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SUMMARY 

Over the last decades, the Arctic Ocean has been subject to profound changes due to 

climate change and the observed environmental effects are amplified compared to 

other regions in the world. Most striking are the severe decline of Arctic sea ice extent 

and the projection of a predominantly ice-free Arctic Ocean in summer before the end 

of this century. Sea ice extent affects primary production of algae in sea ice and the 

surface ocean and, thus, also influences organic matter export to the deep sea. Changes 

have been shown to affect various size classes of Arctic communities, including bacteria. 

Since they play essential roles in carbon and nutrient cycling, bacteria are highly 

important for the biogeochemical functioning of the Arctic ecosystem. Bacterial 

communities in the Central Arctic, however, remain understudied, and most available 

studies are difficult to compare due to differences in environmental conditions at time 

of the study, focus on different environments or varying sampling locations. 

In the present study, a first comprehensive knowledge baseline of the bacterial diversity 

in the Central Arctic Ocean was created by analysis of samples from sea ice, melt ponds, 

surface seawater, deep-sea sediments and ice algal aggregates, all obtained during the 

RV Polarstern expedition IceArc in late summer 2012. A combination of molecular 

fingerprinting using Automated Ribosomal Intergenic Spacer Analysis (ARISA) and 454 

massively parallel tag sequencing of the V4-V6 region of the 16S rRNA gene allowed the 

identification and description of environment-specific bacterial communities. Bacterial 

community structure differed significantly between the investigated environments and 

strong variation in community composition could be detected based on relative 

sequence abundances. The absence of specific bacterial groups in first-year ice that 

could be detected in multi-year ice highlights potential effects that the projected loss of 

this habitat may have on biological diversity and biogeochemical cycling in the sea ice 

environment. 

High similarities between bacterial groups detected in melt-pond aggregates and in 

rapidly deposited aggregates in the deep sea indicated a transport of bacteria by the 

aggregates. Since the export of these aggregates is likely to increase with ongoing 



 

X 

thinning of sea ice, a correspondingly higher number of surface-derived bacterial cells 

may be exported to the deep sea and potentially induce shifts in benthic bacterial 

community diversity and functioning. 

Overall, this study provides essential baseline information on bacterial communities in 

the Central Arctic Ocean for future comparisons and includes first observations on the 

role of ice algal aggregates as bacterial transporters from the pelagic to the benthos.  
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1. INTRODUCTION 

1.1 The Arctic Ocean 

The Arctic Ocean covers ~10.7x106 km2, and is the northernmost of the world’s five 

oceans. Similar to the Mediterranean Sea, the Arctic Ocean is almost land-locked, only 

connected to the Pacific and Atlantic Ocean through Bering Strait, the Canadian 

Archipelago and Fram Strait (Bates and Mathis 2009). Of those, Fram Strait, located 

between Svalbard and Greenland, is the Arctic Ocean’s only deep connection to another 

ocean. It connects the Arctic Ocean to the North Atlantic Ocean and is the area of 

greatest water and heat exchange (Nuttall 2004). Besides the water exchange with the 

Atlantic and Pacific Oceans, the Arctic Ocean is also highly influenced by riverine 

freshwater inputs, receiving approximately 10% of the global river discharge (Dittmar 

and Kattner 2003).  

The Arctic Ocean is composed of a deep central basin surrounded by a broad continental 

shelf area. The Lomonosov Ridge divides the central basin into the Amerasian Basin and 

the Eurasian Basin, which reach down to 5243 m depth (Jakobsson 2002). Still, the 

extensive shelf area surrounding the Arctic Ocean makes it on average the shallowest of 

all oceans. The East Siberian Shelf is the widest continental shelf in the world. Several 

islands divide this shelf region into small seas, the Barents, Kara, Laptev, East Siberian 

and Chukchi Sea (Figure 1). While parts of the deep central basin are permanently 

covered by sea ice throughout the year, the broad continental shelves and marginal seas 

are only seasonally ice-covered. Their ice cover builds up each winter, when the Arctic 

does not receive any sunlight for several months, and melts over summer. Annually, sea 

ice reaches its minimum extent in September.  

Due to the strong seasonal forcing, Arctic organisms need to be highly adapted to 

extreme environmental conditions. Depending on the environment they live in, they 

need to cope with periods of continuous sunlight in summer and continuous darkness in 

winter, changes in ice cover, which determine UV irradiance in the water column, 

varying primary productivity due to changing ice dynamics, or changes in organic matter 

export to the benthos (Wassmann 2011). Several studies emphasized the strong 
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coupling of Arctic environments (Grebmeier et al., 2006; Lalande et al., 2007; Lalande et 

al., 2009; Vincent et al., 2009; Bienhold et al., 2012; Lalande et al., 2013) and given their 

interconnection, changes in one environment are likely to affect the entire ecosystem 

(Vincent 2010). Arctic organisms might be particularly susceptible to changes due to 

their strong adaptation (Deming 2010). Especially microbial communities often respond 

quickly to environmental changes, e.g. to changes in particle export to the benthos 

(Schewe and Soltwedel 2003), since they often show relatively short generation times. 

Foremost, bacteria contribute eminently to overall biomass and biodiversity in the Arctic 

environment (Vincent 2010). Also, they play important roles in ecosystem functioning 

due to their involvement in the remineralization of nutrients and in the transfer of 

energy between different trophic levels (Laurion et al., 1995; Meiners et al., 2008). 

Interest in Arctic microbial communities has been growing, yet, the wide geographical 

Figure 1. Bathymetry of the Arctic Ocean. BS: Barents Sea; BFS: Beaufort Sea; 

CS: Chukchi Sea; ESS: East Siberian Sea; FS: Fram Strait; KS: Kara Sea; LS: 

Laptev Sea. Modified from the International Bathymetric Chart of the Arctic 

Ocean (IBCAO) (Jakobsson et al., 2012). 
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scatter, seasonal differences in sampling time points and study focus on individual 

environments of most studies make comparisons difficult and do not allow 

comprehensive conclusions on ecosystem functioning. 

1.2 Arctic environments 

1.2.1 Sea ice 

1.2.1.1 Sea ice 

Sea ice is the main characteristic feature of wide parts of the Arctic Ocean. Depending 

on the age of the ice, it can be categorized into multi-year (MYI) or first-year ice (FYI). 

The two ice types differ mostly in thickness and salinity. FYI is newly formed each year in 

autumn and melts entirely in the following summer, while MYI lasts for more than one 

year and can therefore build up thicker sheets. In addition, salinity is lower in MYI due to 

the drainage of brine throughout the years. Brine is salt saturated water, which is 

trapped in channels and pockets within the ice matrix, leading to its semi-solid structure 

(Horner et al., 1992). Networks of brine channels in the ice allow vertical movement of 

brine through the ice (Maykut 1985), as well as communication, either with the ice 

surface and overlying melt ponds, or with the underlying water column (Horner et al., 

1988). Sea ice is an extreme environment with strong vertical gradients of light 

availability, nutrient concentrations, and salinity (Arrigo and Sullivan 1992). 

Furthermore, it provides the coldest habitats on Earth for marine life, with temperatures 

ranging from 0°C to -35°C (Haas et al., 1997). A wide variety of organisms can inhabit 

this environment, including meio- and microfauna (Gradinger et al., 2005). The microbial 

community is comprised of diatoms, protists, archaea and bacteria (Staley and Gosink 

1999). They can either be incorporated into the ice during ice formation and growth or 

actively migrate into it (Weissenberger 1998). In early spring, sea-ice algae begin to 

grow within and underneath the ice, where they produce large amounts of biomass 

despite low light intensities (Leu et al., 2011; Wassmann 2011). Algal blooms in the 

water column usually occur later in the year, when ice starts melting and breaking up. 

Then, the freshwater input from ice melt leads to reduced mixing and relatively stable 



Introduction 

16 

conditions in terms of light availability and nutrient supply, favoring phytoplankton 

growth (Lancelot et al., 1993; Strass and Nöthig 1996). 

According to their properties, the different ice types (FYI and MYI) vary in their species 

composition and distribution. Sea-ice algal biomass is typically greatest in the lower 10-

20 cm of the ice, where nutritional input from the water column is highest and sunlight 

is still available (Staley and Gosink 1999). The most abundant form of sea-ice algae are 

diatoms (Smetacek and Nicol 2005). Species of the genera Nitzschia, Fragilariopsis, 

Entomoneis, and Navicula are pennate diatoms often found in the ice (Fiala et al., 2006), 

while long filamentous chains of the centric diatom Melosira arctica were often 

observed as sub-ice assemblages (Melnikov and Bondarchuk 1987; Syvertsen 1991; 

Boetius et al., 2013; Poulin et al., 2014). Members of the pennate genera Navicula and 

Nitzschia and the centric Thalassiosira seem to be characteristic for FYI (Syvertsen 1991; 

Mikkelsen et al., 2008). Also for bacteria, a specialized sea-ice community has been 

described (Brown and Bowman 2001; Junge et al., 2002) and bacterial biomass was 

more than 10 times higher than bacterioplankton biomass in the water column (Sullivan 

and Palmisano 1984; Meiners et al., 2008). Bacteria were observed at all depths within 

the ice and communities included mostly heterotrophic members of 

Gammaproteobacteria and Flavobacteria (Bowman et al., 2012), but also 

Alphaproteobacteria, Betaproteobacteria (Rysgaard et al., 2004), or photosynthetic 

cyanobacteria (Ikavalko and Thomsen 1997) were detected. 

1.2.1.2 Melt ponds 

Melt ponds form on top of the sea ice either by thawing of surface ice (McConville and 

Wetherbee 1983), flooding, or a combination of both (Horner et al., 1992). Depending 

on their origin and whether they are completely enclosed by sea ice or directly 

connected to the underlying seawater, there are different types of melt ponds: 

freshwater, brackish or saltwater melt ponds (Horner et al., 1992). A variety of 

organisms inhabit these melt ponds, including diatoms, flagellates and ciliates (Nansen 

1906; Kramer and Kiko 2011). Furthermore, bacterial cell abundances in Arctic summer 

melt ponds ranged between 2.5 to 9.9 × 104 cells ml-1 as reported by Brinkmeyer and 
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colleagues (2003). They investigated the bacterial diversity and community composition 

and identified members of the Betaproteobacteria as the predominant bacteria in this 

environment. Yet, little is known about melt pond communities and their relationship 

with adjacent environments.  

1.2.1.3 Algal aggregates 

Sea-ice related algal aggregates found in the Central Arctic are formed by the 

aggregation of algae, mostly diatoms, at the end of the productive season when the ice 

melts and they are released to the water column or trapped in melt ponds. Their sinking 

rates depend on the size of the aggregate (Alldredge and Gotschalk 1988). Large 

filamentous colonies of Melosira can sink rapidly to the deep-sea floor where they 

provide important sources of organic matter to benthic organisms of all size classes 

(Boetius et al., 2013). Buoyant aggregates or aggregates trapped in melt ponds are 

subjected to degradation by bacteria and consumption by zooplankton (Assmy et al., 

2013). Therefore, the quality and quantity of organic matter exported is altered during 

the descent through the water column (Smith et al., 1992). Hence, aggregates reaching 

the seafloor, as well as melt pond aggregates, can vary in species composition and 

degradation state. Aggregates were shown to host elevated numbers of bacteria 

(Alldredge and Silver 1988; Meiners et al., 2008) with higher enzymatic activity rates 

when compared to free-living bacterial cells in the water column and the ability to foster 

biogeochemical cycling (Murrell et al., 1999; Meiners et al., 2008). However, it is still 

discussed whether aggregates host specialized bacterial colonizers or if most bacteria 

can switch from an attached to a free-living lifestyle (Ortega-Retuerta et al., 2013). 

1.2.2 Water column 

1.2.2.1 Surface seawater 

Three major zones need to be distinguished when looking at Arctic Ocean surface water: 

(1) open ocean zones with a relatively deep euphotic zone (40-50 m), strong vertical 

mixing and high productivity, (2) seasonally ice covered zones, where stratification is 

stronger, vertical mixing declines and a shallower euphotic zone leads to lower primary 

productivity, but occasional high phytoplankton biomass events, and (3) permanently 
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ice covered zones with an extremely shallow euphotic zone and very low productivity 

and biomass (Wassmann 2011). The uppermost water mass in the Arctic is referred to as 

polar surface water, which can reach down to 200 m depth. It has a relatively low 

salinity of 27-34, when compared to the global average of 35 and exhibits temperatures 

close to the freezing point (Aagaard and Carmack 1989; Rudels 2012). Both, low salinity 

and the strong surface layer stratification, are results of the large riverine freshwater 

input and ice melt (Aagaard and Carmack 1989). Studies that looked into the microbial 

diversity of Arctic Ocean surface waters consistently found Alphaproteobacteria, mostly 

classified as Pelagibacter or members of the SAR11 clade, to be the most numerous 

bacteria in this region, independent from the different zones. Reported bacterial 

numbers in surface seawater in the Arctic are in the range of 105 cells ml-1, both for the 

shelf area and the central basins (Sherr et al., 2003; Kirchman et al., 2007). 

1.2.2.2 Water under the ice 

Since large amounts of sea ice melt each summer and build up again in autumn, 

relatively few species are obligate sea-ice inhabitants. Except for MYI, which hosts a 

longer-lasting community, organisms need to annually recolonize ice from the 

underlying water column (Smetacek and Nicol 2005). Therefore, organisms living under 

the ice have different ways, which allow them to populate sea ice during its formation. 

Sea-ice algae might be incorporated within the sea ice by so called scavenging. The cells 

adhere to individual ice crystals and become subsequently incorporated within the ice 

matrix (Garrison et al., 1989). Melosira arctica can form tubes of extracellular matrix 

material, by which they attach to the bottom of the sea ice (Krembs et al., 2011; Poulin 

et al., 2014). Filamentous colonies of this diatom can reach lengths of several meters 

below the ice (Melnikov 1997; Boetius et al., 2013), which allows them to take up 

nutrients directly from the water column, rather than from the ice (Melnikov and 

Bondarchuk 1987). Usually, growth of sea-ice algae starts in early spring (Leu et al., 

2011). A common feature of bacteria that were isolated from sea ice or from water 

under the ice is the presence of gas vacuoles. These vacuoles might bring selective 
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advantage to the bacteria since it allows them to rise in the water column and get in 

close vicinity to the ice. 

1.2.3 Deep sea 

1.2.3.1 Surface sediment 

The abyssal plains of the Arctic deep basins make up 12% of the total Arctic Ocean area 

and have a mean depth of 2748 m (Jakobsson 2002). These depths are characterized by 

temperatures close to the freezing point, high pressure and the absence of light, not 

allowing in situ photosynthetic primary production. The deep sea is therefore referred 

to as a rather oligotrophic environment, with most life depending on the sedimentation 

of organic matter from more productive zones in the upper water column. The only 

exception to this are the few environments where new organic matter is produced by 

chemosynthesis, e.g. hydrothermal vents and cold seeps (Jorgensen and Boetius 2007). 

The majority of deep-sea surface sediments receive very little input of organic matter, 

with, on average, 1 g of carbon per m2 per year being deposited (Jahnke and Jackson 

1992). Additionally, most of the labile organic matter is lost during sinking due to 

microbial degradation processes (Wakeham and Lee 1993). Therefore, the scarce 

availability of organic matter is the main controlling factor in this environment and food 

sources are strongly competed for among all faunal size classes (Lochte et al., 2000). 

Benthic bacteria dominate deep-sea sediments in terms of biomass, accounting for up 

to 90% of the total benthic biomass (Rowe et al., 1991). Cell numbers reported from 

Laptev Sea sediments were in the range of 109 cells cm-3 (Boetius and Damm 1998), but 

lower numbers were reported for sediment from the permanently ice-covered central 

Arctic basins, emphasizing the strong oligotrophy of this area (Kröncke et al., 1994). 

Typical benthic bacteria found in Arctic surface sediments off Svalbard or in the Laptev 

Sea were members of the classes Gammaproteobacteria, Deltaproteobacteria, 

Alphaproteobacteria and Actinobacteria (Bienhold et al., 2012; Jacob et al., 2013). No 

studies have investigated bacterial diversity in the central basins to date. 
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1.3 Arctic Ocean and climate change 

During the last decades the Arctic Ocean has been subject to profound changes due to 

climate change (Wassmann 2011). These changes are reflected not only in increases in 

air and water temperature, both at the surface (Chapman and Walsh 1993) and in deep 

waters (Schauer et al., 2004), but also in a 7% increase of river runoff in the last 60 years 

due to higher precipitation and glacier melting (Peterson et al., 2002). Increased 

freshwater input from ice melt and rivers is predicted to further strengthen the surface 

layer stratification of the Arctic Ocean (Wassmann 2011), hindering nutrient upwelling. 

Besides a general prolongation of ice-free periods (Perovich 2011), there has been an 

overall decrease of sea ice extent and volume (Stroeve et al., 2012), which shows in a 

reduction of thick MYI and a concurrent increase of the FYI fraction in the Arctic Ocean 

(Barber et al., 2012). This reduction of ice volume might have implications for other ice-

related environments. While Maykut reported a melt pond cover of 50-60% of the ice in 

the Arctic in 1985 (Maykut 1985), this environment is expanding with ongoing thinning 

of the ice (Roesel and Kaleschke 2011; Lee et al., 2012). Probably the most visible 

consequence of climate change is the significant decrease of average sea ice extent in 

summer since the late 1970’s (National Snow and Ice Data Center (NSIDC); Figure 2). Sea 

ice is now declining at a rate of about 10% per decade (Stroeve et al., 2007), with the six 

lowest seasonal ice extent minima over the satellite record all occurring within the last 

seven years (2007 to 2012; National Snow and Ice Data Center (NSIDC); Figure 3). 

Since impacts of climate change are predicted to have greatest effects at high northern 

latitudes (ACIA 2004), the Arctic Ocean is a particularly interesting study site. One 

reason for the strong responses of the Arctic to changes is the positive feedback which is 

induced by the melting of ice and snow, leading to decreased surface albedo 

(Wassmann 2011). As a consequence, less sunlight is reflected and more heat is 

absorbed, leading to a rate of temperature increase in the Arctic that is two to three 

times higher than the global average (ACIA 2004).  
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Figure 2. Average monthly August sea ice extent for 1979 to 2013. It shows a 

decline of 10.6% per decade (National Snow and Ice Data Center). 

 

Figure 3. Arctic sea ice extent (area of ocean with at least 15% sea ice) as of 

September 30, 2012, along with daily ice extent data for 2007-2011. 2012 is 

shown in blue, 2011 in orange, 2010 in pink, 2009 in navy, 2008 in purple, 

and 2007 in green. The 1979 to 2000 average is in dark gray. The gray area 

around this average line shows the two standard deviation range of the 

data (National Snow and Ice Data Center). 
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Biological implications of the dramatic changes in the Arctic are not yet well understood. 

Since ice forms the basis of many environments and its dynamics are coupled to water 

column and benthos, the observed strong decrease and thinning will probably have 

severe impacts on Arctic microbial communities (Vincent 1988). The ongoing warming 

will likely lead to the disappearance of MYI, and thus cause a complete loss of this 

unique environment and its associated biota (Vincent 2010). Changes in ice type 

dominance and ice extent might affect quantity and quality of organic matter export to 

the deep sea, thereby also affecting benthic communities (Grebmeier et al., 2006; 

Lalande et al., 2009). With the decline of FYI also the ice edge area shrinks, where high 

biomass of phytoplankton is generated during blooms (Mundy et al., 2009). Additionally, 

living space and growing season for sea-ice biota are reduced by the loss of FYI. The 

replacement of thick MYI by thinner FYI might lead to an overall export reduction, since 

thin FYI is unable to host as high stocks of sea ice biota as MYI. With large areas of thin 

FYI, melt ponds are gaining importance as potential habitat. Indeed, recently, the 

occurrence of open melt ponds, which fully penetrate the ice, was described (Lee et al., 

2011). Due to the higher salinity of these melt ponds compared to closed melt ponds, 

ice sheets that form during re-freezing processes are softer, facilitating the entrapment 

of ice algae (Lee et al., 2011). Large accumulations of sea-ice algae in these ponds 

provide relatively rich food sources to the microorganisms inhabiting the ice and might 

foster microbial growth or the development of specialized communities. The dominance 

of FYI and thinning of MYI will furthermore increase the amount of light penetrating into 

the Arctic Ocean (Nicolaus et al., 2012). Higher amounts of solar radiation might boost 

primary productivity rates in the water column, due to more favorable conditions for 

phytoplankton growth (Arrigo et al., 2008). On the other hand, ice melt and increased 

freshwater input will further reduce surface water salinity and thereby strengthen the 

already strong stratification. This might affect nutrient availability in the euphotic zone, 

where primary production by phytoplankton is located, and thereby decrease overall 

primary productivity (Proshutinsky et al., 2009). Higher water temperatures might foster 

invasion and establishment of microorganism from more temperate regions and so 
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increase species biodiversity in the Arctic (Vincent 2010). At the same time, specialists 

and highly adapted psychrophilic microorganisms could be displaced. Specialists might 

also be disadvantaged due to the loss of MYI, whose matrix structure and brine channel 

systems allow the establishment of micro-environments with strong gradients in their 

physical characteristics. 

Responses of the bacterial communities to changes in the Central Arctic might be of 

pivotal importance for the functioning of the oligotrophic Arctic ecosystem due to their 

important role in nutrient remineralization and energy transfer. Yet, despite the recent 

acceleration of Arctic sea ice decline, the Central Arctic remains understudied. Reasons 

for that are probably its difficult accessibility and the costly operation of ice-breakers 

and sampling technologies that are needed to study this area. 

1.4 Objectives  

To date, very few studies have provided insights into bacterial communities from more 

than one Arctic environment at a time. Furthermore, comparing these studies is often 

difficult due to different sampling seasons, varying ice extent at the time of sampling or 

differing study regions. More studies are available from Arctic shelf regions and the 

western Arctic Ocean, than from the central deep basin. However, to evaluate the 

effects of climate change on Arctic microbial communities and to investigate ecosystem 

resilience, a comprehensive knowledge baseline is needed for future comparisons. 

Therefore, this thesis aims to give a first comprehensive picture of the variability in 

bacterial community patterns and the bacterial diversity found across different 

environments of the Central Arctic Ocean. 

Specific objectives of this thesis were to: 

(1) test for differences in bacterial community structure between sea ice, water column 

and deep-sea environments; 

(2) investigate the bacterial turnover between the environments and delineate the 

degree of community overlap; 

(3) identify and compare the most abundant bacterial groups in the investigated 

environments; 
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(4) get a first insight into the potential role of algal aggregates as transporters for 

bacterial populations from surface environments to the deep sea; and  

(5) evaluate the impact of climate change on bacterial communities by comparing sea-

ice bacterial communities found in 2012, where sea ice had declined to record 

minimum, to previous descriptions of Arctic communities.  

Bacterial community structure and turnover were studied with the molecular 

fingerprinting method Automated Ribosomal Intergenic Spacer Analysis (ARISA). 

Bacterial diversity and taxonomy were assessed using massively parallel tag sequencing 

of the V4-V6 region of the 16S rRNA gene. 

 

As an additional technical question, two analysis pipelines dedicated to the analysis of 

454 pyrosequencing data were compared, i.e. the SILVAngs pipeline and the mothur 

pipeline. Aims of the comparison were to: 

(1) evaluate the effects of different sequence quality control on the analysis output;  

(2) detect possible differences in taxonomic classification caused by different taxonomy 

references or different implementations of quality filters. 
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2. MATERIAL & METHODS 

2.1 Study area 

The RV Polarstern visited the Central Arctic Ocean during the IceArc2012 expedition 

(ARK-XXVII/3; chief scientist: Prof. Dr. Antje Boetius) from 2nd of August to 8th of 

October, 2012 (Figure 4). On the 16th of September, 2012, the Arctic sea ice extent 

declined to 3.41 million square kilometers, which is the record minimum since the start 

of satellite records in 1979 (National Snow and Ice Data Center (NSIDC); Figure 5). The 

September 2012 ice cover was 45% below the 30-year average ice cover for the period 

between 1981 to 2010. The remaining sea ice was dominated by relatively thin first-year 

ice (>95%), with an average modal thickness of less than a meter and a melt-pond cover 

of 30 to 40% (Boetius et al., 2013). During the cruise, algal aggregates in melt ponds and 

large amounts of filamentous sub-ice algal aggregates were observed. Due to their size, 

they deposited rapidly on the deep-sea floor, where they constituted large inputs of 

organic matter to the otherwise oligotrophic sediments. Their presence attracted 

opportunistic holothurians, which fed on them (Boetius et al., 2013). 

Figure 4. Cruise track of 

IceArc2012 (ARK-XXVII/3) 

starting in Tromsø, 

Norway, from the 2nd of 

August to 8th of October, 

2012 (chief scientist: Prof. 

Dr. Antje Boetius). The 

chart shows the extension 

of sea ice (in white and 

grey) in September 2012. 

Modified from 

www.meereisportal.de 

(Alfred Wegener Institute, 

Helmholtz Centre for 

Polar and Marine 

Research (AWI) & 

University of Bremen, 

Germany). 
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The expedition started in Tromsø, Norway, entered the Central Arctic Ocean in the 

Eurasian Basin and followed the sea-ice margin to the Laptev Sea. Polarstern then re-

entered the Eurasian Basin and broke deeper into the ice cover, also visiting areas of 

multi-year ice.  

Figure 5. Arctic sea ice extent for September 16, 

2012 was 3.41 million square kilometers. The 

orange line shows the 1979 to 2000 median extent 

for that day. The black cross indicates the 

geographic North Pole (National Snow and Ice Data 

Center). 

2.2 Sampling procedure 

Samples analyzed in this study were collected 

from nine stations in the Central Arctic Ocean 

(Ice1-Ice9) and six stations in the Laptev Sea, 

between 82° to 89°N and 30° to 130°E (Figure 4). 

For stations from the Central Arctic Ocean, sea 

ice, melt-pond water, water under the ice, 

surface seawater and deep-sea sediment were 

sampled (Figure 6 & Table A1). If present, also 

melt-pond aggregates, deep-sea aggregates and holothurian gut content were sampled 

(Figure 7). For stations from the Laptev Sea, surface seawater and sediment samples 

were included. Sea ice samples were retrieved using an ice corer (Kovacs Entreprise, 

Roseburg, USA). Ice cores were cut into two equal sections (top and bottom) and melted 

in the dark at 4°C for 24 h on a shaker. Melt-pond water was sampled using a hand 

pump (Model 6132-0010; Nalgene, Rochester, NY, USA). Melt-pond aggregates were 

sampled together with ambient water using a hand-pump or a plastic spoon, thereby 

creating dense algal slurries. Water under the ice was sampled using a peristaltic pump 

(Masterflex® E/S™ portable sampler, 115 VAC, Oldham, United Kingdom). Surface 

seawater was sampled at 2-5 m depth using the CTD-Rosette sampler on board (Seabird 

SBE 911 plus, Washington, USA). Between 0.5 and 2 L of water or melted ice were 
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filtered through a Sterivex filter (0.2 µm pore size) with a multichannel peristaltic pump 

(Model PD 51; Heidolph, Schwabach, Germany). Holothurians were collected by the 

deployment of an Agassiz trawl, their guts were dissected and gut contents collected in 

plastic syringes. Sediment samples were retrieved with a TV-guided multicorer. For each 

sampling site three parallel sediment cores were taken. For later analysis, subsamples of 

the uppermost centimeter of the three cores at each site were pooled. Deep-sea algal 

aggregates were collected with a sterile plastic pipet from the top of sediment cores. All 

samples were stored at -20°C until further processing. 

This thesis includes a fingerprinting analysis of samples across all stations and all 

sampled environments by Automated Ribosomal Intergenic Spacer Analysis, as well as 

subsequent 454 pyrosequencing of a representative subset of samples from all 

environments. The subset was selected based on the results of the fingerprinting 

analysis (Table A2). 

 

Figure 6. A: Melt ponds (photo: S. Hendricks, AWI); B: Melt ponds with aggregates (photo: M. 

Hoppmann, AWI); C: Sea ice with algae bands (photo: M. Fernández Méndez, AWI); D: water 

under the ice (AWI); E: deep-sea floor (photo: OFOS, AWI). 

2.3 DNA extraction 

Total community DNA was extracted from 0.5 to 2 L of sea ice, melt-pond water, melt-

pond aggregates slurries, water under the ice and surface seawater samples filtered 
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through Sterivex filters using the DNeasy Plant Mini Kit (QIAGEN, Valencia, CA) and the 

QIAcube centrifuge following the manufacturer’s instructions. Total community DNA 

from approximately 1 g of sediment, 1 g of deep-sea aggregates and 0.4-0.7 g of 

holothurian gut content was extracted with the UltraClean™ Soil DNA Isolation Kit (Mo 

Bio Laboratories, Inc., California, USA) following the manufacturer’s instructions for 

maximum yields, with slight modifications. For these samples, instead of using the Kit’s 

enclosed Solution S5, DNA extracts were eluted in a final volume of 100 µl TE-buffer (10 

mM Tris-Cl, pH 8.0; 1 mM EDTA). DNA concentration and purity were determined by 

spectrophotometry using an Infinite® M200 NanoQuant (Tecan Group Ltd., Switzerland). 

DNA extraction was successful for all samples and yields ranged between 1.9-99.2 ng/μl 

DNA per sample (Table A1). Extracts were stored in Eppendorf tubes (Eppendorf, 

Hamburg, Germany) at -20°C until further processing.  

2.4 Characterization of bacterial community structure 

2.4.1 Automated ribosomal intergenic spacer analysis (ARISA) 

Bacterial community structure of each sample was investigated by Automated 

Ribosomal Intergenic Spacer Analysis (ARISA). This fingerprinting approach allows a 

rapid estimation of bacterial community structure of a heterogeneous sample set 

(Fisher and Triplett 1999) and is a highly sensitive and reproducible method (Danovaro 

et al., 2006). It uses the length polymorphism of the intergenic internal transcribed 

spacer region (ITS), which is located in the rRNA operon between the 16S and 23S rRNA 

genes, to discriminate between different members of the bacterial community. By 

fluorescently labeling one of the oligonucleotide primers of the amplification reaction 

during the procedure, a subsequent size determination of the fragments by 

fluorescence detection is possible. The size determination is done by capillary 

electrophoresis and results are displayed as electropherograms. Each electropherogram 

represents a unique fingerprint of the bacterial community’s ITS profile in the sample. 

Therefore, each ITS profile shows a different composition of peaks, with each peak 

corresponding to one bacterial ARISA operational taxonomic unit (OTUARISA). 
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2.4.1.1 ARISA polymerase chain reaction (PCR) 

For amplification of the ITS region polymerase chain reactions (PCR) were performed. 

Each PCR contained 2.5 µl of 10x reaction buffer S (PEQLAB Biotechnologie GmbH, 

Erlangen, Germany), 1 µl of 25 mM MgCl2 (PEQLAB Biotechnologie GmbH, Erlangen, 

Germany), 0.625 µl of a 10 mM dNTP mix (PEQLAB Biotechnologie GmbH, Erlangen, 

Germany), 0.75 µl of 3 mg ml-1 bovine serum albumin (Sigma-Aldrich Chemie Gmbh; 

Munich, Germany), 0.25 µl of 40 µM universal forward primer ITSF (5’-

GTCGTAACAAGGTAGCCGTA-3’) (Biomers.net, Ulm, Germany), labeled with 6-

carboxyfluorescein (FAM), 0.25 µl of 40 µM ITSReub reverse primer (5’-

GCCAAGGCATCCACC-3’) (Biomers.net, Ulm, Germany), 0.25 µl of 5 units µl-1 Taq 

polymerase (PEQLAB Biotechnologie GmbH, Erlangen, Germany) and approximately 10 

ng environmental DNA. PCR water was added to each reaction mix to a final volume of 

25 µl. Additionally, control reactions with either no template DNA (negative), or with 

DNA from sediment sampled on Sylt, Germany, (positive) were performed. All reactions 

were conducted in triplicates.  

PCR was carried out in an Eppendorf MasterCycler (Eppendorf AG, Hamburg, Germany). 

After an initial denaturation for 3 min at 94°C, 30 cycles of first 94°C for 45 sec, 55°C for 

45 sec and 72°C for 90 sec followed. Final extension time was 5 min at 72°C.  

2.4.1.2 Gel electrophoresis 

PCR performance was examined using gel electrophoresis. By applying an electric field, 

the negatively charged DNA fragments move through the gel, with short fragments 

moving faster and further than long fragments. Therefore, ARISA PCR products show a 

characteristic smear on the gel, since samples are composed of different length 

fragments. 2 µl of PCR product were mixed with 5 µl of 2x Blue Juice loading dye 

(Invitrogen, Life Technologies GmbH, Darmstadt, Germany) and loaded into an 1.5% 

agarose gel (3 g of LE agarose (Biozym Scientific GmbH, Hessisch Oldendorf, Germany) in 

200 ml of 1x TAE (Tris-acetate-EDTA)-buffer. DNA fragment length was compared to a 

DNA ladder (100 bp) (Invitrogen), which acts as a size standard. Gel electrophoresis run 

for approximately 40 min at 120 V in a migration chamber (Bio-Rad Sub-cell Model 192, 
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Bio-Rad, Hercules, California, USA). PCR products were visualized under UV-light with 

the Intas Science Gel Imager (Intas, Science Imaging Instruments GmbH, Göttingen) after 

30 min of exposure to 0.5 μg ml-1 ethidium bromide (Figure A1). 

2.4.1.3 Purification 

Purification of PCR products was performed using Sephadex™ G-50 Superfine (GE 

Healthcare, Bio-Sciences AB, Uppsala, Sweden) to remove low molecular substances and 

other contaminants. Hydrated Sephadex forms a gel matrix, which lets long amplified 

DNA fragments pass through, but traps low molecular substances and short 

oligonucleotides. Sephadex® G-50 Superfine powder was loaded into wells of a 96-well 

MultiScreen™ plate (Millipore GmbH, Schwalbach, Germany) using a 45 μl column 

loader and soaked in 300 μl of chromatography water (LiChrosolv®, Merck KgaA, 

Darmstadt) at room temperature for 3 hours. Subsequently, the plate was centrifuged 

at 910 g for 5 min (Eppendorf Centrifuge 5810R, Eppendorf, Hamburg, Germany) and 

two more steps of pre-rinsing the columns with 150 μl aliquots of chromatography 

water, each followed by centrifugation at 910 g for 5 min, were added to remove trace 

contaminants from the resin. PCR products were applied to the center of each well, 

centrifuged (as above) and collected in a sterile 96-well V-bottom plate (Nunc™, 

Roskilde, Denmark). DNA concentration and purity were determined 

spectrophotometrically using an Infinite® M200 NanoQuant (Tecan Group Ltd., 

Switzerland). 

2.4.1.4 Capillary electrophoresis 

Fragment analysis of the PCR products was done via capillary electrophoresis. This 

technique is based on the motion of DNA fragments under the influence of an electric 

field, with different sized fragments passing through the capillaries at different pace. 

Fragments are detected via fluorescence detection and light is emitted when the 

fluorescently labeled DNA is excited by a laser. These light signals are captured and 

graphically portrayed in form of electropherograms. Each peak in the electropherogram 

corresponds to one fragment, while position and height of the peak represent length 

and the fragment’s relative abundance in the sample, respectively. Peak positions are 
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compared to a size standard that contains fragments of distinct length. A standardized 

amount of 100 ng amplified DNA was mixed with 0.5 μl of the internal size standard 

MapMarker® 1000, labeled with ROX (BioVentures, Inc. Murfreesboro, TN, USA), and 14 

μl of deionized HiDi™ formamide (Applied Biosystems, California, USA). Samples were 

denatured at 95°C for 3 min (Eppendorf Mastercycler gradient, Eppendorf, Hamburg, 

Germany) and immediately put on ice for 5 min. Capillary electrophoresis was carried 

out on an ABI Prism 3130 XL - Genetic Analyzer (Applied Biosystems, California, USA).  

2.4.1.5 Statistical analysis 

Electropherograms were manually checked for even fragmentation of the internal size 

standard and analyzed using the GeneMapper Software v3.7 (Applied Biosystems, 

California, USA). Subsequent binning of peaks was performed in R (R-Project; R 

Foundation for Statistical Computing Version 2.14.0; R Development Core Team, 2011, 

http://www.R-project.org), using a custom R script (Interactive Binner function, 

http://www.ecology-research.com) (Ramette 2009). Binning the data with a window 

size of 2 base pairs (bp) compensated for slight technical shifts between profiles and 

fragment size calling imprecision. Only fragments with a length between 100 bp and 

1000 bp and peaks with ≥50 relative fluorescence units and ≥0.09% relative 

fluorescence intensity (individual peak areas divided by the total peak area of the 

respective sample) were considered. This is necessary to account for possible 

contamination, which might be introduced by the formation of primer dimers or 

technical impurities. Replicate PCR profiles were merged, using a custom R script (A. 

Ramette) and OTUARISA were considered present if appearing in at least two of the three 

PCR replicates. 

Differences in bacterial community structure were visually displayed by non-metric 

multidimensional scaling (NMDS) based on Bray-Curtis similarity measure using PAST - 

Paleontological Statistics, v. 2.14 (Hammer et al., 2001). With NMDS, data is mapped 

non-linearly onto a two-dimensional ordination space. Structural similarity of samples 

on community level is represented by their distance to each other in the plot, with 

nearby points being more similar in terms of community structure than distant points. 
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Stress values reflect the degree of correspondence between distances of points in the 

NMDS plot and in the original distance matrix. Plots with a stress values ≤0.2 indicate a 

reliable representation of data. Analysis of similarity (ANOSIM) was performed in PAST 

v. 2.14 (Hammer et al., 2001) to determine significant differences between a priori 

defined groups based on Bray-Curtis distance measure. ANOSIM gives information 

about the degree of overlap between these groups, in this case in terms of community 

structure, by comparing the ranks of distances between and within those groups. If R 

<0.25, there is only a small change in community structure, if R >0.5, community 

structure differs, but still shows some overlap and if R >0.75, a clear separation of 

community structure between different groups is indicated (Clarke and Gorley 2001). 

ANOSIM is most robust when sizes of tested groups are even. 

Determination of OTUARISA numbers was done using Microsoft Excel (Microsoft® Office 

Excel 2003, Microsoft Corporation). OTUARISA partitioning and pairwise comparisons of 

all investigated environments were used to determine numbers of shared and unique 

OTUARISA. OTUs were considered to be shared if they occurred in more than one of the 

compared groups, OTUs were considered to be unique if they occurred exclusively in 

only one of the groups. 

2.5 Characterization of bacterial diversity 

2.5.1  454 massively parallel tag sequencing (454 MPTS) 

Since ARISA is not sufficient to delineate taxonomic levels at which structural 

community changes occur, 454 massively parallel tag sequencing (454 MPTS) of the V4-

V6 region of the 16S rRNA gene was performed for a more detailed description of the 

bacterial communities in the different environments. With this technique taxonomic 

classification of bacteria in the samples is possible and therefore more precise insights in 

community changes between environments can be gained. For sequencing, a subset of 

14 samples was selected from the original sample set. This subset included samples 

from a first-year ice station (Ice 1) and a multi-year ice station (Ice 7). For both stations, 

ice top, ice bottom, melt-pond water and water under the ice samples were selected. 

Furthermore, a free-floating aggregate from water below the ice at Ice 1, a melt-pond 
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aggregate and two deep-sea aggregates from Ice 7 were analyzed. Additionally, two 

more melt-pond aggregates from Ice 3 and Ice 4 were included (Figure 7 & Table A2). 

The V4-V6 region was amplified using the eubacterial primers 530F (5′-

GTGCCAGCMGCNGCGG-3’) and 1100R (5′-GGGTTNCGNTCGTTG-3’) (Dowd et al., 2008). 

PCR was performed with the HotStarTaq 

Plus Master Mix Kit (QIAGEN, Valencia, 

CA) and cycling conditions were set to 

94°C for 3 min, followed by 28 cycles of 

94°C for 30 sec; 53°C for 40 sec and 72°C 

for 1 min. Final elongation was done at 

72°C for 5 min. PCR products were 

pooled and purified using Agencourt 

Ampure beads (Agencourt Bioscience 

Corporation, MA, USA). Amplified 

fragments were sequenced on a Roche 

454 FLX titanium system at the Molecular 

Research LP (MR DNA) in Shallowater, 

TX, USA. 

Figure 7. A1: algal aggregate floating below 

the ice (FFAgg) at Ice1 (diameter ~7 cm); B1: 

filamentous aggregates of Melosira arctica 

under the ice at Ice7 (diameter: ~15 cm); C1: 

melt pond aggregates at Ice3 (diameter: ~10 

cm); D1: melt pond aggregates at Ice4 

(diameter: ~2 cm); E1: deep-sea aggregates 

(DSAgg) at Ice7. Holothurians feeding on 

deposits. A2-E2: microscopic images of 

aggregate composition of A1-E1. A2: fresh 

pennate diatoms; B2: Melosira arctica 

chains; C2 and D2: empty frustules of 

pennate diatoms. E2: fresh Melosira arctica 

chains. A1-D1, E2: photos by M. Fernández 

Méndez; E1: photo by OFOS, AWI. 
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2.5.2 Pipeline comparison 

With the establishment of the ribosomal RNA (rRNA) gene as the “gold standard” for 

taxonomic classification and the rapid development of next generation sequencing 

technologies, the generation of large datasets, containing thousands of sequences per 

sample, was initiated (Peplies et al., 2008). Originally, the 454 pyrosequencing technique 

was developed for whole genome sequencing, where large numbers of reads are 

assembled to cover one long and complete sequence (Nyrén 2007). It is based on a 

sequencing-by-synthesis approach with the generation of fluorescent signals for each 

nucleotide that is incorporated during the process (Elahi and Ronaghi 2004). This entails 

the generation of errors, since long stretches of DNA containing the same nucleotide, 

so-called homopolymers, are difficult to be correctly represented by fluorescent signals 

(Quince et al., 2009). Other sources of errors are related to the involved PCR, which 

might introduce errors by chimera formation or PCR polymerase insensitivity (Schloss et 

al., 2011). High error rates of individual reads have little impact on the overall error rate 

of an assembled genome, since each sequence region is covered multiple times and a 

consensus is formed (Margulies et al., 2005). However, in 16S rRNA analysis in 

environmental studies, reads are not assembled and high error rates might introduce 

artificial diversity in the investigated community (Kunin et al., 2010). As a consequence, 

the general need for software tools to analyze these large datasets and to account for 

possible errors in the sequences has been growing. By now, numerous tools and 

pipelines are available, most of them containing similar basic steps in their workflows, 

including alignment to a reference, quality control, clustering at defined cutoffs and 

classification of sequences (e.g. Schloss et al., 2009; Caporaso et al., 2010; Kumar et al., 

2011; Quast et al., 2013). However, despite similar frameworks, different pipelines 

might differ in the detailed implementation of the individual steps. Small differences in 

the processing might lead to large discrepancies in the classification results. Here, two 

454 pyrosequencing dedicated sequence analysis pipelines were compared, i.e. mothur 

(Schloss et al., 2009) and SILVAngs (Quast et al., 2013). Comparison was conducted on 

three samples from station Ice7, including sequences from ice top, melt pond aggregate 

and water under the ice. 



  Material & Methods 

35 

2.5.2.1 mothur 

mothur is a software package for the analysis of sequencing data (Schloss et al., 2009). It 

integrates functions of several previous tools and thereby allows comprehensive 

analysis by the use of a single software. In the available online documentation a 

standard operating procedure (SOP) is proposed for the processing of 16S rRNA gene 

sequences that are generated by 454 pyrosequencing (http://www.mothur.org 

/wiki/454_SOP). The SOP (version February, 2014) uses sff files as input and includes the 

splitting of the files to separate flowgrams, the validation of a minimum length 

(command: trim.flows), an implemented de-noising algorithm (Quince et al., 2009) for 

reduction of sequencing errors (command: shhh.flows), the removal of barcode and 

primer sequences, and quality filtering, e.g. based on number of ambiguities, 

homopolymers or quality scores (command: trim.seqs). Prior to a subsequent alignment, 

the dataset is simplified by reducing it to only the unique sequences in the dataset. By 

doing so, the memory requirement is lowered and processing speed improved 

(command: unique.seqs). Sequences are aligned against a SILVA reference file for 

bacteria (Pruesse et al., 2007)(can be downloaded from http://www.mothur.org) 

(command: align.seqs) and those that do not align in the correct gene region are 

removed (screen.seqs). Gaps in the alignment are filtered out (command: filter.seqs) 

and, again, redundant sequences are removed (command: unique.seqs). To further 

reduce the number of faulty sequences, sequences are clustered by merging sequences 

that are within some user-defined threshold of a more abundant sequence (command: 

pre.cluster). Also, chimeric sequences are identified (command: chimera.uchime) and 

removed (command: remove.seqs). Sequences can then be classified using one of the 

available reference databases (classify.seqs). After classification, mothur offers 

numerous options to further analyze and compare diversity and richness of the samples, 

either OTU454-based or phylogeny-based. 

2.5.2.2 SILVAngs 

SILVAngs is a web-based automatic software pipeline developed by the SILVA rRNA gene 

database project for the analysis of ribosomal RNA gene sequences from next-
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generation sequencing (NGS) (Quast et al., 2013). As input, the pipeline accepts multi-

fasta files, with barcode and primer sequences already removed. Therefore, the 

barcode-tagged sequences need to be separated by sample before uploading. By 

default, the pipeline includes the following six processing steps. First, reads are aligned 

against the SILVA SSU rRNA SEED using the SILVA Incremental Aligner (SINA; (Pruesse et 

al., 2012)) and quality controlled. Reads with an alignment length ≤30bp, ≤50% 

alignment identity and an alignment score ≤30, as well as reads with ≥2% ambiguities, or 

2% homopolymers, respectively, are identified and excluded from analysis. To reduce 

the computational work needed for classification of the sequences, the pipeline includes 

a de-replication module using CD‐HIT (Li and Godzik 2006) that clusters sequences with 

100% sequence identity and selects the longest read of each cluster as representative 

sequence for further processing. Additional data reduction is achieved by clustering the 

remaining sequences into OTU454 on a 97-99% identity-cutoff, defined by the user. 

Representative sequences are then classified by a local nucleotide BLAST search 

(Camacho et al., 2009) against the latest SILVA reference dataset release, at present 

SILVA SSU 115. SILVA reference datasets are quality controlled and the corresponding 

taxonomy is phylogeny-based and manually curated. Classification of the representative 

sequences is then assigned to all reads of the respective clusters. Sequences with an 

average BLAST alignment coverage and alignment identity ((sequence identity + 

alignment coverage)/2) ≤93% are not classified and assigned to the group “No 

Relatives”. The web-interface offers the user different standardized result files, including 

rarefaction curves and bar charts. The provided output files for download contain 

additional information and statistics about the sequences, e.g. detailed information 

about the taxonomic classification of the sequences and OTU454 numbers. The user can 

also adjust and modify the output data using a Linux console, which allows plotting 

results at a specific resolution, excluding a specific taxonomic path from graphs, etc. 

Furthermore, the pipeline generates an ARB file containing all OTU454 reference 

sequences, which can be used in a sequence editor, e.g. the ARB software package 

(Ludwig et al., 2004). 
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2.5.2.3 Combination of mothur and SILVAngs 

Since mothur is not an automatic pipeline, but is rather composed of many individual 

commands, it is possible to interrupt the workflow at any given step. Therefore, 

sequences can be pre-processed in mothur, making use of the implemented flowgram 

de-noising algorithm and the chimera detection, and later be submitted to SILVAngs. 

Once they are submitted to SILVAngs and the project is executed, the user has only has 

access to the output files. 

2.5.3 Sequence analysis 

Based on the results from the pipeline comparison (see Results ‘Pipeline comparison’), 

sequences were analyzed by a combination of mothur (Schloss et al., 2011) and the 

SILVAngs pipeline (Quast et al., 2013). V4-V6 sequence reads were first processed using 

mothur according to the SOP with custom settings. To reduce the influence of 

sequencing error for further analysis, only flowgrams with ≤1 differences to the primer 

sequence and no differences to the barcode sequence were kept (command: 

trim.flows). Next, reads were de-noised by using the mothur implementation of the 

PyroNoise (Quince et al., 2009) component of the AmpliconNoise suite (command: 

shhh.flows) and barcode, primer sequences and homopolymers with ≥8 bases were 

removed (command: trim.seqs). The dataset was then simplified by mapping all 

redundant sequences to one unique representative (command: unique.seqs) and the 

unique sequences were aligned to a SILVA reference database (downloaded from 

www.mothur.org/wiki/454_SOP in December, 2013) (align.seqs). After alignment, 

sequences were screened for their minimum length. All sequences shorter than 260 bp 

were removed (command: screen.seqs). Also, gaps in the alignment were removed 

(command: filter.seqs), before simplifying the dataset again (command: unique.seqs). 

Sequences were pre-clustered by allowing ≤1 mismatch to a more abundant sequence 

(command: pre.cluster), the uchime function was used to identify chimeras (command: 

chimera.uchime) and detected sequences were removed from the dataset 

(remove.seqs). As last steps in mothur, the redundant sequences were added to the 

unique sequences again to complete the dataset (command: deunique.seqs), sequences 
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were un-aligned (command: degap.seqs), since SILVAngs only accepts un-aligned fasta 

files, and sequences were separated into individual sample files (command: 

split.groups). Before submitting the produced multi-fasta files to the SILVAngs pipeline, 

multi-fasta files from top ice and bottom ice samples from the same station were 

merged to form representative ice samples, since ARISA fingerprinting did not show any 

significant differences in bacterial community structure between the two ice sections. 

With the SILVAngs pipeline, sequences were clustered at a 97% identity level into 

operational taxonomic units and classified. Taxonomic assignment was possible up to 

genus level. Modification of pipeline output was performed in the command line using a 

Linux console and results were displayed and plotted in Microsoft Excel (Microsoft® 

Office Excel 2003, Microsoft Corporation). 

2.5.4 Comparison of the observed bacterial community in 2012 to previous 

descriptions 

To investigate whether the strong reduction in ice extent in the Central Arctic in 2012 

had an impact on bacterial communities, a comparison of sequences obtained in this 

study to sequences obtained in previous Arctic studies was undertaken (Table A4). 

Sequences from six Arctic marine studies (e.g. Zeng et al., 2007), two studies of Arctic 

melt ponds or melt water (e.g. Larose et al., 2010) and four studies of Arctic sea ice (e.g. 

Brinkmeyer et al., 2003) were recovered from the SILVA SSU 115 Ref NR 99 for 

comparison with station Ice1 FYI sea-ice sequences. This reference dataset contains only 

high‐quality, nearly full‐length (>1200bp for Bacteria), aligned and quality controlled 

sequences of the SSU rRNA gene. By the application of a 99% identity criterion, all highly 

identical sequences in the database were removed, except for sequences from 

cultivated species, which have been preserved in all cases (Quast et al., 2013). To extract 

solely sequences from this dataset for which the isolation source could be traced back to 

Arctic sea ice or water column environment, a keyword search was performed based on 

isolation source and first author name of the mentioned publications. The resulting 

sequence set of 248 high‐quality, nearly full‐length SSU rRNA gene sequences was used 

in de novo Maximum Likelihood tree reconstruction using the RAxML program (RAxML 
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v7.0.4 (Stamatakis 2006)) with rate distribution model GTRGAMMA. Tree topology was 

further tested by the application of 100 bootstrap replicates. After tree reconstruction, 

V4-V6 sequence reads generated for this study were added by Maximum Parsimony to 

the tree using the ARB program package (Ludwig et al., 2004). The added fasta file 

contained only denoised, quality-controlled, chimera-removed, non-redundant, un-

gapped sequences, generated with the mothur pipeline (Schloss et al., 2009). To resolve 

the issue of varying sequence length between the reference tree and the sequences 

generated for this study, a termini filter was applied that restricted Maximum Parsimony 

tree calculation to the V4-V6 region of the SSU rRNA gene.  
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3. RESULTS 

3.1 Characterization of bacterial community structure 

In total, 75 samples from the Central Arctic Ocean and the Laptev Sea were analyzed by 

ARISA. Samples originated from sea ice, melt ponds, surface seawater and water under 

the ice, deep-sea surface sediment and ice algae aggregates collected from melt ponds, 

surface seawater and the deep sea. 

3.1.1 Variations in bacterial community structure between Arctic environments 

Analysis of the bacterial community structure revealed fundamental differences 

between the investigated environments. NMDS showed an apparent clustering of 

samples from the sea-ice environment (including all ice and melt pond samples), the 

water column (including all surface seawater and water under the ice samples) and the 

Figure 8. Two dimensional NMDS ordination of all ARISA community fingerprints. Samples 

share a more similar community structure when plotting closer to each other (Bray-Curtis 

distance). Environments are depicted by color coding. MPW: melt-pond water; MPWAgg: 

algal aggregate collected from melt-pond water; IT: ice top; IB: ice bottom; BI/NI: brown ice 

and newly formed ice; SW: surface seawater; WUI: water under the ice; DSAgg: algal 

aggregate collected from the deep sea; GC: aggregates collected from sea cucumber gut 

content; Sed: deep-sea sediment; FFAgg: aggregate collected from surface seawater. The 

dashed line indicates groups of sea-ice, water-column and deep-sea related samples. 
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deep sea (including all samples from deep-sea sediments, holothurian guts and 

aggregates), when grouping the data set a posteriori according to the different 

environments, i.e. ice top, ice bottom, sediment, surface seawater, etc. (Figure 8). 

ANOSIM confirmed significant differences of bacterial community structure between 

the sea-ice and the deep-sea environments (R=0.81; Bonferroni-corrected p=0.003), and 

even more pronounced structural differences between the deep-sea environment and 

the water column (R=0.99; Bonferroni-corrected p=0.003). However, the sea ice 

appeared to host communities partially overlapping with those found in the water 

column (R=0.63; Bonferroni-corrected p=0.003) (Table A3). 

When comparing community structures of individual environments within the three 

clusters, no significant differences could be detected between the different types of 

deep-sea environments (sediment from the Central Arctic Ocean, sediment from the 

Laptev Sea, deep-sea aggregates and aggregates from deep-sea holothurian guts), nor 

between different types of water column environments (surface seawater from the 

Central Arctic Ocean, surface seawater from the Laptev Sea and water under the ice). 

Within the sea-ice environment, this was true as well for bacterial communities from 

different types of ice (ice top, ice bottom, brown ice and newly formed ice) and for 

bacterial communities from different melt pond samples (melt pond water and 

aggregates collected from melt ponds), where no significant differences in structure 

were found by ANOSIM. In contrast, bacterial communities from melt ponds seemed to 

be significantly different, but still overlapping with the communities found in sea ice (R= 

0.41; Bonferroni-corrected p=0.003). Following these results, categorization of 

environments was simplified for further analysis. All samples related to melt pond origin 

were summarized as ‘melt pond (MP)’, all different ice types were summarized as ‘sea 

ice (SI)’, and surface seawater from the Central Arctic Ocean and Laptev Sea, as well as 

the respective sediment samples, were summarized as ‘surface seawater (SW)’ or 

‘sediment (Sed)’, respectively. 

When comparing bacterial community structures of the investigated environments 

based on the updated categorization, SI community structure was highly dissimilar from 
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any of the other investigated environments, except for MP with only minor changes 

(Table A3). The strongest structural differences were identified between communities 

from SI and the deep-sea environments. Significant changes in community structure 

were also detected in MP, but different from SI, there was still overlap in community 

structure with all other environments. The MP community showed maximum overlap to 

the WUI community and maximum dissimilarity to deep-sea communities, i.e. sediment 

(R= 0.73; Bonferroni-corrected p=0.002). The water column environments showed as 

well highest significant dissimilarity in community structure to deep-sea environments, 

followed by sea ice. Both, the bacterial community from WUI and SW, showed 

overlapping community structures with the MP community, but the overlap was 

stronger for the WUI community. In the NMDS, the floating aggregate from surface 

seawater (FFAgg) plotted far apart from all other samples (Figure 8) and therefore 

seemed to host a bacterial community very distinct from the rest. Unfortunately, the 

sample size of only one sample for this environment did not allow performing a valid 

ANOSIM to further verify this finding. 

When testing for site-specific bacterial community structures, ANOSIM could not show 

any significant differences between communities at different stations (Table A3). 

3.1.2 Variation in bacterial OTU number 

In total, 442 different OTUARISA were found in the whole data set (75 samples). On 

average, samples contained 103 ± 30 (mean ± S.D.) OTUARISA, with the minimum number 

of 58 OTUARISA found in a sample from water under the ice and the maximum OTU 

number of 198 OTUARISA found in deep-sea surface sediment. The strongest difference 

occurred between melt ponds and deep-sea sediments, with melt pond water (80 ± 16 

OTUARISA) and melt pond aggregates (75 ± 13 OTUARISA) containing 47% lower mean OTU 

numbers than deep-sea sediments (147 ± 35 OTUARISA) (Table 1). 
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Accordingly, bacterial richness, represented by the number of different OTUARISA, was 

highest in deep-sea sediments, with 390 different OTUARISA detected across all 

investigated sediment samples. The sea-ice environment showed a similarly high 

richness with 340 different OTUARISA, while melt ponds and aggregate samples, either 

from the melt ponds or the deep sea, showed intermediate bacterial richness. The 

lowest richness was found in samples from the water column, with in total 195 different 

OTUARISA detected across all samples from water under the ice and 236 OTUARISA in the 

surface seawater (Figure 9).  

Table 1. Overview of detected operational taxonomic units (OTUs) in the investigated 

environments. Grey-shaded rows depict environments that are composed by at least two sub-

environments. IT: ice top; IB: ice bottom; NI: newly formed ice; BI: brown ice; n samples: 

number of samples per environment; nOTUARISA: average number of OTUs detected by ARISA in 

each sample; OTUARISA richness: total number of different OTUARISA found across all samples of 

the respective environment; unique: OTUARISA that appeared exclusively in one environment; 

ENV: environment 
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Figure 9. Mean number of operational taxonomic units (OTUs) present in the investigated 

environments and total number of OTUs for each environment as detected by ARISA. SI: sea 

ice; MPW/AGG: melt-pond water and melt-pond aggregates; WUI: water under the ice; SW: 

surface seawater; DS Agg/GC: deep-sea aggregates and deep-sea holothurian gut contents; 

Sed: deep-sea surface sediments; total: total number of unique OTUARISA detected across all 

investigated environments during this study. 

3.1.3 Shared bacterial types in Arctic environments 

OTUARISA partitioning among the sea-ice, the water-column and the deep-sea 

environments revealed that, from a total number of 442 different OTUARISA detected in 

the dataset, only very few were exclusively present in one type of environment (Figure 

10).  

The highest number of unique OTUARISA, OTUARISA that appeared exclusively in one 

environment, occurred in the deep-sea environment (including surface sediment, 

holothurian gut content and deep-sea algal aggregates), with 39 detected unique 

OTUARISA, accounting for approximately 9% of all OTUARISA found in this environment. 

Most of these unique bacterial types belonged to the surface sediment. The lowest 

number of unique OTUARISA was found in the water-column environment (1 OTUARISA or 

0.4%), which shared 89% of its OTUARISA with both, the sea-ice and the deep-sea 

environments. The majority of OTUARISA were common to all three environments (238 

OTUARISA or 54%), or shared between the sea-ice and the deep-sea environments (126 
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OTUARISA or 29%). When splitting these broad categories into more detailed 

environment-classifications, further insights into the relation of individual environments 

were possible (Table 2). Most OTUARISA were shared by samples from sea ice and melt 

ponds (71%) and sea ice and sediment (70%). Both, sea ice (SI) and melt ponds (MP), 

had more bacterial types in common with any of the deep-sea environments than with 

the water under the ice (WUI) (SI: 47%; MP: 44%), which is directly underlying the sea 

ice. Also noticeable is that the sediments shared more OTUARISA with the distant sea ice 

(70%) and MP (67%) than with the other samples collected in the deep sea (deep-sea 

aggregates (DS Agg): 64%; gut content (GC): 51%). Both, GC and WUI, seemed to host 

more distinct bacterial types than the other environments, sharing generally lower 

percentages of OTUARISA with the other environments. Furthermore, the WUI showed 

the lowest values of shared OTUARISA across all environments in this study. 

Figure 10. Partitioning of operational taxonomic units (OTUs) based on environments as detected 

by ARISA. The sea-ice environment includes all sea ice and melt pond samples, the water-column 

environment includes all samples from surface seawater and water under the ice, the deep-sea 

environment includes all samples from deep-sea sediments, holothurian guts and algal 

aggregates. 
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When comparing shared OTUARISA between samples instead of between environments, 6 

OTUARISA were remarkably abundant and were detected in more than 70% of all samples. 

One of these 6 OTUARISA even occurred in 93% of all samples. 

 

3.2 Characterization of bacterial diversity 

3.2.1 Pipeline comparison 

A subset of three samples was selected to perform a comparison of available sequence 

analysis pipelines. Based on the results of this comparison, a sequence analysis strategy 

for further analyses of the complete dataset was chosen.  

Taxonomic classification of sequences was very similar using both pipelines. Major taxa 

showed similar relative sequence abundances, both at coarse taxonomic resolution, i.e. 

phylum level, and at fine taxonomic resolution, i.e. genus level, (Figure 11). Therefore, 

similar patterns of community composition were observed across the three samples, 

independent of the applied pipeline. 

Table 2. Percentage of ARISA operational taxonomic units (OTUARISA) shared between the 

investigated environments. SI: sea ice; MP: melt pond water and melt pond aggregates; WUI: 

water under the ice; SW: surface seawater; DS Agg: deep-sea aggregates; GC: deep-sea 

holothurian gut contents; Sed: deep-sea surface sediments. Percentages are based on a 

Jaccard-distance-matrix. 
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Figure 11. Bacterial community composition of three different samples from station Ice7, i.e. 

IT: ice top; MP1_Agg: melt-pond aggregate; WUI: water under the ice. Sequences were 

analyzed with different pipelines, i.e. SILVAngs, mothur and a combination of mothur and 

SILVAngs. A: bacterial community composition at phylum level; B: bacterial community 

composition at genus level; 1: Flavobacteria; 2: Alphaproteobacteria; 3: 

Gammaproteobacteria; 4: Cyanobacteria. For each, only the 5 most sequence abundant 

phyla/genera are displayed, the remaining are summarized as ‘others’. 
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De-noising of sequences with the PyroNoise (Quince et al., 2009) component of the 

AmpliconNoise suite implemented in mothur caused a strong reduction in sequence 

number, discarding approximately 25% of the raw sequence data (Table 3). Sequences 

processed in mothur were generally shorter than the sequences from the SILVAngs 

output, due to stringent trimming and quality filtering, and the removal of outliers of 

extreme short or long sequence lengths. Processing in SILVAngs retained most of the 

original data, filtering out 1.2% of the sequences due to insufficient quality values. The 

most striking differences between the pipelines occurred in the number of detected 

OTU454. While 461 OTU454 were detected by the SILVAngs pipeline, only 90 OTU454 were 

detected in mothur. 

Table 3. Effect of different sequence analysis pipelines on raw pyrosequencing data. nraw: 

number of sequences prior to analysis pipeline; npipeline: number of retained sequences after 

pipeline; reduction: percentage of sequences discarded during quality filtering; nOTU454: 

number of operational taxonomic units (97% identity cutoff) detected by 454 pyrosequencing; 

singletons: OTUs that contain only one sequence in the whole dataset; nOTUARISA: number of 

OTUs detected by ARISA. All values are average values of the three tested samples. 

 
SILVAngs mothur mothur & SILVAngs 

n
raw

 5706 5706 5706 

n
pipeline

 5640 4199 4251 

reduction [%] 1.2 26.4 25.5 

sequence length [bp] 494 244 298 

minimum length [bp] 32 239 260 

maximum length [bp] 565 253 306 

nOTU454 461 90 100 

singletons [%] 3 22 15 

nOTUARISA 121 121 121 
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The risk of introducing artificial diversity in a sample might be higher when sequences 

and sequence flowgrams are not denoised during sequence processing, as it is the case 

in the SILVAngs pipeline. Here, sequencing errors could introduce novel rare sequences, 

which may not classify as distinct genera, but lead to a higher number of detected OTUs. 

Missing dedicated chimera removal steps in SILVAngs might strengthen the overall 

abundance of artificial rare reads in the final output, leading to an over-representation 

of rare or novel taxa. On the other hand, stringent quality filtering and denoising, as it is 

the case in mothur, could lead to a very conservative display of the detected diversity, 

and thereby under-estimate the true diversity in a sample. For the purpose of this study, 

with a diverse sample set from different environments and the aim of identifying the 

most abundant taxa in each sampled environment, the latter case was favored. By 

combining mothur and the SILVAngs pipeline, sufficient quality filtering and noise 

removal, supplied by mothur, were merged with the most recent taxonomy from the 

manually curated SILVA reference database.  

3.2.2 Bacterial diversity revealed by 454 pyrosequencing 

For more detailed insights into the bacterial diversity of the different environments, a 

subset of representative samples was analyzed by 454 pyrosequencing of the V4-V6 

gene region of the 16S rRNA gene. This method enables taxonomic classification of the 

sequences and thereby allows the identification of specific bacterial taxa inhabiting the 

different Arctic environments. Sequencing of 14 samples from Central Arctic sea ice, 

melt ponds, water under the ice and ice algae aggregates returned a total of 74,923 raw 

sequence reads. After the combined pipeline processing in mothur and SILVAngs, 53,448 

sequences were retained with an average length of 272 bp. Sequences assigned to the 

phylum of Cyanobacteria were solely classified as ‘Chloroplast’ and therefore removed 

from the dataset for further analysis since they do not constitute components of the 

bacterial community. 

A total of 11 phyla, 20 classes, 50 orders, 82 families and 159 genera were detected 

across all investigated Arctic environments. The highest number of OTU454 was observed 

in MYI, with 138 OTU454, approximately 70% solely constituted by OTU454 within the 
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classes of Flavobacteria and Gammaproteobacteria. Flavobacteria were pre-dominant 

members of the bacterial communities of all studied environments (Figure 12). Except 

for the water column environment, represented by samples from WUI, Flavobacteria 

represented the largest proportion of bacterial sequences in all environments. WUI was 

dominated by Gammaproteobacteria (43%), of which the majority belonged to 

Balneatrix or members of the SAR92 clade. Contribution of Alphaproteobacteria to 

bacterial community composition was highest in WUI (15%) and deep-sea aggregates 

(16%). However, most alphaproteobacterial sequences in WUI were identified as 

members of the SAR11 clade, while Sulfitobacter dominated the alphaproteobacterial 

Figure 12. Bacterial community composition of studied Central Arctic environments. Displayed 

are relative sequence abundances of the five most abundant classes in the respective 

environments. MPW: melt-pond water; MPWAgg: melt-pond aggregate; Ice: Sea ice; WUI: 

water under the ice; FFAgg: freely-floating aggregate from surface seawater; DSAgg: deep-sea 

aggregate. 1: Bacteroidetes; 2: Proteobacteria; 3: Verrucomicrobia; 4: Actinobacteria. 
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composition in deep-sea aggregates. The presence of Epsilonproteobacteria, 

represented solely by the genus Arcobacter, was restricted to deep-sea aggregates (2%) 

and the freely-floating aggregate from the water column (<1%). Actinobacteria could be 

detected in low abundances in all investigated environments, but were more frequent in 

the sea-ice environment, i.e. in melt pond water (1%) and melt pond aggregates (1%). 

Verrucomicrobia were preferably affiliated with MYI-related samples, constituting up to 

9% of the sequences in deep-sea aggregates from Ice 7 (Figure 12), and were mostly 

absent from samples related to FYI. 

3.2.2.1 Melt pond water (MPW) 

Based on relative sequence abundances, Central Arctic melt ponds investigated in this 

study were strongly dominated by members of the Bacteroidetes phylum (FYI: 97%; MYI: 

81%) and almost completely comprised of Flavobacteria (FYI: 97; MYI: 81%). The MYI 

melt pond showed a higher abundance of sequences from Proteobacteria (13%), 

compared to the FYI melt pond (2%). Also, Verrucomicrobia (5%) could be detected in 

the MYI melt pond, but were absent in the FYI melt pond. Within the Proteobacteria, the 

most abundant class in MPW from both stations was Gammaproteobacteria, followed 

by Alpha- and Betaproteobacteria. Substantial differences between FYI and MYI melt 

ponds occurred at genus level. While the bacterial community in the FYI melt pond was 

dominated by Flavobacterium (87%), the community in the MYI melt pond was 

dominated by Polaribacter (61%), and members of the Flavobacterium genus were 

almost absent (<1%). Other genera with relative sequence abundances >1% were 

Polaribacter (5%), Nonlabens (4%) and Psychroflexus (1%) in the FYI melt pond, and, 

among others, Nonlabens (8%), Ulvibacter (5%), Rubritalea (4%) and Glaciecola (3%) in 

the MYI melt pond (Figure A2 & Table A5). Richness was higher in MYI melt pond water, 

where 125 OTU454 from 52 genera could be detected. In FYI melt pond water, a total of 

39 OTU454 from 16 genera were identified (Figure 13). 

3.2.2.2 Sea ice (Ice) 

Also in sea ice, the most sequence abundant phyla were Bacteroidetes (FYI: 77%; MYI: 

73%) and Proteobacteria (FYI: 22%; MYI: 26%), followed by others that each contributed 
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with <1% of all detected sequences to the bacterial community composition. 

Flavobacteria was the pre-dominant class in FYI (73%) and MYI (72%), followed by 

Gammaproteobacteria (FYI: 19%; MYI: 23%), Sphingobacteria (FYI: 4%; MYI: 1%) and 

Alphaproteobacteria (FYI: 2%; MYI: 2%). Other classes had relative sequence 

abundances of <1%, including Betaproteobacteria, Actinobacteria and Verrucomicrobiae 

at both stations, and Deltaproteobacteria in MYI. The most abundant genera in FYI were 

Polaribacter (24%), Psychroflexus (21%), Flavobacterium (17%) and Nonlabens (6%) from 

the Bacteroidetes phylum, and members of the Alteromonadaceae family (6%) from the 

Proteobacteria phylum. The most abundant genera in MYI were Flavobacterium (33%), 

Polaribacter (26%), Nonlabens (5%) and Owenweeksia (4%) from the Bacteroidetes, and 

Colwellia (6%) and members of the Alteromonadaceae family (4%) from the 

Proteobacteria (Figure A2 & Table A5). Ice samples from MYI showed a higher OTU454 

richness than ice samples from FYI, with 138 OTU454 from 50 genera in MYI and 114 

OTU454 from 45 genera in FYI (Figure 13). 

When comparing bacterial diversity in FYI from 2012 to previous descriptions of Arctic 

bacterial diversity, sequences obtained in this study fell within most of the previously 

reported bacterial groups in the created Arctic reference tree (Figure A3). Sequences 

were often closely related to the Arctic references and exhibited sequence identities of 

>97%, thereby forming OTU454, i.e. within the genera Maribacter, Winogradskyella and 

Psychroserpens (Figure A4).  

3.2.2.3 Water under the ice (WUI) 

Most sequences from WUI samples belonged to the phyla Proteobacteria (FYI: 63%; 

MYI: 55%) and Bacteroidetes (FYI: 36%; MYI: 41%). The only other detected phyla with 

relative abundance of >1% was Verrucomicrobia (4%) in WUI under MYI. On class-level, 

Gammaproteobacteria (FYI: 47%; MYI: 39%), Flavobacteria (FYI: 36%; MYI: 41%) and 

Alphaproteobacteria (FYI: 16%; MYI: 15%) dominated the WUI bacterial community at 

both stations. Verrucomicrobia under MYI were equally comprised of Opitutae and 

Verrucomicrobiae. Among others, also Betaproteobacteria and Deltaproteobacteria 

constituted parts of the detected community in WUI under MYI (<1% relative sequence 
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abundance). At genus level, both stations exhibited similar bacterial community 

composition, with Balneatrix (FYI: 22%; MYI: 19%) and SAR92 (FYI: 7%; MYI: 8%) from 

the Gammaproteobacteria; SAR11 (FYI: 15%; MYI: 13%) from the Alphaproteobacteria; 

and Polaribacter (FYI: 13%; MYI: 18%), members of the NS5 marine group (FYI: 11%; 

MYI: 16%), and Owenweeksia (FYI: 6%; MYI: 4%) from the Flavobacteria being the most 

abundant detected taxa in WUI (Figure A2 & Table A5). In total, 61 OTU454 were 

detected from 35 identified genera in WUI under FYI and 82 OTU454 were detected from 

38 genera in WUI under MYI (Figure 13). 

 

Figure 13. Bacterial community composition of melt-pond water (MPW), sea ice (Ice) and 

water under the ice (WUI) in first-year ice (FYI) at station Ice1 and in multi-year ice (MYI) at 

station Ice7. Displayed are the 5 most sequence abundant classes in each sample, the 

remaining are summarized as ‘others’. nseqs: total number of observed sequences in the 

sample; nOTU454: number of detected OTUs (97% identity cutoff) in the sample. 1: 

Bacteroidetes; 2: Proteobacteria; 3: Verrucomicrobia; 4: Actinobacteria; 5: Firmicutes. 
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3.2.2.4 Algal aggregates 

Bacteroidetes and Proteobacteria were the phyla with highest relative sequence 

abundances in all studied aggregates. Bacteroidetes were most abundant in aggregates 

from closed FYI melt ponds with freshwater or slightly brackish salinity (92% and 85%), 

where Proteobacteria were present at relatively low abundances (8% and 14%) (Figure 

14). These melt pond aggregates were mainly formed by empty frustules of dead 

pennate diatoms (Fig.7 C2 and D2). In comparison, in aggregates collected from more 

saline environments, i.e. the open melt pond, surface seawater and the deep sea, 

contribution by Proteobacteria was higher. The Melosira arctica filaments from the MYI 

open melt pond showed sequence abundances of 60% for Bacteroidetes and 39% for 

Proteobacteria. In Melosira filaments from the deep-sea, also sequences from 

Verrucomicrobia (9%) were abundant. This phylum could not be detected in aggregates 

from FYI closed melt ponds. Here, higher relative abundances of Actinobacteria (1%) 

were observed. Other identified phyla in aggregates showed relative sequence 

abundance of <1% (Figure 13). Flavobacteria accounted for most of the Bacteroidetes 

sequences in the aggregates, with exception of the free-floating aggregate from surface 

water where the Bacteroidia class constituted 10% of the bacterial community (Figure 

14). This class of bacteria could not be detected in any other of the aggregates.  

Aggregates from FYI melt ponds with freshwater or slightly brackish salinity were 

strongly dominated by the genus Flavobacterium, which was almost absent in algal 

aggregates exposed to seawater salinity. Here, the genera Polaribacter, 

Winogradskyella, Maribacter or Ulvibacter were common members of the bacterial 

community (Figure A2 & Table A6). The genus Glaciecola of the Gammaproteobacteria 

and some uncultured members of the Alteromonadaceae were responsible for the 

stronger contribution of Proteobacteria in the Melosira filaments from the MYI open 

melt pond, while Sulfitobacter of the Alphaproteobacteria contributed substantially to 

bacterial composition of deep-sea aggregates (13%). The deep-sea aggregates and the 

free-floating aggregate were the only ones where Epsilonproteobacteria could be 

detected (DSAgg: 2%; FFAgg: <1%), entirely comprised of the genus Arcobacter. 
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Highest OTU454 numbers were found in the floating aggregate (nOTU454: 113), followed 

by deep-sea aggregates (nOTU454: 78 and 54). OTU454 numbers in the melt pond 

aggregates were inconsistent, with relatively low OTU454 numbers in degraded melt 

pond aggregates from closed FYI melt ponds (nOTU454: 42 and 33), and a relatively high 

number in fresh Melosira filaments from the MYI open melt pond (nOTU454: 81). 

 

Figure 14. Bacterial community composition of melt-pond aggregates (MPWAgg), free-floating 

aggregate (FFAgg) and deep-sea aggregates (DSAgg). Displayed are the 5 most sequence 

abundant classes in each sample, the remaining are summarized as ‘others’. nseqs: total 

number of observed sequences in the sample; nOTU454: number of detected OTUs (97% 

identity cutoff) in the sample. 1: Bacteroidetes; 2: Proteobacteria; 3: Verrucomicrobia; 4: 

Actinobacteria. 
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4. DISCUSSION 

4.1 Distinct bacterial communities in different Arctic environments 

Molecular fingerprinting (ARISA) of 75 samples originating from different environments 

and different locations in the Central Arctic Ocean revealed strong environment 

specificity of bacterial communities and a conservation of environment-specific 

community structures across different study sites. Deep-sea surface sediment exhibited 

highest OTUARISA richness, as well as highest number of unique OTUARISA, in line with 

previous ARISA-based studies where similar results of high bacterial richness in deep-sea 

sediments were found (Danovaro et al., 2009; Bienhold et al., 2012; Jacob et al., 2013). 

Bacterial community structure of deep-sea surface sediment was significantly 

dissimilar from communities in sea ice and especially in the water column. However, 

taxonomic information on bacterial groups in Central Arctic deep-sea sediments could 

not be provided within this thesis, due to technical problems in the amplification 

reaction prior to sequencing. To provide a first comparison of sea ice and water column 

bacterial community composition with Arctic deep-sea sediments, data from this thesis 

were compared to samples from the Laptev Sea from 1993 (Bienhold et al., 2012). 

Laptev Sea sediments were dominated by Proteobacteria, Actinobacteria and 

Acidobacteria, and Bacteroidetes were only present at lower sequence abundances 

(Bienhold et al., 2012). These results are strongly dissimilar from the observed 

contributions of major taxa in the other investigated environments in this study, where 

Bacteroidetes were pre-dominant and contributed at least 36% of the sequences, and 

sequence abundances of Actinobacteria and Acidobacteria did not exceed 1%. A 

possible explanation for this might be the sediment architecture, which provides solid 

surfaces and allows the development of micro-environments within interstitial spaces 

(Jorgensen and Boetius 2007). High variability of physicochemical characteristics in 

these micro-environments might foster the establishment of a highly diverse bacterial 

community and allow niche development for specialization. Also, organic matter 

content in surface sediments is relatively high as compared to, e.g., the water column, 

since it accumulates over time (Wassmann et al., 2004). Higher food availability might 
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therefore sustain higher cell numbers and a more diverse community. However, benthic 

bacterial communities in shelf regions such as the Laptev Sea and in the Central deep 

basins are subjected to different seasonal forcing, i.e. duration of sea ice cover or 

riverine input, and might therefore differ in their community composition. Thus, future 

investigations should include efforts to obtain sequence information from the Central 

deep basins to identify dominant groups and assess differences to other Arctic regions. 

Interestingly, deep-sea surface sediments shared relatively low numbers of OTUARISA 

with deep-sea algal aggregates or holothurian gut contents, also collected in the deep 

sea. Reasons for that may be strong selection by algal aggregates for bacteria specialized 

in the degradation of algal matter, or a selection for bacteria with the ability to 

hydrolyze complex polysaccharides (Teeling et al., 2012), since most of the large 

aggregates that deposited at the seafloor still contained fresh material (Boetius et al., 

2013). Sediment bacteria, on the other hand, might be adapted to already degraded 

organic matter, since most material that is exported from surface waters is exposed to 

strong degradation processes during its descent (Lochte et al., 2000). Holothurian gut 

content presented the lowest numbers of shared OTUARISA, probably displaying the 

influence of the intestinal bacterial community, which is distinct from all other bacterial 

communities in this study.  

A surprisingly high number of shared OTUARISA was detected between deep-sea 

sediment and the distant sea ice. A probable explanation might be the structural 

resemblance of these two environments, causing a selection for similar bacterial 

communities. As described for sediment, the sea ice’s matrix-like structure and brine 

channel system lead to strong gradients within the ice and the occurrence of 

heterogeneous brine pockets (Petrich and Eicken 2010). Corresponding to the observed 

relatively high OTUARISA richness, this could allow the establishment of a variety of 

specialized bacteria. However, both environments differ strongly in terms of pressure, 

temperature, light availability and quality of organic matter, and despite the initially 

resembling characteristics of sea ice and sediment, ANOSIM confirmed pronounced 

differences in their community structures. Dominant bacterial groups in sea ice detected 
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by pyrosequencing were in line with previous descriptions of sea ice communities and 

included, among others, the gas-vacuolate Polaribacter spp (some strains) and 

Octadecabacter spp. (Staley and Gosink 1999). A striking difference between the sea ice 

communities in MYI and FYI was the complete absence of Colwellia spp in FYI, which 

accounted for 6% of the sequences in MYI (Table A5). This group of 

Gammaproteobacteria exhibits an especially cold-adapted lifestyle, with the ability of 

many members of this genus to produce extracellular polymeric material for purposes of 

biofilm formation and cryoprotection, as well as cold-active enzymes which show 

distinct heat instability and optimal activity at low temperatures (Methé et al., 2005). As 

for the seafloor, organic matter can progressively accumulate in multi-year ice, due to 

ice algal blooms (Legendre et al., 1992). However, this organic material might differ 

strongly in terms of composition and degradation state from organic matter that 

accumulates on the seafloor. Adaptation of some sea ice bacteria include a 

specialization in the breakdown of high-molecular-weight organic compounds, making 

them especially important in carbon and nutrient cycling in sea ice (Methé et al., 2005). 

Interestingly, pyrosequencing revealed small contributions of Actinobacteria and 

Deltaproteobacteria in sea ice. These bacterial taxa were previously described to be 

affiliated with Arctic shelf sediment (Bienhold et al., 2012) and their presence might 

contribute to the high number of shared OTUARISA between sea ice and sediment. 

However, Actinobacteria were most prominently represented by “Candidatus Aquiluna”, 

a group of Actinobacteria that has never been affiliated to sediment environments, but 

was initially characterized as an indigenous freshwater inhabitant (Hahn 2009). Later it 

was also detected in saline environments, including Arctic surface seawater (Kang et al., 

2012). Deltaproteobacterial sequences from sea ice samples were comprised of 

Peredibacter and members of the SAR324 clade. And, indeed, members of the 

Peredibacter genus were described as soil-dwellers (Davidov and Jurkevitch 2004) and 

bacteria in the SAR324 clade are most abundant in the lower ocean surface layer 

(Wright et al., 1997), both supporting a possible inoculation of the sea ice by sediment. 

It was reported before that dynamic processes in turbid coastal waters lead to the 
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incorporation of re-suspended sediment particles in the ice (Smetacek and Nicol 2005). 

However, analyzed sea ice in this study most likely built up on the sea, far away from 

shelves and coast line. Therefore, sedimentary input from the water column or by 

aerosols must have travelled long distances, making a representation in the ARISA 

results unlikely.  

The observed high number of shared OTUARISA between sea ice and melt ponds was 

expected, since they form from melted sea ice and both are directly connected through 

the brine channel system (Brinkmeyer et al., 2004). Indeed, a strong overlap of present 

bacterial groups in FYI and FYI melt ponds, as well as MYI and MYI melt ponds could be 

observed (Figure A2). However, they shifted strongly in relative contributions, with FYI 

melt ponds being heavily dominated by Flavobacterium spp. and the MYI melt pond 

being dominated by Polaribacter spp. Members of the genera Flavobacterium and 

Polaribacter differ in their salinity preferences, with Polaribacter being more halophilic. 

Sequences of Polaribacter were dominant in the open melt pond from MYI, where 

salinity was in the range of seawater, while Flavobacterium was found to be pre-

dominant in the closed melt pond with freshwater salinity from FYI. Previous knowledge 

on bacterial diversity in melt ponds is very limited, and mostly refers to a study of 

Brinkmeyer and colleagues that investigated Arctic summer melt ponds in 1997 and 

reported a dominance of Betaproteobacteria (Brinkmeyer et al., 2004). 

Betaproteobacteria are typical members of freshwater communities (Bouvier and del 

Giorgio 2002), yet, this class contributed <1% of the sequences observed in melt ponds 

in 2012. Melt ponds in 1997 were described as very oligotrophic with Chla 

concentrations that ranged from 0.01 to 0.52 µg L-1 and no observations of ice algal 

aggregates were reported, while Chla concentrations in melt ponds from 2012 ranged 

from 0.13 to 0.97 µg L-1 and from 1.95 to 52.42 µg L-1 in melt pond aggregates 

(Fernández-Méndez et al., in prep.), indicating very different food availability. Many 

members of the Flavobacteria class are known as consumers of algae-derived 

metabolites and were shown to be associated to phytoplankton blooms (Riemann et al., 
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2000; Pinhassi et al., 2004; Teeling et al., 2012), possibly explaining the strong 

compositional difference between melt pond communities in 1997 and 2012. 

Highest similarity in bacterial community structure was detected between melt pond 

and water under the ice communities. Both environments may be directly linked by 

brine channels that can form within the ice matrix and link melt ponds to the underlying 

sea ice (Brinkmeyer et al., 2004). Also, some melt ponds may fully penetrate the sea ice 

at one point, but re-freeze afterwards (Lee et al., 2011), thereby capturing parts of the 

bacterial community from water under the ice. Furthermore, it can be assumed that the 

majority of bacterial cells within the melt pond community must have originated from 

the water column, since Arctic sea ice in 2012 was dominated by FYI (Nicolaus et al., 

2012; Boetius et al., 2013). Both, melt ponds and water under the ice, can sustain similar 

conditions, e.g. relatively low salinity due to ice melt and a liquid state, allowing a free-

living existence, also distinguishing them from sea ice and sediment. Complying with 

this, the bacterial community structure in water under the ice clearly differed from the 

other communities in sea ice and sediment. Arctic surface seawater exhibits relatively 

stable and uniform conditions and often relatively low availability of organic matter 

(Krembs and Engel 2001). These characteristics might select for bacteria with specific 

adaptations (Bauer et al., 2006), e.g. free-living bacteria in the water column might need 

to cope with long periods of low food availability or need to be able to sense proximal 

food sources, while attached living bacteria need appliances to attach to surfaces. In line 

with this, relative contributions of Bacteroidetes in water under the ice were smaller 

than in the other investigated environments. Although Bacteroidetes have been found in 

a variety of marine environments, a preference for an attached-living existence was 

suggested (DeLong et al., 1993), which would explain stronger contribution by 

preferably free-living groups, i.e. Alphaproteobacteria (DeLong et al., 1993). Indeed, 

members of the oligotrophic SAR11 clade contributed approximately 10% to the 

identified sequences in water under the ice. Yet, members of the SAR11 clade are 

known to contribute on average one third of the bacterial cells present in ocean surface 

waters (Morris et al., 2002) and were previously identified as the most abundant 
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bacteria in Arctic surface water based on sequence abundance (Comeau et al., 2011). 

The lower contribution of SAR11 to bacterial communities in water under the ice in this 

study might stress the strong impact of ice melt on surface water salinity and dynamics 

and thereby distinguish it from other surface oceans. However, 454 pyrosequencing 

cannot serve as a quantitative measure of bacterial taxa, since it is subject to well-

known biases inherent to PCR amplification, and it rather provides information about 

relative differences in sequence abundances between samples. Strongest sequence 

contribution came from the genus Balneatrix, which belongs to the family 

Oceanospirillaceae. This family contains mostly halophilic marine members, yet isolates 

of the genus Balneatrix were shown to grow without sodium chloride (González and 

Whitman 2006). The strong contribution of Balneatrix in water under the ice could 

therefore indicate the strong freshwater input in Arctic surface waters, due to ice melt 

and riverine inflow, leading to a reduced salinity in this region (Aagaard and Carmack 

1989).  

Based on ARISA, the water column environment shared most of its OTUARISA with the 

sea ice and the deep-sea environments, counter-intuitive to the strong separation of 

bacterial community structures that was confirmed by ANOSIM. However, ANOSIM and 

the pairwise comparison transmit different information, with ANOSIM considering 

presence and relative abundance of OTUs, while for the pair-wise comparison solely 

presence and absence of OTUs are considered. Also, ARISA is limited in resolution, both, 

by the maximum number of detectable OTUARISA (450) and by a possible length identity 

of the ITS region between different bacterial species or genera (Fisher and Triplett 

1999). 

Nevertheless, the water column might constitute a transient environment at particular 

times, since it is flanked by sea ice and sediment, explaining the simultaneous presence 

of the same OTUARISA in all three environments. During ice formation, the incorporation 

of bacterial cells is often explained by the scavenging of particles, including their 

attached-living cells, by ice crystals (Garrison et al., 1989; Ackley and Sullivan 1994). 

Thus, bacteria, previously affiliated to the water column, entrain into the sea ice matrix. 
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On the other hand, the sea ice community is released to the water column during ice 

melt (Deming 2010 and references therein). Together with the above mentioned 

exchange of bacterial cells between water column and melt ponds through brine 

channels, the described mechanisms may account for the high number of shared 

OTUARISA between sea ice and water column. Also, attached-living bacteria must switch 

to a free-living lifestyle from time to time in order to colonize new particles (Ghiglione et 

al., 2007; Crespo et al., 2013) and will therefore contribute to the water column 

community, just as bacteria detected in the deep sea must disperse through the water 

column and might be introduced to the surface via upwelling of water masses.  

 

A small number of OTUARISA was remarkably ubiquitous and could be detected in up to 

93% of all samples. This might indicate the versatility of some bacteria that allows them 

to adjust to harsh environmental gradients. Indeed, sequences assigned to the genus 

Polaribacter were ubiquitously present in all investigated environments. Especially 

bacteria in sea ice need to be well-equipped to defend themselves against sub-zero 

temperatures and seasonal extremes in salinity, ranging from high salt concentration in 

brine inclusions to freshwater salinity in melt ponds (Deming 2010). Several studies 

showed the production of so-called compatible solutes by some sea-ice bacteria, which 

they can use as osmo- and cryoprotectants (Methé et al., 2005; Bowman 2008). These 

adaptations possibly facilitate the relocation of bacteria from one environment to 

another, e.g. after ice melt or export to the deep sea of attached-living bacteria in 

aggregates.  

4.2 Bacterial diversity associated with algal aggregates 

Bacteroidetes were identified as the dominant group in terms of sequence abundance 

in all investigated algal aggregates. This was expected, since members of this group 

were shown to be more abundant attached to particles than free-living in the water 

column (DeLong et al., 1993), and are known for their ability to degrade and metabolize 

complex polysaccharides (Cottrell and Kirchman 2000). However, relative contributions 

(relative sequence abundances) of bacterial taxa in different algal aggregates showed 
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distinct patterns. While the bacterial community in aggregates originating from closed 

melt ponds with freshwater or slightly brackish salinity was almost completely 

comprised of Bacteroidetes, contribution by Proteobacteria was higher in aggregates 

collected from more saline environments. Since Proteobacteria seem to be better 

adapted to a free-living lifestyle in the water column (DeLong et al., 1993), the higher 

presence of this group might reflect the exposure of these aggregates to seawater. 

Additionally, aggregates from closed melt ponds were sampled in August, while the 

remaining aggregates were sampled in late September. Since ice algae usually bloom in 

spring (Leu et al., 2011), the temporal difference of one month might have had strong 

impact on the state of organic matter degradation of these aggregates. In contrast to 

the Bacteroidetes, Proteobacteria prefer to use monomers as carbon source instead of 

polymers (Kirchman 2002). This would explain the higher contribution of Bacteroidetes 

during the first decay phase of a bloom, since fresh algal particles and aggregates are 

more abundant during and shortly after blooms, which was also reported for 

phytoplankton blooms (Riemann et al., 2000; Pinhassi et al., 2004; Abell and Bowman 

2005), and higher contribution of Proteobacteria later in the season, when more 

degraded carbon sources are available. 

More pronounced differences were identifiable when studying bacterial community 

composition at genus level (Table A6). Melt ponds with freshwater or slightly brackish 

salinity were strongly dominated by the genus Flavobacterium. Numerous studies 

looked into the diversity of Flavobacterium spp. in polar environments (McCammon et 

al., 1998; McCammon and Bowman 2000; Humphry et al., 2001; Van Trappen et al., 

2003; Van Trappen et al., 2004), resulting in several well-described psychrophilic isolates 

of this genus. Like most members of the Bacteroidetes, also Flavobacterium spp. are 

known for their ability to hydrolyze complex polymers. One example is the psychrophilic 

F. frigidarium, which was first isolated from Antarctica. This species shows xylanolytic 

and laminarinolytic activity, enabling it to utilize polysaccharides found in plant and algal 

cell walls (Humphry et al., 2001) and thereby favoring a lifestyle associated to algae. 

However, Flavobacterium spp. were almost absent in algal aggregates exposed to 
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seawater salinity. These were rather colonized by members of Polaribacter, 

Winogradskyella or Maribacter. The gas vacuolate genus Polaribacter was first isolated 

from Arctic and Antarctic sea ice and water (Gosink et al., 1998). Previous genome 

analysis of Polaribacter spp. revealed a substantial number of genes for attachment to 

surfaces or particles, gliding motility, and polymer degradation, as well as a suite of 

genes to sense and respond to light, which might be advantageous for sensing particles 

in the water column (González et al., 2008). These features suggest adaptations to 

different lifestyles, attached- and free-living. This is plausible, since attached-living 

bacteria need to cope with a free-living existence as soon as substrates on one 

aggregate are exhausted and a new aggregate needs to be found (Crespo et al., 2013). 

Also the other two genera found on aggregates from saline environments, 

Winogradskyella and Maribacter, were previously isolated from different environments 

and contain several members for which attached-living lifestyles were described. 

Representatives of the genus Winogradskyella were previously isolated from Arctic pack 

ice (Brinkmeyer et al., 2003) or found to live associated to members of the Echinoidea 

(Nedashkovskaya et al., 2009), and both genera were found associated to algae 

(Nedashkovskaya et al., 2004; Nedashkovskaya et al., 2005). 

The most abundant sequences of Proteobacteria in the Melosira filaments from the 

open melt pond were classified as Alteromonadaceae, comprised of the genus 

Glaciecola and some uncultured members. Alteromonadaceae are aerobic heterotrophs 

that can utilize a range of different carbohydrates (Ivanova et al., 2004). The Glaciecola 

genus was previously isolated from Antarctic sea-ice diatom assemblages and described 

as psychrophilic and halophilic with a requirement for seawater (Bowman et al., 1998), 

which is consistent with the sample origin in this study. Besides the fact, that 

Proteobacteria constituted only a minority of the sequences in the aggregates from 

closed melt ponds, the most prominent genera were also different from genera 

identified in the open melt pond aggregate. One example is the genus Pseudomonas, 

which was completely absent in the Melosira filaments from the open melt pond, but 

constituted 8% of the sequences in one of the closed melt pond aggregates. This genus 
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of heterotrophic Gammaproteobacteria contains many members that have the ability to 

perform denitrification (Carlson and Ingraham 1983), giving them potentially important 

roles in nitrogen cycling. 

Deep-sea aggregates were quite distinct in their bacterial community when compared to 

aggregates from other environments, especially concerning the composition of 

Proteobacteria. These aggregates were the only samples where Epsilonproteobacteria 

were identified within the five most abundant bacterial classes, and besides the 

aggregate from water under the ice, the only environment where Epsilonproteobacteria 

could be detected at all. All sequences identified as Epsilonproteobacteria were 

classified as members of the Arcobacter genus. Presence of Arcobacter has been 

reported for a wide variety of environments, including deep-sea hydrothermal vents 

(Moussard et al., 2006) and marine sediments (Llobet-Brossa et al., 1998; Thamdrup et 

al., 2000). The ability for dissimilatory manganese reduction and sulphur oxidation were 

suggested (Thamdrup et al., 2000; Moussard et al., 2006), while also denitrification 

activity and attachment to surfaces were reported (Assanta et al., 2002; Heylen et al., 

2006), indicating a potentially important role of Arcobacter in re-mineralization of 

nutrients from aggregates. Also the Lutibacter genus of the Flavobacteria, which is 

mostly affiliated to sediment isolation sources, and the sulfite oxidizing Sulfitobacter of 

the Alphaproteobacteria contributed substantially to bacterial composition of deep-sea 

aggregates, possibly contributing to the high oxygen consumption rates that were 

measured under the deposited aggregates (Boetius et al., 2013). Recently, Sulfitobacter 

was shown to be an early colonizer of algal aggregates after a phytoplankton bloom in 

the Pacific Ocean. Bacterial genera such as Polaribacter, Winogradskyella, Maribacter 

and Ulvibacter were abundant in deep-sea aggregates, in the free-floating aggregate, 

and in the open melt pond and its Melosira filaments, but never in the closed melt 

ponds and its sampled aggregates. As described for the first three, also Ulvibacter is 

known for a lifestyle associated to algae and its occurrence was described as tightly 

coupled to diatom blooms (Teeling et al., 2012). 
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The question remains whether bacteria associated to deep-sea aggregates were already 

present in the aggregates before they reached the seafloor, either because they 

inhabited the aggregates already in the sea ice environment or because they attached 

during the aggregates descent through the water column, or whether the dominant 

colonizers attached after settlement of the aggregate on the sediment. Comparison of 

the community composition in deep-sea aggregates with communities in the other 

environments revealed strong differences to the water column community from water 

under the ice, to the sea ice community and to communities found in melt ponds and 

aggregates from other sampling stations. However, a higher similarity of bacterial 

groups was found between deep-sea aggregates, melt ponds, and aggregates from the 

same station. This indicates a transport of bacteria from the sea ice environment to the 

deep sea by the rapid export of algal aggregates (Boetius et al., 2013). Microscopic 

analysis of the aggregates from Ice7 exhibited similar diatom composition, with Melosira 

arctica being the dominant species hanging below the ice in a re-frozen open melt pond 

and in deep-sea aggregates. Yet, the obtained sequence information does not allow 

distinguishing between metabolically active bacterial groups and inactive ones. Previous 

studies stated that, despite the considerable amount of bacteria that are exported the 

deep sea attached to particles, the local sediment community is more adapted to the 

low-temperature and high-pressure conditions in the deep sea than surface-derived 

bacteria (Lochte and Turley 1988), whose metabolic activities may be reduced (Deming 

and Baross 1993). Therefore, the observed similarity of bacterial groups in deep-sea 

aggregates and melt pond aggregates might only be a reflection of what used to be 

actively growing in Melosira filaments in melt ponds. Nonetheless, Melosira filaments 

might have an exceptional role as transporters of bacterial communities due to their 

large size and concomitant fast sinking rate (Alldredge and Gotschalk 1988; Boetius et 

al., 2013), which distinguishes them from other settling particles. This might enable the 

simultaneous export of a large number of cells and fresh organic matter, which they can 

use as food source. It was suggested before that microbial communities in sediments 

originate from settling particles (Novitsky 1990), and the export of algal aggregates may 
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therefore play an important role in the exchange of pelagic and benthic bacterial 

communities in the Central Arctic Ocean. However, baseline information on bacterial 

communities in the surface sediments of stations investigated during this study is not 

available for comparison yet, and will be essential for further investigating this 

hypothesis.  

The bacterial taxa detected in algal aggregates have different preferences for carbon 

sources and attached-living bacteria have different hydrolytic enzyme activities (Karner 

and Herndl 1992; Martinez et al., 1996; Teeling et al., 2012). As aggregates differed with 

respect to diatom composition and degradation stage, it seems likely that the resulting 

variation in quality of organic matter was involved in structuring bacterial communities 

in the aggregates (Karner and Herndl 1992; Pinhassi et al., 1999). However, aggregates 

from similar environmental conditions, e.g. closed melt ponds with low salinity or the 

deep-sea floor, exhibited more similar bacterial community composition, independent 

from aggregate composition and quality. This indicates the influence of environmental 

parameters, e.g. salinity, chemical composition of environment, light availability, etc., on 

the communities.  

Previous studies concluded that the diversity of attached-living bacteria was lower than 

the diversity observed for free-living bacteria (Acinas et al., 1999; Ghiglione et al., 2007; 

Kellogg and Deming 2009). Recently, the application of a 454 pyrosequencing approach 

revealed that, on the contrary, communities attached to particles were richer than free-

living communities, when including all rare taxa (Crespo et al., 2013). It was 

hypothesized that previous results of lower richness derived from the technical 

limitations of molecular approaches based on clone libraries (Crespo et al., 2013). 

Higher bacterial richness in aggregates cannot be reported from this study. However, 

results presented in this study rather under-estimate bacterial diversity in the sampled 

environments, due to conservative and stringent quality control of the 454 sequence 

dataset. This approach was purposive when considering the limited number of samples 

per studied environment. The focus of analysis was therefore put on the description of 

abundant taxa, rather than on rare ones 
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4.3 Future implications 

The observed effects of climate change in the Central Arctic Ocean are strong and rapid, 

and most visible in the shrinking sea ice cover and ongoing loss of MYI. These changes 

are thought to impact the Arctic ecosystem in various ways, including effects on 

microbial biodiversity. A comparison of the observed bacterial diversity in FYI from 

2012, a year of record minimum sea-ice extent, to previous descriptions of Arctic 

bacterial communities, however, did not reveal strong changes in present groups. In 

other environments, on the other hand, i.e. in melt ponds and water under the ice, 

substantial differences could be detected in comparison to relative abundances of 

specific groups that were previously reported (i.e. Betaproteobacteria or Balneatrix). 

This could be a first indication for already ongoing shifts in community structure, 

possibly also influenced by the observed high abundance of ice algae aggregates in 

2012. Long-term observation and seasonal sampling, however, will be necessary in 

order to be able to exclude the effects of varying sampling conditions or seasonal 

differences between studies. 

It was suggested that the shrinking sea ice cover will eventually decrease the relative 

proportion of primary production contributed by ice algae blooms and strengthen the 

importance of pelagic blooms in the Arctic ecosystem (Johannessen and Miles 2011). 

Yet, the high productivity and export of sub-ice algae assemblages, i.e. Melosira arctica, 

as observed in 2012, is likely facilitated by the increased sea-ice melt and will 

substantially affect organic matter transport to the deep sea in the future (Boetius et al., 

2013). As particularly rich food sources for benthic fauna and bacteria, the deposited 

aggregates may not only change biogeochemical processes in the sediment, but also 

increase its heterogeneity. Consequently, they could facilitate the proliferation of 

unique microbial assemblages as has been proposed for other discrete resource patches 

(Grassle and Morse-Porteous 1987; Baco and Smith 2003). Due to their large size and 

fast sinking rate, increased export will possibly lead to the sedimentation of large 

numbers of intact surface-derived bacterial cells. Depending on the versatility of these 

bacteria, this might induce shifts in the local benthic bacterial communities.  
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Despite reports of Melosira filaments in FYI and MYI (Syvertsen 1991; Boetius et al., 

2013; Poulin et al., 2014), the question remains whether thin FYI can host assemblages 

of these algae as massive as the ones found in MYI, just as it is not clear whether the 

two ice types can sustain the same bacterial communities. Indeed, the preferential 

occurrence of some bacterial groups in MYI-related environments could be observed, 

i.e. Colwellia and members of Verrucomicrobia. Thus, a loss of MYI in the near future will 

probably have multiple consequences. One might be changes in total primary 

production, entailed by the loss of habitat for sea ice algae and stronger penetration of 

sunlight into the water column. A loss of habitat for certain bacteria could possible lead 

to the disappearance of these groups from Arctic sea ice environments, eventually also 

changing the biogeochemical cycling in sea ice due to the high specialization of 

individual groups, i.e. in the breakdown of high-molecular-weight organic compounds. 

 

Despite the distinct differences in bacterial community composition that were observed 

between the individual environments in this study, some bacterial groups appeared to 

be rather ubiquitously present in all of them. Specific adaptations to the strong seasonal 

forcing they have to cope with may also be advantageous in the light of climate change 

and could enable them to quickly react to varying environmental conditions. One 

example are gas-vacuolate bacteria, for which an ability to switch between a gas-vesicle-

producing and gas-vesicle-non-producing existence was suggested (Staley and Gosink 

1999). By doing so, this type of bacteria might actively switch between life in the water 

column and life in sea ice. This could be useful when the Arctic will be dominated by 

porous FYI, enabling them to readily access higher organic matter concentrations in sea 

ice, if present, and thrive in the water column, otherwise. 

4.4 Concluding remarks 

The dataset analyzed in this study is unique, not only due to the variety of environments 

that are covered, i.e. sea ice, the water column, ice algal aggregates and the deep sea, 

but also due to the fact that all samples were obtained during one expedition. As a 

result, this thesis provides a first comprehensive knowledge baseline of the bacterial 
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diversity in the Central Arctic Ocean. Environment-specific community structures were 

revealed by molecular fingerprinting (ARISA), while detailed insights into bacterial 

composition of dominant groups were obtained by the application of 454 

pyrosequencing. Structure and composition of bacterial communities showed strong 

environmental specificity. For individual environments, community description differed 

from previous reports, potentially indicating community shifts. Also, FYI and MYI 

bacterial communities differed in composition, and specific groups that could be 

detected in MYI were absent in FYI, possibly entailing implications for a future MYI-free 

Arctic Ocean. 

Ice algae aggregates exhibited distinct bacterial composition depending on their origin 

and their diatom composition. Bacterial taxa in melt-pond and deep-sea Melosira 

filaments were similar, indicating an export of bacteria by the rapidly deposited 

aggregates. Due to climate change an increase in the export of sub-ice algae is expected 

and, accordingly, the role of algal aggregates as transporters of bacteria from the 

surface to the deep sea may be underestimated. 

Results of this study can be used for comparison and the identification of changes in the 

future. However, long-term observation and seasonal sampling will be necessary to 

precisely delineate indicated shifts in the bacterial communities in all investigated 

environments. 

4.5 Outlook for further studies 

The Arctic is one of the world’s regions most strongly affected by climate change and 

environmental effects are amplified by several positive feedbacks (Wassmann 2011). 

Therefore, changes in the Arctic ecosystem may eventually serve as precursors for other 

world regions where effects are not yet as pronounced. Results of this thesis can be 

used as baseline information for future comparisons. However, a prerequisite to 

adequately tracking changes in this area will be the establishment of time series 

observations. Exemplary for this is the long-term observatory HAUSGARTEN located in 

the Fram Strait, where data, e.g. on physico-chemical parameters, particle flux and 

benthic biodiversity, are acquired and tracked since its establishment in 1999 (Soltwedel 
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et al., 2005; Soltwedel et al., 2009; Jacob et al., 2013; Lalande et al., 2013). Furthermore, 

taxonomic information for benthic bacterial communities in the Central Arctic is missing 

and could not be obtained during this study due to technical difficulties. Yet, this 

baseline information is needed for comparison to other Arctic regions and is essential to 

test hypotheses about the role of algal aggregates in the Central Arctic. Also, taxonomic 

information provided in this thesis is largely qualitative, providing relative differences 

between bacterial groups in the various Arctic environments. To assess the effective 

contribution of individual groups, quantitative analyses should be included, which could 

be obtained by, e.g. fluorescence in situ hybridization or quantitative PCR approaches. 

Future investigations may also involve comparisons of bacterial diversity to data 

obtained for the eukaryotic community. This should be especially interesting for algal 

aggregates, since diatom composition seemed to have an effect on the bacterial 

community composition in the aggregates. Finally, a prioritized objective in future 

studies should be the analysis of the active fraction of the bacterial community. This 

could be achieved by the application of metatranscriptomics, by which not only genomic 

information of a community, but also insights in gene expression can be obtained. The 

combination of both allows the identification of the metabolically active key players in 

individual environments and might thereby enable predictions of climate change 

mediated effects on Arctic bacterial communities in greater detail. 
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APPENDIX 

Table A1. Detailed information of all samples included in the ARISA analysis. Types of samples 

include: a free-floating aggregate from surface seawater (FFAgg); ice bottom (IB); ice top (IT); 

melt pond aggregates (MPAgg); melt pond water (MPW); sediment; surface seawater (SW); 

water under the ice (WUI); holothurian gut content (either Kolga GC or Elpidia GC); deep-sea 

aggregates (DSAgg).  

Station Site type date Latitude Longitude Water 

depth 

[m] 

DNA 

(ng/µl) 

260/280 

PS80/224a Ice 1 FFAgg 09.08.2012 84°3.030N 31°6.830E 0 20 1.93 

PS80/224a Ice 1 IB 09.08.2012 84°3.030N 31°6.830E 0 17.7 1.89 

PS80/224a Ice 1 IT 09.08.2012 84°3.030N 31°6.830E 0 17.4 1.79 

PS80/224a Ice 1 MP1 Agg 09.08.2012 84°3.030N 31°6.830E 0 10.6 1.61 

PS80/224a Ice 1 MP2 Agg 09.08.2012 84°3.030N 31°6.830E 0 16.6 1.84 

PS80/224a Ice 1 MP2W 09.08.2012 84°3.030N 31°6.830E 0 -0.7 0.95 

PS80/224a Ice 1 MP3W 09.08.2012 84°3.030N 31°6.830E 0 3.8 1.62 

PS80/225-1 Ice 1 sediment 09.08.2012 84°2.839N 31°11.558E 4012 4.4 1.69 

PS80/218 Ice 1 SW 07.08.2012 82°59.400N 30°3.230E 2-5 18.2 1.94 

PS80/234 Ice 1 SW 12.08.2012 83°59.400N 39°28.420E 2-5 15.5 1.78 

PS80/224a Ice 1 WUI 09.08.2012 84°3.030N 31°6.830E 0 11.1 1.87 

PS80/237 Ice 2 IB 14.08.2012 83°59.190N 78°6.200E 0 24.5 2.03 

PS80/237 Ice 2 IT 14.08.2012 83°59.190N 78°6.200E 0 10.1 2.05 

PS80/237 Ice 2 MP1W 14.08.2012 83°59.190N 78°6.200E 0 65.4 1.56 

PS80/240-1 Ice 2 sediment 15.08.2012 83°56.840N 76°52.320E 3450 2.1 1.91 

PS80/245 Ice 2 SW 16.08.2012 83°55.140N 75°58.890E 2-5 16.7 1.93 

PS80/255 Ice 3 IB 20.08.2012 82°40.240N 109°35.370E 0 44.1 1.62 

PS80/255 Ice 3 IT 20.08.2012 82°40.240N 109°35.370E 0 5 1.88 

PS80/255 Ice 3 MP 3 Agg 20.08.2012 82°40.240N 109°35.370E 0 23.2 1.82 

PS80/260-1 Ice 3 sediment 21.08.2012 82°52.610N 109°51.750E 3600 4.9 1.7 

PS80/263 Ice 3 SW 22.08.2012 83°4.730N 110°8.990E 2-5 17.8 1.66 

PS80/255 Ice 3 WUI 20.08.2012 82°40.240N 109°35.370E 0 12.9 1.75 

PS80/277 Ice 4 IB 25.08.2012 82°52.950N 130°7.770E 0 13.6 1.74 

PS80/277 Ice 4 IT 25.08.2012 82°52.950N 130°7.770E 0 35.9 1.53 
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PS80/286-1 Ice 4 Kolga GC 26.08.2012  82°47.430N 129°52.660E 4163 17.2 1.54 

PS80/277 Ice 4 MP3 Agg 25.08.2012 82°52.950N 130°7.770E 0 32.1 1.69 

PS80/277-2 Ice 4 sediment 26.08.2012 82°52.780N 130°3.720E 4165 2.3 1.9 

PS80/277 Ice 4 WUI 25.08.2012 82°52.950N 130°7.770E 0 16 1.56 

PS80/332  Ice 5 Elpidia GC 05.09.2012 81°54.560N 130°52.600E 4039 8.5 1.55 

PS80/323 Ice 5 IB 04.09.2012 81°55.530N 131°7.720E 0 4.3 1.40 

PS80/323 Ice 5 IT 04.09.2012 81°55.530N 131°7.720E 0 3.9 1.20 

PS80/332  Ice 5 Kolga GC 05.09.2012 81°54.560N 130°52.600E 4039 11 1.41 

PS80/323 Ice 5 MP1W 04.09.2012 81°55.530N 131°7.720E 0 13.2 1.65 

PS80/330 Ice 5 sediment 05.09.2012 81°52.578N 130°51.528E 4016 3.5 1.67 

PS80/329 Ice 5 SW 05.09.2012 81°52.550N 130°52.650E 2-5 15.3 1.77 

PS80/323 Ice 5 WUI 04.09.2012 81°55.530N 131°7.720E 0 18.9 1.80 

PS80/335 Ice 6 brown Ice 07.09.2012 85°6.110N 122°14.720E 0 22.5 1.66 

PS80/335 Ice 6 IB 07.09.2012 85°6.110N 122°14.720E 0 8.4 1.57 

PS80/335 Ice 6 IT 07.09.2012 85°6.110N 122°14.720E 0 43.9 1.56 

PS80/346  Ice 6 Kolga GC 09.09.2012 85°4.350N 122°42.420E 4355 7.5 1.29 

PS80/335 Ice 6 MP4W 07.09.2012 85°6.110N 122°14.720E 0 7.5 1.80 

PS80/335 Ice 6 MP1W 07.09.2012 85°6.110N 122°14.720E 0 15.2 1.58 

PS80/338-1 Ice 6 sediment 07.09.2012 85°5.636N 122°20.199E 4354 7.7 1.71 

PS80/341 Ice 6 SW 09.09.2012 85°9.540N 123°21.540E 2-5 16 1.67 

PS80/350-1 Ice 7 DSAgg (3 

replicates) 

18.09.2012 87°56.003N 61°10.175E 4380 3.5 1.84 

PS80/350 Ice 7 DSAgg 

(core 5) 

18.09.2012 87°56.003N 61°10.175E 4380 11.7 1.58 

PS80/355 Ice 7 DSAgg 

(green) 

19.09.2012 87°56.003N 61°10.175E 4380 4.9 1.96 

PS80/355 Ice 7 DSAgg 

(white) 

19.09.2012 87°56.003N 61°10.175E 4380 34.8 1.61 

PS80/349 Ice 7 brown ice 18.09.2012 87°56.010N 61°13.040E 0 70.2 1.64 

PS80/349 Ice 7 IB 18.09.2012 87°56.010N 61°13.040E 0 99.2 1.55 

PS80/349 Ice 7 IT 18.09.2012 87°56.010N 61°13.040E 0 14.1 1.65 

PS80/349 Ice 7 MP3W 18.09.2015 87°56.010N 61°13.040E 0 21.4 1.78 

PS80/349 Ice 7 MP1 Agg 18.09.2016 87°56.010N 61°13.040E 0 20 1.7 

PS80/350-1 Ice 7 sediment 18.09.2012 87°56.003N 61°10.175E 4380 5.4 1.64 
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PS80/349 Ice 7 WUI 18.09.2012 87°56.010N 61°13.040E 0 13.7 1.70 

PS80/361 Ice 8 DSAgg 

(green) 

22.09.2012 88°49.605N 58°37.651E 4373 1.9 1.58 

PS80/361 Ice 8 DSAgg 

(white) 

22.09.2012 88°49.605N 58°37.651E 4373 5.2 1.68 

PS80/368 Ice 8 DSAgg 23.09.201 88°47.190N 56°22.320E 4373 5.2 1.79 

PS80/360 Ice 8 brown ice 22.09.2012 88°49.660N 58°51.810E 0 27.7 1.70 

PS80/360 Ice 8 IB 22.09.2012 88°49.660N 58°51.810E 0 49.4 1.69 

PS80/360 Ice 8 IT 22.09.2012 88°49.660N 58°51.810E 0 2.7 1.55 

PS80/360 Ice 8 MP3W 22.09.2012 88°49.660N 58°51.810E 0 4.3 1.73 

PS80/361-1 Ice 8 sediment 22.09.2012 88°49.605N 58°37.651E 4373 5.6 1.7 

PS80/377 Ice 8 SW 25.09.2012 87°12.640N 51°50.580E 2-5 3.9 1.59 

PS80/360 Ice 8 WUI 22.09.2012 88°49.660N 58°51.810E 0 9.9 1.67 

PS80/384 Ice 9 ice 28.09.2012 84°22.490N 17°27.220E 0 9.2 1.79 

PS80/384 Ice 9 new Ice 28.09.2012 84°22.490N 17°27.220E 0 54.6 1.57 

PS80/394-1 Ice 9 sediment 29.09.2012 84°21.007' N 17°44.119' E 4025 1.8 2.25 

PS80/312 Laptev 

Sea 

sediment 01.09.2012 77°23.796N 118°0.000E 520 5.3 1.47 

PS80/308 Laptev 

Sea 

SW 01.09.2012 77°10.290N 114°55.200E 2-5 9.2 1.93 

PS80/311 Laptev 

Sea 

SW 01.09.2012 77°23.810N 118°11.750E 2-5 15.6 1.72 

PS80/314 Laptev 

Sea 

SW 02.09.2012 77°42.950N 118°18.990E 2-5 17.5 1.70 

PS80/316 Laptev 

Sea 

SW 02.09.2012 78°21.000N 118°36.000E 2-5 18.5 1.71 

PS80/317 Laptev 

Sea 

SW 02.09.2012 78°39.980N 118°44.580E 2-5 19 1.82 

PS80/319 Laptev 

Sea 

SW 02.09.2012 79°9.750N 119°47.080E 2-5 9.1 1.43 

PS80/207-2 test 

station 

sediment 05.08.2012 81°27.130N 31°13.250E 400 6.8 1.7 

 

 



 

92 

Table A2. Subset of 14 samples selected for 454 pyrosequencing. FYI: first-year ice; MYI: multi-

year ice; Chla: chlorophyll a. 

 
Ice1  Ice 3 Ice 4 Ice 7 

date 09.08.2012 20.08.2012 25.08.2012 18.09.2012 

latitude 84°3.030N  82° 40.24' N 82°52.950'N  87° 56.01' N 

longitude 31°6.830E 109° 35.37' E 130°7.770'E  61° 13.04' E 

sampled 
environments 

ice top melt pond aggregate melt pond aggregate ice top 

ice bottom 
  

ice bottom 

water under the ice 
  

water under the ice 

melt pond water 
  

melt pond water 
free-floating aggregate 
from surface seawater   

melt pond aggregate 

   
deep-sea aggregate 

   
deep-sea aggregate 

ice type (FYI/MYI) FYI FYI FYI FYI/MYI 

melt pond coverage 40% 40% 30% 20% 

diatom species 
Nitzschia, Navicula, 
Entomoneis, 
Fragilariopsis  

Melosira arctica, 
Navicula, Nitzschia 

Navicula, Nitzschia, 
Entomoneis, Dinocysts 

Melosira arctica, 
Fragilariopsis, 
Cylindrotheca 

state alive dead dead alive 

aggregate size  
(diameter in cm) 7±3 10±5 2±2 15±10 

ice thickness (m) 1.0-1.2 0.7-1.2 0.9 1.2-1.8 

melt pond depth (m) open 0.3 0.3 open 

salinity (aggregate) 29.7 0.2-0.5 (0.5) 1.3 31 

Chla (µg Chla/L) 1015 7.42 1.95 52.42 
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Table A3. ANOSIM Analysis of similarity (ANOSIM) of studied Arctic environments. SI: sea ice; 

MP: melt pond water and melt pond aggregates; WUI: water under the ice; SW: surface 

seawater; DS Agg: deep-sea aggregates; GC: deep-sea holothurian gut contents; Sed: deep-sea 

surface sediments. Given R-values are based on a Bray-Curtis distance-matrix. ***p<0.005; 

**p<0.01; *p<0.05. 

 

 

 

Figure A1. ARISA PCR products visualized with the Intas Science Gel Imager (Intas, Science 

Imaging Instruments GmbH, Göttingen) after 30 min of exposure to 0.5 μg/ml ethidium 

bromide. neg: negative control; pos: positive control. 
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Table A4. Datasets of Arctic 16S rRNA sequences which were used for comparison with 2012 FYI sequences obtained in this 
study. 
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Figure A2. Bacterial community composition of the studied Central Arctic environments. Displayed are relative sequence 

abundances of the five most abundant genera in the respective environments. MPW: melt pond water; MPWAgg: melt pond 

aggregate; Ice: Sea ice; WUI: water under the ice; FFAgg: freely-floating aggregate from surface seawater; DSAgg: deep-sea 

aggregate. 1: Bacteroidetes; 2: Alphaproteobacteria; 3: Betaproteobacteria; 4: Gammaproteobacteria; 5: Verrucomicrobia; 6: 

Actinobacteria. 

 



 

96 

Table A5. Most common bacterial genera in decreasing order of their relative sequence 

abundances in first-year ice (FYI) or multi-year ice (MYI), melt ponds (MPW), or water under 

the ice (WUI) from the Central Arctic Ocean in 2012. 

 
FYI MPW MYI MPW 

rank Genus % Genus % 

1 Flavobacterium 86.7 Polaribacter 60.6 

2 Polaribacter 5.4 Nonlabens 8.4 

3 Nonlabens 3.8 Ulvibacter 4.7 

4 Psychroflexus 1.1 Rubritalea 4.3 

5 Rhodococcus 0.6 Glaciecola 2.7 

 
rest 2.4 rest 19.4 

 
FYI MYI 

rank Genus % Genus % 

1 Polaribacter 24.4 Flavobacterium 33.4 

2 Psychroflexus 20.7 Polaribacter 26.2 

3 Flavobacterium 17.2 Colwellia 5.7 

4 uncultured Alteromonadaceae 6.3 Nonlabens 5.3 

5 Nonlabens 6.2 Owenweeksia 4.2 

 
rest 25.2 rest 25.2 

 
FYI WUI MYI WUI 

rank Genus % Genus % 

1 Balneatrix 21.7 Balneatrix 18.9 

2 Polaribacter 12.9 Polaribacter 17.6 

3 SAR11 clade 11.1 NS5 marine group 16.1 

4 NS5 marine group 10.7 SAR 11 Surface 1 9.8 

5 ZD0405 8.2 SAR92 clade 8.4 

 
rest 35.4 rest 29.2 



  

97 

 

Table A6. Most common bacterial genera in decreasing order of their relative sequence 

abundances in first-year ice (FYI) or multi-year ice (MYI) melt pond aggregates (MPWAgg), the 

free-floating aggregate (FFAgg) and deep-sea aggregates (DSAgg). 

 
FYI MPWAgg Ice3 FYI MPWAgg Ice4 MYI MPAgg 

 
rank Genus % Genus % Genus % 

1 Flavobacterium 90.9 Flavobacterium 83.0 Polaribacter 29.1 

2 uncultured 
Comamonadaceae 4.6 Pseudomonas 8.4 Glaciecola 16.4 

3 Marinobacter 0.9 Albidiferax 3.1 uncultured 
Alteromonadaceae 14.0 

4 Pseudidiomarina 0.9 BAL58 marine group 1.3 Winogradskyella 8.7 

5 Nocardioides 0.5 Candidatus Aquiluna 1.2 Maribacter 7.3 

 
rest 2.1 rest 3.1 rest 24.5 

 
FFAgg MYI DSAgg MYI DSAgg 

rank Genus % Genus % Genus % 

1 Polaribacter 20.3 Ulvibacter 20.2 uncultured 
Flavobacteriaceae 15.1 

2 Winogradskyella 20.0 Winogradskyella 19.4 Lutibacter 13.4 

3 Marinifilum 10.4 Maribacter 12.1 Sulfitobacter 12.7 

4 Ulvibacter 5.2 Polaribacter 12.1 Polaribacter 12.3 

5 Moritella 4.6 Psychroserpens 11.5 Winogradskyella 9.7 

 
rest 39.6 rest 24.7 rest 36.8 
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Figure A3. Maximum Likelihood tree of 

Arctic references based on full-length 

16S rRNA gene sequences. 2012 FYI 

were added by Maximum Parsimony. 

Bright red indicates sequences obtained 

in this study. Light red indicates the 

presence of 2012 FYI sequences in this 

group.  The displayed SILVA taxonomy is 

based on the SILVA SSU 115. The tree 

was calculated with the RAxML program 

(RAxML v7.0.4 (Stamatakis, 2006) and 

the rate distribution model 

GTRGAMMA. Only bootstrap values 

(100 replicates) higher than 50% are 

displayed. Scale bars represent 10% 

estimated base substitution. 
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Figure A4. Zoom into the family Flavobacteriaceae within the Maximum Likelihood tree of Arctic references. 2012 FYI were added by 

Maximum Parsimony. Bright red indicates sequences obtained in this study. Light red indicates the presence of 2012 FYI sequences in this 

group. The displayed SILVA taxonomy is based on the SILVA SSU 115. The tree was calculated with the RAxML program (RAxML v7.0.4 

(Stamatakis, 2006) and the rate distribution model GTRGAMMA. Only bootstrap values (100 replicates) higher than 50% are displayed. Scale 

bars represent 10% estimated base substitution. 


