeling we used the highest change in stable isotope signature of dissolved methane 

in both cores to calculate the fraction of produce CH4 that got oxidized (fox,i). For that we used 

the formula [Liptay et al., 1998]: 

 

𝑓𝑜𝑥,𝑖 =
𝛿𝑜 − 𝛿𝑝

1000 ∗ (∝𝑜𝑥− ∝𝑡𝑟𝑎𝑛𝑠)
 

 

δo and δp are the δ13C values (in ‰) of CH4 in the oxidized submarine permafrost layers (>-

37‰) and of CH4 produced or trapped in subjacent submarine permafrost layers (< -52‰), 

respectively. αox and αtrans are the fractionation factors for anaerobic oxidation of CH4 and CH4 

transport, respectively.  

We assumed that CH4 is transported by diffusion and used a fractionation factor for soil of αtrans 

=1.001 [Preuss et al., 2013]. Fractionation factors (αox) for sulfate-dependent (S-) AOM in 
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marine enrichments range between 1.009 -1.039 [Holler et al., 2009]. Therefore, we used the 

highest and lowest value for calculations. Since the submarine permafrost is a former freshwater 

system we also used fractionation factors for S-AOM (αox= 1.030) [Schubert et al., 2011], iron-

dependent (Fe-) AOM (αox= 1.031) [Nordi et al., 2013], nitrate-dependent (N-) AOM (αox= 

1.032) [Norði and Thamdrup, 2014] and extracellular electron transfer (EEL-) AOM (αox= 

1.0174) [Gao et al., 2017], latter likely reflecting humic acids as potential electron acceptor. 

Calculated fractions of oxidized methane for the low marine S-AOM and the EEL-AOM 

revealed values over 1 and seems to not represent suitable AOM fractionation factors and were 

not considered further.  

To compare the AOM activity of submarine permafrost to that of other habitats, we took the 

lowest, highest and average methane concentration of ice-bonded permafrost for both cores and 

calculated the methane release rate due to permafrost degradation rate for the cores. The 

permafrost degradation rate is calculated by the mean coastal erosion rate and the permafrost 

table depth [Winterfeld et al., 2011; Overduin et al., 2015] and gave values of 0.6 cm per year 

for C2, and 5.3 cm per year for BK2 [Günther et al., 2013b], respectively. Assuming the AOM 

activity of our cores to be representative for submarine permafrost, we further extrapolated 

methane concentration to the whole area of submarine permafrost (3 million square kilometers) 

[Schuur et al., 2015]. As last step we used the highest and lowest fraction of methane that got 

oxidized to calculate specific rates for both cores. 
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5 Manuscript III - Microbial community composition and 

abundance after millennia of submarine permafrost 

warming 

 

Abstract 

Warming of the Arctic led to an increase of permafrost temperatures by about 0.3°C during the 

last decade. Permafrost warming is associated with increasing sediment water content, 

permeability and diffusivity and could on the long-term alter microbial community composition 

and abundance even before permafrost thaws. We studied the long-term effect (up to 2500 

years) of submarine permafrost warming on microbial communities along an onshore-offshore 

transect on the Siberian Arctic Shelf displaying a natural temperature gradient of more than 10 

°C. We analysed the in-situ development of bacterial abundance and community composition 

through total cell counts (TCC), quantitative PCR of bacterial gene abundance and amplicon 

sequencing, and correlated the microbial community data with temperature, pore water 

chemistry and sediment physicochemical parameters. On time-scales of centuries, permafrost 

warming coincided with an overall decreasing microbial abundance whereas millennia after 

warming microbial abundance was similar to cold onshore permafrost. In addition, the 

dissolved organic carbon content of all cores was lowest in submarine permafrost after 

millennia-scale warming. Based on correlation analysis TCC unlike bacterial gene abundance 

showed a significant rank-based negative correlation with increasing temperature while 

bacterial gene copy numbers showed a strong negative correlation with salinity. Bacterial 

community composition correlated only weakly with temperature but strongly with the 

porewater stable isotopes δ18O and δD, and with depth. The bacterial community showed 

substantial spatial variation and an overall dominance of Actinobacteria, Chloroflexi, 

Firmicutes, Gemmatimonadetes and Proteobacteria which are amongst the microbial taxa that 

were also found to be active in other frozen permafrost environments. We suggest that, 

millennia after permafrost warming by over 10°C, microbial community composition and 

abundance show some indications for proliferation but mainly reflect the sedimentation history 

and paleo-environment and not a direct effect through warming. 
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Introduction 

Temperatures in high-latitude regions have been rising twice as fast as the global average over 

the last 30 years [IPCC in Climate Change 2013, 2013] and are predicted to experience the 

globally strongest increase in the future [Kattsov et al., 2005; IPCC in Climate Change 2013, 

2013]. In the northern hemisphere, 24 % of the land surface [Zhang et al., 2003] and large areas 

of the Arctic shelves are underlain by permafrost [Brown et al., 1997]. With 1672 Pg carbon 

[Schuur et al., 2008], the northern circumpolar permafrost zone stores about twice as much 

carbon as currently found in the atmosphere [Zimov et al., 2006; Schuur et al., 2009]. About 

88% of this carbon occurs in permafrost soils and deposits [Tarnocai et al., 2009]. Permafrost 

harbours numerous ancient but viable cells [Wagner et al., 2007; Gilichinsky et al., 2008; Koch 

et al., 2009; Mackelprang et al., 2011; Graham et al., 2012; Bischoff et al., 2013] that can 

remain active at extremely low temperatures [Rivkina et al., 2000; Hultman et al., 2015]. With 

increasing permafrost age, microbial communities show adaptations to the permafrost 

biophysical environment and specialize towards long-term survival strategies such as increased 

dormancy, DNA repair or stress response [Johnson et al., 2007; Mackelprang et al., 2017]. 

Following the trend of air temperature increase in the northern hemisphere, continuous 

permafrost warmed by about 0.3°C over the last decade at a global scale [Biskaborn et al., 

2019]. Warming of permafrost can substantially increase liquid water content, sediment 

diffusivity and permeability [Rivkina et al., 2000; Watanabe and Mizoguchi, 2002; Overduin et 

al., 2008] potentially mobilizing carbon in the form of trapped methane [Shakhova et al., 2010a, 

2010b, 2014; Portnov et al., 2013; Thornton et al., 2016]. Microbial community composition 

was reported to be responsive to temperature changes [Zogg et al., 1997; Zhang et al., 2005; 

Weedon et al., 2012; Luo et al., 2014; Rui et al., 2015; Xu et al., 2015]. However, results on the 

extent of these community changes and their dependence on exposure time are contradictory 

[Allison et al., 2010; Schindlbacher et al., 2011; Xiong et al., 2014; Zhang et al., 2016; Weedon 

et al., 2017; Walker et al., 2018]. In general, the microbial community response to warming 

appears to be delayed [DeAngelis et al., 2015] and the effect of warming might take decades to 

affect the microbial community composition [Rinnan et al., 2007; Radujković et al., 2018]. Not 

only microbial community composition can be responsive to temperature but also microbial 

abundance especially in systems with weak energy constraints. Microbial abundance correlates 

with enzymatic activities and methane production [Taylor et al., 2002; Waldrop et al., 2010], 

which are sensitive to temperature. Microbial growth, respiration and carbon uptake can 

correlate with microbial biomass [Walker et al., 2018]. Thus, substantial permafrost warming 
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on long time-scales could affect microbial community composition and abundance before 

permafrost thaws.  

Submarine permafrost provides an analogue for rising permafrost temperatures over time-scales 

of centuries and millennia. Submarine permafrost of the Arctic Sea shelves originally formed 

under terrestrial (subaerial) conditions and was inundated by post-glacial sea level rise during 

the Holocene [Romanovskii and Hubberten, 2001]. Upon sea transgression, permafrost 

degraded over thousands of years as the relatively warm ocean water warmed the submerged 

seafloor. Mean annual bottom water temperatures in the Laptev Sea (East Siberian Arctic shelf) 

are 12 to 17 °C warmer than the annual average surface temperature of terrestrial permafrost 

[Romanovskii et al., 2005]. Even today, new submarine permafrost is created by erosion of 

Arctic permafrost coasts [Fritz et al., 2017], which account for 34% of the coasts worldwide 

[Lantuit et al., 2012]. In a recent study, we compared submarine sediment cores from two 

locations on the Siberian Arctic Shelf and looked at the combined effect of permafrost 

inundation time and seawater intrusion on microbial communities. We showed that flooding by 

sea water reduced permafrost bacterial abundance and changed bacterial community 

composition due to the penetration of seawater into a former freshwater habitat [Mitzscherling 

et al., 2017]. It was suggested that in addition to the effect of seawater infiltration, the sediment 

warming taking place over millennia could lead to proliferation. However, the specific effect 

of long-term permafrost warming independent of thawing has not been assessed so far. Here 

we hypothesize that millennial-scale permafrost warming directly increases microbial 

abundance and alters microbial community composition. We used submarine permafrost 

sediments of comparable age and physicochemical properties that differed in temperature by 

more than 10 °C due to different periods of inundation and sediment warming and assessed 

total microbial and bacterial abundances and community composition relative to temperature, 

pore-water chemistry and sedimentation history. 

Materials and Methods 

Study site and drilling  

The study area (~73°60’N, 117°18’E) is situated in the western part of the Laptev Sea, on the 

East Siberian Arctic Shelf (Fig. 5-1). Mean annual bottom water temperatures in the Laptev Sea 

range between -1.8 °C to -1 °C [Wegner et al., 2005] leading to sediment temperatures of -1.0 

°C and -2.0 °C within the largest part of the shelf [Romanovskii et al., 2004]. We investigated 

four cores (C1-C4, Fig. 5-2a) that were retrieved along an onshore-offshore transect in the 
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coastal region of Cape Mamontov Klyk in 2005 [Overduin, 2007a; Rachold et al., 2007]. Cores 

were named after the order of drilling and we kept this order (C1, C4, C3, C2) for better 

comparability with previous studies [Overduin et al., 2008; Koch et al., 2009; Mitzscherling et 

al., 2017; Winkel et al., 2018].  

 

 

 

Figure 5-1: Geographical location of the study site. Location of the Laptev Sea on a circumpolar 

perspective map and the potential extent of submarine permafrost (striped area, based on [Brown et al., 

2002]), as well as the geographical location of the drilling site at Cape Mamontov Klyk in the western 

Laptev Sea. (modified from [Overduin et al., 2015]). 

 

 

From onshore to offshore all cores were characterized by an increase in water depth, in depth 

to the ice-bonded permafrost table (Fig. 5-2a, Table C-1) and in ground temperature (Table C-

2) [Overduin, 2007a; Rachold et al., 2007]. The transect was characterized by a temperature 

gradient that covered an increment of more than 10 °C compared to the onshore permafrost. 

Thereby, each core displayed its own unique temperature range (Fig. 5-2b). 
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Assuming a constant mean annual coastal erosion rate of 4.5 m yr-1 [Grigoriev, 2008] the drill 

site located furthest offshore (C2, 11.5 km off the coast) was inundated approximately 2500 

years ago [Rachold et al., 2007]. Accordingly, the drill sites C3 and C4, located 3 km and 1 km 

off the coast, were inundated around 660 and 220 years ago, respectively. More recent analysis 

based on remote sensing shows that 40-year coastal erosion rates for the same stretch of 

coastline between 1965 and 2007 were slower (about 2.9 m yr-1) [Günther et al., 2013b], which 

would translate into even longer inundation periods. However, in the present study we refer to 

Grigoriev [2008], which are based on direct observations of coastal erosion at the C1 coring 

site. Drilling was performed with a hydraulic rotary-pressure system (Drilling Technologies 

Factory, St. Petersburg, Russia, Model URB-2A-2) and without the use of any drilling fluid. 

All samples were frozen immediately after recovery and were kept at -22 °C until further 

processing. Temperature measurements at all sites were done using thermistors and infra-red 

sensors [Junker et al., 2008].  
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Figure 5-2: Overview of the coring transect, position and characteristics of the terrestrial and the 

submarine sediment cores. a) Periods of inundation are indicated above each submarine core. Core depth 

of the terrestrial core is given in m below surface (m bs) and depth of the submarine cores in meters below 

seafloor (m bsf). The core depths are proportional to each other, whereas the distance scale is only 

schematic. Affiliation of sediment deposits to discrete sediment units (Unit I - IVb), accumulated under 

similar environmental conditions in the same glacial or interglacial period, are distinguished by colours. 

Dots show the depth of the molecular samples. White dots represent samples from this study. Their 

denomination is indicated to the left. Black dots represent samples from a previous study. b) Depth profiles 

of temperature (black diamonds) and salinity (grey squares) as well as of c) the pore water stable isotopes 

δ18O (black circles) and δD (grey circles) from the cores C1, C4, C3 and C2. The blue shaded area represents 

Unit II. 

 

Sample selection 

Each of the four drill cores exhibited different sedimentological units. Lithostratigraphic Unit 

II was identified in all cores (Fig. 5-2a) and was entirely located within the ice-bonded 

permafrost. Irrespective of the permafrost temperature Unit II sediments of all cores were 

cemented mainly by pore ice but were also characterized by terrestrial permafrost features like 

ice lenses, ice veins and ice-wedges. Photographs of [Winterfeld et al., 2011] show similar ice 

and sediment structures of the terrestrial core C1 and the outermost submarine core C2. Depth 

location of Unit II within each core can be found in Table C-1. This unit was deposited during 

the late Pleistocene, was warmed without thawing, and had so far remained unaffected of 

seawater infiltration. On the basis of a PCA analysis (see next chapter and Fig. 5-3) and previous 

lithostratigraphic descriptions [Winterfeld et al., 2011] all further analysis was conducted on 

samples from Unit II. The ages of the sediment are published in Winterfeld et al. [2011]. The 

present study refers to sediment ages determined by optically stimulated luminescence (OSL) 

on quartz and infrared optically stimulated luminescence (IR-OSL) on feldspars. OSL ages of 

Unit II sediments from core C1 range from 30.5 ± 2.0 ka at 22 m below surface (m bs) to 114 

± 6 ka at 50 m bs. OSL ages range from 97 ± 6 to 112 ± 8 ka between 23 and 30 m below 

seafloor (m bsf) in core C3 and from 133 ± 8 to 148 ± 14 ka between 37 and 53 m bsf, and 

increase with depth. IR-OSL ages date back to 59 ± 5.8 ka at around 15 m bsf in C4 and 86 ± 

5.9 ka at 44 m bsf and 111 ± 7.5 ka at 77 m bsf in C2. Consequently, sediments of Unit II were 

deposited during the early to middle Weichselian [Winterfeld et al., 2011].  
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Figure 5-3: PCA of environmental, sedimentological and pore water data from Unit II of all four 

cores with PC 1 explaining 31.9% and PC 2 explaining 20.6 % of the variance between samples. Vectors 

show selected physicochemical factors that are mainly responsible for the variance between samples (see 

loadings plot Fig. C-4). C1: n = 183, C2: n = 66, C3: n = 38, C4: n = 9. Outliers located outside the 95% 

ellipses were removed. The insert presents all samples of the onshore-offshore transect coloured 

irrespective of the cores by Unit (n = 361). 

 

 

For molecular analyses we took 6 replicate samples from each of the cores C1 (C1-1 – C1-6), 

C4 (C4-1 – C4-6) and C3 (C3-1 – C3-6) and 8 replicates from core C2 (C2-1, C2-2, C2-4, C2-

5, C2-7, C2-8, C2-9, C2-10) (Fig. 5-2a). Those replicates were located at different depths within 

Unit II (Table C-4). Samples from C1 were located around 27 to 44 meters below surface, while 

samples from C4 were taken between 13 and 30 meters below the seafloor, samples from C3 

between 9 and 25 m bsf, and samples from C2 between 40 and 58 m bsf. Unit II was mainly 

composed of sands with varying proportions of silt and to a minor extent of clay, and a frequent 

occurrence of wood fragments, plant detritus interlayers and small peat inclusions [Winterfeld 

et al., 2011]. Both, sandy as well as organic-rich deposits were represented by three replicates 
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in C1, C4 and C3 and four replicates in C2 (Table C-4). Furthermore, to check for 

reproducibility we included samples from C2 retrieved in a previous study [Mitzscherling et 

al., 2017] (sample names CK12xx). In order to prevent contamination caused by the drilling 

equipment we took the subsamples from the centre of the core. Subsampling was performed in 

a climate chamber under freezing conditions by using sterile tools. Thus, a contamination of 

the samples can be excluded. 

Pore water and sediment analyses 

Pore water of segregated ground ice was extracted from thawed subsamples of the sediment 

cores using rinsed Rhizons™ (0.15 µm pore diameter). Electrical conductivity, salinity, cation 

and anion concentrations, stable isotope concentrations (δ18O, δD), and pH were measured for 

183 samples of C1, 67 samples of C2, 38 samples of C3 and 10 samples of C4 in Unit II (Table 

C-3). Electrical conductivity, salinity and pH were measured with a WTW MultiLab 540 using 

a TetraConTM 325 cell referenced to 20°C. Total dissolved element concentrations (Ba2+, Ca2+, 

K+, Mg2+, Na+, Siaq) were determined by inductively coupled plasma optical emission 

spectrometry (ICP-OES, Optima 3000XL, Perkin-Elmer, Waltham) [Boss and Frieden, 1989]. 

Dissolved anion concentrations (Cl-, SO4
2-, Br-, NO3

-) were measured using a KOH eluent and 

a latex particle separation column on a Dionex DX-320 ion chromatographer [Weiss, 2001]. 

The pore water stable isotopes (δD andδ18O) of segregated ground ice were determined 

following [Meyer et al., 2000] using a Finnigan MAT Delta-S mass spectrometer in 

combination with two equilibration units (MS Analysetechnik, Berlin). 

Dissolved organic carbon (DOC) was measured as non-purgeable organic carbon via catalytic 

combustion at 680 °C using a total organic carbon analyzer (Shimadzu TOC-VCPH instrument) 

on samples treated with 20 µl of 30% supra-pure hydrochloric acid. The ice content was 

determined gravimetrically. Grain sizes were measured with a Coulter LS 200 laser particle 

size analyzer. The total organic carbon (TOC) was measured with the element analyser VARIO 

MAX C, while total carbon (TC), total nitrogen (TN) and total sulfur (TS) contents were 

determined with an elemental analyzer (Elementar Vario EL III).  

DNA extraction 

Core subsamples were homogenized in liquid nitrogen and DNA was extracted from ~5 g of 

sediment using a modified protocol of [Zhou et al., 1996]. The method was described before 

[Mitzscherling et al., 2017] and in the following we refer to these samples as molecular samples. 

Quality of the extracted genomic DNA was assessed via gel electrophoresis (Fig. C-1). DNA 



Manuscript III 

95 

 

concentration was quantified with the Qubit2 system (Invitrogen, HS-quant DNA) and the 

crude DNA was purified using the HiYield PCR Clean-Up & Gel-Extraction Kit (SLG) to 

reduce PCR inhibitors prior to PCR applications. 

Quantification of the bacterial 16S rRNA gene 

Quantitative PCR was performed using the CFX Connect™ Real-Time PCR Detection System 

(Bio-Rad Laboratories, Inc.) and the primers S-D-Bact-0341-b-S-17 and S-D-Bact-0517-a-A-

18 targeting the bacterial 16S rRNA gene (Table C-5). Each reaction (20 µl) contained 2x 

concentrate of iTaq™ Universal SYBR® Green Supermix (Bio-Rad Laboratories), 0.5 µM of 

each the forward and reverse primer, sterile water and 2 µl of template DNA. The qPCR assays 

comprised the following steps: initial denaturation for 3 min at 95 °C, followed by 40 cycles of 

denaturation for 3 sec at 95 °C, annealing for 20 sec at 58.5 °C, elongation for 30 sec at 72 °C 

and a plate read step at 80 °C for 0.3 sec. Melt curve analysis from 65-95 °C with 0.5°C 

temperature increment per 0.5 sec cycle was conducted at the end of each run. The qPCR assay 

was calibrated using known amounts of PCR amplified gene fragments from a pure Escherichia 

coli culture. For each sample three technical replicates were analysed and DNA templates were 

diluted 5- to 100-fold prior to qPCR analysis. The PCR efficiencies based on standard curves 

were calculated using the BioRad CFX Manager software. They varied between 93 and 99%. 

All cycle data were collected using the single threshold Cq determination mode. 

Total cell counts 

Preparation and quantification of the total cell abundance per gram sediment were performed 

after [Llobet-Brossa et al., 1998]. The modified protocol was described before by Mitzscherling 

et al. [2017]. Briefly, cells were fixed with 4% paraformaldehyde in phosphate-buffered saline 

(PBS). After incubation, the sediment was pelleted by centrifugation for 5 min at 9600 g and 

washed in sterile filtered PBS. Two subsamples of each sample were diluted in PBS and filtered 

onto a polycarbonate membrane filter (0.2 µm) by applying a vacuum. Total cell counts were 

determined by SYBR Green I. Fluorescence microscopy was performed with a Leica DM2000 

fluorescence microscope using the FI/RH filter cube. A magnification of 100x was used to 

count cells of either 200 fields of view or until 1000 cells were counted. We counted two filters 

per sample.  
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High throughput Illumina16S rRNA gene sequencing and analysis 

Sequencing of each sample was performed in two technical replicates. The sequencing primers 

that were used in this study only target bacteria and comprised different combinations of 

barcodes (Table C-6). PCR amplification was carried out with a T100™ Thermal Cycler (Bio-

Rad Laboratories, CA, USA). The PCR mixtures (25 µl) contained 1.25 U of OptiTaq DNA 

Polymerase (Roboklon), 10x concentrate buffer C (Roboklon), 0.5 µM of the sequencing 

primers S-D-Bact-0341-b-S-17 and S-D-Bact-0785-a-A-21 (Table C-5), dNTP mix (0.2 mM 

each), additional 0.5 mM of MgCl2 (Roboklon), PCR-grade water, and 2.5 µl of template DNA. 

PCR conditions comprised an initial denaturation at 95°C for 5 min, followed by 35 cycles of 

denaturation (95°C for 30 s), annealing (56°C for 30 s) and elongation (72°C for 1 min), and a 

final extension step of 72°C for 10 min. The PCR products were purified from agarose gel with 

the HiYieldPCR Clean-Up and Gel-Extraction Kit (Südlabor, Gauting, Germany) and were 

quantified with the QBIT2 system (Invitrogen, HS-Quant DNA). They were mixed in 

equimolar amounts and sequenced from both directions (GATC Biotech, Konstanz) based on 

the Illumina MiSeq technology. The library was prepared with the MiSeq Reagent Kit V3 for 

2×300 bp paired-end reads. The 15% PhiX control v3 library was used for better performance 

due to different sequencing length. 

Sequence analysis and bioinformatics  

The data analysis of raw bacterial sequences started with the quality control of the sequencing 

library by the tool FastQC (quality control tool for high-throughput sequence data 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (last access: 10 Octover 2018) by 

Simon Andrews). The tool CutAdapt [Martin, 2011] was used to demultiplex the sequence 

reads according to their barcodes and to subsequently remove the barcodes. Forward and 

reverse sequenced fragments with overlapping sequence regions were merged using PEAR 

[Zhang et al., 2014b], and the nucleotide sequence orientation was standardized. Low-quality 

sequences were filtered and trimmed by Trimmomatic [Bolger et al., 2014], and chimeras were 

removed by Chimera. Slayer. Finally, the QIIME pipeline was used to cluster sequences into 

operational taxonomic units (OTUs) and to taxonomically assign them employing the SILVA 

database (release 123) with a cutoff value of 97% [Caporaso et al., 2010]. 

Statistics 

Prior to statistical analysis, absolute singletons and OTU0.03 (operational taxonomic units of 

clustered sequences with 97% similarity level) not classified as bacteria or classified as 
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chloroplasts or mitochondria were removed. In addition, OTU0.03 with reads <0.5% of total read 

counts in each sample were removed to reduce background noise. The background noise was 

estimated with the help of a positive control (E. coli), where the number of OTUs is known 

prior to sequencing. Absolute read counts were transformed into relative abundances in order 

to standardize the data and to make technical replicates comparable. Relative abundances of 

technical replicates were merged to mean relative abundances for bacterial community analysis 

i.e. the bubble plot and non-metric multidimensional scaling analysis (NMDS). Samples having 

< 15.000 raw reads were checked for divergent relative abundances within duplicates (Table C-

7) and excluded from the calculation of mean relative abundances when the discrepancy was 

too big. Variation in OTU0.03 composition, 16S rRNA gene and total cell abundance between 

samples and among drill sites, as well as correlations of the abundance and OTU0.03 composition 

with environmental parameters were assessed using the Past 3.14 software [Hammer et al., 

2001] and R, especially the vegan and MASS packages. Principal component analyses (PCA) 

based on Euclidean distance were used to assess variation in environmental variables across the 

different sediment units and within Unit II. Prior to analysis, all environmental data were 

standardized by subtracting the mean and dividing by standard deviation. To assess the 

correlations of bacterial and microbial abundance with environmental parameters the rank-

based Spearman correlation was calculated. The Bray-Curtis dissimilarity was used to assess 

the beta diversity of the microbial communities in a NMDS plot. Environmental factors that 

might influence its composition were determined by an environmental fit into the ordination. 

The significance of the variance introduced by the identified environmental factors was tested 

using a permutational approach as implemented in the adonis function of the vegan package. 

Factors were tested for auto-correlation as implemented in the corrplot package. A linear model 

of the remaining factors was subject to a redundancy analysis which was tested for signficance 

using the analysis of variance (ANOVA). ANOVA and the Tukey’s pairwise post-hoc test were 

conducted to test whether DOC concentrations of the cores differed.  

Results 

Physicochemical pore water and sediment properties 

Temperature (Fig. 5-2b) of Unit II was lowest in the terrestrial borehole (C1, constantly at 

around -12.4 °C at the time of drilling [Junker et al., 2008] and between -12.0 and -12.5 °C 

recently measured over a 2 year period [Kneier et al., 2018]) and increased with distance to the 

shore. According to [Junker et al., 2008] C4 exhibited a temperature range from -7.1 to -5.8 °C. 
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Ground temperatures of C3 and C2 were similar with mean values of -1.4 and -1.5 °C, 

respectively, and showed marginal variation. C3 exhibited a slightly higher mean temperature 

than the longest inundated core C2. 

Overall, the salinity of Unit II was low (Fig. 5-2b, [Winterfeld et al., 2011]). In C4, the drill site 

located closest to the coast, Unit II had the highest pore water salinity (mean = 5.6 PSU) ranging 

from 0.9 to 17.6 PSU (Table C-2), which spans freshwater to mesohaline water but is much 

below seawater salinities. In comparison, bottom-water salinities at the drill sites ranged 

between 29.2 and 32.2 PSU [Overduin et al., 2008]. Salinity in C3 reached a mean value of 1.1 

PSU. The submarine core furthest offshore (C2) and the terrestrial core (C1) had a mean pore 

water salinity of around 0.8 and 0.5 PSU, respectively. The stable isotopes δD and δ18O of the 

sediment cores C1 and C4 exhibited similar mean values of -22 ‰ for δ18O and around -178 ‰ 

for δD, albeit a greater variance in C1 (Fig. 5-2c, Table C-2). Sediments of C3 were 

characterized by higher and constant isotope values of around -20 ‰ for δ18O and -158 ‰ for 

δD. In core C2, the isotope values were smaller with mean values of -28 ‰ for δ18O and -213 

‰ for δD (Table C-2). 

DOC concentrations were lowest in Unit II of core C2, the core furthest offshore, and ranged 

from 4 to 41 mg C L-1, with a mean value of 17 mg C L-1 (Fig. C-2). Towards the coast the 

DOC content increased to mean values of 43 mg C L-1 in C3 and 96 mg C L-1 in C4. The 

terrestrial core C1 had a mean DOC concentration of around 48 mg C L-1 with values ranging 

from 4 to 305 mg C L-1, thereby having by far the highest measured DOC concentration of all 

cores. The TOC content in this Unit II was generally very low with mostly < 0.5 wt%. While 

C1 and C4 had lowest mean values of 0.17 wt%, the TOC content increased with distance to 

the coast to 0.22 wt% in C3 and 0.33 wt% in C2 (Table C-3). The pH of Unit II sediments 

ranged from slightly acidic to slightly alkaline values. In cores C1 and C4 the pH ranged from 

5 to 7.9, whereas values of C2 and C3 were higher ranging from pH 6.5 to 8.0. Mean pH values 

of all cores were around pH 7 to 7.5. Other pore water data like anion and cation concentrations, 

conductivity, CNS, grain sizes and the gravimetrically determined water content can be found 

in Table C-3. The whole dataset is also deposited on PANGAEA [Mitzscherling et al., 2018]. 

All environmental, sedimentological and pore water data (Table C-3) were used to conduct 

principal component analyses (PCA) to check for the level of similarity within Unit II. Unit II 

formed a dense cluster relative to the other sediment units (Fig. 5-3 Insert). Focusing on samples 

from Unit II only (Fig. 5-3) confirmed highly similar physicochemical characteristics of this 

unit in all cores even though C2 and C3 clustered along the axis PC2, while C1 and C4 were 
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more randomly scattered. Variance between samples was mainly explained by grain sizes, pore 

water stable isotope concentrations and to a lesser extent by pH. 

Microbial abundance  

Overall microbial abundance decreased from onshore to offshore (C1, C4, C3) and had 

increased again in the drill site located furthest from the coast (C2). The terrestrial permafrost 

core C1 and the submarine core C2 had highest DNA concentrations (Fig. C-2), total cell counts 

(TCC) (Fig. 5-4a) and bacterial 16S rRNA gene copy numbers of all cores (Fig. 5-4b). Lowest 

DNA concentrations and TCC were observed in core C3, whereas lowest numbers of bacterial 

16S rRNA gene copies were found in core C4. All three abundance measures (DNA 

concentrations, TCC, and bacterial 16S rRNA gene copy numbers) significantly correlated with 

each other (Table C-8). DNA concentrations reached mean values of 141.6 ng g-1 and 106.9 ng 

g-1 in C1 and C2, respectively, whereas the mean DNA concentration in C4 and C3 were 88.5 

and 19.8 ng g-1 (Table C-9). Mean TCC reached a value of 5 x 107 g-1 in C1. C4 and C2 had 

similar values of 1.3 x 107 g-1 and 1.5 x 107 g-1, while cell numbers of C3 were one order of 

magnitude lower (1.5 x 106 g-1). Bacterial 16S rRNA gene copy numbers usually exceeded TCC 

by an order of magnitude, with mean values of 1.6 x 108 g-1 and 2.9 x 108 g-1 in C1 and C2, but 

lower mean values of 3.6 x 107 g-1 and 1.7 x 107 g-1 in C4 and C3, respectively. 

A correlation analysis (Table 5-1) revealed that microbial and bacterial abundance measures 

including DNA concentrations, 16S rRNA bacterial gene copies and TCC correlated with each 

other (Fig. 5-4c). They further showed a significant rank-based negative correlation with 

salinity (p < 0.05, Spearman -0.63 ≤ rs ≤ -0.35), cations (K+, Mg2+, Na+) and anions (Cl-, Br-) 

(p < 0.05, -0.71 ≤ rs ≤ -0.39), and δ18O (p<0.05, -0.38 ≤ rs ≤ -0.37). Furthermore, DNA 

concentrations negatively correlated with temperature (p < 0.05, rs = -0.37) and pH (p < 0.05, 

rs = -0.44), while TCC negatively correlated with temperature (p < 0.01, rs = -0.64) and 16S 

rRNA gene copies with pH (p < 0.01, rs = -0.24). Positive correlations were found for DNA and 

16S rRNA gene copies with total organic carbon (TOC, p < 0.05, rs > 0.34) and the water 

content (p < 0.01, rs = 0.47). 
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Figure 5-4: Boxplots of microbial and bacterial abundance in Unit II. a) Total cell counts and b) 

bacterial 16S rRNA gene copy numbers normalized to gram sediment wet weight (top, solid boxes) and to 

DNA concentration in ng (bottom, striped boxes) of the cores C1, C4, C3 and C2. Box plots contain the 

mean values obtained from two technical replicates of cell counts and three technical replicates of 16S 

rRNA gene copy numbers per biological replicate. Median lines are indicated within the boxes of which 

the size corresponds to ± 25% of the data, whereas the whiskers show the minimum and maximum of all 

data. Minimum, maximum and mean values, as well as standard deviation and sample numbers can be 

found in Table C-9. c) Correlation of total cell counts and bacterial 16S gene copy numbers g-1 sediment. 

Strength of the correlation is shown in table 1. Sample points were colored according to drill core.  

 

 

Table 5-1: Spearman correlations of DNA concentration, 16S rRNA gene copy numbers normalized 

to gram sediment (16S Bacteria), 16S rRNA gene copy numbers normalized to ng DNA (16S/DNA) 

and total cell counts (TCC) with environmental and geochemical parameters. Presented is the 

correlation coefficient rs. Significant negative correlations are highlighted in red and significant positive 

correlations are highlighted in green. Values in bold are significant (< 0.05) when omitting p-value 

corrections. Colour intensity represents the significance levels, from dark to light colour: p < 0.001; p < 

0.01; p < 0.05. P-values and more data can be found in Table C-10. 
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Bacterial community composition 

The most abundant bacterial taxa were Actinobacteria (class), Chloroflexi (Gitt-GS-136, KD4-

96), Clostridia (class), Gemmatimonadetes, and Proteobacteria (primarily Alpha- and 

Betaproteobacteria) (Fig. 5-5). Candidatus Aminicenantes (candidate phylum OP8) and 

Candidatus Atribacteria (candidate phylum OP9) were highly abundant in core C3, where 

Actinobacteria, Chloroflexi, and Gemmatimonadetes were almost absent. 

Grouping patterns of the bacterial community based on the OTU0.03 composition of the samples 

and the Bray-Curtis dissimilarity were visualized using a non-metric multidimensional scaling 

(NMDS, Fig. 5-5). The NMDS showed a clustering of samples according to their borehole 

location for C2 and C3, while communities of C1 and C4 were more scattered. We fitted 

environmental gradients with the NMDS ordination in order to test for correlation between the 

bacterial community compositions at each drill site with environmental parameters (p < 0.05). 

Samples located at the bottom left of the plot originated from a greater depth (C1 and C2) than 

samples to the top right (C3 and C4). Variance of samples from the bottom to the top was 

explained by rising pH, permafrost temperature and total sulphur content, while variance of 

samples from the left to the right side are likely explained by increasing values of Ba2+ and the 

pore water stable isotopes δ18O and δD - a proxy for paleo-temperature and –climate. The 

bacterial community of C3 was most distinct and clustered furthest from communities of all 

other sites. It was linked with the pore water stable isotopes δ18O and δD, Ba2+ and the sample 

depth. The variance between C1, C4 and C2 samples are explained by permafrost temperature 

differences across the cores (Fig. 5-2b). A subsequent permutational analysis of variance 

showed that depth, temperature, pH, TS, δD, δ18O, and Ba2+ contribute to the variance in the 

microbial community composition (Table C-11), whereof δ18O and δD show a high auto-

correlation. A redundancy analysis showed that the explanatory variables depth, temperature, 

pH and δ18O significantly explain parts of the variance in the microbial composition (p = 0.001). 

Despite the overlaps within the NMDS ordination, a one-way PerMANOVA revealed that the 

variance between each of the clusters was significantly higher than within single clusters (Table 

C-12), i.e., the bacterial subpopulations of each drill site were significantly different from each 

other. 
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Figure 5-5: Relative abundance of bacterial classes from Unit II of the C1 - C4 cores. Coloured boxes 

and sample names below indicate the particular core. Sample names were explained earlier. Bubbles 

represent the mean value of relative abundances from two technical replicates. 
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Figure 5-6: Non-metric multidimensional scaling (NMDS) plot of OTU0.03 data from Unit II in 

dependence on environmental parameters. Shown are environmental factors that contribute significantly 

(p < 0.05) to the variance of the community data. The stress value of the NMDS plot is 0.13. Each dot 

represents the mean value of relative OTU abundances from two technical replicates. Sample depth is 

denoted as meters below the surface for terrestrial samples and meters below the seafloor for submarine 

samples. 

 

Discussion 

The present study aimed at understanding the effect of long-term permafrost warming 

independent of thaw on microbial community composition and abundance. The observed 

significant negative rank-based correlation between increasing temperature and total cell counts 

(TCC) contradicts our hypothesis that millennial-scale permafrost warming directly increases 

microbial abundance. It is, however, in line with related studies on arctic and subarctic soil 

microbial communities where a negative effect of increasing temperature on microbial 

abundance was assigned to freeze-thaw cycles [Skogland et al., 1988; Schimel et al., 2007] and 

substrate depletion [Walker et al., 2018]. Both effects are, however, unlikely here. Firstly, 
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sample depths were always more than 10 m below surface and seafloor, respectively, and 

freeze-thaw cycles within the investigated Unit II can be excluded. Secondly, preservation, 

rather than depletion, of substrates was more likely in the two submarine cores C3 and C4, 

where DOC contents were comparable to that of the cold terrestrial permafrost of C1 (Fig. C-

2). The degradation of DOC can be used as measure for microbial carbon turnover [Seto and 

Yanagiya, 1983] and the DOC concentration usually correlates with microbial abundance 

[Smolander and Kitunen, 2002; Junge et al., 2004; Vetter et al., 2010]. The cores C3 and C4 

had significantly lower TCC and bacterial gene copy numbers (106 cells and 105 gene copies) 

than the onshore core C1 and the C2 core furthest offshore (107 cells and 106 gene copies). 

Thus, microbial activity and substrate utilization were likely low in C3 and C4. A negative 

influence of permafrost warming on microbial abundance is further challenged through some 

indication for microbial proliferation in core C2, which had experienced longest warming of all 

cores. In detail, TCC in C2 were higher than in the other submarine cores while DOC values 

were lower in C2, significantly different from C4 and C1 (Table C-13). Permafrost warming 

for more than two millennia may have enabled microbial communities to adapt to the new 

temperature regime and sediment properties as suggested before [Mitzscherling et al., 2017]. 

Besides permafrost warming changing pore-water salinity had an effect on the microbial 

abundance. Rising permafrost temperature strongly correlates with TCC whereas salinity 

correlates strongest with bacterial gene copy numbers (Table 5-1). Bacterial 16S rRNA gene 

copy numbers were lowest in core C4 (105 gene copies), where pore-water salinities were 

elevated (electrical conductivity values >2000 µS cm-1, Table C-3). Low gene copy numbers 

(105 gene copies) may result from osmotic stress that limits microbial growth [Galinski, 1995; 

Rousk et al., 2011] and decreases microbial abundance in sediments [Rietz and Haynes, 2003; 

Jiang et al., 2007; Rath and Rousk, 2015; Wen et al., 2018]. We argue that the different levels 

of salinity are relicts of the paleo-climate and varying landscape types (e.g. thermokarst lakes 

and lagoons, fluvial, floodplain, Fig. C-5 and Table C-14) that formed Unit II during the last 

glacial cycle, i.e. the Weichselian glaciation 117 – 10 ka BP [Svendsen et al., 2004]. According 

to the IR-OSL ages Unit II of C4 was deposited ~60 ka BP and earlier. Conductivity values in 

C4 that were higher than 2000 µS cm-1 could be the result of strong evaporation. The climate 

in the Laptev Sea region during the middle Weichselian (75 – 25 ka BP) was of extremely 

continental type characterized by low precipitation throughout the year and relative warm 

summers [Hubberten et al., 2004]. Also, salinity values in Unit II of core C4 are lower than in 

the seafloor sediments of the same core but higher than in the sediment layer in between (Fig. 

5-2b), supporting the idea that differences in salinity reflect the paleo-environment and climate, 
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and not an infiltration of seawater during the Holocene transgression. The presence of a 

temporary shallow thermokarst lake at the drilling site of C4 and following summer evaporation 

is one possible scenario leading to elevated salt concentrations [Larry Lopez et al., 2007]. A 

strong influence of the paleo-climate on recent microbial abundance is further supported 

through a significant correlation between microbial abundance with δ18O values (Table 5-1). 

The stable isotope composition of ground ice is widely used as an archive for paleo-climatic 

information and for the determination of ground ice genesis [Vasil’chuk, 1991; Meyer et al., 

2002a, 2002b]. Compared to the other cores, C3 for example was enriched in heavy isotope 

species of δ18O (-20 to -15‰) and δD (-150 to -160‰), suggesting warmer temperatures at the 

time of deposition [Meyer et al., 2002b]. As ground ice is mainly fed by summer and winter 

precipitation, its isotopic composition reflects the annual range of air temperatures. Isotope 

changes towards heavier values could also be the result of larger amounts of summer rain as 

well as less winter snow preserved in the ice. Assuming that IR-OSL ages of Winterfeld et al. 

[2011] are correct, sediments of C3 were deposited at around 50 ka BP and later. Thus, C3 

sediments were probably deposited during a period where the extremely dry continental climate 

with relatively warm summers was especially pronounced (between 45 and 35 ka BP) 

[Hubberten et al., 2004].  

We suggest that microbial community composition like microbial abundance reflects the 

paleoclimate and sedimentation history and not a direct effect of permafrost warming. In detail, 

we observed a weak correlation between community composition with permafrost temperature 

and a strong correlation with pore water stable isotope values and depth, i.e. age. This 

suggestion is supported by similar findings in sea sediments as well as in lacustrine sediments. 

Microbial taxa of Arabian Sea sediments reflected past depositional conditions and exhibited 

paleo-environmental selection [Orsi et al., 2017], while the microbial population in sediments 

of Laguna Potrok Aike in Argentina changed in response to both past environmental conditions 

and geochemical changes during burial [Vuillemin et al., 2018]. The microbial communities in 

core C3 which were most distinct from the other locations (Fig. 5-6) may thus reflect the higher 

paleo-temperatures and different proportions of summer and winter precipitation discussed 

earlier. The strongest correlation of the bacterial community composition was, however, found 

with pH. Soil pH is a major factor controlling the bacterial diversity, richness and community 

composition on a continental scale [Fierer and Jackson, 2006; Lauber et al., 2009]. On a global 

scale pH is also one of the major controls of archaeal communities [Wen et al., 2017]. Fierer 

and Jackson [2006] showed that the richness and diversity of bacterial communities differed 

between ecosystem types, which could be explained by pH. This substantiates our suggestion 
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that Unit II and the bacterial community therein was formed under different paleo-climatic 

conditions and varying landscape types during the last glacial cycle. However, the limited 

number of environmental samples and the inference of other correlating environmental factors 

might decrease the statistical powers to see a more significant effect of temperature on the 

microbial community. 

Independent of core C3, microbial community composition showed substantial site-specific 

differences. This local scale variation in community composition (β-diversity) likely results 

from the distance between the coring sites because β-diversity increases with increasing 

distance when environmental conditions differ [Lindström and Langenheder, 2012] and when 

dispersal is as limited as it is in permafrost environments [Bottos et al., 2018]. Our data suggest 

that the bacterial community in submarine permafrost sediments has experienced a weak 

selection after deposition and mostly reflects the paleo-environmental and climatic conditions. 

Thereby this study joins a number of other studies reporting on microbial groups that are 

referred to as “the paleome”. Those studies found correlations between the microbial diversity 

and past depositional conditions [Lyra et al., 2013; Vuillemin et al., 2016; Orsi et al., 2017]. 

Marine communities were found in terrestrial settings or soil communities in (sub)seafloor 

sediments [Inagaki and Nealson, 2006; Ciobanu et al., 2012; Inagaki et al., 2015]. Like those, 

our study implies that the bacterial communities in permafrost soils under the seafloor 

underwent a weak selection pressure after burial either through dormancy or very low 

generation times under freezing conditions. 

Irrespective of the effect of permafrost warming on microbial community composition and 

abundance, the cell counts and microbial taxa of this study expand our knowledge about 

microbial life in permafrost. The bacterial taxa dominating in the submarine permafrost samples 

were amongst the phyla that commonly occur in Artic permafrost and the active layer, like 

Proteobacteria, Firmicutes, Chloroflexi, Acidobacteria, Actinobacteria and Bacteroidetes 

[Liebner et al., 2009; Jansson and Taş, 2014; Mitzscherling et al., 2017; Taş et al., 2018]. 

Furthermore, the most abundant taxa Actinobacteria, Chloroflexi, Firmicutes, 

Gemmatimonadetes and Proteobacteria (Fig. 5-5) are amongst the groups that were found to be 

active under frozen conditions in permafrost [Tuorto et al., 2014; Coolen and Orsi, 2015]. The 

non-spore forming Actinobacteria were reported to dominate permafrost since they are well 

adapted to freezing conditions [Johnson et al., 2007]. They are metabolically active at low 

temperatures and possess DNA-repair mechanisms. Firmicutes and Proteobacteria likely resist 

long-term exposure to subzero temperatures as they take advantage of nutrient and water 

availability [Johnson et al., 2007; Yergeau et al., 2010]. In addition, many members of the 
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Firmicutes are able to form spores. Candidatus Atribacteria, which dominated in the core C3, 

were recently described to harbor functions for survival under extreme conditions like high 

salinities and cold temperatures [Glass et al., 2019]. They are further one of the cosmopolitan 

groups in the subseafloor and dominate the bacterial community in deep anoxic sediments with 

low organic carbon contents [Orsi, 2018]. This makes Atribacteria another candidate for 

activity under in situ conditions in submarine permafrost. Genome-based metabolic prediction 

shows that Ca. Atribacteria can ferment sugars and propionate producing H2, which is a critical 

source of energy in anoxic settings, and they have the potential to polymerize carbohydrates 

and store them in shell proteins of bacterial microcompartments, thus increasing their fitness 

and leading to their selection [Orsi, 2018]. Besides subseafloor sediments Ca. Atribacteria were 

found to be abundant in lacustrine sediments in Argentina that were deposited under similar 

environmental conditions like C3, with permafrost and reduced vegetation in the catchment, an 

active hydrology reworking and dispersing the soils, and a very low organic carbon content. 

Also climatic conditions in the sedimentation period of the lacustrine sediments were similar to 

that of Unit II in C3, covering the driest period of the record and overall positive temperatures 

[Vuillemin et al., 2018]. 

The TCC of the onshore permafrost core C1 were in the upper range of cell counts (106-107 

cells g-1) reported for other permafrost environments [Steven et al., 2006; Gilichinsky et al., 

2008; Jansson and Taş, 2014] and TCC of the three submarine permafrost cores were 

comparable to microbial abundances from organic carbon rich sub-seafloor sediments (105-107 

cells g-1) [Kallmeyer et al., 2012; Parkes et al., 2014]. TCC and bacterial 16S rRNA gene 

abundance in cores C1 and C2, which were highest in this study, were at least one order of 

magnitude lower than values for the active layer, i.e. the seasonally thawed, upper permafrost 

layer [Kobabe et al., 2004; Liebner et al., 2008, 2015]. This is in line with modelling studies 

on generation times in the subsurface where cells were reported to divide only every ten to 

hundred years [Jørgensen and Marshall, 2016; Starnawski et al., 2017]. It also underlines that 

the effect of warming on microbial abundance in the investigated submarine permafrost cores 

was likely poor as discussed earlier. The observation that 16S rRNA gene copies mostly 

exceeded TCC by an order of magnitude may reflect the long-term preservation of extracellular 

DNA due to low temperature conditions in permafrost [Stokstad, 2003; Willerslev et al., 2004] 

and, to a lesser extent, the appearance of multiple 16S rRNA gene copies per cell [Schmidt, 

1998]. Although qPCR is a good relative quantification method, it is only poorly related to cell 

counts [Lloyd et al., 2013a]. In addition, cell counts might be slightly underestimated due to 

hidden cells below sediment particles [Kallmeyer, 2011]. 
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Conclusions 

Substantial permafrost warming is occurring throughout the Arctic today and the associated 

response of microbial communities driving the biogeochemical cycling and the formation of 

greenhouse gases is of general interest. Inundation by seawater accelerates permafrost warming 

and results in a steady state of temperature under the present conditions within a few centuries. 

This makes submarine permafrost a suitable natural laboratory to study the microbial response 

on climate relevant time-scales. Our results demonstrate that both microbial abundance and 

community composition even after millennia of submarine permafrost warming by more than 

10 °C reflect the paleo-climate and sedimentation history. However, even though we could not 

finally prove that long-term permafrost warming directly affects microbial abundance and 

bacterial community composition we found indications for it especially in the core that had 

experienced longest warming. This deserves more attention, because a direct effect of 

permafrost warming on microbial abundance, composition and carbon turnover would alter our 

understanding of the permafrost carbon feedback, which to date only considers permafrost 

thaw. Based on our work we suggest that future work addresses the responsiveness of microbial 

communities to permafrost warming through the analysis of organic matter quality [Fischer et 

al., 2002], chemical composition of permafrost DOM [Sun et al., 1997; Spencer et al., 2015; 

Ward and Cory, 2015], natural abundance isotope ratios of biomarkers [Boschker and 

Middelburg, 2002], metagenomics and metatranscriptomics [Coolen and Orsi, 2015; 

Mackelprang et al., 2017]. Finally, in this study the length of the coring transect (~12 km), the 

age span within and between the cores and hence the comparatively long sedimentation period 

encompassed by our samples from Unit II had a stronger influence on recent microbial 

abundance and community than the large level of physicochemical similarity within this unit 

(Fig. 5-3 insert). Further studies on the microbial response to permafrost warming should focus 

on historically more similar samples without neglecting similar physicochemical properties.  
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6 Synthesis  

6.1 Introduction 

Permafrost temperatures have increased by 0.4 °C within the last decade due to rapid warming 

of the Arctic [Biskaborn et al., 2019]. This is critical since perennially frozen ground acts as a 

huge trap of organic carbon. Permafrost warming and thawing can result in the release of stored 

methane (CH4) and is assumed to stimulate microorganisms and the turnover of stored organic 

carbon [Waldrop et al., 2010; Mackelprang et al., 2011; Graham et al., 2012; Schuur et al., 

2015] leading to the release of the greenhouse gases CH4 and CO2 [Graham., 2012; 

Mackelprang et al., 2011]. This can accelerate global warming. However, the microbial 

response to permafrost warming and thawing on climate-relevant time scales remains unclear.  

Submarine permafrost of the Arctic continental shelves, which is terrestrial permafrost under 

the seafloor, represents an analogue for permafrost warming that is presently occurring globally 

on land. Upon inundation hundreds to thousands of years ago submarine permafrost started to 

warm. Thus, it is a suitable natural laboratory to study the microbial response to permafrost 

warming on time-scales that are relevant for the global climate. Besides warming, submarine 

permafrost is affected by penetrating saline water into the upper sediment layers resulting in its 

degradation and thawing. Sediment temperatures in the Laptev Sea, the study area of this thesis, 

were observed to increase within a few hundred years after inundation. Temperatures were 

found to climax in a steady state at around -1 °C, the limit to maintain ice-bonded permafrost 

under submarine conditions [Grigoriev, 2008], and thus adapting to the annual average bottom-

water temperature [Wegner et al., 2005]. This warm permafrost is highly susceptible to any 

climate changes that would result in bottom-water warming as it would lead to immediate 

permafrost thawing.  

Submarine permafrost covers an area of 605,006 km2, almost half the size of the area of 

continuous land permafrost [Ruppel, 2015]. Although the amount of organic carbon that exists 

in submarine permafrost is still unquantified, it is most likely significant. In order to predict the 

microbial carbon turnover and release from submarine permafrost it is crucial to understand the 

effect of century-to-millennia-scale permafrost warming on the microorganisms and their 

response to seawater infiltration and permafrost degradation.  

The infiltration of saline water into submarine permafrost provides suitable conditions for 

microorganisms that are capable of the anaerobic oxidation of methane (AOM). AOM could 
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mitigate the release of stored or produced methane. However, AOM in degrading submarine 

permafrost are poorly studied [Overduin et al., 2015]. 

 

This thesis focusses on the investigation of the indigenous bacterial and archaeal communities 

in submarine permafrost from two sites in the Laptev Sea (core BK2 from Buor Khaya and 

cores C1-C4 from Mamontov Klyk), located on the East Siberian Arctic shelf. It is the first 

study using a systematic approach to describe the microbial response to permafrost warming 

and permafrost thawing in presence of seawater on different time scales (C4 ~ 220 yr, BK2 ~ 

540 yr, C3 ~ 660 yr, C2 ~2500 yr). The thesis expands the results of a pilot study, which 

compared the methanogenic community in a cold terrestrial (core C1) and a warm submarine 

permafrost core (C2) at Cape Mamontov Klyk [Feige, 2009; Koch et al., 2009], by using a 

higher number of biological replicates and more extensive analyses to assess the microbial 

community composition and abundance. In addition, this thesis reveals the controls of microbial 

community composition and abundance in permafrost under submarine conditions by analyzing 

them in the context of temperature, pore water chemistry and sediment physicochemical 

parameters. The detailed examination of those parameters is the second emphasis of this work 

and is consequently also part of the following discussion. 

6.2 Microbial taxa in submarine permafrost  

Deep below the seafloor, submarine permafrost represents an extreme habitat for microbial life 

characterized by low temperatures, the absence of oxygen, and changing thermal and chemical 

conditions. The penetration of seawater leads to elevated salt concentrations, which are known 

to cause osmotic stress on microorganisms. Elevated salinity can limit microbial growth 

[Galinski, 1995; Rousk et al., 2011] and decrease microbial abundance in sediments [Rietz and 

Haynes, 2003; Jiang et al., 2007; Rath and Rousk, 2015; Wen et al., 2018]. Also, the microbial 

community is sensitive to changes in salinity resulting in shifts of the microbial composition 

[Walsh et al., 2005; Allison and Martiny, 2008]. Therefore, the investigation of the submarine 

permafrost microbial community answers the basic question on the impact of seawater on the 

composition of a former terrestrial microbial community. 

Despite millennial-scale seawater infiltration into the upper sediment layers (C2 at Cape 

Mamontov Klyk) the bacterial and archaeal communities in thawed permafrost sediments did 

not show any evidence of taxa commonly found in marine habitats. Only in the seabed 

sediments above typical marine taxa such as Pirellulales [Duret et al., 2019], Desulfobacterales 
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[Wang et al., 2012], Thiotrichales [Anderson et al., 2017], and Marinicellales [Anderson et al., 

2017] as well as Nitrosopumilus (Thaumarchaeota) [Könneke et al., 2005], MBG-B 

(Lokiarchaeota) and Izemarchaea/MBG-D (Euryarchaeota) [Teske and Sorensen, 2008] were 

discovered. Many of the observed bacterial taxonomic groups of the thawed permafrost below 

were found to comprise typical soil organisms such as Chloroflexi Gitt-GS 136 [Delgado-

Baquerizo et al., 2017], Solirubrobacterales, Actinomycetales, Rhizobiales, Burkholeriales 

[Xiong et al., 2014; Rui et al., 2015], or those that can live in both marine and terrestrial 

environments i.e. Acidimicrobiales [Mizuno et al., 2015]. The archaeal community of the 

thawed permafrost also contained common terrestrial taxa like Nitrososphaera 

(Thaumarchaeota) or MCG-6 (Bathyarchaeota), and those that can be found in marine 

environments such as MCG-8 (Bathyarchaeota) [Xiang et al., 2017]. A mixture of marine 

(Bathyarchaeota MCG-8, ANME-2a/b and ANME-2c) and terrestrial (Bathyarchaeota MCG-

6) archaeal sequences was detected in the upper unfrozen part of the more recently inundated 

core BK2 (Buor Khaya). Thawed sediments harbored a different archaeal community than the 

ice-bonded sediments below the permafrost table, which was composed of ANME-2a/b, 

ANME-2d and Methanosarcina, and completely lacked the Bathyarchaeota MCG-6 or -8.  

The ice-bonded permafrost population was generally found to resemble the communities from 

terrestrial permafrost. Bacterial taxa that dominate in the submarine permafrost of Cape 

Mamontov Klyk and Buor Khaya were amongst the phyla that commonly occur in Artic 

permafrost and the active layer, like Acidobacteria, Actinobacteria, Bacteroidetes Chloroflexi, 

Firmicutes and Proteobacteria [Liebner et al., 2009; Jansson and Taş, 2014; Mitzscherling et 

al., 2017; Taş et al., 2018]. The most abundant orders within the thawed and unaffected 

submarine permafrost were Actinomycetales (Actinobacteria), Chloroflexi Gitt-GS 136, 

Clostridiales (Firmicutes), Gemm-1 Gemmatimonadetes, Rhizobiales (Alphaproteobacteria) 

and Burkholderiales (Betaproteobacteria), all of them are typical soil living bacteria. Firmicutes 

and Actinobacteria are the two major groups of gram-positive bacteria. Actinomycetes of the 

Actinobacteria are usually aerobic bacteria, but can also be facultative or obligate anaerobes, 

and are common inhabitants of soil and plant material. Most of them are able to form spores. 

Chloroflexi, also known as green non-sulfur bacteria, contain many members that are 

thermophilic and form thick microbial mats around hot springs. Non-thermophilic members can 

be found in marine microbial mats [Madigan et al., 2011]. Other members prefer humid to dry 

ecosystems and have structural adaptations to desiccation. Chloroflexi Gitt-GS 136, were found 

in temperate semi-arid and dryland soils, have the ability to degrade cellulose and chitin 

[Delgado-Baquerizo et al., 2017; Zhang et al., 2018; Zhou et al., 2019], and are resistant to 
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drying-rewetting cycles. Clostridiales belong to the endospore-forming Firmicutes and are 

primarily found in soils, where they live in anoxic “pockets” made by aerobes. The order of 

Clostridiales contains many fermentative species which can obtain energy from fermenting 

sugars, cellulose or amino acids [Madigan et al., 2011]. Rhizobiales and Burkholderiales of the 

Proteobacteria can be found in diverse environments. The most abundant family of Rhizobiales 

found in submarine permafrost samples, namely Bradyrhizobiaceae, comprises organisms from 

different environments including soils or plant hosts, and their participation in biogeochemical 

cycles like nitrogen fixation is of extreme importance [Marcondes de Souza et al., 2014]. The 

Comamonadaceae and Oxalobacteraceae of the Burkholderiales are also mostly found in soil 

or water habitats, or are plant-associated. Some of them can fix nitrogen [Baldani et al., 2014; 

Willems, 2014]. 

Although bacterial phyla like Alphaproteobacteria, Chloroflexi, Firmicutes and Actinobacteria 

can be also found in other environments, such as Arctic seafloor basalts which have a 

completely different origin [Lysnes et al., 2004], all of the bacterial orders in submarine 

permafrost described above, were typical soil organisms. Either they are dependent on 

hydrolyzing plant polymers as the first step of organic matter degradation (like Burkholderiales, 

Actinomycetales, Chloroflexi and Clostridiales) or are connected to plants in a symbiotic or 

pathogenic way (Rhizobiales). This indicates that submarine permafrost represents a typical soil 

habitat for bacteria that froze and did not drastically change upon inundation and warming.  

Dominant archaeal taxa identified in ice-bonded submarine permafrost belonged to the domains 

of Euryarchaeota, Thaumarchaeota and Bathyarchaeota, the latter are both part of  the 

TACK/Proteoarchaeota superphylum [Adam et al., 2017]. Thaumarchaeota, initially classified 

as “mesophilic Crenarchaeota”, were detected to form a deep branching separate phylum within 

the Archaea [Brochier-Armanet et al., 2008]. This phylum comprises all known archaeal 

ammonia oxidizers, but also several unknown microorganisms with unknown energy 

metabolism. At both study sites of this work the Thaumarchaeota were comprised of 

Nitrososphaera, mainly detected in the terrestrial sediments, and Nitrosopumilus in the seabed. 

Both are important aerobic ammonia-oxidizing archaea of soil and marine environments, 

respectively [Adam et al., 2017]. Since the conditions in permafrost under the seafloor are 

anoxic, Nitrososphaera may be a relict of original sedimentation. Bathyarchaeota (formerly 

Miscellaneous Crenarchaeota Group (MCG)), however, are one of the predominant groups in 

anoxic marine and terrestrial environments and are dominant in various soils and sediments 

[Meng et al., 2014; Xiang et al., 2017]. Furthermore, they are one of the most abundant groups 

in the subsurface sedimentary biosphere [Meng et al., 2014] and in marine sediments [Lloyd et 
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al., 2013b]. Bathyarchaeota are phylogenetically divergent, forming 25 subgroups [Zhou et al., 

2018], and are adapted to a wide variety of marine and freshwater environments. 

Bathyarchaeota are able to anaerobically utilize detrital proteins, polymeric carbohydrates, fatty 

acids/aromatic compounds, methane or methylated compounds and/or potentially other organic 

matter such as recalcitrant components of bacterial cell walls [Lloyd et al., 2013b] and the 

biopolymer lignin [Yu et al., 2018]. They have a wide variety of metabolisms including 

acetongenesis, methane metabolism, dissimilatory nitrogen and sulfur reduction, and they 

potentially interact with anaerobic methane-oxidizing archaea, acetoclastic methanogens and 

heterotrophic bacteria [Zhou et al., 2018]. Due to their ability to grow on a wide range of 

compounds Bathyarchaeota play significant roles in the global carbon cycle [Adam et al., 2017]. 

The subgroups are adapted to specific habitat types with salinity being their main controlling 

factor [Fillol et al., 2016]. The subgroups that were found in submarine permafrost of this study 

belong to MCG-6 and MCG-8. Both are part of the dominant MCG lineages. MCG-6 was 

described to be the indicator group of all lineages for soils and was one of the predominant 

groups in ice-bonded permafrost soils here. MCG-8 was discovered in various saline and marine 

sediments, such as lagoons, estuaries or mangroves [Xiang et al., 2017], methane seeps and 

mud volcanoes [Zhou et al., 2018] as well as in the seabed and upper thawed permafrost layers 

of this study. Due to the ability of Bathy-8/MCG-8 to degrade lignin this subgroup of 

Bathyarchaeota may play a role in degrading the recalcitrant carbon found in permafrost soils. 

Subgroup-8 furthermore has been suggested to be capable of methanogenesis [Yu et al., 2018]. 

The presence of sulfate from penetrating seawater and the existence of trapped or produced 

methane make submarine permafrost sediments an ideal potential habitat for sulfate-dependent 

AOM, which usually can be found in the seabed [Knittel and Boetius, 2009]. In support of this 

hypothesis, ANME-2a/b and ANME-2c of the Euryarchaeota were detected amongst other 

marine archaeal clades in the thawed marine influenced layer of core BK2. Throughout the ice-

bonded permafrost layer in core C2 at Cape Mamontov Klyk and right below the phase 

boundary (transition from ice-free to ice-bonded sediment) of core BK2 from Buor Khaya 

ANME-2d sequences were detected. While ANME-2a/b/c belong to the clusters that are 

responsible for sulfate-dependent AOM in marine environments [Timmers et al., 2015, 2017], 

ANME-2d (also known as GoM-Arc I, AOM associated Archaea (AAA) or 

Methanoperedenaceae) can use nitrate (NO3
-), iron (Fe3+) and manganese (Mn4+) as terminal 

electron acceptors [Haroon et al., 2013; Ettwig et al., 2016] and have been observed in diverse 

terrestrial environments [Haroon et al., 2013]. Furthermore, in this study Methanosarcina of 

the Euryarchaeota were observed to co-occur with the ANME-2d clades, being exclusively 



Synthesis 

115 

 

present in the ice-bonded permafrost. Methanosarcina are strictly anaerobic archaea that can 

produce methane from acetate, methanol, mono-, di- and trimethylamine as well as H2+CO2 

and CO [Boone and Mah, 2015]. They prefer cold habitats and can be found in various 

environments such as marine and lake sediments, estuaries and soils [Wen et al., 2017]. In this 

study, Methanosarcina were discovered to dominate the methanogenic community in 

submarine permafrost of the Laptev Sea shelf,  thereby confirming previous findings [Koch et 

al., 2009]. In addition, a so far unknown archaeal clade was detected to be predominant in the 

thawed sediments and in the frozen sediments that were infiltrated by seawater after millennia-

scale inundation. The unknown archaeal clade and a sister clade were designated as Deep 

Submarine Permafrost Euryarchaeotal Group I (DSPEG I) and II (DSPEG II). Both groups had 

less than 82% sequence similarity values to the next cultured representative 

Methanomassiliicoccus luminyensis, which was isolated from human faeces [Dridi et al., 2012] 

and belongs to the Methanomassiliicoccales of the superclass Diaforarchaea. 

Methanomassiliicoccales occur in various environments such as animal digestive systems but 

can also be found in marine and lake sediments, soils and sewers [Adam et al., 2017; Wen et 

al., 2017]. Based on their habitat preferences they can be subdivided in two different 

phylogenetic clades, a gastro-intestinal (GIT) clade and an environmental clade. Although 

Methanomassiliicoccus luminyensis was isolated from human faeces the strain is associated 

with the environmental group [Söllinger et al., 2016]. Although Methanomassiliicoccales are 

unrelated to any previously known Class I and Class II methanogens, and are affiliated with a 

large clade of non-methanogenic lineages [Adam et al., 2017] they form the seventh found order 

of methanogens [Oren and Garrity, 2013]. Members of the Methanomassiliicoccales display 

unique characteristics, as they lack genes coding for the methanogenesis from H2+CO2 pathway, 

and are therefore reliant on methyl-dependent hydrogenotrophic methanogenesis similar to the 

methylotrophic methanogenesis found in some members of the Bathyarchaeota [Evans et al., 

2015; Adam et al., 2017]. In contrast, Zinke et al. [2018] described metagenome-assembled 

genomes (MAGs) from high latitude lake sediments, subsurface aquifers and estuary sediments 

with a similar sequence identity of 86% to Methanomassiliicoccus luminyensis that did not 

contain the canonical H2/methylotrophic methanogenesis pathways. The MAGs were putatively 

heterotrophic and conserved energy through hydrogen production. Metagenomic or 

transcriptomic studies on submarine permafrost samples would shed further light on the 

functional potential of DSPEG I and II. 

In summary, the archaeal community comprises organisms that are capable of performing a 

wide variety of processes for carbon degradation, including all different types of 
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methanogenesis, but are also able to oxidize methane anaerobically. The simultaneous 

occurrence of methanogenic and methanotrophic organisms suggests a feedback system of 

methane production and oxidation. Also, ammonia-oxidation is a fundamental core process of 

the biogeochemical cycling and plays a major role in greenhouse gas production.  

In contrast to the microbial life found in the seabed and in ice-bonded permafrost sediments, 

the divergent bacterial and archaeal communities in thawed sediments may be a result of 

microorganisms being introduced by seawater infiltration into a relict terrestrial community 

and/or due to an active development of new microbial assemblages. Due to the large distance 

in C2 of around 18 m between samples of the seafloor and reworked permafrost sediments 

(PWI), it was not possible to assess how far into the thawed marine influenced permafrost 

sediments the typical seabed community persisted. In reworked permafrost, the absence of taxa 

that were found to be abundant in the seabed may be due to (i) dispersal limitation through the 

sediment (Bottos et al., 2018) and (ii) the selection of the subseafloor community from within 

the community present in seabed sediments. Due to the appearance of both, marine and 

terrestrial taxa the assemblages in thawed permafrost were different from those of the 

unaffected permafrost and the seabed, and thus from other marine and terrestrial habitats. 

Archaea appeared to form specific sub-communities, in accordance with the pore water units 

already within a few centuries (BK2), whereas the bacterial communities formed distinct sub-

communities after 2500 years of seawater influence (C2). Archaea are known for their 

adaptation to extreme temperature and salinity [Wilhelm et al., 2012] and are thus proposed to 

faster adapt to the changed thermal and chemical pore water conditions.  

6.3 Permafrost microbial response to short-term seawater 

inundation  

Submarine permafrost miccorganisms are expected to respond to salinty and termpertaure, as 

these two factors control seawater induced thawing and permafrost warming without thaw. The 

effect, salinity and temperature have on the microbial activity, was investigated on different 

time-scales. They reached from a few hundred years (C4 = 220 yr, BK2 = 540 yr, C3 = 660 yr) 

to several thousand years (~2500 yr, C2). In this thesis, hereafter scales of centuries are denoted 

as short-term, while scales of millennia are denoted as long-term. Changes in the microbial 

activity on those time-scales were measured by means of shifts in the community composition 

and changes in the microbial abundance. The microbial abundance was quantified by total cell 
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counts and copy numbers of the 16S rRNA gene as well as of functional genes. Shifts in the 

community composition were analyzed by amplicon sequencing of the 16S rRNA gene.  

In order to look at the microbial community development in submarine permafrost in its 

entirety, physicochemical pore water and sediment characteristics in sediment cores from each 

study site (BK2 and C2) were extensively studied. Both sites were characterized by ice-free 

sediment deposits overlying ice-bonded permafrost unaffected by saline solution. However, the 

depth and thickness of the phase boundary differed between both sites as a result of differences 

in the inundation periods (C2 2500 years and BK2 540 years), the diffusive penetration of saline 

water into the seabed, and/or distinct sediment column properties that affect the penetration rate 

[Ulyantsev et al., 2016]. While the core BK2 from Buor Khaya was characterized by a sharp 

transition from unfrozen to ice-bonded permafrost, the advanced stage of permafrost 

degradation in core C2 from Cape Mamontov Klyk was manifested in a gradual transition from 

thawed to ice-bonded permafrost with seawater that was detectable even in the frozen 

sediments. 

Nevertheless, at both sites the submarine permafrost sediments could be classified into similar 

pore water units (PW units). According to their pore water chemical composition those units 

were described to represent the seawater influence and sedimentation history. PW I and II were 

found in permafrost of terrestrial origin that had been penetrated by seawater resulting in 

elevated salinity, conductivity, and ion concentrations. Differences between PW I and II were 

partly explained by postdepositional and posttransgression processes: wave and ice turbation 

of the seabed (PW I) and infiltration of saline seawater into the sediment (PW II). PW III was 

described to represent ice-bonded and warmed permafrost that was unaffected by the infiltration 

of seawater. Their similarity and occurrence at both sites suggest that pore water units are 

characteristic of submarine permafrost. They are a good indicator for submarine permafrost 

degradation and show that the response of permafrost pore water chemistry to inundation is 

already visible a few hundred years after inundation (BK2, after 540 years).  

The bacterial community composition, however did not shift according to the observed pore 

water characteristics and thus showed no response to short-term seawater inundation and 

warming. Furthermore, unlike thawing of permafrost on land [Steven et al., 2008b; Coolen and 

Orsi, 2015; Schostag et al., 2019] thawing and warming under submarine conditions rather 

impaired the microbial communities on the time scale of centuries. This conclusion is based on 

a variety of different observations.  

At first, cell counts in ice-bonded but warmed and in thawed, marine-influenced submarine 

permafrost were equal or even lower than in cold, terrestrial permafrost investigated in this 
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work (106-107 in sediment core C1 from Mamontov Klyk) and in other permafrost environments 

(103 to 108 cells g-1) [Steven et al., 2006; Gilichinsky et al., 2008; Jansson and Taş, 2014]. 

Moreover, cell abundances in the majority of submarine permafrost samples were at least one 

order of magnitude lower than those reported for the active layer (108-109 cells) [Kobabe et al., 

2004; Liebner et al., 2008, 2015]. Abundanes were especially low in samples from post century-

scale inundation cores (104-106 cells g-1 in BK2 warmed for 540 years; 105- 106 cells in C3 

warmed for 660 years). This is in line with the lowest bacterial 16S rRNA gene copy numbers 

(105-106 copies g-1 in BK2 and 106 - 107 copies g-1 in C3 and C4, compared to up to 109 copies 

g-1 after warming for millennia in C2), and a low bacterial diversity observed at these sites 

(BK2). Also, the gene copy numbers of mcrA, the functional marker gene for methanogenic 

archaea, were low or even below detection limit in samples representing ice-bonded permafrost 

impacted by centuries of warming (<104 mcrA copies in BK2 compared to up to >105 copies g-

1 in ice-bonded permafrost of C2).  

Moreover, the microbial abundance was observed to decrease with rising temperatures and 

increasing salt concentrations in ice-bonded permafrost (along the transect). The elevated 

salinity in ice-bonded permafrost was most likely the result of climatic conditions or the habitat 

type at the time of sediment deposition. A negative effect of warming on the microbial 

abundance in ice-bonded permafrost could not be conclusively determined, but the osmotic 

stress caused by increasing salinity is known to impair microbial growth [Galinski, 1995; Rousk 

et al., 2011] and decrease microbial abundance [Rietz and Haynes, 2003; Jiang et al., 2007; 

Rath and Rousk, 2015; Wen et al., 2018]. As bacteria represent the majority of the microbial 

community in permafrost and the active layer [Kobabe et al., 2004; Hoj et al., 2008], a decrease 

of the overall microbial abundance can be attributed to a decrease in the bacterial population. 

Archaeal abundance is likley to increase with increasing salinity [Jiang et al., 2007]. Marine 

ANME communities benefited from seawater infiltration. 

Finally, the low microbial abundance in submarine permafrost after century-scale warming was 

accompanied by high measured acetate concentrations (BK2) or high DOC contents (C3 and 

C4, Mamontov Klyk), indicating that microbial activity and substrate utilization were likely 

low or not yet stimulated.  

Those results show that on short time scales seawater inundation and warming neither shifted 

the microbial community composition nor stimulated microbial activity.  
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6.4 Permafrost microbial response to long-term seawater inundation  

The results of this thesis suggest that also millennia of warming could not displace the original 

microbial communities in ice-bonded permafrost. The paleo-environment (i.e. the paleo-

climate and -habitat type) was the prevailing factor which shaped the microbial community 

composition, even centuries to millennia after inundation. Pore water stable isotopes and 

salinity, not a result of penetrating seawater, were used to reconstruct the paleo-environment. 

The conservation of the original bacterial communities during centuries to millennia of 

warming was found to be the reason for a strong variance between the cores. This finding is 

contradictory to Koch et al. [2009], who assigned the variance of the methanogenic community 

in ice-bonded terrestrial (C1) and submarine (C2) permafrost to environmental changes, i.e. 

temperature increase caused by flooding, and thus emphasizes the higher explanatory power of 

the combined approach used in the present study.  

Only the microbial abundance is assumed to be positively correlated with millennia-scale 

temperature increase in ice-bonded submarine permafrost. Although microorganisms were 

found to be active in permafrost under submarine conditions regardless of inundation time 

(discussion on that is given in the following paragraph), only long-term warming resulted in the 

suggested stimulation. Cell abundances in ice-bonded permafrost unaffected by penetrating 

seawater that was subjected to 2500 years of permafrost warming (C2) were increased 

compared to seawater affected sediments of the same core and compared to ice-bonded 

sediments subjected to centuries of permafrost warming (C4, C3, BK2). Cell abundances were 

comparable to those reported in cold, terrestrial permafrost on land. Some sediment layers had 

cell abundances of up to 108 cells g-1, similar to those found in the active layer of permafrost. 

This coincided with significantly lower DOC values. Since the degradation of DOC can be used 

as measure for microbial carbon turnover, permafrost warming for more than two millennia 

may have enabled microbial communities to adapt to the new temperature regime and sediment 

properties and to start cell proliferation. The diversity of this submarine permafrost site is 

thereby comparable to the permafrost active layer and permafrost thaw ponds [Liebner et al., 

2008; Crevecoeur et al., 2015]. Finally, 2500 years of seawater influence led to changes in the 

bacterial community composition with depth and a stratification into sub-communities 

according to the chemical conditions of the described pore water units (in C2).  

In conclusion, salinity of penetrating seawater and the paleo-climatic conditions had a stronger 

effect on shaping the microbial communities than rising temperature. 



Synthesis  

120 

 

6.5 AOM in submarine permafrost 

Although, the microbial abundance was low and the bacterial community not adapted to the 

pore water conditions after centuries of inundation and warming, several lines of evidence were 

found for microbial activity in submarine permafrost irrespective of inundation time.  

The most promising indications for activity were the detection of ANME clades, low methane 

concentrations and δ13C-values of the methane that strongly indicate microbial oxidation. 

Marine ANME-2a/b affiliated with SEEP-SRB1/seep-associated Desulfobacterium anilini-

group were detected in combination with low methane concentrations in the upper unfrozen 

sediments and in the sulfate-methane transition zone (SMTZ) of the core BK2, that underwent 

degradation for only 540 years. The SMTZ concurs with a sharp transition from unfrozen to 

ice-bonded permafrost. Furthermore, the relative abundance of methanogenic archaea and 

ANME (20-30%) as well as the gene copy numbers of mcrA were higher in thawed sediments 

(103-104 copies g-1) but almost completely absent in the ice-bonded permafrost underneath. 

High ether lipid MI (methane index) values in the SMTZ further support a potential contribution 

of AOM communities to the consumption of methane. 

At the drill site at Cape Mamontov Klyk, where warming and thawing occurred for about 2500 

years (C2), the SMTZ was located in the upper part of ice-bonded permafrost and, thus, below 

the actual permafrost thaw front. Methane concentrations were generally low down into the ice-

bonded permafrost, with the exception of elevated methane concentrations in the lower part of 

ice-bonded permafrost. Methane concentrations peaked at a depth of 52 m bsf. This methane 

peak coincided with an increase in mcrA gene copy numbers (from 102 to 105 copies g-1) and 

the relative abundance of ANME-2d. Detected sulfate reducers were almost exclusively linked 

to Desulfosporosinus that have not been observed in AOM consortia so far. This suggests that 

sulfate-dependent AOM was likely not occurring. The concentrations of other potential 

terminal electron acceptors for AOM such as nitrate, iron and manganese [Haroon et al., 2013; 

Ettwig et al., 2016] correlated with the abundance of ANME-2d and were low in areas around 

the highest occurrence of ANME-2d sequences at 52 mbsf. It suggests that AOM by ANME-

2d is possible in ice-bonded permafrost before it thaws.  

Microbial activity in the upper part of ice-bonded permafrost was also supported by decreasing 

sulfate concentrations and increasing gene copy numbers of dsrB, the marker gene for sulfate 

reducing bacteria (SRB), pointing towards active sulfate reduction and organic matter 

decomposition independent of AOM at this depth. 
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6.6 Implications for the permafrost carbon feedback 

Submarine permafrost unaffected of seawater penetration can be used as a natural laboratory to 

study the microbial response to permafrost warming on land, as the effect of warming in both, 

submarine and terrestrial settings is comparable. However, thawing of permafrost under 

submarine conditions is both caused and accompanied by seawater infiltration into a former 

terrestrial system. Therefore, the thawing process differs strongly from that in terrestrial 

permafrost. 

Under frozen conditions microbial processes in terrestrial permafrost are dominated by stress 

responses, survival strategies and maintenance processes [Coolen and Orsi, 2015; Mackelprang 

et al., 2017]. While warming does not have an effect on permafrost microbial communities 

across several days [Schostag et al., 2019], thawing causes a rapid enzymatic response 

contributing to soil organic matter decomposing processess and a shift in the transcriptionally 

active community, but no changes in the abundance [Coolen and Orsi, 2015; Schostag et al., 

2019]. Transcripts that are enriched after permafrost thaw are indicative of heterotrophic 

methanogenic pathways utilizing acetate, methanol and methylamine, but also of acetogenesis, 

making acetogenic bacteria a potential source for acetoclastic methanogenesis [Coolen and 

Orsi, 2015]. The release of stored and microbially produced methane is thus a consequence of 

thawing permafrost on land. This particularly occurs when permafrost thaws beneath 

thermokarst lakes. Thawing of permafrost in thermokarst lakes follows a similar pattern as 

under the seafloor. It is more abrupt than the gradual thaw of near-surface permafrost [Walter 

Anthony et al., 2018] and is not affected by freeze-thaw cycles occurring in the active layer, yet 

its bio-geochemical processes are very different. Methane production rates in thermokarst 

sediments increase with rising temperature [de Jong et al., 2018]. Highest methane production 

potentials were observed in organic-rich and recently thawed lake sediments indicating that 

organic matter supply is important to methane production [Heslop et al., 2015] and that thawing 

of permafrost beneath thermokarst lakes is beneficial for microbial carbon turnover. Although 

recent findings indicate that AOM also occurs in thermokarst environments mitigating the 

release of methane [Winkel et al., 2019] thaw lakes emit huge quantities of methane to the 

atmosphere [Walter et al., 2006, 2007]. Methane emissions from the land, especially from 

wetlands, are thus higher than those from the Arctic Ocean [McGuire et al., 2009]. 

However, a microbial stimulation, in the form of higher growth rates and increasing abundance, 

was disproved for thawed permafrost at low positive temperatures. Permafrost microbial 

communities, which were hypothesized to be dominated by temperature depending specialists 

with a high functional potential and activity, were found to comprise mostly psychrotolerant 
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microorganisms. They do not have a higher metabolism and do not grow faster at low positive 

temperatures (1 °C) than microorganisms in soils from warmer climates [Ernakovich and 

Wallenstein, 2015]. This substantiates the result of this thesis that warming is accompanied with 

an increase in microbial abundance only after thousands of years.  

In submarine permafrost, the exposure to a combination of warming and increasing pore water 

salinity was found to impair the bacterial community. Although microbial functions were not 

the focus of this work, stress response and adaptation are the supposed responses to thawing 

and warming of permafrost under submarine conditions. The relative abundances of acetogenic 

bacteria such as Clostridia or Acidobacteria were lower in thawed submarine permafrost 

compared to unaffected ice-bonded permafrost, demonstrating a reduced potential for 

acetoclastic methanogenesis upon thaw. Furthermore, Acetolcastic methanogenesis can only 

take place in sediment layers with low sulfate concentrations. Thus, in seawater affected 

sediments with high sulfate concentrations methanogenesis is known to be absent [Jorgensen, 

1980] due to the inhibition of methanogenesis by sulfate [Winfrey and Zeikus, 1977]. In 

addition, the penetration of seawater supports sulfate-dependent AOM creating a methane filter 

for stored and produced methane. Also, the detection of terrestrial ANME-2d and their potential 

activity under subzero conditions may contribute to the mitigation of methane release from 

permafrost upon thawing. Consequently, the release of microbially produced greenhouse gases 

during permafrost thawing under submarine conditions and during permafrost warming without 

thaw is supposed to be low in comparison to thawing permafrost on land. In addition, carbon 

turnover in ice-bonded submarine permafrost is presumed to be very low.  

6.7 Conclusions 

The present study extends our knowledge about microbial communities in permafrost. In 

particular, it provides insights into the microbial response to permafrost warming and the effect 

of seawater infiltration into permafrost sediments on the pore water chemical conditions and on 

the indigenous microbial communities. The thesis further examines the existence and potential 

activity of AOM communities in terrestrial sediments under the seafloor, even under frozen 

conditions. The objectives of this work can be concluded as follows: 

 

How does inundation of terrestrial permafrost change the pore water chemical conditions 

and physical state of permafrost?  
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• The infiltration of seawater into permafrost sediments leads to the formation of different 

pore water units, depending on the degree of seawater influence and on postdepositional 

and posttransgression processes. Pore water units can be used to distinguish sediments 

affected by reworking in the marine environment from the terrestrial permafrost thawed 

in situ beneath the seabed and from terrestrial permafrost that is unaffected by 

penetrating seawater. 

 

Is submarine permafrost a suitable natural laboratory to study the response of microbial 

communities to permafrost warming and thaw ...?  

• The effect of rising temperature on microbial communities is comparable in submarine 

and terrestrial permafrost, making submarine permafrost an ideal natural laboratory for 

predicting the temperature response of terrestrial permafrost microbial communities.  

• Thawing under submarine conditions, however, differs strongly from thawing on land 

in its bio-geochemical processes. Unlike thawing below e.g. thermokarst lakes, which 

is beneficial for microbial carbon turnover and results in the highest methane production 

potentials in recently thawed sediments, thawing under submarine conditions impairs 

the microbial communities.  

 

... and how do submarine permafrost communities differ from communities in onshore 

permafrost? 

• Submarine permafrost sediments harbor a diverse bacterial community that resembles 

the community of terrestrial permafrost and soils containing dominant taxa that can be 

active under frozen conditions.  

• Bacterial and archaeal assemblages in the seawater affected permafrost are different 

from the communities in unaffected permafrost and the seabed, and thus from other 

terrestrial and marine habitats. This shows a strong impact of salinity on the permafrost 

community composition. 

 

What is the response of the indigenous microbial community to seawater infiltration and 

permafrost thaw?  

• Century-scale warming and thawing under submarine conditions does not stimulate the 

permafrost microbial activity which was approximated by changes in the abundance and 

community composition. The exposure to a combination of warming and increasing 
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pore water salinity initially disturbs and probably decreases the bacterial community 

size and diversity. 

• The formation of pore water units is already visible after centuries of inundation, while 

according to the pore water units the formation of new microbial assemblages was 

observed only after millennia-scale inundation. 

 

Do microbial communities already respond to permafrost warming without thaw on 

climate relevant time-scales and how does this occur? 

• The microbial communities in ice-bonded permafrost are mainly shaped by the paleo-

climate and sedimentation history, showing that temperature had a subordinated effect 

on the bacterial community composition. 

• A beneficial effect of temperature rise on the microbial population was only observed 

in ice-bonded permafrost after long-term i.e. millennia-scale warming. The warm 

submarine permafrost showed some indication for the stimulation of microbial growth 

such as increased microbial abundance and reduced amounts of substrate. 

 

Is submarine permafrost a habitat for microbial assemblages involved in the anaerobic 

oxidation of methane and could they function as a filter for methane release? 

• Archaeal communities are mainly composed of methanogenic members, but also 

include ANME clades and a putative new order, named DSPEG. ANME clades are 

composed of marine ANME clades in the seawater affected permafrost, and of terrestrial 

ANME clades in the unaffected permafrost. 

• Irrespective of inundation time and seawater influence, submarine permafrost microbial 

communities are active. Indications for the anaerobic oxidation of methane, even at 

subzero temperatures, and sulfate reduction were found.  

• Modelling suggests that potential AOM could mitigate the release of almost all stored 

or microbially produced methane from thawing submarine permafrost 

 

The conclusions indicate that both, permafrost thawing under submarine conditions as well 

as permafrost warming without thaw have marginal effects on the microbial mobilization 

and turnover of the buried organic carbon. Thus, it is rather unlikely that microbial processes 

in permafrost under the seafloor substantially amplify the atmospheric methane budget. 
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Figure 6-1: Schematic presentation of the results from this thesis including microbial activity, response 

to permafrost warming, abundance and community composition in dependence of seawater influence as 

well as carbon mobilization in terrestrial versus submarine permafrost. Blue and green colored circles 

represent either the soil organic matter or CH4/CO2 pools. Their color indicates if they are frozen/trapped 

(blue) or accessible to turnover and prone to release (green). Grey and black oval-shaped spheres illustrate 

microbial cells of different origin. SOM = soil organic matter; AOM = anaerobic oxidation of methane 

mediated by ANME; MOB = aerobic oxidation of methane mediated by methane oxidizing bacteria; PW = 

pore water unit; IBPT = ice-bonded permafrost table - the phase boundary between ice-free and ice-bonded 

sediment; SMTZ = sulfate-methane transition zone.  

6.8 Critical remarks and Outlook 

In this thesis, changes in the microbial abundance as well as in their community composition 

were used for estimating the responsiveness of microbial communities to permafrost warming. 

Those measures, however, may not be sensitive enough to investigate the microbial response. 

Microbial community composition and abundance were more strongly determined by the paleo-

climate and -habitat type, and therefore varied significantly between drilling sites. Future work 

could address the analysis of organic matter quality [Fischer et al., 2002], chemical composition 

of permafrost DOM [Sun et al., 1997; Spencer et al., 2015; Ward and Cory, 2015], natural 
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abundance isotope ratios of biomarkers [Boschker and Middelburg, 2002], metagenomics and 

metatranscriptomics [Coolen and Orsi, 2015; Mackelprang et al., 2017]. Despite a large level 

of physicochemical similarity within the seawater unaffected submarine permafrost (Unit II) at 

Cape Mamontov Klyk the length of the coring transect (~12 km), the age span within and 

between the cores and hence the comparatively long sedimentation period encompassed by Unit 

II resulted in different origins of the microbial communities that strongly correlated with their 

abundance and composition. Further studies on the microbial response to permafrost warming 

should focus on historically more similar samples without neglecting similar physicochemical 

properties. 

Although the enumeration of the total cell number is the best accepted method for determining 

the microbial abundance, the number of cells might have been slightly underestimated due to 

methodological issues during microscopy. Stacking of sediment particles on the filter is one 

factor that should be avoided. Hidden cells below sediment particles could further result in an 

underestimation. A simple way to approximate the true cell abundance is counting the free cells 

and the particle attached cells separately, and multiply the number of attached cells by two 

[Kallmeyer, 2011]. The possible underestimation of cell counts may have been one reason for 

the fact that 16S rRNA gene copies mostly exceeded TCC by an order of magnitude. In addition, 

the long-term preservation of extracellular DNA due to low temperature conditions in 

permafrost [Stokstad, 2003; Willerslev et al., 2004] and, to a lesser extent, the appearance of 

multiple 16S rRNA gene copies per cell [Schmidt, 1998] may have resulted in higher gene copy 

numbers. Although qPCR is a good relative quantification method, it is only poorly related to 

cell counts [Lloyd et al., 2013a] and was thus used for an evaluation and comparison of 

microbial gene abundance only between samples within this study.  

Further work is also needed to clarify whether differences in the community size and structure 

between both study areas are a result of different inundation processes or spatial differences. 

Laboratory incubations with terrestrial permafrost samples under saline conditions could 

provide new insights into the true effect of seawater inundation on the indigenous microbial 

community.  

The detection of ANME communities in thawed as well as in ice-bonded permafrost is one 

major result of this work that could help to improve climate models by incorporating predictions 

about the release of greenhouse gases from thawing submarine permafrost. However, the 

activity of those communities under in situ conditions remains to be proven. Future work on 

estimating the methane consumption could include the measurement of methane oxidation rates 

with isotopically labeled methane. This can be combined with secondary ion mass spectrometry 
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(SIMS) on ANME organisms detected with FISH for determining their stable isotope 

composition [Orphan et al., 2001] or with the visualization of their translational activity 

[Hatzenpichler et al., 2016]. When attempting to predict future greenhouse gas release it will 

also be critical to identify methanogenic activity and responsible microbial communities. In 

addition to ANME, a large diversity of potentially nitrogen cycling organisms was detected. 

Their role remains unknown and needs to be further investigated with the goal to understand 

their contribution in organic matter degradation of permafrost thaw processes. 

The results obtained from core C2 at Cape Mamontov Klyk provide indicators for microbial 

proliferation and stimulation after millennia-scale permafrost warming. However, although 

several depths within this core were investigated the sediment core represents only one 

biological replicate for permafrost warming on timescales of millennia. For statistically 

significant results future studies should include a higher number of replicate cores ideally from 

different locations.  

 

This thesis provides an important starting point for studying submarine permafrost as a 

climatically relevant and physicochemically unusual environment. More detailed studies are 

needed to fully understand the microbial impact on submarine permafrost carbon. Results 

should also be included in permafrost carbon feedback models. 
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Supporting information Manuscript I 

Figures  

 

Figure A-1: see Figure 2-2  

 

 

 

Figure A-2: Principal component analysis (PCA) showing the variation of sediment depths from both cores 

based on standardized environmental variables (Euclidean distance). Pore water units (PW) were defined 

based on cluster analysis and are shown by different colors. C2 SB means C2 seabed. The percentage of 

variation between samples described by principal components 1 and 2 (PC 1 and 2) is indicated on the axes. 

72.8% variance between samples of both cores were explained by PC1 and PC2. Environmental variables 

are projected as dark red vectors. 



A. Appendix Manuscript I 

181 

 

Figure A-3: Non-metrical multidimensional scaling (NMDS) of the microbial community structure based 

on the relative abundance of OTUs0.03 (Bray-Curtis dissimilarity). Colors represent the pore water units 

from which the OTUs0.03 originate. The seabed was not defined by pore water but by the shallow depth 

location. Shown are samples from both study sites. Filled squares represent samples of C2 and dots 

represent samples of BK2. 
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Figure A-4: Volatile fatty acids were measured in the frozen part of BK2. Detection limit of acetate was 

25 µM and of formate 3 µM.  

 

Tables  

 

Table A-1: Pore water data of core C2.  

 

This table was provided as a separate excel file.
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Table A-2: Pore water data of core BK2. 

 

This table was provided as a separate excel file.

 

 

Table A-3: Oligonucleotide primers used in this study. 

 

Target Primers Primer sequence (5'-3') 
Size 

[bp] 
T [°C] 

No. of PCR 

cycles 
Reference 

sequencing Illumina MiSeq 

Bacteria 16S rRNA 
S-D-Bact-0341-b-S-

17 
CCT ACG GGA GGC AGC AG 

464 55 30 

[Muyzer et al.. 

1993] 

  
S-D-Bact-0785-a-A-

21 

GAC TAC HVG GGT ATC TAA 

TCC 

[Herlemann et al.. 

2011] 

quantitative PCR 

Bacteria 16S rRNA 
S-D-Bact-0341-b-S-

17 
CCT ACG GGA GGC AGC AG 

193 55.7 40 

[Muyzer et al.. 

1993] 

  
S-D-Bact-0517-a-A-

18 
ATT ACC GCG GCT GCT GG 

[Muyzer et al.. 

1993] 

 

 

Table A-4: Barcode sequences for Illumina MiSeq sequencing used in this study. 

 

Barcode ID forward primer Barcode sequence Barcode ID reverse primer Barcode sequence 

SfiA-MW00 ACACGT SfiB-MW10 CAGTCA 

SfiA-MW07 ATCGAT SfiB-MW11 CATGAC 

SfiA-MW08 ATGCTA SfiB-MW12 GACTAG 

SfiA-MW09 CACAGT SfiB-MW13 GAGATC 

Bac-26-For ACATACGCGT SfiB-MW14 GATCGA 

Bac-27-For ACGCGAGTAT SfiB-MW17 GTGTGT 

Bac-28-For ACTACTATGT SfiB-MW18 TCAGAG 

Bac-31-For AGCGTCGTCT SfiB-MW19 TCGAGA 

Bac-33-For ATAGAGTACT Bac-02-Rev ACGCGATCGA 

Bac-34-For CACGCTACGT Bac-04-Rev TGACGTATGT 

Bac-35-For CAGTAGACGT Bac-05-Rev TCTATACTAT 

Bac-36-For CGACGTGACT Bac-06-Rev TCTAGCGACT 

Bac-38-For TACACGTGAT Bac-07-Rev TAGTGTAGAT 

Bac-39-For TACAGATCGT Bac-08-Rev TACGCTGTCT 

Bac-40-For TACGCTGTCT Bac-11-Rev TACAGATCGT 

Bac-41-For TAGTGTAGAT Bac-13-Rev TACACGTGAT 

Bac-42-For TCGATCACGT Bac-14-Rev TACACACACT 

Bac-44-For TCTAGCGACT Bac-17-Rev CGACGTGACT 
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Bac-45-For TCTATACTAT Bac-18-Rev CAGTAGACGT 

Bac-47-For TGTGAGTAGT Bac-19-Rev CACGCTACGT 

Bac-49-For ACGCGATCGA Bac-22-Rev ATAGAGTACT 

Bac-50-For ACTAGCAGTA Bac-23-Rev AGCGTCGTCT 

Bac-03-For AGACGCACTC Bac-25-Rev ACATACGCGT 

Bac-16-For TCACGTACTA Bac-26-Rev ACTACTATGT 

Bac-25-For TCGTCGCTCG Bac-28-Rev TCGTCGCTCG 

Bac-37-For TACACACACT Bac-30-Rev TAGAGACGAG 

  
Bac-31-Rev TACGAGTATG 

  
Bac-33-Rev TACTCTCGTG 

 

 

Table A-5: One-way PerMANOVA of pore water units in C2. Summary presents the overall test statistics. 

Pairwise analysis shows Bonferroni corrected p-values above the diagonal and F-values below. 

 

Summary 
  

Pairwise  

Permutation N: 9999 
 

  PW I PW II PW III PW IV 

Total sum of squares: 1287 
 

PW I 
 

0.001 0.001 0.002 

Within-group sum of squares: 295 
 

PW II 65.45 
 

0.001 0.001 

F: 74.8 
 

PW III 129.9 42.86 
 

0.001 

p (same): 0.0001 
 

PW IV 9.858 108.5 192.9 
 

 

 

Table A-6: One-way PerMANOVA of pore water units in BK2. Summary presents the overall test 

statistics. Pairwise analysis shows Bonferroni corrected p-values above the diagonal and F-values below. 

 

Summary 
  

Pairwise 

Permutation N: 9999 
 

  PW I PW II PW III 

Total sum of squares: 1118 
 

PW I 
 

0.0006 0.0006 

Within-group sum of squares: 191.8 
 

PW II 15 
 

0.0006 

F: 122.3 
 

PW III 158 365 
 

p (same): 0.0001 
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Table A-7: Statistics of sequencing analysis and representative taxa. 

 

Sample 
Site 

Sample ID 
PW 
unit 

Depth 
[mbsl] 

Raw 
reads 

Quality 
reads 

Observed 
OTU0.03 

Simpson 
(1-D) 

Shannon 
(H) 

Most frequent 
class 

Most frequent 
order 

Buor 
Khaya 

BK2-012 I 9.02 158,997 94,222 71 0.9024 3.031 Atribacteria SB-45 

BK2-018 II 12.40 63,474 33,913 156 0.9763 4.393 Acidimicrobiia Acidimicrobiales 

BK2-025 I 13.16 226,250 158,585 110 0.873 2.968 
Alphaproteo-

bacteria 
Rhizobiales 

BK2-058 II 16.30 175,215 98,057 189 0.9295 4.062 
Alphaproteo-

bacteria 
Rhizobiales 

BK2-140/ 
BK2-125 

II 28.46 37,598 29,656 64 0.4959 1.517 
Alphaproteo-

bacteria 
Rhizobiales 

BK2-126/ 
BK2-127 

III 28.9 81,673 65,527 58 0.6568 1.841 
Alphaproteo-

bacteria 
Rhizobiales 

BK2-218 III 40.53 73,705 70,634 31 0.4663 1.25 Clostridia Clostridiales 

BK2-279 III 49.76 79,883 70,653 93 0.7698 2.657 
Alphaproteo-

bacteria 
Rhizobiales 

Mamon-
tov Klyk 

C2-1210 
Sea-
bed 

6.05 31,699 18,820 194 0.9769 4.485 Planctomycetia Pirellulales 

C2-1219 I 22.20 62,458 38,318 185 0.9674 4.326 Thermoleophilia Xanthomonadales 

C2-1227 II 34.95 22,207 14,552 159 0.9653 4.137 Actinobacteria Actinomycetales 

C2-1228 II 36.00 47,770 34,974 140 0.9658 4.059 Actinobacteria Actinomycetales 

C2-1229 II 38.75 74,729 70,653 176 0.9579 4.29 Bacilli Bacillales 

C2-1230 II 40.43 50,698 32,102 151 0.9658 4.144 Gitt-GS-136 
Gitt-GS-136-

_unknown order 

C2-1232 II 44.48 144,563 110,923 183 0.9478 4.024 Gitt-GS-136 
Gitt-GS-

136_unknown 
order 

C2-1235 III 49.31 140,433 75,465 153 0.98 4.434 
Betaproteo-

bacteria 
Actinomycetales 

C2-1236 III 50.65 38,105 23,949 142 0.9615 4.107 Gitt-GS-136 
Gitt-GS-136-

_unknown order 

C2-1237 III 51.95 120,970 68,153 136 0.9105 3.689 Clostridia Clostridiales 

C2-1241 III 54.71 160,212 92,619 148 0.9115 3.782 Clostridia Clostridiales 

C2-1244 III 55.80 57,911 36,158 141 0.932 3.826 Clostridia Clostridiales 

C2-1245 III 57.25 65,588 42,383 141 0.9591 3.976 
Betaproteo-

bacteria 
Actinomycetales 

C2-1246 III 58.10 61,136 37,742 158 0.9504 4.075 Clostridia Clostridiales 

C2-1247 III 58.65 27,173 19,359 127 0.9517 3.775 Gitt-GS-136 
Gitt-GS-136-

_unknown order 

C2-1248 III 61.30 37,247 22,047 163 0.9681 4.272 Actinobacteria Actinomycetales 

C2-1252 II 64.70 58,088 31,080 158 0.9776 4.418 Actinobacteria Actinomycetales 

C2-1253 IV 65.00 119,492 88,514 84 0.4808 1.706 Clostridia Clostridiales 

C2-1261 IV 73.25 207,746 152,301 78 0.8306 2.583 Atribacteria SB-45 

 

 

Table A-8: One-way PerMANOVA of total bacterial communities in C2 and BK2. 

 

Permutation N: 9999 

Total sum of squares: 20,42 

Within-group sum of squares: 16,93 

F: 10,72 

p (same): 0,0001 
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Table A-9: One-way PerMANOVA of bacterial communities in different pore water units and an extra 

defined sample (seabed) for the upper layer of the core C2. Summary presents the overall test statistics. 

Pairwise analysis shows Bonferroni corrected p-values above the diagonal and F-values below. 

 

Summary 
  

Pairwise 
 

Permutation N: 9999 
 

  Seabed PW I PW II PW III PW II deep  PW IV 

Total sum of squares: 12.62 
 

Seabed 
 

1.000 0.2415 0.0930 1.000 0.9930 

Within-group sum of squares: 6.085 
 

PW I 38.01 
 

0.228 0.0945 1.000 1.000 

F: 6.874 
 

PW II 8.064 3.831 
 

0.0015 0.6420 0.0120 

p (same): 0.0001 
 

PW III 6.967 5.512 12.7 
 

0.5085 0.0015 

   
PW II deep 60.43 30.26 2.479 2.536 

 
1.000 

   
PW IV 5.241 4.731 8.414 7.642 4.274 

 

 

Table A-10: Testing the correlation of the bacterial community with single pore water parameters in C2 

and BK2 with the Mantel Test. 

C2   BK2 

  p-value Correlation R 
 

p-value Correlation R 

Barium 0.0053  0.4255 
 

0.7911 -0.2143 

Calcium 0.1945  0.0953 
 

0.8419 -0.1940 

Potassium 0.0121  0.3771 
 

0.9858 -0.3580 

Magnesium 0.0058  0.3676 
 

0.3394  0.0559 

Sodium 0.0056  0.4523 
 

0.6703 -0.0933 

Silicon 0.8249 -0.1008 
 

0.5685 -0.0761 

Chloride 0.0020  0.4767 
 

0.7058 -0.1076 

Sulfate 0.0458  0.2355 
 

0.1386  0.3659 

Bromide 0.0013  0.4587 
 

0.7493 -0.1294 

Nitrate 0.9487 -0.1630 
 

0.4473 -0.0085 

Salinity  0.0007  0.4903 
 

0.6853 -0.1035 

δ18O 0.0008  0.4979 
 

0.1649  0.3530 

δD 0.0007  0.4830 
 

0.1172  0.4019 

pH 0.0007  0.3859 
 

0.2368  0.1844 

Temperature 0.0001 0.5909 
 

0.0806 0.2630 

 

Table A-11: One-way PerMANOVA of bacterial communties in different pore water units in BK2. 

Summary presents the overall test statistics. Pairwise analysis shows Bonferroni corrected p-values above 

the diagonal and F-values below. 

 

Summary 
  

Pairwise 

Permutation N: 9999 
 

  PW I PW II PW III 

Total sum of squares: 4.307 
 

PW I 
 

0.1716 0.3826 

Within-group sum of squares: 2.1 
 

PW II 4.524 
 

1.000 

F: 4.203 
 

PW III 3.180 1.413 
 

p (same): 0.0009 
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Table A-12: Most frequent order with > 3% relative abundance of samples in C2. 

 

Class Order 
C2-

1210 
C2-

1219 
C2-

1227 
C2-

1228 
C2-

1229 
C2-

1230 
C2-

1232 
C2-

1235 
C2-

1236 
C2-

1237 
C2-

1241 
C2-

1244 
C2-

1245 
C2-

1246 
C2-

1247 
C2-

1248 
C2-

1252 
C2-

1253 
C2-

1261 

Acidobac-
teria-6 

iii1-15 - - - - - - - 4.5 6.2 - - - - - 4.3 4.6 - - - 

Acidimicro-
bia 

Acidimicro-
biales 

13.2 8.2 11.6 12.1 7.6 7.2 10.6 5.1 4.2 - - - - - - - 8.8 - - 

Actinobacte-
ria 

Actinomy-
cetales 

- 10.6 33.6 44.0 14.3 17.8 9.2 14.7 12.8 4.6 3.5 3.9 18.8 16.5 - 15.7 28.2 - - 

MB-A2-1-8 319-7L14 - 6.3 - - 3.2 - - - - - - - - - - - - - - 

Thermoleophi
-lia 

unkown 
order 

- - -- - - - - - - - - - 3.3 - - - - - - 

Thermoleophi
-lia 

Gaiellales - 4.5 - - 4.1 - - 3.2 3.9 - - - - - 5.2 - - - - 

Thermoleophi
-lia 

Solirubro-
bacterales 

- 14.6 4.0 6.9 11.1 12.1 - 7.2 4.4 - - - - - - - 7.1 - - 

Bacteroidia 
Bacteroi-
dales 

- - - - - - - - - 8.2 24.2 19.2 4.0 7.8 - 10.8 - - - 

Flavobacterii
a 

Flavobac-
teriales 

3.4 - - - - - - 3.7 - 8.7 - - - - - - - - - 

Aerophobete
s_unknown 
class 

unknown 
order 

- - - - - - - - - - - - - - - - - - 11.2 

Ellin6529 
unknown 
order 

- - 3.0 - - 3.2 6.2 - 8.5 8.0 - 6.5 4.6 5.4 11.9 10.5 4.2 - - 

Gitt-GS-136 
unknown 
order 

- 5.1 19.6 12.4 5.9 19.1 29.8 5.7 20.2 6.2 - - 3.4 3.3 24.1 7.3 10.1 - - 

Thermomicro
-bia 

JG3--KF-
CM45 

- - 5.5 - - 8.1 - - - - - - - - - - - - - 

Bacilli Bacillales - - - - 22.0 14.4 - - - - - - - - - - - - - 

Clostridia 
Clostridia-
les 

- - - - - - - 6.1 - 38.9 44.6 46.4 13.2 25.3 12.7 15.2 9.8 76.4 - 

Gemm-1 
unknown 
order 

- 3.9 - 3.2 3.5 4.5 4.7 5.8 - - - - - - 5.9 - 4.2 - - 

Gemmatimon
adetes 

Gemmati-
monadales 

- - - - - - - - 3.3 - - - - - - - - - - 

Gemmatimon
adetes 

N1423WL - - - - - - - - 3.2 - - - - - 7.5 4.1 - - - 

Nitrospira 
Nitrospi-
rales 

3.3 - - - - - - - - - - - 6.7 - - - - - - 

Parcubacteri
a 

ZB2_o - - - - - - - - - - 3.1 4.4 - - - - - - - 

Atribacteria SB-45 - - - - - - - - - - - - - - - - - 3.6 65.6 

Planctomycet
ia 

Pirellula-
les 

24.0 - - - - - - - - - - - - - - - - - - 

Alphaproteo-

bacteria 

Rhizobia-

les 
- 6.4 5.9 5.3 8.5 4.7 4.9 - - - - - - - 4.2 - 6.6 8.6 7.5 

Alphaproteob
acteria 

Sphingo-
monadales 

- 5.4 - - - - - 7.8 6.0 5.1 - - 7.4 - - - - - - 

Betaproteo-

bacteria 

unknown 

order 
- - - - - - - - - - - - 3.1 4.1 - 3.7 - - - 

Betaproteo-
bacteria 

Burkholde-
riales 

- - 6.1 3.9 - - 9.9 13.3 8.8 7.4 4.1 3.9 10.3 8.0 - 5.2 4.2 - - 

Betaproteo-
bacteria 

Hydroge-
nophilales 

- - - - - - - - - - - - 10.8 - - - - - - 

Deltaproteo-
bacteria 

Desulfo-
bacterales 

3.3 - - - - - - - - - - - - - - - - - - 

Deltaproteo-
bacteria 

MBNT15 4.7 - - - - - - - - - - - - - - - - - - 

Deltaproteo-
bacteria 

Myxococ-
cales 

9.3 - - - - - - - - - - - - - - - - - - 

Gammaprote
o-bacteria 

Chromati-
ales 

5.9 - - - - - - - - - - - - - - - - - - 

Gammaprote
o-bacteria 

Thiotricha-
les 

10.5 - - - - - - - - - - - - - - - - - - 

Gammaprote
o-bacteria 

Xanthomo-
nadales 

- 16.8 - - - - - - - - - - - - - - - - - 

Gammaprote
o-bacteria 

Marinicel-
lales 

5.3 - - - - - - - - - - - - - - - - - - 

others < 3%  17.1 18.2 10.6 12.2 20.0 9.1 24.7 22.9 18.5 12.8 20.6 15.8 14.2 29.5 24.1 22.9 16.8 11.4 15.7 
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Table A-13: Most frequent order with > 3% relative abundance of samples in BK2. 

 

Class Order 
BK201

2 

BK201

8 

BK202

5 

BK205

8 

BK2126

- 2127 

BK2140

- 2125 

BK221

8 

BK227

9 

Unassigned  - - - 6.7 - - - - 

Acidimicrobiia Acidimicrobiales - 23.1 - - - - - - 

Actinobacteria Actinomycetales - - - - - - - 3.3 

Actinobacteria WCHB1-81 5.3 - - - - - - - 

Cytophagia Cytophagales - 3.1 - - - - - - 

Ignavibacteria Ignavibacteriales - 7.4 - - - - - - 

Anaerolineae OPB11 4.2 - - - - - - - 

Dehalococcoidetes 
Dehalococcoidale

s 
3.9 - - 20.5 - - - - 

Ellin6529 unknown order - 3.6 - - - - - - 

Gitt-GS-136 unknown order - 3.2 - - - - - - 

Clostridia Clostridiales 29.4 5.6 36.1 - - - 92.1 3.6 

Atribacteria SB-45 40.3 - 6.2 8.9 - - - - 

Alphaproteobacteria Rhizobiales 5.4 - 38.4 27.2 69.6 87.0 4.9 61.2 

Betaproteobacteria Burkholderiales - - 4.4 8.7 23.9 6.0 - 12.4 

Deltaproteobacteria MBNT15 - 6.4 - - - - - - 

Gammaproteobacteri

a 
Chromatiales - 3.1 - - - - - - 

Gammaproteobacteri

a 
Pseudomonadales - - - 3.4 - - - 14.3 

Gammaproteobacteri

a 
Thiotrichales - 9.7 - - - - - - 

others < 3%  11.4 34.8 14.8 24.6 6.4 7.0 3.0 5.3 

 

 

 

Table A-14: Total number of identified taxa on different levels in each core. 

 

 C2 BK2 

OTUs 1193 496 

Phylum 26 27 

Class 76 55 

Order 138 90 

Family 217 126 

Genus 296 159 
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Table A-15: Core OTU0.03 found in each sample of the pore water unit II or III of C2. OTU ID SP_B_OTU# 

stands for Submarine Permafrost Bacteria OTU#. 

 

PW unit OTU ID Phylum Class Order Family Genus 

PW II 

SP_B_OTU83 Actinobacteria Acidimicrobiia Acidimicrobiales     

SP_B_OTU84 Actinobacteria Acidimicrobiia Acidimicrobiales     

SP_B_OTU100 Actinobacteria Acidimicrobiia Acidimicrobiales C111   

SP_B_OTU114 Actinobacteria Acidimicrobiia Acidimicrobiales Iamiaceae Iamia 

SP_B_OTU143 Actinobacteria Actinobacteria Actinomycetales     

SP_B_OTU148 Actinobacteria Actinobacteria Actinomycetales     

SP_B_OTU149 Actinobacteria Actinobacteria Actinomycetales     

SP_B_OTU168 Actinobacteria Actinobacteria Actinomycetales Geodermatophilaceae   

SP_B_OTU214 Actinobacteria Actinobacteria Actinomycetales Nocardioidaceae   

SP_B_OTU217 Actinobacteria Actinobacteria Actinomycetales Nocardioidaceae   

SP_B_OTU220 Actinobacteria Actinobacteria Actinomycetales Nocardioidaceae   

SP_B_OTU251 Actinobacteria MB-A2-108 0319-7L14     

SP_B_OTU291 Actinobacteria Thermoleophilia Gaiellales Gaiellaceae   

SP_B_OTU339 Actinobacteria Thermoleophilia Solirubrobacterales     

SP_B_OTU346 Actinobacteria Thermoleophilia Solirubrobacterales     

SP_B_OTU347 Actinobacteria Thermoleophilia Solirubrobacterales     

SP_B_OTU641 Chloroflexi Ellin6529       

SP_B_OTU652 Chloroflexi Gitt-GS-136       

SP_B_OTU785 Gemmatimonadetes Gemm-1       

SP_B_OTU786 Gemmatimonadetes Gemm-1       

SP_B_OTU787 Gemmatimonadetes Gemm-1       

SP_B_OTU788 Gemmatimonadetes Gemm-1       

SP_B_OTU834 Nitrospirae Nitrospira Nitrospirales Nitrospiraceae Nitrospira 

SP_B_OTU1052 Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae   

SP_B_OTU1053 Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae   

SP_B_OTU1065 Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Hyphomicrobium 

SP_B_OTU1145 Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Kaistobacter 

SP_B_OTU1183 Proteobacteria Betaproteobacteria Burkholderiales Alcaligenaceae   

PW III 

SP_B_OTU640 Chloroflexi Ellin6529       

SP_B_OTU651 Chloroflexi Gitt-GS-136       

SP_B_OTU766 Firmicutes Clostridia Clostridiales Peptococcaceae Desulfosporosinus 

SP_B_OTU817 Gemmatimonadetes Gemmatimonadetes N1423WL     

SP_B_OTU1146 Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Kaistobacter 

SP_B_OTU1205 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae   

SP_B_OTU1206 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae   

SP_B_OTU1207 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae   
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Table A-16: Mean values of cell counts, bacterial 16S rRNA gene copies [cells g-1], DNA concentrations 

[ng g-1] and Shannon indices for each pore water unit in both cores. 

 

Sample 

Site 
PW unit Ø TCC Stdev n 

Ø 16S gene 

copies 
Stdev n Ø DNA Stdev n 

Ø 

Shannon 
Stdev n 

Mamontov 

Klyk 

Seabed 9.20E+06  1 3.52E+08  1 265.22  1 4.485  1 

PW I 2.46E+06  1 7.32E+05  1 3.20  1 4.326  1 

PW II 3.63E+06 2.11E+06 6 2.31E+07 2.39E+07 5 39.40 26.66 5 4.179 0.15 5 

PW III 2.29E+07 1.42E+07 9 1.01E+08 1.14E+08 9 112.80 115.37 9 3.993 0.25 9 

PW IV 1.97E+06 1.08E+06 2 3.58E+07 1.36E+07 2 69.13 5.83 2 2.145 0.62 2 

Buor 

Khaya 

PW I 1.17E+06 1.11E+06 3 9.80E+05 1.27E+06 2 54.01 42.78 3 3.000 0.04 2 

PW II 5.74E+05 8.35E+05 5 1.61E+06 3.08E+06 4 19.97 37.18 5 3.324 1.57 3 

PW III 7.69E+04 3.12E+04 7 2.22E+05 4.07E+05 6 8.87 10.37 6 1.916 0.71 3 

 

 

Table A-17: Mann-Whitney Test for equal medians of 16S rRNA gene copy numbers and Total Cell Counts 

in C2. 

 
 

16S 
 

TCC 
 

N: 19 N: 20 

Mean rank: 11.923 Mean rank: 80.769 

 
 

  

Mann-Whitney U : 105 
  

z : -23.742 p (same med.): 0.017585 

Monte Carlo permutation: 
 

p (same med.): 0.0159 

 

 

Table A-18: Mann-Whitney Test for equal medians of 16S rRNA gene copy numbers and Total Cell Counts 

in BK2. 

 
   

TCC  
 

16S Bacteria 
 

N: 15 N: 12 

Mean rank: 87.037 Mean rank: 52.963 

    
Mann-Whitney U : 65 

  
z : -11.955 p (same med.): 0.2319 

Monte Carlo permutation: 
 

p (same med.): 0.2367 
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Supporting Information Manuscript II 

Methods 

 

Illumina Sequence analysis. The quality of the sequences was checked using the fastqc tool. 

(FastQC A Quality Control tool for High Throughput Sequence Data 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ by S. Andrews). Sequence raw 

reads were demultiplexed (Table B-3) and barcodes were removed with the CutAdapt tool 

[trim-n; e 0.1; only consider exact barcodes for mapping] [Martin, 2011]. The subsequent steps 

included merging of reads using overlapping sequence regions using PEAR [Q 25; p 0.0001; v 

20] [Zhang et al., 2014b], standardizing the nucleotide sequence orientation, and trimming and 

filtering of low quality sequences using Trimmomatic [SE; LEADING Q25; TRAILING Q25; 

SLIDINGWINDOW 5:25; MINLEN 200] [Bolger et al., 2014]. After trimming we performed 

a chimera check with ChimeraSlayer [Haas et al., 2011] and removed sequences from the 

dataset. Subsequently sequences were clustered into operational taxonomic units (OTU) by 

usearch v6.1 [Edgar, 2010] at a nucleotide cutoff level of 97% similarity and taxonomically 

assigned employing the GreenGenes database 13.05 [McDonald et al., 2012] using the 

pick_open_reference approach of the QIIME pipeline [Caporaso et al., 2010]. The OTU table 

was filtered for singletons, chloroplasts, mitochondrial and bacterial sequences. Older 

taxonomic assignments for archaea were corrected manually after [Rinke et al., 2013; Castelle 

et al., 2015; Adam et al., 2017] e.g. Micellaneous Crenarchaeal Group (MCG) was renamed to 

Bathyarchaeota. OTUs with relative abundance lower than 0.1% for the individual libraries 

were not analyzed. Statistics of the sequence pipeline plus representative taxa are listed in Table 

B-3. The full diversity of all archaeal sequences are listed in the Table B-1. 

 

Analysis of 454 functional sequences. Raw sequences were processed by the mothur software 

package (v.1.34.4) [Schloss et al., 2009] by a modified standard operating procedure (SOP). 

Sequences were quality filtered by removing sequences with barcode or primer errors, 

homopolymers longer than 8, and or average quality scores less than 25. Afterwards unique 

sequences were aligned against an in-house reference mcrA database [Yang et al., 2014] on a 

nulceotide alignment. A chimera check using the processed sequences as own reference let to 

a detection of up to 20% chimeras but manual reviewing against the non-redundant RefSeq 

NCBI database [Pruitt et al., 2005] showed no chimeric blast hits and therefore sequences were 

not excluded from the analysis. Sequences were clustered using the furthest neighbor method 
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and OTUs were assigned at a cutoff value of 0.1613. OUT sequences were checked for 

translation errors in the ARB environment [Ludwig et al., 2004], aligned and taxonomical 

classified by a manually curated ARB database on amino acid level with clustering at 85.7% 

and 75.4% amino acid similarity after [Hunger et al., 2011].  

  

CARD-FISH. PFA fixed samples were washed twice in 1× phosphate-buffered saline (PBS) 

and stored in PBS/ethanol (1:1, vol/vol) at −20°C. Sediments were filtered on polycarbonate 

membranes (0.2 μm pore size; 25 mm diameter; Millipore) and CARD-FISH on all samples 

was performed according to Ishii et al. [2004] using an fluorescin-labelled tyramide. Archaeal 

cells were permeabilized using proteinase K according to Teira et al. [2004]. Filter sections 

were embedded with a mix of Citifluor : VECTASHIELD [4:1] (VECTASHIELD® Mounting 

Medium H-1000, Vector Laboratories and Citifluor) containing 4′,6′-diamidino-2-phenylindole 

at a final concentration of 1 μg ml−1. Preparations were examined under a fluorescent 

microscope Leica DM 2000 with camera DFC 420C and filter systemFI/RH (Leica). Image 

stacks were merged with the ‘Picolay’ software (www.picolay.de) to get focused images of the 

consortia. 

 

Microbial lipid biomarker extraction. Sediment samples were freeze-dried and ground. 

Between 4.3-9.5 g of ground sediment was mixed with 50 ml of the extraction mixture 

composed of methanol/dichloromethane/ammonium acetate buffer (2:1:0.8, pH 7.6) and 

extracted by ultra-sonication for 15 min. Afterwards, samples were centrifuged at 2500 rpm for 

10 min. The solvent was transferred to a separation funnel. As internal standard, 50 μg of 1-

myristyl-(D27)-2-hydroxy-sn-glycerol-3-phosphocholine was added. The remaining sediment 

was extracted another 2 times with 50 ml of the extraction mixture. For phase separation, the 

combined three supernatants were adjusted with dichlormethane and water to achieve a ratio of 

1:1:0.9. Afterwards the organic phase was transferred into a TurboVap® 500 system (Biotage) 

and the remaining water phase was re-extracted 2 times with 10 ml dichloromethane. The 

combined organic phases were evaporated and finally dried with a gentle stream of nitrogen. 

Subsequently, the obtained sediment extract was separated into fractions of different polarity 

(low polar lipids, free FAs, glycolipids, and phospholipid PLs) by using different columns. The 

first column was a pure silica column (1 g silica gel 63–200 μm) combined with a downstream 

Florisil® column (1g magnesium silica gel 150-250 µm). According to the method described 

by Zink and Mangelsdorf [2004], the low polar fraction was eluted with 20 mL of chloroform, 

the free FAs with 50 mL of methyl formate blended with 12.5 μL of glacial acetic acid and the 
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glycolipid fraction with 20 mL of acetone. After removal of the Florisil® column, the PLs were 

eluted with 25 mL of methanol from the silica column. To improve the recovery of PLs, the 

silica column was rinsed with 25 mL of a methanol/water mixture (60:40) and the extract was 

captured in a separation funnel. Dichloromethane and water were added for phase separation 

(methanol/dichloromethane/water, 1:1:0.9); the organic phase was removed, and the water 

phase was re-extracted 2 times with dichloromethane. Finally, the organic phases were 

combined with the PL fraction and all fractions were evaporated to dryness and stored at -20°C 

until analysis.  

 

Detection of Phospholipid Fatty Acids (PLFA), Glycerol Dialkyl Glycerol Tetraethers 

(GDGT) and Archaeol. For the detection of glycerol dialkyl glycerol tetraethers (GDGT) and 

archaeol, the low polar lipid fraction was dissolved in 250 µl dichloromethane/methanol (99:1), 

and a 40-fold excess of n-hexane (10 ml) was added to precipitate asphaltenes. Asphaltenes 

were removed via filtration over sodium sulfate. The extract was separated into an 

aliphatic/alicyclic and an aromatic hydrocarbon fraction as well as into a polar fraction 

containing nitrogen, sulphur, and oxygen (NSO) bearing compounds using a medium-pressure 

liquid chromatography (MPLC). Subsequently, all fractions were evaporated to dryness and 

stored at -20°C until analysis and directly used for measurements.  

Half of the PL fraction was used for PLFA analysis by a mild alkaline hydrolysis via ester 

cleavage [Müller et al., 1990]. For identification of the resulting fatty acids, a gas 

chromatograph (Trace GC Ultra, Thermo Electron Corporation) equipped with a cold injection 

system (Thermo Electron Corporation) and a 50 m × 0.22 mm × 0.25 μm BPX5 (SGE) column 

coupled to a DSQ Mass Spectrometer (Thermo Finnigan Quadrupole MS, Thermo Electron 

Corporation) were used. The gas chromatograph were run in splitless mode with the following 

setup: initial oven temperature 50 °C (1 min isothermal), heating rate 3 °C/min to 310 °C (held 

for 30 min) and injection temperature from 50 to 300 °C at a rate of 10 °C/s. Helium was used 

as carrier gas with a constant flow of 1 ml min-1. The mass spectrometer operated in the electron 

impact mode at 70 eV. Full-scan mass spectra were recorded from m/z 50–650 at a scan rate of 

1.5 scans s-1. The measurement of GDGTs were performed with a Shimadzu LC20AD HPLC 

instrument coupled to a Finnigan TSQ 7000 triple quadrupole MS with an atmospheric pressure 

chemical ionization (APCI) interface following a method described by Schouten et al. [2007]. 
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Results  

In the SMTZ, the concentrations of archaeal lipids (archaeol and isoprenoid glycerol dialkyl 

glycerol tetraether, iGDGTs) and bacterial lipids (branched GDGTs and phospholipid fatty 

acids, PLFAs) were in the lower range typically observed in subsurface sediments (ng g-1 

sediment for ether lipids and µg g-1 for PLFAs) [Bischoff et al., 2014]. These reflect globally 

observed cell abundances in the subsurface that can be very low beneath 10 mbsf (103 to 108 

per cm3) [Kallmeyer et al., 2012]. Unfortunately, concentrations were too low to determine δ13C 

isotope values of specific lipids. Nevertheless, the ratio of archaeal (archaeol + isoprenoid 

GDGTs) ether lipids to bacterial branched GDGT showed almost exclusively archaeal lipids in 

the SMTZ, whereas ratios in layers above the SMTZ showed significantly lower ratios (Fig. B-

9). Moreover, we detected some PLFAs such as C16:1ω7c, C18:1ω9 and C18:1ω7c in significant 

proportions (2.64 to 10.7%, Table B-7) that have been shown to be related to bacteria involved 

in or influenced by AOM processes in coastal wetlands and grasslands [Bannert et al., 2012; 

Segarra et al., 2015]. However, the concentrations of these specific PLFAs were also too low 

to determine their carbon isotope signature. 

Discussion 

The absence of PLFAs such C16:1ω5, cyC17:0ω5,6 and C17:1ω6c (Table B-7) known to represent 

Desulfosarcina/Desulfococcus SRB in AOM consortia of methane seep sediments [Elvert et 

al., 2003] can be explained by a low biomass typical for such deep habitats. Alternatively, the 

seep-associated Desulfobacterium anilini-group may have a different lipid biomarker pattern 

or unknown bacterial partner are associated with ANMEs at submarine permafrost thaw fronts. 

The presence and partly enrichment of PLFAs C16:1ω7c, C18:1ω9 and C18:1ω7c (Table B-7), which 

were shown to be related to AOM in peatland environments [Bannert et al., 2012; Segarra et 

al., 2015], likely reflect other SRB communities responsible in this untypical SMTZ in deep 

submarine permafrost. 

The ether-lipid ratios of the SMTZ were untypical for permafrost (Fig. B-9), since analyses of 

terrestrial and lacustrine permafrost showed most of the time higher concentrations for branched 

GDGTs over archaeol and isoprenoid GDGTs in the same sediment horizons [Bischoff et al., 

2014; Stapel et al., 2016]. 
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Figures 

 

Figure B-1: Phylogenetic affiliation of ANME sequences based on 16S rRNA. Sequences in bold represent 

OTUs from the Illumina sequencing and clone library sequences. Methanopyrus kandleri was used as 

outgroup. The scale bar represents 10 percent sequence divergence.  

 

This figure was provided as separate .pdf file. 

 

 

Figure B-2: Phylogenetic affiliation of archaeal sequences based on 16S rRNA. Sequences in bold 

represent OTUs from the Illumina sequencing and clone library sequences. Escherichia coli was used as 

outgroup. The scale bar represents 10 percent sequence divergence.  

 

This figure was provided as separate .pdf file. 

 

 

 

 

Figure B-3: Micrographs of ANME-2a consortia at the SMTZ of submarine permafrost core BK2. 

Anaerobic methanotrophic cells of the 2a clade were detected by CARD-FISH (probe: ANME-2a-647 - 

green) first column and corresponding counterstaining with DAPI (blue) second column. The third column 

shows overlays of ANME-2a (green) and DAPI (blue). The scale bar represents 5 µm. The first two image 

columns were created by Picolay (http://www.picolay.de/, © Herbiert Cypionka) 
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Figure B-4: Methanogenic/ANME communities of core C2 (A) and BK2 (B). Red circles show mcrA copy 

numbers per gram sediment wet weight as detected by quantitative PCR. The red line represents the 

detection limit of the qPCR related to the lowest standard. Bar charts show relative abundance of archaeal 

16S rRNA sequences related to known methanogenic and methanotrophic archaea. The blue shaded area 

represents ice-bonded permafrost, the red area the SMTZ. All uncolored areas of the plots correspond to 

unfrozen submarine permafrost and marine sediments. n. d. - no detection. 
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Figure B-5: Relative abundance of ANME-2d-related mcrA sequences in submarine core C2. McrA 

sequences are based on 454 sequencing. 

 

 

 

Figure B-6: ANME-2d specific mcrA copy numbers of core C2. The sampling scheme along the depth is 

not identical for the mcrA quantification and the next-generation sequencing. 
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Figure B-7: Sulfate-reducing bacteria of core C2 (A) and BK2 (B). Green circles show dsrB copy numbers 

per gram sediment wet weight as detected by quantitative PCR. The red line represents the detection limit 

of the qPCR related to the lowest standard. Bar charts show relative abundance of bacterial 16S rRNA 

sequences related to known sulfate reducers. The blue shaded areas represent ice-bonded permafrost and 

the red area the SMTZ. All uncolored areas of the plots correspond to unfrozen (ice-free) submarine 

permafrost and marine sediments. 
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Figure B-8: Phylogenetic reconstruction of 16S rRNA sequences related to sulfate-reducing bacteria. 

Operational taxonomic units belonging to the upper part of the SMTZ are shown in bold-red, of the lower 

part in bold-blue and all other submarine permafrost in bold-black. The scale bar represents 10% sequence 

divergence. The colored boxes highlight cluster of SRB in submarine permafrost. 
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Figure B-9: Concentrations of archaeal and bacterial ether-lipids in submarine permafrost core BK2. The 

upper two samples represent marine-influenced submarine permafrost layers. While the lower four samples 

represent SMTZ layers (light blure rectangle). Ratios of total archaeal vs. total bacterial ether-lipids for 

each sediment horizon are shown on the right side. 

1 Calculation of ratio (total archaeal ether lipids/(total archaeal + bacterial ether lipids)*100), whereas total 

archaeal ether lipids comprise archaeol and isoprenoid glycerol dialkyl glycerol tetraethers with non to 2 

cyclopentyl rings (GDGT-0 to 2). Bacterial ether lipids represent branched GDGT-II and –III, for structures 

see [Weijers et al., 2011]. 
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Figure B-10: Geographical location of sampling sites. Globe in the upper left corner shows the arctic region 

with the red rectangle showing the large map. Large map shows the geographical locations of the submarine 

permafrost cores C2 (red dot) and BK2 (green square) with ocean depth in meter according to the color 

code on the right-hand side. The map was produced with the free software Ocean Data View version 4.7.8 

(Schlitzer, R., Ocean Data View, odv.awi.de, 2017). 

 

Tables 

 

Table B-1: Relative abundance of archaeal sequences in both submarine permafrost cores C2 and BK2. 

 

This table was provided as separate .pdf file. 

 

Table B-2: Characteristics of submarine permafrost cores 

 

  Mamontov Klyk (C2) Buor Khaya (BK2) 

number of samples 18 10 (for DNA), 6 (for lipid analysis) 
estimate time of inundation 
[years] 

~2,500 ~540 

maximum depth [m bsl] 77 51.7 
water depth [m] 6 4.3 
sea ice cover [m] 1.35 2.09 
permafrost boundary [mbsf] 29.5 24.45 
mean temperature [°C] -1.2±0.2 -0.5±0.4 
distance to coast [km] 11.5 0.8 
latitude 73° 36' 21.5'' N 71° 25' 20.3'' N 
longitude 117° 10' 01.1'' E 132° 05' 05.3'' E 

 

https://odv.awi.de/
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Table B-3: Statistics of sequence analysis pipeline and representative taxa. 

 

Sample site Depth [m] Raw reads Quality 
reads 

Observed 
OTU0.03 

Inverse 
Simpson 

Shannon Most frequent class* Most frequent order* 

Mamontov 
Klyk 

0.50 266,820 245,919 85 11.94 3.24 unknown Thaumarchaeota Nitrosopumilus 

18.00 97,307 92,379 44 4.26 1.97 unknown Bathyarchaeota MCG-6 

29.00 159,157 146,155 63 2.72 1.97 Diaforarchaea DSPEG-I 

30.00 199,727 189,569 38 2.00 1.49 Diaforarchaea DSPEG-I 

33.00 72,724 68,147 52 2.97 1.99 Diaforarchaea DSPEG-I 

34.43 115,192 105,217 44 2.45 1.77 Diaforarchaea DSPEG-I 

38.53 170,804 161,167 45 1.82 1.25 Diaforarchaea DSPEG-I 

43.31 213,945 141,103 51 3.27 2.07 Diaforarchaea DSPEG-I 

44.65 182,186 162,813 59 2.38 1.84 Diaforarchaea DSPEG-I 

45.80 286,328 258,712 64 4.63 2.35 Nitrosospheria Nitrososphaerales 

48.71 130,327 126,630 25 3.29 1.58 unknown Bathyarchaeota MCG-6 

50.06 132,523 83,306 84 9.21 3.12 unknown Bathyarchaeota MCG-6 

51.81 151,919 125,190 84 8.21 2.79 unknown Bathyarchaeota MCG-6 

52.27 325,097 307,942 53 4.53 2.32 unknown Bathyarchaeota MCG-6 

52.69 269,218 258,031 27 4.05 1.91 Methanomicrobia Methanosarcinales 
(ANME2d) 

55.55 127,461 121,361 56 3.99 2.13 Methanomicrobia Methanosarcinales 
(Methanosarcina) 

58.70 159,324 145,886 78 8.53 2.88 Diaforarchaea DSPEG-I 

59.00 145,000 132,862 85 6.95 
 

2.90 Methanomicrobia Methanosarcinales 
(Methanosarcina) 

67.00 285,525 262,655 78 4.59 2.50 unknown Bathyarchaeota MCG-8 

Buor Khaya 4.72 94,240 84,493 69 5.67 2.42 Methanomicrobia Methanosarcinales 
(ANME2a-b) 

8.10 71,752 61,673 69 6.01 2.51 unknown Bathyarchaeota MCG-8 

8.86 265,732 246,799 62 4.25 2.13 unknown Bathyarchaeota MCG-8 

12.00 148,222 129,665 99 5.33 2.73 unknown Bathyarchaeota MCG-8 

24.03-
24.30 

85,366 81,216 47 6.95 2.52 unknown Bathyarchaeota MCG-8 

24.53-
24.68 

136,400 131,025 32 3.64 1.76 Methanomicrobia Methanosarcinales 
(Methanosarcina) 

30.31 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

36.23 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

37.41 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

45.46 249,600 233,141 35 3.38 1.68 Diaforarchaea DSPEG-I 

* Based on relative abundance of 16S rRNA sequences  

n.d. not detected 
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Table B-4: Oligonucleotides primer and probes used in this study. 

 

Target gene Primers Sequence (5'-3') 
Size 
[bp] 

T (°C) FA [%] 
No. of 
PCR 

Cycles 
Reference 

Sequencing Illumina MiSeq 

Bacteria 
16S rRNA 
 

S-D-Bact-0341-b-S-17 CCT ACG GGA GGC AGC AG 

464 55 

 

30 
 

(Muyzer et al., 
1993) 

S-D-Bact-0785-a-A-21 GAC TAC HVG GGT ATC TAA TCC 
 (Herlemann et 

al., 2011) 

Archaea 
16S rRNA 
 

D-Arch-0020-a-S-19 TTC CGG TTG ATC CYG CCR G 

956 55 

 

40 
 

(Massana et 
al., 1997) 

S-D-Arch-0958-a-A-19 YCC GGC GTT GAV TCC AAT T 

 
(DeLong, 
1992) 

Archaea  
16S rRNA 
 

S-D-Arch-0349-a-S-17 GYG CAS CAG KCG MGA AW 

457 56 

 

35 
(Takai et al., 
2000) 

S-D-Arch-0786-a-A-20 GGA CTA CVS GGG TAT CTA AT 

 

Sequencing 454/ quantitative PCR 

Methanogens 
and ANME 
 

mlas GGT GGT GTM GGD TTC ACM CAR TA 

469 

65-50 
(touchdo
wn)/ 55 
(final); 57 
(qPCR) 
 

 

15/ 15; 40 
(qPCR) 
 

(Steinberg & 
Regan, 2008) 

mcrA-rev CGT TCA TBG CGT AGT TVG GRT AGT 

 

quantitative PCR 

sulfate-reducing 
Bacteria 

DSRp2060F CAA CAT CGT YCA YAC CCA GGG 

350 60 

 

40 

(Geets et al., 
2006) 

DSR4R GTG TAG CAG TTA CCG CA 

 
(M. Wagner et 
al., 1998) 

ANME-2d 

mcrA159F AAA GTG CGG AGC AGC AAT CAC C 

186 60 

 

40 
(Vaksmaa et 
al., 2017) 

mcrA345R TCG TCC CAT TCC TGC TGC ATT GC 
 

16S rRNA clone libraries 

Archaea 
16S rRNA 

S-D-Arch-0008-a-S-16 TCC GGT TGA TCC TGC C 

638 59 

 

30 

(Andreas 
Teske et al., 
2002) 

ANME-2a  
16S rRNA 

ANME-2a-647 TCT TCC GGT CCC AAG CCT 

 
(Katrin Knittel 
et al., 2005) 

16S rRNA probes 

ANME-2a ANME-2a-647 
TCT TCC GGT CCC AAG CCT 

  50  
(Katrin Knittel 
et al., 2005) 

Desulfosarcina-
Desulfococcus 
 

DSS658 
TCC ACT TCC CTC TCC CAT 
 

  50  
(Manz et al., 
1998) 
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Table B-5: Barcode sequences for Illumina MiSeq sequencing used in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table B-6: Barcode sequences of 454 sequencing used in this study. 

 

MID_ID MID sequence 

MID-01 ACGAGTGCGT 
MID-02 ACGCTCGACA 
MID-03 AGACGCACTC 
MID-04 AGCACTGTAG 
MID-05 ATCAGACACG 
MID-06 ATATCGCGAG 
MID-07 CGTGTCTCTA 
MID-08 CTCGCGTGTC 
MID-11 TGATACGTCT 
MID-13 CATAGTAGTG 
MID-14 CGAGAGATAC 
MID-15 ATACGACGTA 
MID-16 TCACGTACTA 
MID-17 CGTCTAGTAC 
MID-18 TCTACGTAGC 
MID-20 ACGACTACAG 

 

 

 

 

 

 

Barcode_ID Barcode sequence 

00 ACACGT 
01 ACGTAC 
02 ACTGCA 
03 AGAGTC 
04 AGCTGA 
05 AGTCAG 
06 ATATCG 
07 ATCGAT 
08 ATGCTA 
09 CACAGT 
10 CGATAT 
11 CATGAC 
12 GACTAG 
13 GAGATC 
14 GATCGA 
15 TATACG 
16 TCTCTC 
17 TGCATG 
18 TGACGT 
19 TGTGAC 
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Table B-7: Percentage proportion of phospholipid fatty acids (PLFAs) in different depths of the submarine 

permafrost core BK2. 

 

 depth [m bsf] 
PLFAs [%] 8.10 12.85 24.03 24.30 24.60 24.70 

12:0 1.29 1.36 2.71 1.93 1.49 1.07 
iso14:0 1.20 0 0 0 0 0 
14:0 4.20 3.06 4.61 2.94 4.19 1.86 
iso15:0 4.83 1.75 0.89 0.55 1.45 1.86 
ai15:0 7.27 1.92 1.31 0.95 1.32 1.15 
15:0 1.90 1.87 2.12 1.26 1.92 1.12 
iso16:0 1.15 0.77 0 0 0 0 
16:1ω7c 7.94 1.73 3.53 3.15 2.64 4.13 
16:1ω5 1.73 0 0 0 0 0 
16:0 26.30 27.86 32.26 31.21 32.00 30.72 
10Me-16:0 1.08 0.00 0.00 0 0 0 
iso17:0 0.63 0 0 0 0 0 
ai17:0 0.99 1.52 3.67 0 0 1.35 
cy17:0ω7,8 1.73 0.00 0 0 0 0 
17:0 1.78 2.85 2.02 2.03 2.04 1.32 
18:2ω9,12 2.02 2.54 0 0 0 0 
18:1ω9 4.77 6.39 10.73 8.62 9.44 3.23 
18:1ω7c 10.54 3.25 5.38 8.62 4.94 4.54 
18:0 18.66 43.13 30.78 38.73 38.58 47.63 

Blue shaded area represents SMTZ sediment layers. 
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Figures 

 

 

Figure C-1: Quality control of the extracted genomic DNA, exemplarily shown for two samples from core 

C2 (CK1210 SDS: 0.05 m bsf, 265 ng/g and CK1247 SDS: 52.7 m bsf, 33.4 ng/g). The examples show that 

there is not much fragmentation likely due to constantly freeze-locked conditions. Hence, we used the DNA 

extracts without gel purification for downstream analyses. 
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Figure C-2: Boxplot of DOC concentrations of Unit II in mg C L-1. Median lines are indicated within the 

boxes of which the size corresponds to±25% of the data, whereas the whiskers show the minimum and 

maximum of all data. C1: n=74, C4: n=5, C3: n=3, C2: n =12. 

 

 

 

 

Figure C-3: DNA concentrations in ng g-1 sediment wet weight of the cores C1, C4, C3 and C2. Box plots 

contain the mean values of all samples, obtained from two technical replicates each. Median lines are 

indicated within the boxes of which the size corresponds to ± 25% of the data, whereas the whiskers show 

the minimum and maximum of all data. C1, C4 and C3: n=6, C2: n=17. 
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Figure C-4: Loadings plots belonging to Figure 6-1: PCA of environmental, sedimentological and pore 

water data from Unit II. Shown are the correlations to a) PC1 and b) PC2 which were used to choose the 

physicochemical factors that are mainly responsible for the variance between samples in the PCA. 
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Figure C-5: Schematic representation of the late Quaternary landscape dynamics in the western Laptev 

Sea coastal region and formation of the sediments units (modified after Winterfeld et al. [2011]). 
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Tables  

 

Table C-1: Site description of each borehole location. Mbsf stands for meters below seafloor and dedicates 

the depth in the submarine cores (C4, C3, C2), while mbs stands for meters below surface and is used for 

depth indication in the terrestrial core C1. 

 

  C1 C4 C3 C2 

Distance to coast [km] 0.1 1.0 3.0 11.5 

Water depth [m] - 2.2 4.4 6.0 

Frost table depth [mbsf] 0.0 1.7 7.6 29.0 

Upper boundary of Unit II [mbs/mbsf] 22.0 13.3 8.6 35.0 

Lower boundary of Unit II 61.0 29.8 27.1 58.5 

Uppermost sample depth [mbs/mbsf] 27.3 13.3 8.6 38.5 

Lowermost sample depth 44.3 29.8 24.9 58.4 

 

 

Table C-2: Minimum, maximum and mean values of environmental factors in Unit II significantly 

contributing to the bacterial community composition and microbial abundance. 

 

  Core Minimum Maximum Mean n 

Temperature 
[°C] 

C1 -12.5 -12.4 -12.4 8 

C4 -7.1 -5.8 -6.4 4 

C3 -1.8 -1.2 -1.4 4 

C2 -1.6 -1.5 -1.5 4 

Salinity 
[PSU] 

C1 0.0 1.6 0.5 184 

C4 0.9 17.6 5.6 10 

C3 0.5 3.7 1.0 38 

C2 0.0 12.5 0.8 67 

δ18O 
[(‰) vs. 
SMOW] 

C1 -30.8 -14.9 -22.3 184 

C4 -27.7 -18.8 -22.8 10 

C3 -20.6 -19.1 -20.1 38 

C2 -30.0 20.2 -27.6 67 

δD 
[(‰) vs. 
SMOW] 

C1 -241.8 -115.7 -177.2 184 

C4 -219.1 -144.0 -178.8 10 

C3 -162.9 -149.4 -158.4 38 

C2 -232.7 -156.8 -213.3 67 

 

 

Table C-3: Geochemical, pore water and environmental data of all samples at each drill site. 

 

This table was provided as separate .pdf file. 
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Table C-4: Sample names of the molecular samples, their depth relative to sea level (meters below sea 

level, m bsl), relative to surface (meters below surface (m bs) in the terrestrial core and meters below 

seafloor (m bsf) in the submarine cores), and their corresponding lithology. 

 

 Sample Name 
Depth [m 
bsl] 

Depth [m bs/ m 
bsf] Lithology 

C1-1 1.3 27.3 sandy 

C1-2 9.9 35.9 sandy 

C1-3 12.1 38.1 sandy 

C1-4 17.2 43.2 plant/wood detritus 

C1-5 17.4 43.4 plant/wood detritus 

C1-6 18.4 44.4 plant/wood detritus 

C4-1 15.5 13.3 plant/wood detritus 

C4-2 22.0 19.8 small peat inclusions 

C4-3 25.0 22.8 small peat inclusions 

C4-4 28.5 26.3 sandy with quartz gravel 

C4-5 30.0 27.8 sandy with quartz gravel 

C4-6 32.0 29.8 sandy with quartz gravel 

C3-1 13.0 8.6 small peat inclusions 

C3-2 16.0 11.6 small peat inclusions 

C3-3 19.0 14.6 small peat inclusions 

C3-4 21.5 17.1 sandy 

C3-5 24.6 20.2 sandy 

C3-6 29.2 24.8 sandy 

CK1232 44.5 38.5  

C2-1 46.0 40.0 sandy 

C2-2 48.1 42.1 sandy 

CK1235 49.3 43.3  

CK1236 50.7 44.7  

CK1237 51.8 45.8  

C2-4 52.2 46.2 sandy 

C2-5 54.6 48.6 plant/wood detritus 

CK 1241 54.7 48.7  

C2-7 55.0 49.0 plant/wood detritus 

C2-8/1244 56.1 50.1 plant/wood detritus 

CK1245 57.8 51.8  

CK1246 58.2 52.2  

CK1247 58.7 52.7  

CK1248 61.6 55.6  

C2-9 62.9 56.9 plant/wood detritus 

C2-10 64.4 58.4 sandy silt 
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Table C-5: Oligonucleotide primers for Illumina MiSeq sequencing and quantitative PCR. 

 

Target Primer Sets Primer Sequence 5'-3' Size bp T (°C) 
No. of PCR 

Cycles 
References 

Illumina MiSeq sequencing 

Bacterial 16S 
rRNA 

S-D-Bact-0341-b-
S-17 

CCT ACG GGA GGC AGC AG 

464 55 35 

(Muyzer et al., 
1993) 

S-D-Bact-0785-a-
A-21 

GAC TAC HVG GGT ATC TAA TCC 
(Herlemann et 
al., 2011) 

Quantitative PCR 

Bacterial 16S 
rRNA 

S-D-Bact-0341-b-
S-17 

CCT ACG GGA GGC AGC AG 

193 55.7 40 

(Muyzer et al., 
1993) 

S-D-Bact-0517-a-
A-18 

ATT ACC GCG GCT GCT GG 
(Muyzer et al., 
1993) 

 

 

Table C-6: Barcode sequences for Illumina MiSeq sequencing. 

 

Barcode ID 
Forward Primer 

Barcode Sequence 
Barcode ID 

Reverse Primer 
Barcode Sequence 

Bac-01-For ACGAGTGCGT Bac-01-Rev ACGAGTGCGT 

Bac-02-For ACGCTCGACA Bac-02-Rev ACGCTCGACA 

Bac-03-For AGACGCACT Bac-04-Rev AGCACTGTAG 

Bac-06-For ATATCGCGAG Bac-05-Rev ATCAGACACG 

Bac-07-For CGTGTCTCTA Bac-06-Rev ATATCGCGAG 

Bac-08-For CTCGCGTGT Bac-07-Rev CGTGTCTCTA 

Bac-11-For TGATACGTCT Bac-08-Rev CTCGCGTGTC 

Bac-13-For CATAGTAGTG Bac-11-Rev TGATACGTCT 

Bac-15-For ATACGACGTA Bac-13-Rev CATAGTAGTG 

Bac-16-For TCACGTACTA Bac-14-Rev CGAGAGATAC 

Bac-17-For CGTCTAGTA Bac-17-Rev CGTCTAGTAC 

Bac-19-For TGTACTACT Bac-18-Rev TCTACGTAGC 

Bac-23-For TACTCTCGTG Bac-19-Rev TGTACTACTC 

Bac-24-For TAGAGACGAG Bac-22-Rev TACGAGTATG 

Bac-25-For TCGTCGCTCG Bac-23-Rev TACTCTCGTG 

Bac-26-For ACATACGCGT Bac-24-Rev TAGAGACGAG 

Bac-27-For ACGCGAGTAT Bac-25-Rev TCGTCGCTCG 

Bac-28-For ACTACTATGT Bac-26-Rev ACATACGCGT 

Bac-31-For AGCGTCGTCT Bac-28-Rev ACTACTATGT 

Bac-33-For ATAGAGTACT Bac-30-Rev AGACTATACT 

Bac-34-For CACGCTACGT Bac-31-Rev AGCGTCGTCT 

Bac-35-For CAGTAGACGT Bac-33-Rev ATAGAGTACT 

Bac-36-For CGACGTGACT Bac-34-Rev CACGCTACGT 

Bac-38-For TACACGTGAT Bac-35-Rev CAGTAGACGT 

Bac-39-For TACAGATCGT Bac-36-Rev CGACGTGACT 

Bac-40-For TACGCTGTCT Bac-37-Rev TACACACACT 

Bac-41-For TAGTGTAGAT Bac-38-Rev TACACGTGAT 

Bac-42-For TCGATCACGT Bac-39-Rev TACAGATCGT 

Bac-44-For TCTAGCGACT Bac-40-Rev TACGCTGTCT 
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Bac-45-For TCTATACTAT Bac-41-Rev TAGTGTAGAT 

Bac-49-For ACGCGATCGA Bac-44-Rev TCTAGCGACT 

Bac-50-For ACTAGCAGTA Bac-45-Rev TCTATACTAT 

   Bac-46-Rev TGACGTATGT 

   Bac-49-Rev ACGCGATCGA 

SfiA-MW00 ACACGT  SfiB-MW10 CAGTCA  

SfiA-MW01 ACGTAC SfiB-MW11 CATGAC  

SfiA-MW02 ACTGCA  SfiB-MW12 GACTAG  

SfiA-MW02 ACTGCA  SfiB-MW13 GAGATC  

SfiA-MW03 AGAGTC  SfiB-MW14 GATCGA  

SfiA-MW04 AGCTGA  SfiB-MW14 GATCGA  

SfiA-MW05 AGTCAG  SfiB-MW15 GTACAC  

SfiA-MW06 ATATCG  SfiB-MW15 GTACAC  

SfiA-MW07 ATCGAT  SfiB-MW16 GTCACA  

   SfiB-MW17 GTGTGT  

   SfiB-MW18 TCAGAG  

   SfiB-MW19 TCGAGA  

 

 

 

Table C-7: Overview of sequencing reads: number of reads after the removal of singletons, number of 

reads that were removed when the background filter of 0.5% was applied, number of reads representing 

chloroplast, mitochondrial and archaeal taxa and finally the number of quality reads after the application of 

all filters. Critical samples with less than 15.000 raw reads are shaded red. Critical samples where the 

relative abundances within duplicates are comparable are colored light red. The dark red colored sample 

was not used for the calculation of the mean relative abundance as the relative abundances within duplicates 

differed. 

 

  
Raw reads 

Background 
Reads (0.5%) 

Chloro-
plast 

Mitochondrial 
Taxa 

Archaeal 
taxa 

Quality 
reads 

C1-1a 74760 20214 0 0 0 54546 

C1-1b 89992 22879 0 0 0 67113 

C1-2a 23789 15150 0 0 0 8639 

C1-2b 25100 16330 0 0 0 8770 

C1-3a 41727 24707 0 0 0 17020 

C1-3b 8666 5185 0 0 0 3481 

C1-4a 31071 22620 0 0 0 8451 

C1-4b 5142 3761 0 0 0 1381 

C1-5a 208578 100128 0 0 0 108450 

C1-5b 147753 69180 0 0 0 78573 

C1-6a 244866 100302 0 0 1790 142774 

C1-6b 255535 113256 0 0 6331 135948 

C4-1a 231425 70205 0 0 0 161220 

C4-1b 103692 30996 0 0 0 72696 

C4-2a 312930 64767 0 0 0 248163 

C4-2b 18603 2840 0 0 0 15763 
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C4-3a 269853 99103 1765 0 0 168985 

C4-3b 94463 33930 0 0 0 60533 

C4-4a 170018 49851 0 0 1050 119117 

C4-4b 180556 52147 0 0 0 128409 

C4-5a 9823 4402 0 0 0 5421 

C4-5b 17374 7566 0 0 0 9808 

C4-6a 56201 23871 0 0 0 32330 

C4-6b 20949 8951 0 0 0 11998 

C3-1a 52885 27176 0 0 588 25121 

C3-1b 180772 94154 1165 0 2402 83051 

C3-2a 35528 13955 0 0 1511 20062 

C3-2b 102122 39090 652 0 4780 57600 

C3-3a 73935 22562 0 0 0 51373 

C3-3b 25589 7940 0 0 0 17649 

C3-4a 53553 16543 0 0 1899 35111 

C3-4b 22552 6552 0 0 398 15602 

C3-5a 128366 34045 1091 0 0 93230 

C3-5b 16643 4179 152 0 0 12312 

C3-6a 80004 20997 0 0 1349 57658 

C3-6b 89902 21079 867 0 0 67956 

CK1232-1 127284 59052 0 0 0 68232 

CK1232-2 161752 70043 0 0 0 91709 

C2-1a 53571 16678 0 0 0 36893 

C2-1b 25615 7060 0 0 0 18555 

C2-2a 55698 20602 0 0 0 35096 

C2-2b 84301 25809 0 0 0 58492 

CK1235-1 206215 122462 11152 0 0 72601 

CK1235-2 74429 43777 4130 0 0 26522 

CK1236-1 20564 11265 0 0 0 9299 

CK1236-2 55725 30832 0 0 0 24893 

CK1237-1 102376 62617 0 0 0 39759 

CK1237-2 139700 86444 0 0 0 53256 

C2-4a 136761 74460 0 0 0 62301 

C2-4b 216318 118201 0 0 0 98117 

C2-5a 48354 27604 0 0 0 20750 

C2-5b 92506 55950 0 0 0 36556 

CK1241-1 177526 115666 0 0 0 61860 

CK1241-2 142667 88091 0 0 0 54576 

C2-7a 63745 36419 0 0 0 27326 

C2-7b 159960 88818 0 0 0 71142 

C2-8a 22420 14376 0 0 0 8044 

C2-8b 130842 85938 0 0 0 44904 

CK1244-1 99934 54354 0 0 0 45580 

CK1244-2 15808 9077 0 0 0 6731 

CK1245-1 81822 42330 0 0 0 39492 

CK1245-2 49130 24254 0 0 0 24876 

CK1246-1 52169 30142 0 0 0 22027 



C. Appendix Manuscript III 

227 

 

CK1246-2 70027 43178 0 0 0 26849 

CK1247-1 32592 14991 0 0 0 17601 

CK1247-2 21821 9398 0 0 0 12423 

CK1248-1 25455 16365 0 0 0 9090 

CK1248-2 48980 32070 0 0 0 16910 

C2-9a 37303 24313 0 0 0 12990 

C2-9b 43272 26410 0 0 0 16862 

C2-10a 1889 1288 0 0 0 601 

C2-10b 213822 155149 1128 0 0 57545 

 

 

 

Table C-8: Spearman correlation of DNA concentration, bacterial 16S rRNA gene abundance and total 

cell counts. P-values are shown above the diagonal and the correlation coefficient rs below. 

 

  
DNA 

16S rRNA 
gene 

copies 
TCC 

DNA  >0.0001 >0.0001 

16S rRNA gene copies  0.87  0.0001 

TCC 0.68 0.61  

 

 

 

Table C-9: Minimum. maximum. mean values and standard deviation of microbial and bacterial 

abundance. n indicates the number of samples. 

 

  Core Min Max Mean Std. dev. n 

DNA concentration C1 28.6 331.3 141.6 105.6 6 

[ng g-1] C4 6.2 277.5 88.5 102.6 6 

 C3 5.6 51.9 19.8 17.8 6 

  C2 8.7 341.5 106.9 94.0 17 

16S rRNA gene copies C1 2.4E+07 4.3E+08 1.6E+08 1.4E+08 6 

[g-1 sediment] C4 1.7E+06 1.6E+08 3.6E+07 5.8E+07 6 

 C3 4.1E+06 6.2E+07 1.7E+07 2.1E+07 6 

  C2 5.4E+06 1.5E+09 2.9E+08 4.0E+08 17 

16S rRNA gene copies C1 7.6E+05 1.4E+06 1.0E+06 2.6E+05 6 

[ng-1 DNA] C4 5.8E+04 5.8E+05 2.7E+05 1.6E+05 6 

 C3 4.9E+05 1.2E+06 7.6E+05 2.2E+05 6 

  C2 2.6E+05 1.7E+07 2.7E+06 4.2E+06 17 

TCC C1 6.8E+06 8.2E+07 5.0E+07 2.8E+07 6 

[g-1 sediment] C4 1.6E+06 4.4E+07 1.3E+07 1.5E+07 6 

 C3 3.4E+05 3.4E+06 1.5E+06 1.0E+06 6 

  C2 1.4E+06 4.9E+07 1.5E+07 1.3E+07 17 
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Table C-10: Rank-based Spearman correlation of DNA concentration, bacterial 16S rRNA gene abundance 

and total cell counts with environmental factors and pore water data. Values in bold are significant (< 0.05) 

when omitting a p-value correction.  Rs- values highlighted red show a negative correlation, whereas rs-

values highlighted green show a positive correlation. 
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Table C-11: Significance of the variance introduced by environmental factors into the microbial 

community tested by Permutational MANOVA (PerMANOVA). 

 

  Dim1  Dim2 r2 p-value 

Depth [mbs/msbf] -0.53174 -0.84691 0.3322 0.006 
Temperature 0.13632 0.99067 0.2487 0.015 
Ba 0.94807 0.31805 0.1859 0.031 
Si 0.90304 -0.42956 0.1541 0.056 
Ca 0.50032 0.86584 0.0100 0.835 
K 0.81761 0.57578 0.0612 0.341 
Mg 0.80879 0.58809 0.0684 0.297 
Na 0.99177 0.12804 0.0813 0.241 
Nitrate -0.81210 0.58351 0.0280 0.637 

Chloride 0.98966 0.14344 0.0527 0.391 
Sulfate -0.28689 0.95796 0.1014 0.161 
Bromide 0.92727 0.37439 0.0629 0.326 
Salinity 0.99532 0.09660 0.0459 0.443 
δ18O 0.99329 -0.11569 0.3753 0.001 
δD 0.98430 -0.17648 0.3914 0.001 
pH -0.42785 0.90385 0.6412 0.001 
TC 0.41379 -0.91037 0.1053 0.149 
TN -0.38942 -0.92106 0.0268 0.640 
TS 0.03653 0.99933 0.2694 0.004 
TOC 0.40692 -0.91346 0.0974 0.170 
Clay 0.47503 0.87997 0.1123 0.132 

Silt 0.76336 0.64597 0.0532 0.405 
Sand -0.70792 -0.70629 0.0630 0.330 
Conductivity 0.98987 0.14199 0.0419 0.478 

 

 

 

Table C-12: One-way PerMANOVA of OTU data from each drill site. Summary presents the overall test 

statistics. Pairwise analysis shows Bonferroni corrected p-values above the diagonal and F-values below. 

 

Summary   Pairwise      

Permutation N: 9999    C1 C4 C3 C2 

Total sum of squares: 26.49  C1  0.0012 0.0006 0.0006 

Within-group sum of squares: 19.41  C4 4.014  0.0006 0.0006 

F: 8.276  C3 12.400 7.368  0.0006 

p (same): 0.0001  C2 5.833 5.156 16.350  
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Table C-13: Analysis of variance (ANOVA) of DOC concentrations between all four cores and Tukey’s 

pairwise post-hoc test with p-values adjusted according to Copenhaver-Holland above and the Tukey’s Q 

below the diagonal. 

 

 Sum of squares df Mean square F p (same) 

Between groups: 24714.2 3 8238.06 4.814 0.003712 

Within groups: 155731 91 1711.34 Permutation p (n=99999) 

Total: 180446 94   0.02357 

 

  

  C1 C4 C3 C2  
C1  0.066 0.996 0.052  
C4 3,540  0.299 0.002  
C3 0.310 2.490  0.739  
C2 3.676 5.209 1.441  

 
     

 
 

 

Table C-14: Fossil bioindicators according to Schirrmeister et al. [2008)] Winterfeld et al. [2011]; Müller 

et al. [2009)]and their stratigraphical and paleoenvironmental interpretation. 

 

Units Bioindicator Stratigraphy 
Landscape, 

facies 
Vegetation Climate 

IId • Pollen: Cyperaceae, Poaceae, 

Artemisia, Salix  

• Spores: Encalypta, Glomus 

• Green algae: Botryococcus, 

Pediastrum 

• Ostracodes 

• Plant macro remains: Carex, Salix 

sp., Saxifraga hirculus, Dryas 

Kobresia myosuroides, Thlaspitea 

rotundifolii 

• Testacea: hygrophillic (Difflugia), 

sphagnobiotic (Heleopera, Nebela, 

Argynnia sp.) 

• Mammals: Equus caballus, 

Mammuthus primigenius  

Middle 

Weichselian 

Interstadial 

Floodplain, 

alluvial, 

boggy, 

periodically 

flooded 

Grass-sedge 

tundra 

Moderate, 

humid 

IIc No determinable fossil records found Early 

Weichselian 

Stadial 

fluvial   

IIb Pollen: Larix, Alnus fruticosa, Betula 

nana, Ericales 

Eemian 

Interglacial 

Thermokarst 

lake 

Shrub tundra Temperate 
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IIa No determinable fossil records found Early 

Weichselian 

Stadial 

fluvial   

I • Marine diatoms: Hyalodiscus sp., 

Paralia sulcata, Porosira glacialis, 

Thalassiosira sp., Thalassiothrix 

longissima, Centralea ind. 

• Fresh water diatoms: Naicula 

radiosa, Eunotia praerupta, 

Pinnularia gibba, tetracyclus 

lacustris 

• Sponge spicula 

• Pollen: Larix, Alnus fruticosa, 

Betula nana, Ericales 

• Spores: Sphagnum 

Eemian 

Interglacial 

Thermokarst 

lagoon 

Shrub tundra temperate 
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