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Summary 

 Globally, Earth’s warming climate is evidently driving sea ice variability 

in high latitude regions. In the Arctic, older and thicker multi-year sea ice is 

declining and transitioning into younger and more ephemeral first-year sea ice. 

Whereas in Antarctica, sea ice extent is increasing around the continent, masking 

strong regional reductions around the Western Antarctic Peninsula. Models 

predict that sea ice will continue to decline into the 21st Century globally. 

Reduced sea ice cover is expected to impact marine ecosystem functioning 

through increased primary productivity at the sea surface and increased flux of 

organic matter to the seafloor. Seafloor sediments are a critical component of the 

marine ecosystem as sites of organic matter remineralisation and nutrient 

regeneration, processes which are driven by microorganisms. Despite their 

importance, our understanding of sediment biogeochemical processes, their 

connectivity to the water column and to primary productivity at the surface is 

limited, particularly in polar regions. This impedes our ability to predict the 

impacts of climate change on marine ecosystem functioning. This study sampled 

marine sediments from two strategically chosen sites ~60 km apart in McMurdo 

Sound, Antarctica, where organic matter concentrations were high due to first-

year ice conditions and productive open ocean source waters (Cape Evans), and 

low due to multi-year ice and oligotrophic source waters (New Harbour). Using 

high-throughput 16S rRNA gene amplicon sequencing and sediment geochemistry 

data (chlorophyll-α, phaeophytin, TOC, TN, δ13C, δ15N) this study compared the 

structure and composition of the sediment microbial communities at these two 

contrasting sites. The bacterial richness and evenness (alpha diversity) was 

comparatively greater in the low organic matter sediments underneath the multi-
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year ice cover than in the high organic matter sediments underneath first-year ice. 

Significant site-based compositional differences between the two study sites were 

found. Compositional differences in the high organic matter sediments were 

driven by known heterotrophic algal biopolymer degrading taxa Flavobacteriales, 

Cytophagales, and Verrucomicrobiales, and sulfate-reducing bacteria 

Desulfobulbales, potentially reflecting a sediment legacy of high algal-derived 

organic matter flux. Whereas the low organic matter sediment communities were 

driven by chemoautotrophic taxa Nitrosopumilaeles, Nitrospirales, and 

Steroidobacterales which are known to be involved in carbon fixation and 

nitrogen cycling, reflecting the legacy of oligotrophic conditions in these 

sediments. The marine sediments at New Harbour and Cape Evans were not 

influenced by wind-blown terrestrial surface sediments from the neighbouring 

Taylor Valley. Additionally, this study supported the hypothesis that subsurface 

brine channels from the Taylor Valley could be discharging into McMurdo Sound 

at New Harbour by detecting low abundances of taxa associated with high saline 

environments (e.g. Thiohalorhabdales). Overall, the findings from this study 

suggest that climate driven sea ice reductions and increased organic matter flux 

may shift sediment communities from autotrophy towards heterotrophy, thus 

impacting sediment biogeochemistry. This study contributes towards our 

understanding of marine sediment processes and marine ecosystem functioning. 

Additionally, this study provides a baseline of understanding of sediment 

microbial communities in McMurdo Sound which will support future research 

further examining community functional capabilities. Finally, this study 

contributes a first report of the direct impacts of climate driven sea ice change on 

sediment microbial communities in Antarctica.  
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Chapter 1 

Literature Review 

1.1 Climate change 

Since the mid-20th century, Earth’s climate has been warming at an 

accelerated rate, unprecedented over decades to millennia (Pachauri et al., 2014). 

The Fifth Assessment Report by the Intergovernmental Panel on Climate Change 

attributes recent global warming to anthropogenic activities driven by economic 

and population growth which have increased carbon dioxide (CO2), methane 

(CH4), and nitrous oxide (N2O) concentrations in the atmosphere (Pachauri et al., 

2014). The impacts of global warming are amplified at high-latitudes, particularly 

in the Arctic which has been warming at more than twice the global average over 

the past half century (Johannessen et al., 2004). Sea ice conditions are clearly 

changing which is altering global biogeochemical cycling and impacting marine 

ecosystem functioning (Dieckmann & Hellmer, 2003; Stammerjohn et al., 2012). 

There is a crucial need to understand the impacts of climate warming on polar 

marine ecosystems, not only for the ecological significance, but also for our 

economic, cultural, and social well-being.  

1.2 Sea ice 

1.2.1 Sea ice formation 

The growth and decay of sea ice is controlled by thermodynamic 

properties between the ocean and atmosphere (Hibler, 1979). Sea ice begins 

forming during autumn when air temperatures drop below the freezing point of 

seawater and the exchange of heat from the ocean to the atmosphere drives the 

formation of ice crystals at the ocean surface. As sea ice grows, salt is rejected 
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forming brine channels in the ice matrix. Sea ice continues to grow over winter 

typically reaching maximum thickness in spring before the onset of the summer 

melt season. Mean maximum sea ice thickness is 2-3 m in the Arctic (Kwok, 

2018) and ~ 0.7 m in the Antarctic (Kurtz & Markus, 2012). Sea ice that 

completely melts and breaks out during summer leaving regions of open ocean is 

called first-year ice, whereas sea ice that survives past the summer melt season is 

called multi-year ice. Multi-year ice is considerably fresher and stronger than 

first-year ice due to the ongoing rejection of brine, often with steep ridges formed 

in the surface, and generally with a thicker layer of snow cover than first-year ice 

(Wadhams, 2000). Sea ice may grow as land-fast ice (fast ice) attached to coastal 

features such as the shoreline, glacier tongues, and ice shelves, or grounded over 

shoals or may grow as pack ice which is offshore ice that can be moved by wind 

and ocean currents. The area of sea ice that extends from the permanent ice zone 

to the winter maximum is called the seasonal ice zone.  

1.2.2 Northern hemisphere sea ice 

In the Northern hemisphere, sea ice persists in the Arctic Ocean which is a 

semi-enclosed area surrounded by continental landmasses. These landmasses 

restrict sea ice movement, allowing ice to survive throughout the summer melt 

season and grow to several meters thick (Laxon et al., 2003). Sea ice typically 

reaches a maximum extent of 15×106 km2 in March and minimum of 6×106 km2 

in September (NSIDC, 2020a) (Figure 1). Passive microwave satellite records 

show annual sea ice extent has been steadily declining since 1979 (Meier et al., 

2014), recently reaching a near 42-year record minimum extent in September 

2020 (NSIDC, 2020b). The once dominant multi-year ice cover is rapidly 

declining and transitioning into more ephemeral first-year ice (Meier et al., 2014). 
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It has also been observed that sea ice retreat is occurring earlier in the season and 

freeze-up is occurring later, leading to a longer summer ice-free period 

(Stammerjohn et al., 2012; Stroeve et al., 2016). The loss of sea ice cover in the 

Arctic has been attributed to the effect of surface albedo feedback where shrinking 

snow and ice cover has increased absorption of solar radiation, thus driving 

further ice melt (Hall, 2004; Thackeray & Hall, 2019). Sea ice trends are expected 

to continue with climate models predicting that an ice-free summer in the Arctic 

could ensue by the end of the 21st century (Notz & Stroeve, 2018; Overland & 

Wang, 2013). It is also expected that precipitation in the future will be dominated 

by rain rather than snow (Bintanja & Andry, 2017), further impacting growth and 

decay rates of sea ice (Webster et al., 2014). 

1.2.3 Southern hemisphere sea ice 

In the Southern hemisphere, sea ice grows around the continental 

landmass of Antarctica and extends out into open ocean, with the northern extent 

mostly limited by the Antarctic Circumpolar Current (Martinson, 2012). During 

summer in the Antarctic, the sea ice retreats close to the continental coastline, 

therefore most of Antarctic sea ice exists as relatively thin (<1 m) first-year ice 

(Parkinson & Cavalieri, 2012). The majority of the multi-year ice that does exist 

in Antarctica resides in the Weddell Sea region (east of the Antarctic Peninsula), 

while the remainder persists in sheltered embayments around the continent 

(Parkinson & Cavalieri, 2012). Sea ice extent is more seasonally variable in 

Antarctica compared to the Arctic with extent typically reaching a maximum of 

19×106 km2 in September and minimum of 3×106 km2 in February (NSIDC, 

2020a) (Figure 1). In contrast to the Arctic, sea ice extent in Antarctica has been 

increasing overall during the past 4 decades, however this masks strong regional 
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reductions in the West Antarctic Peninsula (Parkinson, 2019; Stammerjohn et al., 

2012). Since the start of the record in 1978, annual Antarctic sea ice extent was 

highest in 2014 but was followed shortly after by major reductions until the record 

low was reached in 2017 (Parkinson, 2019). It is uncertain whether these 

reductions are part of normal inter-annual variability for Antarctica (Parkinson, 

2019). Sea ice increases in Antarctica have been attributed to changes in 

atmospheric and oceanic circulation linked to stratospheric ozone hole depletion 

(Thompson & Solomon, 2002; Turner et al., 2009), variability of the Amundsen 

Sea Low (low pressure centre off west Antarctica) (Turner et al., 2015), variability 

of the El Niño–Southern Oscillation and Southern Annular Mode (Stammerjohn et 

al., 2008), and the accelerated basal melting of ice shelves (Bintanja et al., 2013). 

Climate models predict that substantial sea ice reductions will occur around 

Antarctica by the end of the 21st century with estimated reductions ranging from 

16-67% in February and 8-30% in September (Collins et al., 2013).  
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Figure 1. Sea ice extent depicted in white from 1981-2010 based on passive 

microwave satellite data. Arctic sea ice maximum extent in March (A) and 

minimum extent in September (B) and Antarctic minimum extent in 

February (C) and maximum in September (D). Image modified from the 

National Snow and Ice Data Centre, University of Colorado, Boulder 

(NSIDC, 2020b). 
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1.3 Polar ocean primary productivity  

Sea ice within polar oceans plays a critical role in supporting ecosystem 

functioning and in regulating the global climate (Dieckmann & Hellmer, 2003). 

At the air-sea interface, anthropogenic CO2 exchange is largely driven by 

biological uptake from autotrophic single-celled algae which convert CO2 and 

inorganic nutrients into oxygen and organic matter (Feely et al., 2001). These 

microalgae are found in association with both the sea ice (sea ice algae) and the 

underlying water column (phytoplankton) where conditions are ideal for growth 

(Arrigo, 2014). The growing season of these primary producers is seasonally 

limited due to sunlight availability as 6 months of the year are spent in darkness, 

resulting in a large pulse of growth during spring and summer which stimulates a 

feeding response throughout the food web (Arrigo, 2014). Primary producers are 

fed on by zooplankton which are primarily fed on by fish in the Arctic and 

seabirds and marine mammals in the Antarctic (Murphy et al., 2016). While the 

contribution of sea ice algae to total annual productivity is often small compared 

to phytoplankton (1-10% (Arrigo, 2016)) its ecological importance is great as it 

serves as a sole food source for grazers throughout winter when phytoplankton 

stocks are low (Kohlbach et al., 2017). It has already been observed that climate-

driven reductions in sea ice cover have altered sea ice algae and phytoplankton 

populations with cascading effects within the marine ecosystem (Post et al., 

2013). For example, in the Arctic, sea ice reductions have altered distributions of 

Arctic cod, a key foraging species which is consumed by higher trophic levels 

such as ringed seals and beluga whales (Huserbråten et al., 2019). In the Southern 

hemisphere, the northern West Antarctic Peninsula has seen dramatic declines in 

sea ice extent which has resulted in a latitudinal shift of ice-dependant Antarctic 
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krill and Adélie penguins poleward with a replacement by salps from the north 

which are fed on by Gentoo and Chinstrap penguins (Atkinson et al., 2004; 

Constable et al., 2014; Ducklow et al., 2007).  

1.3.1 Seasonal bloom 

Sea ice has a primary role in regulating the timing and magnitude of the 

sea ice algal and phytoplankton blooms (Arrigo, 2014). As sunlight and 

temperatures start to increase in spring, growth of the sea ice algae begins first. 

Sea ice algal communities are typically dominated by diatoms which are adapted 

to grow under low light conditions (Arrigo, 2014) as light can be reduced by more 

than 99% underneath 2.5 m of first-year ice cover (Schwarz et al., 2003). By late 

spring or early summer, sea ice algae typically reach peak bloom just prior to the 

melt and break out of sea ice. At this time, sea ice algae absorb most of the 

available sunlight, preventing light from reaching the upper water column (Arrigo 

et al., 1991). As the sea ice melts out during summer, the habitat is lost, and the 

algae are rapidly released as an intense seasonal pulse into the water column 

where they can be exported to the seafloor (Nadaï et al., 2020). After the sea ice 

algal biomass subsides, phytoplankton adapted to higher light levels typically 

bloom as more sunlight becomes available (Arrigo et al., 2012). Phytoplankton 

productivity is greatest at the edge of the sea ice where a layer of nutrient-rich 

melt water forms from the melting sea ice, providing a stable and well-lit 

environment (Smith & Nelson, 1986). The phytoplankton bloom is generally 

longer lived than the sea ice algal bloom (Wassmann & Reigstad, 2011). 

Under future projections of thinning and reduced sea ice cover, it is 

expected that in regions where first-year ice replaces multi-year ice that there will 

be a general increase in primary productivity in response to increased light 
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availability (Tedesco et al., 2019) (Figure 2). It is also likely that the earlier 

timing of the ice and snow melt season is expected to result in an earlier start to 

the under-ice algal bloom (Nadaï et al., 2020) and extension of the phytoplankton 

bloom (Post, 2017), however the impacts of associated nutrient limitation may 

restrict extended growth (Vancoppenolle et al., 2013) (Figure 2). Increased open 

water conditions are likely to favour water column species over sea ice dependant 

species (Tedesco et al., 2019). 

 

Figure 2. Timing and magnitude of sea ice algae and phytoplankton blooms 

in a seasonal ice zone region. Present day scenario (top) and predicted future 

scenario with climate warming (below). Illustration modified from 

(Wassmann & Reigstad, 2011). 

 

1.3.2 Carbon export 

Following the summer algal and phytoplankton blooms, consumer 

abundances increase in response to increased food supply (Leu et al., 2011) and 

the upper water column shifts from being autotrophic (organisms which 
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synthesise their own food from inorganic nutrients) towards being more 

heterotrophic (organisms which consume organic material for nutrition) 

(Wassmann & Reigstad, 2011). Heterotrophic communities of zooplankton and 

bacteria with high demands for organic carbon rapidly consume and remineralise 

the majority of the particulate and dissolved organic matter within the upper water 

column (Harvey, 2006). Dissolved organic matter is primarily degraded by 

bacteria which use it for growth and respiration, the process of which regenerates 

nutrients such as nitrogen and phosphorus into the upper water column supporting 

primary production (Middelburg, 2019b). The bacterial biomass is also consumed 

by microzooplankton, thus supporting the heterotrophic food web by converting 

dissolved organic carbon to zooplankton (Middelburg, 2019b). Another important 

pathway for bacterial biomass involves viral lysis which causes the release of 

dissolved organic carbon into the water column (Suttle, 2005).  

A small proportion of biological material that escapes consumption in the 

water column sinks to the seafloor, mostly in the form of particulate organic 

matter (Lønborg et al., 2020). For example, in the West Antarctic Peninsula it is 

estimated that ~10% of net primary production is exported to seafloor (benthic) 

sediments (Henley et al., 2017). Vertical export is largely determined by the 

dominance of the algal and phytoplankton communities and the grazing pressure 

of primary consumers (Wassmann et al., 2004). For example, sea ice algae are 

more rapidly exported to the seafloor than phytoplankton as they are able to 

accumulate into fast sinking aggregates or marine snow (Fernández-Méndez et al., 

2014). It is generally assumed that rapid carbon export enhances the quality of 

carbon reaching the seafloor as it spends less time being degraded in the water 

column (Middleburg, 2019a). As consumer abundances increase later in the 
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bloom season, high grazing impact and increased faecal pellet production can 

reduce the quality and quantity of carbon exported (Reigstad et al., 2008). 

Under future climate warming scenarios, it is expected that reduced sea ice 

cover and increased surface productivity will increase the flux of organic matter to 

the seafloor (Boetius et al., 2013; Nadaï et al., 2020) and that an earlier timing of 

sea ice break out will drive earlier export of organic matter to the seafloor 

(Wassmann & Reigstad, 2011). Also, the intensity of the fluxes are expected to 

decrease and become steadier in the future (Wassmann & Reigstad, 2011). These 

alterations are likely to impact benthic sediment biogeochemical processes, 

however there is a current paucity of information on the connectivity of processes 

between benthic and water column (pelagic) systems and how such changes will 

impact marine ecosystem functioning. 

1.4 Marine benthic sediments 

Marine benthic sediments cover ~70% of the Earth’s surface and are an 

accumulation of unconsolidated material originating from the erosion of 

continents, volcanic activity, biological productivity, hydrothermal vents, and 

cosmic debris (Seibold & Berger, 2017). Sediments are crucially important to 

marine ecosystem functioning as a habitat for diverse organisms of all domains of 

life which play a central role in organic matter degradation and remineralisation 

and biogeochemical cycling, thus impacting the global climate (Snelgrove et al., 

2018). Sediment biogeochemical processes are largely driven by the deposition of 

organic matter and addition of oxygen from the water column (Snelgrove et al., 

2018). Sediments are composites of particles and water and due to their porosity 

water is allowed to flow through them and nutrients can be exchanged with the 

water column, creating a close benthic-pelagic coupling (Huettel et al., 2014). 
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However, despite their importance our understanding of the processes which 

occur in marine sediments is limited and under-represented in marine research 

compared to what we know of the processes of the water column and beneath the 

sea ice, impeding our ability to predict the impacts of climate-driven sea ice 

change on the marine ecosystem. 

1.4.1 Organic matter remineralisation 

Organic matter decomposition is a central process within marine 

sediments (Aller, 1994). Organic matter is transformed primarily by diverse 

microorganisms (bacteria and archaea) within the sediments into essential 

inorganic nutrients that accumulate within the sediment porewater space which 

can then be diffused or advected back into the water column (Soetaert et al., 

2000). Nutrient flux from the sediments to the water column is critically important 

for marine ecosystem functioning as it fuels primary productivity (Griffiths et al., 

2017). The rate and direction of nutrient diffusion acts in response to nutrient 

concentration gradients between the porewater and water column, thus sediments 

may be a source or sink for nutrients (Huettel et al., 2014). Benthic macrofauna 

play a primary role in regulating porewater exchange rates as they burrow and 

rework the surface sediments during feeding, a process known as bioturbation 

(Huettel et al., 2014).  

It is estimated that ~90% of the organic matter that reaches the seafloor is 

remineralised (Middelburg, 2019b). The quality and quantity of the organic matter 

within the sediments is an important factor controlling the rate at which 

remineralisation can occur (Mayor et al., 2012). For example, diatoms which are 

rich in labile compounds such as sugars, lipids, and amino acids are more rapidly 

mineralised than zooplankton faecal pellets which contain higher quantities of 
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insoluble carbohydrates (Mayor et al., 2012). In general, organic matter lability 

decreases with sediment depth (Middelburg, 2019a).  

1.4.2 Sediment biogeochemistry 

In theory, during the process of remineralisation, organic matter proceeds 

along a degradation pathway based on the availability of terminal electron 

acceptors that are utilised in microbially-driven reduction-oxidation (redox) 

reactions to oxidise organic compounds (Aller, 1994). Redox reactions are 

thermodynamically driven and involve the transfer of electrons between chemical 

species to gain metabolic energy. Within marine sediments, a vertical redox 

profile forms due to preferential depletion of the highest energy-yielding electron 

acceptors associated with organic matter deposition (Figure 3). Oxygen is the 

most favourable electron acceptor and is depleted first due to aerobic respiration. 

In organic matter-rich sediments, such as in productive continental coast regions, 

high oxygen consumption typically results in a shallow oxic sediment layer only a 

few millimetres or centimetres deep (Middelburg, 2019b). Whereas in organic 

matter-poor sediments, such as beneath the deep sea South Pacific Gyre, oxygen 

can penetrate meters into the seafloor (Fischer et al., 2009). Once oxygen is 

depleted, organic compounds are oxidised by anaerobic bacteria using terminal 

electron acceptors such as nitrate, manganese (IV), iron (III), and sulfate, followed 

by CO2, methanogenesis and/or fermentation (Figure 3). Sulfate reduction is the 

dominant anaerobic carbon metabolic process across many sediment 

environments due to the high sulfate abundance in seawater (~28 mM) (Capone & 

Kiene, 1988). Macrofauna bioturbation enhances microbial remineralisation 

processes by introducing higher quality organic matter and oxygen from the 

surface into deeper sediment layers (Lohrer et al., 2004). 
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Reduced compounds (metabolites) such as ammonium, manganese (II), 

iron (II), hydrogen sulphide, and methane contain a considerable amount of 

energy originally part of the organic matter and are efficiently utilised in re-

oxidation reactions (Aller, 1994). Reduced metabolites can diffuse upwards 

through the sediment profile and react with an electron acceptor higher in the 

redox profile, often involving multiple reactions and intermediate compounds 

(Middelburg, 2019a). Chemolithoautotrophic metabolisms can use the energy 

released from re-oxidation reactions to support inorganic carbon fixation 

(Middelburg, 2011). Dark carbon fixation is an important carbon cycling process 

which sustains food webs by producing organic matter independently from 

photosynthesis (Vasquez‐Cardenas et al., 2020). 
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Figure 3. Schematic of simplified reduction-oxidation profile in marine 

sediments. The sediment-water interface is at the top of this schematic and is 

depicted by the oxic zone where oxygen is present. Each subsequent zone 

represents more reduced conditions as more favourable electron acceptors 

are depleted. To the right are the processes associated with available terminal 

electron acceptors during organic matter degradation. Illustration modified 

from (Megonigal et al., 2003).  
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1.4.3 Sediment microbial communities 

Microorganisms are highly abundant within marine sediments, generally 

dominating the total benthic biomass (Kallmeyer et al., 2012) and the functions 

they perform are profoundly important for marine ecosystem functioning and 

global carbon cycling (Snelgrove et al., 2018). However, there is a paucity of 

information of sediment microbial communities, especially in polar regions. 

Microbial communities have been increasingly recognised as useful models to 

understand ecosystem functioning due to their central role in driving essential 

nutrient cycles (Falkowski et al., 2008) and ubiquitous distribution in marine 

sediments (Kallmeyer et al., 2012). Furthermore, their vast metabolic diversity 

and responsiveness to the environment identifies microorganisms as ideal 

sentinels for understanding the effects of climate change (Cavicchioli et al., 2019).  

Studying the taxonomic diversity of microbial communities in relation to 

their environmental conditions is one approach to understanding and predicting 

how communities respond to environmental change. The two components that are 

used to measure community diversity are the taxon richness and the relative 

abundance of different taxa within the community (Konopka, 2009). Marine 

sediment communities can be directly and indirectly influenced by a variety of 

physical and chemical parameters including water depth (Li et al., 2020), oxygen 

availability (Zinger et al., 2011), temperature (Nguyen & Landfald, 2015), and 

biodiversity at the sediment-water interface (Austen et al., 2002). It has been 

shown in previous studies that organic carbon content is also a strong driver of 

microbial community diversity within marine sediments. For example, increased 

chlorophyll pigment concentrations (as a proxy for phytodetrital inputs to 

sediments) was correlated with increased bacterial richness in a transect study of 
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the Siberian continental shelf in the Arctic (Bienhold et al., 2012). Another study 

comparing communities in sediments of high and low chlorophyll concentrations 

in the Crozet Islands, Antarctica, reported bacterial richness to be only marginally 

greater in the low chlorophyll sediments (Jamieson et al., 2013). In contrast to 

these studies, increased bacterial richness and evenness was correlated with 

decreased sediment organic carbon content in a transect study in west Antarctica, 

spanning the Ross Sea to the Antarctic Peninsula (Learman et al., 2016). More 

studies are needed to better understand the impact of sediment organic matter 

content on microbial community taxonomic diversity to predict change in 

ecosystem functions. 

Key microbial taxa have been identified in previous studies of marine 

sediments that are distinctly reflective of the organic matter content and oxygen 

availability within the sediment profile. For example, in sediments with high 

organic matter concentrations a dominance of heterotrophic taxa such as 

Gammaproteobacteria, Bacteroidetes, and Verrucomicrobia have been reported 

within communities, including in Northern Hemisphere sediments of the 

Helgoland Mud Area, North Sea (Oni et al., 2015) and in Southern Hemisphere 

sediments of the Antarctic Peninsula (Learman et al., 2016) and the Antarctic 

Polar Front (Ruff et al., 2014). Another well-known group often found in organic 

matter-rich sediments are Deltaproteobacteria which are associated with sulfate-

reduction in anoxic sediment layers, such as in the Svalbard fjords of the Arctic 

(Jørgensen et al., 2020). In the organic matter-rich Adélie Basin sediments of 

Antarctica, methanogenic archaea such as Methanosaeta were found to be highly 

active members of the community (Carr et al., 2018).  
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In contrast, in sediments where organic matter content is low and oxygen 

penetrates deep through the sediment profile, such as in the South Pacific abyss, a 

dominance of chemolithoautotrophic ammonia-oxidising taxa such as 

Thaumarchaeota have been reported (Durbin & Teske, 2011). Thaumarchaeota 

were also found to be abundant in sediments beneath the Ross Ice Shelf in 

Antarctica where complete year-round darkness prevents in situ photosynthetic 

primary productivity (Carr et al., 2013). In sediments of the ultraoligotrophic 

South Pacific Gyre, Alphaproteobacteria, and nitrogen cyclers Nitrospirae and 

Nitrospirae were found to be dominant community members (Tully & 

Heidelberg, 2016). 

1.5 McMurdo Sound 

1.5.1 Regional setting 

McMurdo Sound is a marine inlet ~60 km wide and 80 km long located in 

the southwestern corner of the Ross Sea, Antarctica. McMurdo Sound is bordered 

by three contrasting environments with the volcanic Ross Island to the east, the 

largest floating ice shelf on the planet (∼4.7 × 105 km2) (Stevens et al., 2020), the 

Ross Ice Shelf, to the south, and the Trans Antarctic Mountains and McMurdo 

Dry Valleys to the west (Figure 4). The bathymetry of McMurdo Sound is steep 

and rough with western shelf depths reaching ~200 m which gradually deepens to 

over 800 m nearer the east before rising to ~150 m at the eastern shelf (Barry, 

1988).  

McMurdo Sound has been a valuable ecological research site for over the 

past 4 decades due to east-west environmental gradients (Dayton & Oliver, 1977), 

isolated conditions, and the close proximity to two major research bases, Scott 
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Base (New Zealand) and McMurdo Station (United States of America), which are 

located on the southern side of Ross Island (Figure 4). 

1.5.2 Ross Sea productivity 

The Ross Sea is the most biologically productive sector of the Southern 

Ocean due to the presence of the coastal Ross Sea Polynya, with an estimated 

annual productivity of ∼180 g C m−2 yr−1 (Arrigo et al., 2008). The Ross Sea 

Polynya is an ~25,000 km2 area of open water that is maintained by large-scale 

atmospheric circulation and strong katabatic winds blowing from southern Marie 

Byrd Land and from glacial regions of the eastern Transantarctic Mountains 

(Bromwich et al., 1992). As the elevation of the sun increases in Antarctica during 

early spring, the open waters of the Ross Sea Polynya allow sunlight to reach 

primary producers earlier in the season than in ice-covered regions, thus greatly 

stimulating productivity (Smith et al., 2014). Macronutrients (nitrate, phosphate, 

and silicate) are rarely depleted in the Ross Sea, despite high rates of productivity, 

whereas iron is a limiting nutrient for growth (Smith et al., 2014). The McMurdo 

Sound marine system receives nutrient inputs from the highly productive Ross 

Sea via southbound ocean currents which enter the eastern side of McMurdo 

Sound as they follow the coastline of Ross Island (Barry, 1988) (Figure 4). 

1.5.3 Oceanographic circulation in McMurdo Sound  

Currents within McMurdo Sound follow a cyclonic pathway and have a 

net southward flow in the east and northward flow in the west (Barry & Dayton, 

1988). Relatively warmer and nutrient-rich currents that enter McMurdo Sound 

from the Ross Sea continue to flow south down the coastline of Ross Island where 

most of the flow submerges into the cavity of the floating Ross Ice Shelf (Barry, 

1988; Robinson et al., 2010) (Figure 4). The remainder of the flow is deflected 
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westwards across the front of the ice shelf (Robinson et al., 2010). Underneath the 

Ross Ice Shelf there is an estimated cavity residence time of ~4-6 years (Holland 

et al., 2003; Smethie & Jacobs, 2005; Stevens et al., 2020) during which time 

advected phytoplankton settle through the water column (Vick‐Majors et al., 

2016). Currents emerge again from underneath the ice shelf in the west side of 

McMurdo Sound, relatively cooler and oligotrophic (Barry & Dayton, 1988), 

where they travel north following the Victoria Land coastline (Figure 4). Barry & 

Dayton (1988) reported that phytoplankton biomass in the water column was as 

low as 10% on the west side of McMurdo Sound compared to the east. Current 

velocities are typically weaker in the western McMurdo Sound than in the east 

(Dayton & Oliver, 1977), further reducing the advection of primary production in 

the west (Barry & Dayton, 1988).   
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Figure 4. Landsat satellite image of McMurdo Sound in the Ross Sea, 

Antarctica. McMurdo Sound is bound by Ross Island to the east, the Ross Ice 

Shelf to the south (hashed line shows shelf edge), and continental mainland to 

the west where Taylor Valley is located. The research bases, Scott Base and 

McMurdo Station (red dot) are located on the south side of Ross Island. 

Dominant oceanographic current circulation patterns and directions (blue 

arrows) are overlaid on the map. 
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1.5.4 McMurdo Sound sea ice conditions 

Fast ice is present in McMurdo Sound throughout the year with seasonal 

variations observed in the east and west sides of the Sound (Kim et al., 2018). In 

the east, first-year ice consistently persists until late spring and early summer 

when relatively warmer ocean swells from the Ross Sea break up the ice and ice 

floes are transported northwards out into the Ross Sea by wind (Kim et al., 2018). 

Under normal conditions, areas of the northern Sound are usually clear of first-

year ice around October or November, by mid-December sea ice has broken out 

midway in the Sound, and by late February or early March the extent of the break-

out nears the edge of the Ross Ice Shelf (Dayton & Oliver, 1977). Sea ice begins 

re-forming during late March around the southern margin from Ross Island and 

extends northwards (Dayton & Oliver, 1977). In the west along the Victoria Land 

coast, multi-year ice usually persists throughout the summer, remaining for 

multiple consecutive years (Kim et al., 2018). The infrequent and brief break up 

of sea ice in the western Sound would usually occur after February and may only 

last for several days, during which time ice may still remain in the area (Knox, 

1990).  

1.5.5 Surface primary productivity in McMurdo Sound 

A major contribution to primary productivity in McMurdo Sound comes 

from sea ice algae and phytoplankton (Knox, 1990). The early bloom season is 

typically initiated in mid-November and is dominated by diatoms, followed by a 

bloom of water column associated Phaeocystis from mid-December to early 

January, and later another diatom bloom in late January-February (Knox, 1990). 

In the east McMurdo Sound, the presence of first-year ice that breaks out annually 

drives high surface primary productivity whereas in the west surface productivity 
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is severely restricted by thicker multi-year ice cover (Knox, 1990). Diatom flux in 

the east Sound is an order of magnitude higher than in the west (Leventer & 

Dunbar, 1987). 

1.5.6 Terrestrial influence on McMurdo Sound benthic sediments 

1.5.6.1 Taylor Valley surface sediment transport 

McMurdo Sound neighbours the McMurdo Dry Valleys located on the 

mainland which is the largest ice-free region in Antarctica (Levy, 2013). The Dry 

Valleys contain perennially ice-covered lakes, glaciers, transient streams, and 

extensive areas of soil and bedrock. The Taylor Valley is the southernmost of the 

McMurdo Dry Valleys and lies in an west-east direction ~30 km long with the 

valley terminus opening out into Explorers Cove of McMurdo Sound (Figure 4). 

Strong winds blow down the Taylor Valley during winter transporting sediment 

towards Explorers Cove (Nylen et al., 2004). Previous research has shown that the 

contribution of wind-blown surface sediment material from the Taylor Valley to 

benthic sedimentation in McMurdo Sound is minimal (Chewings et al., 2014). 

However, wind-blown sediment from the Taylor Valley does accumulate on the 

sea ice near the shoreline of Explorers Cove where ridges in the multi-year ice can 

reach up to 3 m high (Murray et al., 2013) (Figure 5). It has been reported that 

during summer as cracks form near pressure ridges in near-shore regions of the 

sea ice that small amounts of wind-blown sediment from the ice surface may be 

channelled through and deposited beneath the sea ice on the seafloor (Murray et 

al., 2013). Despite the high microbial diversity found in the Taylor Valley soils 

(Cary et al., 2010), microorganisms have not yet been used to investigate the 

connection between the terrestrial and benthic marine ecosystems in this region.  
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1.5.6.2 Subsurface brine aquifer discharge 

Recent electromagnetic survey of the Taylor Valley has detected two deep 

subsurface brine aquifers lying beneath a layer of permafrost, reaching up to 300 

m depth (Mikucki et al., 2015). These subsurface brine aquifers are hypothesised 

to discharge into McMurdo Sound at Explorers Cove and to be rich in soluble iron 

(Foley et al., 2019; Mikucki et al., 2015) (Figure 5). Brine inputs into the aquifer 

system are thought to originate from iron-rich subglacial water emerging from the 

Taylor Glacier at the head of the Taylor Valley which flow out through Blood 

Falls and into Lake Bonney (Mikucki et al., 2015) (Figure 5). Further down the 

valley, a second brine aquifer is hypothesised to connect Lake Hoare to Lake 

Fryxell before discharging along the coastal margin of McMurdo Sound (Figure 

5). It has been estimated that 20 Gg yr-1 of soluble iron is discharged into 

McMurdo Sound via the subsurface aquifers (Foley et al., 2019). The findings 

from these studies supported earlier reports from the Dry Valley Drilling Project 

of the 1970’s that boreholes drilled 183 m below sea level in the Taylor Valley 

near McMurdo Sound filled with liquid brine (Cartwright & Harris, 1981). 

Investigating the presence of the same bacterial taxa in sediments of New Harbour 

and in lake sediments of the Taylor Valley to validate the potential subsurface 

connectivity has not previously been done but is an approach commonly used to 

detect the origin of pathogens in water monitoring called microbial source 

tracking (Scott et al., 2002).  
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Figure 5. Schematic of the hypothesised terrestrial surface and sub-surface nutrient inputs from the Taylor Valley into the marine 

McMurdo Sound marine system at Explorers Cove. Based on proposed wind-blown sediment (Murray et al., 2013) and hypothesised 

brine aquifer discharge (Mikucki et al., 2015). Illustration modified from (Mikucki et al., 2015). 
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1.5.7 McMurdo Sound benthic ecosystem  

Previous studies of the McMurdo Sound benthic ecosystem have been 

centred on describing the macrofauna communities and what drives their 

abundance and distribution. Considerable differences in macrofauna assemblages 

have been found between the west and east sides of McMurdo Sound and also, but 

to a lesser extent, across the north-south gradient and with depth (Dayton & 

Oliver, 1977; Thrush et al., 2006). Macrofauna densities in the east Sound are 

comparable to the most productive sites found anywhere in the world while those 

in the west are scarce and resemble those of the deep ocean (Dayton & Oliver, 

1977). These east-west differences in benthic communities have been attributed to 

first-year ice persistence and considerably greater advected phytoplankton 

biomass from the Ross Sea Polynya in the east compared to the west where multi-

year ice persists and oligotrophic waters flow from underneath the Ross Ice Shelf 

(Barry, 1988; Dayton & Oliver, 1977). A previous study in McMurdo Sound has 

shown that sediment organic matter content is higher underneath thinner first-year 

sea ice and lower under thicker multi-year sea ice (Lohrer et al., 2013). 

More recently, research has been centred on better understanding the 

impacts of climate-driven sea ice change on the marine ecosystem in McMurdo 

Sound (Cummings et al., 2019; Dayton et al., 2019; Lohrer et al., 2013, 2020; 

Wing et al., 2018). Recent work using benthic incubation chambers to measure 

nutrient efflux across the sediment-water interface at two contrasting sites found 

that elevated quantities of algal detrital matter within sediments beneath thinner 

and less persistent sea ice corresponded to significantly greater benthic oxygen 

consumption and a tighter coupling of nitrogen and denitrification pathways 

(Lohrer et al., 2013). This study also reported that the role of benthic macrofauna 



26 

 

in regenerating nutrients was enhanced at the site with more algal material in the 

sediments. In another recent study, the impact of increasing frequency of multi-

year ice break out between the years of 2009-2017 in the western McMurdo 

Sound showed that in response to greater quantities of sediment algal material that 

benthic macrofauna abundances and benthic oxygen consumption increased 

(Lohrer et al., 2020). Together these studies have shown that increased algal flux 

to sediments enhances heterotrophic metabolic processes within the sediment 

environment. However, despite the central role that microorganisms play in 

organic matter remineralisation and biogeochemical cycling, and their use as 

sensitive sentinels for environmental change (Cavicchioli et al., 2019), the 

sediment microbial communities in McMurdo Sound have not been previously 

studied.  

1.6 Methods to study microbial communities 

1.6.1 Molecular approach 

Cultivation-based techniques have only been able to achieve the isolation 

and characterisation of an estimated 1% of bacteria on Earth due to the difficulty 

of culturing bacteria in the laboratory (Schloss & Handelsman, 2004). The 

development of culture-independent molecular approaches based on sequencing 

nucleic acids (DNA) has significantly advanced the field of microbial ecology, 

unveiling deeper insight into the taxonomic and phylogenetic structure of 

microbial communities and their functions (Lasken & McLean, 2014). Two DNA 

sequencing based approaches that are commonly used to taxonomically profile a 

microbial community are gene amplicon sequencing and whole metagenome 

shotgun sequencing.  
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The gene amplicon sequencing approach targets a highly conserved 

genetic marker common in all bacteria, the 16S ribosomal RNA (rRNA) gene. 

This ~1,500 base pair gene encodes the small subunit rRNA molecules of 

ribosomes and contains 10 highly conserved regions which are interleaved with 9 

taxonomically informative variable and hypervariable regions (Figure 6). In this 

approach, following genomic DNA extraction from a sample, polymerase chain 

reaction (PCR) techniques are used to amplify a DNA region of interest by using a 

pair of primers which are designed to bind to the conserved regions and synthesise 

a complementary strand of DNA from the variable region (e.g. Parada et al., 

2016). Millions of copies of the targeted DNA are produced during the PCR 

process which can then be effectively sequenced using high-throughput DNA 

sequencing technology. The raw sequencing data is processed in silico using 

bioinformatics to determine which taxa are present and their relative abundance. 

Targeted gene amplicon sequencing of environmental samples has been used 

extensively over the past 30 years to taxonomically profile and describe the 

diversity of bacterial and archaeal communities, revealing an unexpected huge 

diversity of microorganisms on Earth (Lozupone & Knight, 2007; Pace, 1997; 

Rappé & Giovannoni, 2003).  

In the second approach, whole metagenome shotgun sequencing is used to 

investigate total DNA and generates information on taxonomy and functional 

genes. Following genomic DNA extraction from a sample, it achieves this by 

overlapping fragments of native DNA in parallel during high-throughput 

sequencing then assembles the fragments in silico into larger contiguous 

sequences (contigs) which then get reassembled into larger fragments (scaffolds) 

(Sharpton, 2014). Whole genomes of a community and can be used to 
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taxonomically identify and functionally profile a microbial community. Whole 

metagenome shotgun sequencing provides a deeper resolution for functional 

identification of microbial community processes (Brumfield et al., 2020), but to 

taxonomically profile the community members gene amplicon sequencing of 

taxonomically conserved sequences are used.  

 

Figure 6. Diagram of the ~1500 base pair 16S rRNA gene and conserved, 

variable, and hypervariable regions. Blue = conserved region, grey = variable 

region, red= hypervariable region. Variable regions (V) V1-V9 are 

taxonomically informative regions interleaving conserved regions. 

 

1.6.2 High-throughput DNA sequencing technology 

Advances in high-throughput sequencing technologies have increased the 

speed and reduced the cost of DNA sequencing. A number of reliable platforms 

are now available including the Ion Torrent Personal Genome Machine (PGM), 

the Pacific Biosciences (PacBio) RS system, and the Illumina MiSeq. The 

performance of each of these platforms varies with differences in factors such as 

insert size (the length of DNA between the adapters to be sequenced), read length 

(the number of base pairs (bp) sequenced), depth (the number of times a base is 

represented within all sequencing reads), sequence accuracy, and cost (Kuczynski 

et al., 2011). A comparison of these 3 platforms by Kuczynski et al. (2011) shows 

Ion Torrent produces single reads of 200 bp with a low sequencing error rate, 
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PacBio produces 1,110 bp reads but this comes at a higher sequencing error rate, 

and Illumina produces shorter 2 × 150 bp paired end reads but with greater depth 

and at lower cost. In another comparative study, Quail et al. (2012) found Ion 

Torrent was able to call a higher number of variants (single-nucleotide variants 

and insertion/deletion variants) compared to the PacBio and Illumina platforms. 

While Illumina is the current market leader in high throughput-sequencing, an 

advantage to using the Ion Torrent platform is that the reads are longer than those 

from Illumina and processing single reads is less computationally intensive than 

processing paired-end reads.   

1.6.3 Taxonomic units 

Analysis of PCR-amplified marker-gene sequencing reads has customarily 

been accomplished by clustering reads with a sequence similarity of typically > 

97% and constructing molecular operational taxonomic units (OTUs) which can 

then act as a representative of a bacterial ‘species’ in downstream taxonomic 

characterisation applications (Konstantinidis & Tiedje, 2005). However, OTU-

based approaches are limited by potential bias from the reference database as well 

as by the clustering approach which can combine different ‘species’ with a 

sequence similarity of > 97% into the same OTU (Callahan et al., 2017). 

Clustering to a higher threshold, for example 100% similarity, also has significant 

risk as sequencing errors can be falsely identified as a new OTU and create 

artificial inflation of diversity (Kunin et al., 2010). 

A finer taxonomic resolution and higher confidence can be achieved by 

using amplicon sequence variants (ASVs) which are identified independently 

from a reference database and can distinguish sequence variants by as little as one 

nucleotide (Callahan et al., 2017). After determining the exact number of 
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sequences generated an error model is used to compare similar reads which 

determines the probability of sequencing error. Sequences are then filtered by a 

confidence threshold value. The benefits of using ASVs rather than OTUs to 

analyse high-throughput marker-gene sequencing data are that ASVs can be 

validly compared across independent studies, independently processed datasets 

can be merged, and the accuracy of diversity measurements are improved 

(Callahan et al., 2017). A recent study by Prodan et al. (2020) compared 3 ASV 

bioinformatic pipelines for the analysis of amplicon sequence data, including 

USEARCH-UNOISE3 (Edgar, 2016), DADA2 (Callahan et al., 2016), and 

Qiime2-Deblur (Amir et al., 2017; Bolyen et al., 2019). They reported that 

comparatively DADA2 showed the greatest sensitivity in detecting all ASVs from 

the mock community dataset and was able to differentiate sequences at a single-

base resolution. However, DADA2 was found to produce some spurious ASVs 

which were not produced by USEARCH-UNOISE3 and Qiime2-Deblur.  

1.6.4 Community diversity metrics 

 Measuring and comparing microbial community structure is commonly 

achieved by using alpha and beta diversity metrics to analyse gene amplicon 

sequencing data. Alpha diversity aims to measure the taxonomic diversity within a 

single community by estimating bacterial richness (number of taxonomic units) 

and/or evenness (distribution of abundances of the groups) (Willis, 2019). 

Whereas beta diversity metrics aim to measure diversity (dis)similarity (variation) 

across two or more communities. 

Estimating the number of taxa within a microbial community is inherently 

challenging due to the unique characteristics of microbial community datasets: 

high diversity, large numbers of rarely observed species, high counts of species 
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observed only once (singletons), and a small number of very highly abundant taxa 

(Bunge et al., 2014). The nonparametric richness estimator Chao1 (Chao, 1984) is 

a commonly used metric to measure microbial community alpha diversity (e.g. 

Learman et al., 2016; Li et al., 2019). However, the validity of the Chao1 

estimator has been argued as it depends on the assumption that the probability of 

observing every taxonomic unit is equal, which logically seems untrue for 

microbial communities. An approach reported by Willis & Bunge (2015) 

improves bacterial richness estimates within microbial community datasets by 

accounting for unobserved taxa and reducing the sensitivity to singleton counts.  

The most commonly used metric to estimate richness with abundance is 

the Shannon–Wiener index (Hill et al., 2003; Shannon, 1948) which gives more 

weight to rare than common taxa. Similarly, dominance is most reliably estimated 

from the Simpson index (Hill et al., 2003; Simpson, 1949) which is determined 

from the probability that two randomly chosen taxa will be from the same 

taxonomic unit. Phylogenetic diversity is most often calculated using Faith’s 

phylogenetic diversity metric (Faith, 1992) which is determined from the sum of 

all branch lengths within the phylogenetic tree. 

Species-based beta diversity measures are limited due to microbial 

“species” bring poorly defined and uncertain (Lozupone & Knight, 2008). For 

example, Jaccard distance is a species-based metric that qualitatively measures 

differences based only on presence or absence of taxa and is affected by sample 

size. Divergence-based diversity measures evaluate community similarity by 

considering phylogenetic distinctness of taxa. A quantitative weighted UniFrac 

approach takes into consideration the abundance and phylogenetic relatedness 

shared between taxonomic units by measuring the branch length of a phylogenetic 
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tree (Lozupone & Knight, 2005). Using a weighted UniFrac metric for calculating 

beta diversity is more informative when comparing microbial communities at 

different sites. 

1.7 Aim, hypothesis, and significance 

The aim of this study was to characterise the structure and composition of 

sediment microbial communities at two contrasting sites in McMurdo Sound, 

Antarctica to understand how organic matter deposition drives sediment microbial 

communities. This study used 2 strategically chosen study sites, Cape Evans and 

New Harbour, based on their close proximity (~60 km distance) and contrasting 

differences in sediment organic matter content driven by different sea ice 

conditions and physical oceanography to test the hypothesis that sediment organic 

carbon content drives the resident microbial communities. Specifically, I applied 

16S rRNA gene amplicon sequencing to address the following hypotheses: 

1. The diversity of the microbial communities in the low organic 

matter New Harbour sediments would be greater than in the high 

organic matter Cape Evans sediments. 

2. The composition of the microbial communities at Cape Evans and 

New Harbour would be distinctly different with heterotrophic taxa 

driving these differences at Cape Evans and chemoautotrophic taxa 

driving the differences at New Harbour. 

3. The compositional differences between study sites would not be 

driven by inputs of wind-blown terrestrial surface material from 

the Taylor Valley. 
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In addition, to test the previously stated hypothesis of Mikucki et al. (2015) that 

subsurface Taylor Valley brine water discharges into McMurdo Sound via the 

sediments of New Harbour, I used 16S rRNA gene amplicon sequencing and 

microbial source tracking to test a secondary hypothesis: 

4. New Harbour sediments will contain microbial taxa that have been 

previously reported from sediments of Taylor Valley lakes. 

Primarily, this study will improve our understanding of how a climate-

driven transition of multi-year ice to first-year ice will impact benthic 

biogeochemical processes and marine ecosystem functioning. Importantly, this 

study will contribute to our understanding of benthic sediment ecosystems and 

processes which are currently under-represented in marine research. In addition, 

this study will provide the first report of the direct impacts of climate-driven sea 

ice change on sediment microbial communities in Antarctica, supporting future 

predictions of the impacts of climate change. Lastly, the findings reported in this 

study will be useful in targeting future investigations into the functioning of the 

sediment microbial communities in McMurdo Sound.  
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Chapter 2 

Sea Ice Dynamics Drive Benthic Microbial 

Communities in McMurdo Sound, Antarctica 

2.1 Abstract 

In polar marine ecosystems, thicker and older multi-year sea ice is 

transitioning into thinner and more ephemeral first-year sea ice due to a changing 

climate. This is expected to increase sea surface primary productivity and the 

vertical flux of organic matter to the seafloor, leading to compositional changes in 

sediment carbon that will likely alter microbially-mediated benthic 

biogeochemical processes. Despite this prospect for change, there is a current 

paucity of information on how organic carbon content influences sediment 

microbial community structure and composition in sea ice-influenced polar 

regions, thereby impeding our understanding of an essential component of the 

marine ecosystem. This study sampled organic matter-rich sediments driven by 

first-year ice and productive open ocean currents (Cape Evans) and low 

productivity sediments driven by multi-year ice and oligotrophic currents (New 

Harbour) within McMurdo Sound, Antarctica. Using high-throughput 16S rRNA 

gene amplicon sequencing and sediment geochemistry data (chlorophyll-α, 

phaeophytin, TOC, TN, δ13C, δ15N) this study compared the structure and 

composition of sediment microbial communities at these contrasting sites. 

Measures of bacterial richness and evenness (Shannon-Wiener index) revealed 

that community alpha-diversity was significantly greater in the oligotrophic multi-

year ice sediments than the productive first-year ice sediments. This study 

identified significant site-specific compositional differences. The community 
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composition at Cape Evans supported known heterotrophic algal biopolymer 

degrading taxa Flavobacteriales, Cytophagales, and Verrucomicrobiales, and 

sulfate-reducing bacteria Desulfobulbales, reflecting the legacy of high TOC and 

chlorophyll-α conditions. Whereas at New Harbour, chemoautotrophic taxa 

Nitrosopumilaeles, Nitrospirales, and Steroidobacterales involved in carbon 

fixation and nitrogen cycling, were more abundant potentially reflecting the 

legacy of oligotrophic conditions at this site. The influence of wind-blown Taylor 

Valley terrestrial surface sediments on our sampled communities was negligible. 

The hypothesis that subsurface Taylor Valley brine channels could be discharging 

into McMurdo Sound was supported by our finding of low abundance taxa 

associated with high saline environments (e.g. Thiohalorhabdales) within New 

Harbour sediments, but not Cape Evans. Overall, these results suggest that 

sediment microbial communities will respond to climate driven sea ice reductions 

and increased organic matter flux by shifting the dependence on in situ 

chemoautotrophic carbon fixation and nitrogen cycling towards heterotrophic 

energy-yielding metabolisms, thus influencing benthic biogeochemical processes. 

This study contributes an important component to our understanding of benthic 

ecosystems in polar regions and is the first study to directly assess the impacts of 

climate driven sea ice change on benthic microbial communities in Antarctica.  
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2.2 Introduction 

Globally, polar regions are experiencing sea ice variability in response to a 

warming climate (Stammerjohn et al., 2012). In the Arctic, thicker and older 

multi-year ice is declining and transitioning into thinner and more ephemeral first-

year ice (Meier et al., 2014), with the lowest Arctic sea ice minimum extent 

recently measured (September 2020) on a 42-year satellite record (NSIDC, 

2020b). Conversely, in the Antarctic, sea ice extent has been increasing overall 

around the continent, masking strong regional decreases in the West Antarctic 

Peninsula region that are comparable to the Arctic (Parkinson & Cavalieri, 2012; 

Stammerjohn et al., 2012). Multi-year ice was recently advected out of the 

Weddell Sea region where most of the Antarctic multi-year ice resides (Turner et 

al., 2020) in late 2016, a record year for rate of sea ice retreat in all sectors of 

Antarctica (Turner et al., 2017). 

Polar oceans are a major sink for anthropogenic carbon dioxide (CO2) and 

are critically important for global biogeochemical processes (Takahashi et al., 

2009). Diverse communities of autotrophic microalgae, which assimilate CO2 into 

biomass, live within and underneath the extensive sea ice (Arrigo, 2014), supported 

by oceanic upwelling of nutrient-rich subsurface waters, and regulating the export 

of particulate organic carbon to depths (Boetius et al., 2013). During spring, ice 

algal growth is stimulated as sunlight availability increases as ice and snow cover 

begins to melt (Arrigo, 2014), with concentrations of chlorophyll-α approaching 

800 mg m-3 and 10,100 mg m-3 in the Arctic and Antarctic, respectively (Arrigo, 

2016). Free-living phytoplankton in open water areas typically bloom later in the 

season once the ice algal biomass subsides and sunlight becomes available (Arrigo 

et al., 2012). Sea ice variability is altering the timing and magnitude of the blooms 
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of ice-associated algae and free-living phytoplankton (Nadaï et al., 2020) which 

form the foundations of polar marine food webs (Arrigo, 2014), and as such, climate 

driven changes to sea ice dynamics are likely to have far reaching ecological 

impacts. For example, reductions in sea ice coverage in the northern West Antarctic 

Peninsula have already resulted in the displacement of sea ice-dependent species 

poleward, with replacement by ice-tolerant species (e.g. salps replaced krill and 

gentoo and chinstrap penguins replaced Adélie penguins) (Ducklow et al., 2007). 

As sea ice grows thinner, breaks out more frequently, and the ice-free period gets 

longer, the increased sunlight availability is expected to cause an increase in 

primary productivity (Lannuzel et al., 2020), increasing diatom and phytoplankton 

carbon fluxes to the seafloor (Anderson & Macdonald, 2015; Boetius et al., 2013; 

Nadaï et al., 2020), which may alter benthic (seafloor) ecological and 

biogeochemical processes. 

Marine sediments play important roles in global biogeochemical cycles 

where the remineralisation of organic carbon is primarily regulated by diverse 

microorganisms which also play key roles in cycling other elements such as 

nitrogen and sulfur (Orsi, 2018). Organic matter remineralisation by the microbial 

communities residing within sediments is coupled with water column primary 

productivity processes as inorganic nutrients are released from the sediments back 

into the water column which sustains primary productivity at the surface (Nixon, 

1981). Within the sediments, oxygen is consumed during heterotrophic 

respiration, and in organic matter-rich sediments it is rapidly depleted within the 

top few millimetres (Middelburg, 2019a), whereas in oligotrophic sediments with 

low sedimentation rates, oxygen is not fully consumed at the surface and can 

penetrate meters into the seafloor (D’Hondt et al., 2015). Organic carbon 
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concentration and dissolved oxygen availability are significant factors driving 

microbial community composition within sediments (Hoshino et al., 2020; 

Learman et al., 2016; Orsi, 2018). Organic matter-rich sediments are often 

enriched with strictly anaerobic bacteria, such as sulfate-reducing bacteria and 

methanogens, whereas oligotrophic sediments are often selective of strictly 

aerobic and facultative anaerobic heterotrophs supported by carbon fixation and 

primary production from chemolithoautotrophic taxa (Orsi, 2018). Additionally, 

microbial activity within the sediments is enhanced by macrofauna bioturbation 

which introduces oxygen and fresh organic matter to depths and alters 

biogeochemical interactions (Lohrer et al., 2004).  

The intimate connection that microorganisms share with their environment 

identifies microorganisms as sensitive sentinels for climate change (Cavicchioli et 

al., 2019). Sea ice variability has the potential to alter sediment biogeochemical 

processes by increasing surface productivity and organic carbon flux to the sea 

floor. However, there is a current paucity of information on how polar sediment 

microbial communities will respond or if they will be impacted. Studies that 

address sediment microbial communities have occurred in polar sediments in the 

deep ocean (Li et al., 2020; Ruff et al., 2014) and along environmental gradients 

(Learman et al., 2016). However, no under-ice sediment studies have been 

conducted in direct relation to climate change in Antarctica to our knowledge, 

despite the critical importance of sedimentary processes to marine ecosystems. 

McMurdo Sound is a marine inlet ~60 km wide located in the 

southwestern corner of the Ross Sea, adjacent to the Ross Ice Shelf in the south, 

Ross Island in the east, and the continental mainland in the west (Figur). Land-

fast sea ice (ice fastened to the coastline) persists year round within McMurdo 
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Sound with marked differences in seasonal sea ice regimes in the eastern and 

western portions of the Sound (Kim et al., 2018). Comparatively thinner first-year 

ice persists in the eastern Sound which begins to break out during late spring, 

subsequently increasing sunlight and stimulating under-ice primary productivity. 

Whereas in the western Sound, thicker multi-year ice has historically persisted 

over many consecutive years with little or no breakout, thus severely limiting 

under-ice algal productivity. Fast-ice trends within McMurdo Sound have shown 

little change over the past 35 years, suggesting little impact from the atmospheric 

and oceanic climate drivers that influence Ross Sea ice pack (Kim et al., 2018; 

Parkinson, 2019). 

The Ross Sea is one of the most biologically productive continental shelf 

regions in Antarctica (Smith et al., 2012), where intense phytoplankton blooms 

occur during periods of increased sunlight and reduced sea ice cover (Arrigo & van 

Dijken, 2004). A primary nutrient source for McMurdo Sound comes from the 

upwelling of nutrient-rich and relatively warm circumpolar waters onto the Ross 

Sea continental shelf (Smith et al., 2014) which enter McMurdo Sound via 

southward flowing currents near Ross Island (Robinson et al., 2010). These currents 

continue to flow south down the coastline towards the floating Ross Ice Shelf, the 

largest ice shelf on the planet (∼4.7 × 105 km2) (Stevens et al., 2020). Currents 

submerge into the cavity of the ice shelf where there is an estimated cavity residence 

time for oceanographic inputs of ~4 to 6 years (Holland et al., 2003; Smethie & 

Jacobs, 2005; Stevens et al., 2020). Beneath the ice shelf, advected phytoplankton 

settle through the water column (Vick‐Majors et al., 2016) and perpetual darkness 

limits in situ primary productivity to bacterial chemosynthesis of reduced inorganic 

compounds (Horrigan, 1981). Depleted currents, which are considered oligotrophic 
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(Dayton & Oliver, 1977), emerge from underneath the Ross Ice Shelf and flow 

north along the western coastline of McMurdo Sound (Robinson et al., 2010). 

Recent studies have considered two additional nutrient inputs (wind-blown 

terrestrial sediments and subsurface brine systems) into McMurdo Sound, 

potentially connecting the McMurdo marine system to the neighbouring terrestrial 

Taylor Valley, one of the ice-free valleys in the McMurdo Dry Valleys. Wind-

blown terrestrial sediment from the Taylor Valley that gets channelled through 

cracks near pressure ridges in the sea ice has been suggested to make a small 

contribution to sedimentation in near-shore regions of New Harbour (Murray et 

al., 2013). Additionally, a subsurface brine system driven by hydraulic gradients 

between lakes in the Taylor Valley has recently been hypothesised to emerge as 

submarine groundwater discharge into McMurdo Sound at New Harbour, 

potentially providing a source of bioavailable nutrients such as iron (Foley et al., 

2019; Mikucki et al., 2015). Despite diverse microbial communities being present 

in Taylor Valley soils (Cary et al., 2010) and lake sediments (Dillon et al., 2020; 

Tang et al., 2013), the potential connection between these terrestrial systems and 

the benthic marine system at New Harbour has not yet been investigated using 

microorganisms. 

Previous work on benthic ecosystems in McMurdo Sound showed the 

quantity and quality of algal detrital matter was elevated in sediments underlying 

snow-free first-year ice compared to multi-year ice and that this correlated with 

increased benthic oxygen consumption and ammonium efflux from sediments into 

the water column, measured using benthic incubation chambers (Lohrer et al., 

2013). Previous studies have also described the role of oceanographic circulation 

and productivity in supporting dense assemblages of benthic infauna in the east 
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and scarce assemblages that resemble the deep ocean in the west (Dayton & 

Oliver, 1977). Another recent study showed that increased frequency of multi-

year ice breakout between 2009 and 2017 in McMurdo Sound positively 

corresponded with sediment algal pigment concentration, infauna abundance, 

benthic oxygen demand, and nutrient regeneration rates (Lohrer et al., 2020). 

However, the association between sea ice and oceanographic conditions and the 

microbial communities in McMurdo Sound is unknown.  

In this study, I applied microbial community structure, composition and 

taxonomically associated functional profiling of sediment microbial communities 

using 16S rRNA sequencing to understand how the transition of multi-year to 

first-year ice may impact benthic biogeochemical processes at two contrasting 

sites in McMurdo Sound. Two well-studied coastal sites, Cape Evans and New 

Harbour, were strategically chosen based on their close proximity (~60 km 

distance) and contrasting differences in sea ice conditions and physical 

oceanography which make these sites ideal to address the hypothesis that local 

sedimentary geochemistry and organic carbon loading would drive the resident 

microbial communities and that these differences would not be driven by Taylor 

Valley surface terrestrial inputs.  
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2.3 Materials and methods 

2.3.1 Study sites, sampling, and sediment analysis  

Marine benthic sediment was collected from the eastern Sound at Cape 

Evans (77°38.115′S, 166°24.410′E) from 14.2 m depth on 17/11/2017; from the 

western Sound at New Harbour (77°34.573′S, 163°32.608′E) at 18.5 m depth on 

7/11/2017; and from an intertidal area in front of the New Harbour Jamesway hut 

(the “moat”, 77°34.372′S, 163°31.202′E) on 17/11/2017 (Figure 7). 

At Cape Evans and New Harbour, the subtidal sites were accessed through 

holes in snow-free sea ice (New Harbour 3.5 m thickness; Cape Evans 2.0 m 

thickness) and cores of surface sediment (2 cm internal diameter by 2 cm deep) 

for analysis of nucleic acids were collected by SCUBA at randomised positions 

along a 20 m long seafloor transect. After collection, each sediment sample was 

homogenised using a sterile spatula and a 5 ml subsample was transferred into a 

new 15 mL Falcon tube. Falcon tubes were centrifuged for 5 min at 1,000 RCF 

and the supernatant discarded. At least 5 ml of LifeGuard Soil DNA Preservation 

Solution (Qiagen, CA, USA) was added to each tube to preserve DNA. The tubes 

were capped, shaken by hand to mix, and stored at −20 °C until nucleic acid 

extraction.  

Cores of sediment (2 cm internal diameter, 2 cm deep) for analysis of 

sediment algal pigments were collected from Cape Evans and New Harbour using 

previously published protocols (Cummings et al., 2006; Cummings et al., 2018; 

Lohrer et al., 2013; Norkko et al., 2007; S. F. Thrush & Cummings, 2011). 

Briefly, algal pigments (chlorophyll-α and phaeophytin (degradation product)) 

were extracted from freeze dried sediments in 90% ethanol and measured 

spectrophotometrically. 
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Sediment samples from Cape Evans and New Harbour were prepared for 

total organic carbon (TOC), total nitrogen (TN), and δ13C and δ15N stable isotope 

analysis following a previously published protocol (Kennedy et al., 2005). Briefly, 

5 g of wet sediment per sample were dried in a 40 ºC oven in aluminium pans 

then homogenised by grinding with mortar and pestle. Carbonate was removed 

using treatments of 1M HCl until samples stopped effervescing, with drying 

occurring in a 40 ºC oven between each addition. An Isoprime 100 analyser 

(Elementar, Langenselbold, Germany) was used for TOC and TN measurements 

and a 20/20 isotope analyser (Sercon Ltd., Crewe, UK) for isotopic abundance at 

the Waikato Stable Isotope Unit (WSIU) (Hamilton, New Zealand). 
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Figure 7. MODIS satellite image of McMurdo Sound and Ross Ice Shelf 

region during November 2017 with sample site locations (Cape Evans (14.2 

m); New Harbour (18.5 m); Jamesway moat (0 m)); and Taylor Valley. Map 

overlaid with dominant oceanographic current circulation patterns (red 

arrows, dominance depicted by weight of arrow, based on (Robinson et al., 

2010)). Land-fast sea ice breaks out annually at Cape Evans and persists for 

multiple consecutive years at New Harbour. Brackish water is present at the 

shallow intertidal Jamesway moat site during months of sunlight. The Taylor 

Valley sites are within 16 km of New Harbour. The Ross Ice Shelf has 

historically remained in place all year round and does not break out. Image 

source: NASA. 
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2.3.2 Amplicon sequencing  

A modified DNA extraction protocol was developed using the Qiagen 

PowerSoil®DNA Isolation Kit (CA, USA). Briefly, for each sample 5 tubes each 

containing 200 mg of wet sediment were extracted and then pooled together onto 

a single elution column to concentrate the extracted material. The protocol was 

modified at the “prepare sample” step (C1 buffer heated to 60 ºC), “cell lysis” step 

(samples heated on a Thermomixer for 10 min at 60 ºC then shaken on a vortex 

mixer for 10 sec before bead beating), “inhibitor removal technology” step 

(incubation time increased to 10 min), “bind DNA” step (incubation time 

increased to 20 min, samples inverted every 3 min), “wash” step (5 representative 

extracts from each sample were pooled through the same spin column), and 

“elute” step (DNA eluted in 20 µL of 60 ºC nuclease free water and left on the 

spin column at room temperature for 2 min before centrifuging). DNA 

concentration was determined using a Qubit 2.0 Fluorometer (Life Technologies, 

CA, USA) and the quality confirmed by electrophoresis in 2% TAE agarose gel 

prior to downstream analysis. 

The 16S hypervariable region V4-V5 was PCR amplified in triplicate 

reactions using the primer set 515F-Y and 926R (Parada et al., 2016; Quince et 

al., 2011) modified for Ion Torrent sequencing using a 1 step PCR strategy 

(IonCode Barcode Adapters, Thermo Fisher Scientific). Briefly, per 20 µL 

reaction were final concentrations of dNTPs (4.8 mM) (Invitrogen, CA, USA), 1× 

PCR buffer, MgCl2 (120 mM) (Invitrogen), forward and reverse primer (4 mM 

each) (Integrated DNA Technologies, Inc, IA, USA), 1U Taq DNA polymerase 

(Invitrogen), and 3 ng total genomic DNA with the following conditions: 3 min at 

94 °C, followed by 30 cycles of 45 s at 94 °C, 1 min at 50 °C, and 1.5 min at 
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72 °C, and final elongation for 10 min at 72 °C. Triplicate reactions were pooled 

and PCR amplicon products normalised using a SequalPrep Normalization Plate 

Kit (Invitrogen). Amplicons were sequenced using Ion Torrent Personal Genome 

Machine (PGM) DNA sequencer chemistry with an Ion 318v2 chip (Life 

Technologies) at the University of Waikato DNA sequencing facility (Hamilton, 

New Zealand). 

2.3.3 Raw sequence data processing 

Sequencing adapters, low quality reads and short reads (< 250 bp) were 

identified and removed with Mothur v1.40.5 (Schloss et al., 2009). Ion Torrent 

barcodes and sequencing primers were removed and new labels created using the 

Python script fastq_strip_barcode_relabel2.py in USEARCH v10 (Edgar, 2010). 

A total of 194,823 valid reads across 13 samples were processed using DADA2 

v1.14.1 (Callahan et al., 2016) in R v3.6.3 (R Development Core Team, 2010) to 

generate amplicon sequence variants (ASVs). Briefly, reads < 250 bp, quality 

score < 2, and expected error > 2 were removed. After all quality steps, an ASV 

table was constructed containing 3,538 ASVs (average sequence length 225 base 

pairs). Representative ASV sequences were used to check for chimeras and 213 

chimeric sequences were removed producing 3,325 unique ASVs for analysis. 

The lowest and highest read counts per sample ranged from 7,821 to 19,293 base 

pairs hence the dataset was not rarefied. Taxonomy was assigned to ASVs using 

the SILVA v138 database (Quast et al., 2012). Sequence alignment and 

phylogenetic UPGMA tree generation was completed using MUSCLE v3.8.31 

(Edgar, 2004). 

ASVs classified as eukaryotes, mitochondria, chloroplasts, or those 

sequences that were unclassified at the level of Kingdom, and Phylum were 
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removed from the dataset. Before discarding chloroplast ASVs, these sequences 

were classified using Basic Local Alignment Search Tool (BLAST) against the nt 

database. Raw sequence data will be deposited into the Short Read Archive. 

2.3.4 Sequencing data analysis 

A rarefaction curve was generated to confirm completeness of sequencing. 

Analysis of ASVs was completed in R v3.6.3 (R Development Core Team, 2010). 

Plots were generated using ggplot2 v3.3.0 (Wickham, 2016). The taxonomic 

diversity within the bacterial communities (alpha diversity) at Cape Evans and 

New Harbour was calculated in Breakaway v4.6.10 (Willis, 2020) using a species-

based metric of species richness (Willis & Bunge, 2015) and measure of richness 

and evenness (Shannon, 1948). The statistical differences in taxonomic diversity 

values between sample sites were assessed for each metric using Wilcoxon rank-

sum tests. Phylogenetic diversity was measured for Cape Evans and New Harbour 

samples in Picante v1.8.1 (Kembel et al., 2010) using divergence-based measures 

of Mean Pairwise Distance (MPD) (relatedness of species deep in the tree) 

(Webb, 2000) and Mean Nearest Taxon distance (MNTD) (relatedness near 

branch tips) (Webb et al., 2002). MPD and MNTD were standardised to account 

for differences in species richness between sites, resulting in a Nearest Relative 

Index (NRI) and Nearest Taxon Index (NTI), respectively (Webb, 2000).  

The community compositional dissimilarity between samples sites (beta 

diversity) was determined using a principle co-ordinate analysis (PCoA) 

ordination of a divergence-based weighted UniFrac dissimilatory matrix using 

Phyloseq (v1.30.0) (McMurdie & Holmes, 2013). To determine if terrestrial 

surface soils from the Taylor Valley had an impact on the community composition 

of McMurdo Sound sediments I compared samples from the two marine sites to 
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samples from the intertidal moat (Jamesway moat) at the shoreline of New 

Harbour as well as to 4 samples collected from the lower Taylor Valley as part of 

the New Zealand Terrestrial Biocomplexity Survey (NZTABS, 2017) (Figure 7). 

Analysis of Similarity (ANOSIM) (Clarke, 1993) was used to test the significance 

of the differences identified by the PCoA between sampling units. 

Differentially abundant taxa of > 1% relative abundance within each of the 

microbial communities from Cape Evans and New Harbour were detected using 

Analysis of Composition of Microbiomes (ANCOM) (Mandal et al., 2015) with 

default settings from absolute abundance values based on compositional log-

ratios. Differentially abundant taxa that were identified as significant (p < 0.05) by 

ANCOM were visualised in a heatmap at the taxonomic level of Order, generated 

using Phyloseq. 

Functional gene abundances were predicted for ASVs in Cape Evans and 

New Harbour samples using PICRUSt2 v2.3.0 beta (Phylogenetic Investigation of 

Communities by Reconstruction of Unobserved States) (Douglas et al., 2020) 

(using tools: EPA-NG (Barbera et al., 2019) and Gappa (Czech et al., 2020) for 

phylogenetic placement of reads, Castor (Louca & Doebeli, 2018) for hidden state 

prediction, and MinPath (Ye & Doak, 2009) for pathway inference). The Nearest 

Sequenced Taxon Index (NSTI) was used to estimate accuracy of PICRUSt2 

predictions, ASVs with a NSTI value > 2.0 were removed. Averaged abundances 

of predicted pathways for each site derived by PICRUSt2 from the Metabolic 

Pathway Database (MetaCyc) (Caspi et al., 2020) were selected and a two-sided 

z-test statistically compared the predicted MetaCyc functions between sample 

sites in STAMP v2.1.3 (STatistical Analysis of Metagenomic Profiles) (Parks et 

al., 2014). The Newcombe-Wilson method was used to calculate the confidence 
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interval (95%) and features with < 2 sequences and p-value > 0.01 were removed. 

The selected predicted metabolic functions of interest at Cape Evans and New 

Harbour were categorised at the parent level for broader interpretation and 

visualised in an extended error bar plot using STAMP. 

2.4 Results 

2.4.1 Sampling and sediment characteristics 

A total of 13 surface sediment (0 – 2 cm) samples were collected from 2 

marine locations, Cape Evans (n = 4) and New Harbour (n = 5), and 1 intertidal 

moat location, Jamesway moat (n = 4), in McMurdo Sound in the southwestern 

Ross Sea during November 2017.  

The concentration of sediment chlorophyll-α (fresh algal material) and 

phaeophytin (degraded algal material) in Cape Evans (14.2 ± 0.8 μg g−1 and 7.2 ± 

0.25 μg g−1 ) was 14 × higher than that of New Harbour (1.0 ± 0.24 μg g−1 and 

0.5 ± 0.14 μg g−1). The ratio of fresh to degraded algal material (chlorophyll-

α:phaeophytin) was 2:1 at both study sites. 

Stable carbon (δ13C) and nitrogen (δ15N) isotope values were determined 

from the homogenised sediment samples from Cape Evans and New Harbour. The 

δ13C values were similar between Cape Evans and New Harbour sediments (‒

20.26‰ ± 0.01 and ‒21.90‰ ± 0.73 respectively (Table 1). The δ15N values 

within the sediments at Cape Evans and New Harbour were 4.15‰ ± 0.23 and 

4.31‰ ± 0.68, respectively (Table 1). Sediment TOC from Cape Evans was 

higher than New Harbour (0.33% ± 0.04 and 0.17% ± 0.01 respectively (Table 

1)). Sediment TN from Cape Evans was higher than at New Harbour (0.05% ± 

0.01 and 0.02% ± 0.00 respectively) (Table 1). 
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Table 1. Sea ice characteristics, sediment geochemistry, and solute fluxes* 

(*adapted from Lohrer et al. 2020 for Cape Evans 2013 and New Harbour 

2017) for surface sediments collected from Cape Evans and New Harbour, 

McMurdo Sound, during November 2017, (mean ± standard deviation). 

Sample site Cape Evans New Harbour 

Sea ice characteristics:   

Thickness (m) 2.0 3.5 

Snow cover None None 

Persistence First-year ice Multi-year ice 

Last fast-ice break out Feb-Mar (2017) Feb-Mar (2016) 

Sediment geochemistry:   

Chlorophyll-α (μg g−1 sediment) 14.2 ± 0.8   1.0 ± 0.24 

Phaeophytin (μg g−1 sediment) 7.2 ± 0.25   0.5 ± 0.14 

δ13C (‰) ‒20.26 ± 0.01 ‒21.90 ± 0.73 

δ15N (‰) 4.15 ± 0.23 4.31 ± 0.68 

% Total organic carbon (TOC) 0.33 ± 0.04 0.17 ± 0.01 

% Total nitrogen (TN) 0.05 ± 0.01 0.02 ± 0.00 

Solute fluxes:   

* Dissolved oxygen flux (µmol O2 m
-2 h-1) 222 54.4 

* Ammonium efflux (µmol NH4-N m-2 h-1) 13.2 0.6 

* Nitrate+nitrite (µmol N m-2 h-1) 19.0 2.5 

* Reactive phosphorus (µmol P m-2 h-1) 2.5 0.01 

* Data adapted from Lohrer et al. (2020) for Cape Evans 2013 and New Harbour 

2017 

 

2.4.2 Sequencing 

Rarefaction curves confirmed sufficient completion of sequencing of 

samples from Cape Evans, New Harbour, and Jamesway moat (Figure 8). 

ASVs classified as eukaryotes (115 ASVs), mitochondria (38 ASVs), 

chloroplasts (39 ASVs), or that were unclassified at the level of Kingdom (18 

ASVs) and Phylum (144 ASVs) were removed from the dataset. Of the 39 ASVs 

identified as chloroplasts, BLAST analysis identified these sequences to be 
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predominantly diatoms Haslea nipkowii (43.5%), Skeletonema pseudocostatum 

(22.7%), Chaetoceros sp. (9.0%), and Asterionellopsis glacialis (5.1%). 

The filtered and quality checked 16S rRNA gene amplicon dataset 

included a total of 2,981 ASVs across all 13 samples. A total of 2,076 ASVs were 

identified from the 9 samples collected from Cape Evans and New Harbour. Of 

the total number of ASVs at these two sites, 1,308 ASVs (63%) were found at 

both sites. A total of 531 ASVs were unique to New Harbour samples 

representing 28.9% of the total relative abundance of ASVs at this site (1,839 

ASVs). A total of 237 ASVs were unique to Cape Evans samples representing 

15.3% of the total relative abundance of ASVs at this site (1,545 ASVs). 

 

https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=33640
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Figure 8. Rarefaction curve showing sequencing completion of the microbial communities in sediment samples from Cape Evans (CE), 

New Harbour (NH), and Jamesway moat (JM). 
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2.4.3 Taxonomic composition of microbial communities 

Taxonomic classification of ASVs within the sediment samples across all 

4 sites revealed that the dominant Phylum level taxa in Cape Evans, New Harbour 

and Jamesway moat samples were Proteobacteria, Bacteroidota, 

Planctomycetota, and Verrucomicrobiota whereas Taylor Valley samples were 

dominated by Actinobacteriota, Acidobacteriota, Bacteroidota, and Deinococcota 

(Figure 9A, Table 2). A large proportion of the phyla categorised as “Other” at 

Jamesway moat were represented by Cyanobacteria. Classification at the 

taxonomic level of Class revealed Bacteroidia were dominant across all 4 sites 

and that Gammaproteobacteria were dominant across all sites except Taylor 

Valley (Figure 9B, Table 2). Planctomycetes were dominant across Cape Evans 

and New Harbour sediments and Alphaproteobacteria were dominant across New 

Harbour and Jamesway moat sediments (Figure 9B, Table 2). Verrucomicrobiae 

were more dominant in Cape Evans sediments. Thermoleophilia and 

Actinobacteria were only dominant in Taylor Valley sediments (Figure 9B, Table 

2). 
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Figure 9. The 10 most abundant taxonomic groups of the microbial communities at the levels of Phylum (A) and Class (B) generated 

using 16S rRNA gene amplicon sequencing in surface sediment samples from Cape Evans (CE), New Harbour (NH), and Jamesway 

moat (JM), and Taylor Valley (TV) terrestrial soils. 
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Table 2. Relative abundance values of the 10 most abundant taxonomic 

groups of the microbial communities at the levels of Phylum and Class 

generated from 16S rRNA gene amplicon sequencing at Cape Evans (CE), 

New Harbour (NH), Jamesway moat (JM), and Taylor Valley (TV). The 

dominant Phyla or Class within each location is identified in bold. 

 

 

  

  Relative abundance (%) 

  CE NH JM TV 

P
h

y
lu

m
 

Acidobacteriota 0.6 0.9 3.8 9.4 

Actinobacteriota 1.5 3.8 3.7 52.8 

Bacteroidota 29.6 15.1 36 11.7 

Chloroflexi 0.3 0.6 1.8 2.1 

Deinococcota 0.0 0.0 0.6 8.4 

Desulfobacterota 4.6 2.4 0.1 0.0 

Unassigned 6.5 15.4 17.7 5.6 

Planctomycetota 10 14.5 4.9 1.2 

Proteobacteria 33.6 39.8 24.7 6.8 

Verrucomicrobiota 13.3 7.5 6.7 2.0 

C
la

ss
 

Acidobacteriae 0.0 0.0 0.4 0.1 

Actinobacteria 0.0 0.1 2.0 13.7 

Alphaproteobacteria 7.7 13.8 12.0 6.8 

Bacteroidia 29.8 14.8 36.0 11.8 

Blastocatellia 0.2 0.1 2.7 9.4 

Deinococci 0.0 0.0 0.6 6.9 

Gammaproteobacteria 26.3 26.6 12.8 1.1 

Unassigned 15.1 23.8 21.4 23.9 

Planctomycetes 8.8 13.7 4.1 0.6 

Thermoleophilia 0.0 0.1 1.2 23.3 

Verrucomicrobiae 12.0 6.8 6.7 2.4 
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2.4.4 Impact of terrestrial inputs on New Harbour sediments 

Significant site based compositional differences were identified across all 

4 sampling sites shown in the PCoA (Figure 10) where 56.8% of the variation 

was explained across the primary axis (ANOSIM R = 0.9, p < 0.05) (Figure 10). 

The most significant compositional differences occurred between the Taylor 

Valley and New Harbour samples across the primary axis. The composition of the 

Taylor Valley samples were more similar to the Jamesway moat samples than to 

any of the marine samples. A separation between Cape Evans and New Harbour 

samples was seen across the secondary axis of the PCoA where 26.5% of the 

variation was explained (Figure 10).  

2.4.5 Impact of sea ice and oceanographic conditions on Cape Evans 

and New Harbour sediments 

The bacterial diversity within the communities collected from Cape Evans 

and New Harbour were assessed using estimates of species richness which was 

higher (NS p > 0.05) in New Harbour sediments (mean 1,794 ± 24) than in 

sediments collected from Cape Evans (mean 1,702 ± 74) (Figure 11A). The 

Shannon-Wiener diversity index, used to evaluate bacterial richness and evenness, 

was higher in New Harbour samples (H’ 6.2 ± 0.0) than in Cape Evans samples 

(H’ 5.7 ± 0.2) (p < 0.05) (Figure 11B). The phylogenetic diversity within samples 

from Cape Evans and New Harbour measured by the NRI and NTI revealed 

negative values across both sites. NRI and NTI values were more negative in New 

Harbour samples (‒12.8 ± 1.2 and ‒19.1 ± 1.0, respectively) than in Cape Evans 

samples (‒11.5 ± 1.0 and ‒17.3 ± 1.0, respectively) (Figure 11C, D). 

Differentially abundant taxa within samples from Cape Evans and New 

Harbour were identified by ANCOM which identified the relative abundances of 
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218 ASVs differed (p < 0.05) with 96 ASVs more abundant at Cape Evans and 

122 ASVs more abundant at New Harbour. Of the 96 significant ASVs identified 

at Cape Evans the dominant phyla were Proteobacteria (28 ASVs; 10.4%), 

Bacteroidota (25 ASVs; 14.5%), Verrucomicrobiota (16 ASVs; 3.6%), and 

Desulfobacterota (8 ASVs; 3.3%) (Figure 12). Of the 122 significant ASVs 

identified as more abundant at New Harbour the dominant phyla were 

Proteobacteria (52 ASVs; 13.7%), Bacteroidota (25 ASVs; 5.1%), 

Planctomycetota (19 ASVs; 3.1%), and Crenarchaeota (5 ASVs; 2.0%) (Figure 

12). Resolution of these ASVs at the taxonomic level of Order at Cape Evans 

revealed these sediments were represented by Flavobacteriales (12.2%), 

Cytophagales (2.1%), Verrucomicrobiales (3.1%), and Desulfobulbales (2.8%) 

(Figure 12). Whereas, New Harbour sediments were represented by 

Steroidobacterales (3.2%), Rhodobacterales (3.1%), Nitrosopumilales (2.0%), 

Pirellulales (2.6%), and Nitrospirales (1.4%) (Figure 12). 

Taxonomically aligned metabolic associations were attributed for those 

sediment samples using PICRUSt2. A total of 29 ASVs were removed from the 

pipeline due to NSTI cut-off scores of > 2. Following filtering, a total of 211 

statistically significant MetaCyc pathways were inferred by PICRUSt2 within the 

Cape Evans and New Harbour samples. Cape Evans sediments were represented 

by pathways associated with the tricarboxylic acid (TCA) cycle, carbohydrate 

degradation, fermentation, glyoxylate cycle, and sulfur and nitrogen compound 

metabolisms, whereas New Harbour sediments displayed greater abundances of 

pathways involved in C1 compound utilisation and assimilation and 

osmoregulation (Figure 13). 
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Figure 10. PCoA of a weighted UniFrac dissimilatory matrix of microbial 

communities in surface sediment samples from Cape Evans (CE), New 

Harbour (NH), Jamesway moat (JM), and Taylor Valley (TV) (ANOSIM R = 

0.9, p < 0.01) (D). Site legend: Cape Evans = red circle; New Harbour = light 

blue triangle; Jamesway Moat = dark blue square; Taylor Valley = peach 

diamond. 
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Figure 11. The taxonomic and phylogenetic alpha-diversity of the microbial 

communities in surface sediment samples per study site (Cape Evans, CE = 

red; New Harbour, NH = light blue) estimated using metrics of species 

richness (A), Shannon-Wiener diversity index (B), Nearest Taxon Index (C), 

and Nearest Relative Index (D). 
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Figure 12. Differentially abundant taxa identified by ANCOM (Analysis of 

Composition of Microbiomes) in surface sediment samples from Cape Evans 

(CE) and New Harbour (NH), with p > 0.05 and relative abundance >1%, 

visualised in a heatmap at the taxonomic level of Order (left) and grouped by 

Class (right). Darker scale colours represent higher abundances. 
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Figure 13. The relative abundances of selected PICRUSt2 predicted functional pathways based on the MetaCyc database in sediment 

samples from Cape Evans (CE) and New Harbour (NH), with p > 0.05 and minimum sequences = 2, grouped according to parent level 

categories. Selected MetaCyc pathways are shown that were representative of the microbial taxa of interest within this study at each site. 
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2.5 Discussion 

This study investigated how a legacy of high and low sediment organic 

carbon loading drives benthic microbial community structure and composition 

beneath multi-year ice versus first-year ice in McMurdo Sound, Antarctica. The 

aim was to better understand the potential impacts of climate driven sea ice 

transitions on benthic biogeochemical processes. For this study, I hypothesised 

that local sedimentary geochemistry and organic carbon loading driven by sea ice 

and oceanographic conditions drives the taxonomic structure and composition of 

Cape Evans and New Harbour sediment microbial communities, and that 

differences would not be driven by surface terrestrial inputs from the Taylor 

Valley. 

The δ13C and δ15N values of the Cape Evans and New Harbour sediment 

samples were comparable to sediments from the Antarctic Peninsula (Learman et 

al., 2016), supporting the role of diatom (Meyers, 1994) derived organic matter 

within this system. During this study, sea ice conditions were at near annual 

maximum thickness (Parkinson, 2019) and sediments were representative of an 

over-winter ecosystem which had not yet been highly impacted by new transient 

summer algal- and phytoplankton blooms (McMinn et al., 2010). As expected, 

sediment chlorophyll-α (an algal pigment), total organic carbon (TOC) and total 

nitrogen (TN) content were higher in Cape Evans sediments where thinner first-

year ice conditions can support higher concentrations of under-ice algae 

(Cummings et al., 2019; Lohrer et al., 2013) and where phytoplankton-rich waters 

are advected into the area via southbound currents from the productive open ocean 

(Barry & Dayton, 1988). Whereas, the lower chlorophyll-α, TOC and TN content 

within the New Harbour samples were reflective of the thick multi-year ice cover 
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which severely restricts under-ice algal-productivity and the inputs of oligotrophic 

source waters that emerge from underneath the Ross Ice Shelf (Barry & Dayton, 

1988). These findings were supported by recent reports that inorganic solute 

fluxes are higher in sediments at Cape Evans than New Harbour (Lohrer et al., 

2020) indicating that organic matter remineralisation is an important process at 

Cape Evans. Substantially higher abundances of benthic macrofauna at Cape 

Evans (Lohrer et al., 2020) could enhance microbial activity by burrowing and 

turning over the sediment which introduces fresh organic matter and oxygen to 

depths (Lohrer et al., 2004). The contrast in sediment geochemistry between the 

sites is indicative that the microbial communities will also differ, confirming that 

these are ideal sites to understand the impacts of sea ice variability on benthic 

ecosystem processes. 

Measures of community alpha-diversity revealed the oligotrophic 

conditions underneath multi-year ice at New Harbour selected for significantly 

greater sediment bacterial diversity which were more phylogenetically over-

dispersed than the organic matter-rich sediments underneath first-year ice at Cape 

Evans. A legacy of multi-year ice coverage that has largely persisted for the last 

2,000 years (Emslie et al., 2003), together with consistent oligotrophic source 

water inputs from underneath the Ross Ice Shelf, has established a sediment 

environment at New Harbour that is likely to be more environmentally stable with 

persistent nutrient limitation. Long-term stable environmental conditions are 

thought to promote opportunities for metabolic specialisation and niche 

differentiation within microbial communities (Hibbing et al., 2010). 

Comparatively higher community diversification and the greater number of 

unique ASV identified within these New Harbour sediments support my 
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hypothesis that New Harbour communities are reflective of these limited 

resources and stable environmental conditions. Whereas, the dynamic and more 

seasonally variable environment at Cape Evans could select for sediment taxa 

with broader environmental tolerances and metabolic flexibility (Chen et al., 

2020). These findings are consistent with a study by Learman et al. (2016) who 

reported finding greater bacterial diversity in the lower organic carbon sediments 

of the Ross Sea compared to the high organic carbon sediments of the Antarctic 

Peninsula. 

The sediments of Cape Evans and New Harbour were both represented by 

comparable Phylum level taxa, Proteobacteria, Bacteroidota, and 

Planctomycetota, which are ubiquitous and widely distributed in marine 

sediments, including beneath the Ross Ice Shelf (Carr et al., 2013). The high 

proportion of shared ASVs (63%) across our study sites which are ~60 km apart 

indicates the clockwise ocean current that circulates through McMurdo Sound and 

beneath the Ross Ice Shelf is an important oceanographic connection likely acting 

as a mechanism for microbial dispersal (Hamdan et al., 2013; Müller et al., 2014; 

Wilkins et al., 2013). The oceanic connectivity is likely working simultaneously 

with environmental selection, driven by differences in sediment organic matter 

content, nutrient inputs and primary productivity to impact structural differences 

between the sediment communities at Cape Evans and New Harbour.  

Despite the Phylum level similarities identified within Cape Evans and 

New Harbour samples, significant site-based compositional differences were 

evident at the Order level. At Cape Evans, these differences are driven by key 

metabolic taxa that have previously been found to be abundant in other organic 

matter-rich coastal sediment environments. For example, Flavobacteriales, 
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Cytophagales, and Verrucomicrobiales are known algal degraders and were found 

to be prevalent in the productive sediments of the Antarctic Peninsula (Learman et 

al., 2016) as well as in the Northern Hemisphere Helgoland Mud Area (Oni et al., 

2015) and Svalbard fjord (Cardman et al., 2014). Sulfate-reducing bacteria 

Desulfobulbales are associated with degrading organic compounds in the anoxic 

sediment layer and may also disproportionate sulfur compounds (i.e. an ‘inorganic 

fermentation’), providing metabolic versatility that would be advantageous under 

dynamic environmental conditions (Wasmund et al., 2017). These strict anaerobes 

are indicative that anoxic sediments (Middelburg, 2019a) lie within the top 2 cm 

of the sediment profile at Cape Evans. Together, these signature taxa are likely 

selected for by seasonally high algal flux driven by first-year ice conditions and 

the advection of productive and nutrient-rich waters from the open ocean. The 

pathways predicted by PICRUSt2 including carbohydrate and sulfur compound 

metabolism and fermentation supports the importance of organic matter 

deposition in structuring the sediment community composition (Jørgensen, 1977; 

Middelburg, 2019a) at Cape Evans.  

In comparison, the microbial community within New Harbour sediments 

was represented by taxa that have previously been found to exist in other 

oligotrophic marine sediment environments. For example, Alphaproteobacteria 

were found to be dominant community members in the ultraoligotrophic 

sediments of the South Pacific Gyre (Morono et al., 2020; Tully & Heidelberg, 

2016). Within New Harbour sediments, chemolithoautotrophic taxa 

Nitrososphaeria, Woeseiaceae, and Nitrospira were refelctive of a community 

dependance on inorganic nitrogen species (e.g. ammonium and nitrate) (Orsi, 

2018), and in situ chemoautotrophic carbon fixation, providing heterotrophic taxa 
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with a source of organic matter (Tully & Heidelberg, 2016). Nitrososphaeria are 

known thrive in nutrient limited environments (Könneke et al., 2014) and 

Woeseiaceae may be capable of performing light independent carbon fixation 

coupled to sulfur oxidaiton (Dyksma et al., 2016; Mußmann et al., 2017). These 

signature taxa are indicative of low sediment organic compound concentrations 

driven by low algal flux from multi-year ice cover and oligotrophic source waters 

from the Ross Ice Shelf and that oxygen penetration is deeper in these sediments 

than at Cape Evans (Orsi, 2018). In support of these findings, PICRUSt2 

predicted higher abundances of genes involved in carbon fixation pathways within 

New Harbour samples which included the reductive tricarboxylic acid (rTCA) and 

Calvin–Benson–Bassham (CBB) cycles. Predicted genes for the CBB cycle were 

comparatively in lower abundance in New Harbour sediments than the rTCA 

cycle which may be due to the CBB cycle being a more energetically expensive 

carbon fixation pathway (Erb, 2011) and thus less favourable in a energy limited 

environment such as New Harbour. These stark compositional differences 

between New Harbour and Cape Evans suggests that a transition of multi-year to 

first-year ice will cause significant shifts in sediment microbial communtiy 

strucutre and composition, reflected by a shift from dominant 

chemolithoautotrophic to heterotrpohic metabolisms.  

A recent electromagnetic survey of the Taylor Valley has suggested the 

existence of two subsurface brine aquifers, possibly rich in soluble iron, that flow 

down valley from the Taylor Glacier to Lake Bonney and from Lakes Hoare to 

Fryxell and into New Harbour (Foley et al., 2019; Mikucki et al., 2015). This 

microbial community analysis of the New Harbour sediments has identified a 

previously described extreme halophile, Thiohalorhabdales, which had been 
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isolated from hypersaline lakes in the Mediterranean (Sorokin et al., 2008). While 

the abundance of Thiohalorhabdales within the community was low (1.3%), it 

was significantly higher than in the Cape Evans samples and provides support for 

the hypothesised presence of brine channels (Foley et al., 2019; Mikucki et al., 

2015) potentially from subsurface Taylor Valley brine aquifer discharge. This 

finding was also supported by PICRUSt2 which predicted a significantly higher 

abundance of osmoregulation pathways within New Harbour sediments than Cape 

Evans which is reflective of organisms that grow in high-osmolarity 

environments. Within New Harbour sediments this study also found low 

abundances of iron (II) oxidising and iron (III) reducing bacteria that have 

previously been reported in Lake Fryxell and Blood Falls, including 

Geopsychrobacter (0.2%) (Li & Morgan-Kiss, 2019), Cryobacterium (< 0.1%) 

(Campen et al., 2019), and Comamonadaceae (< 0.1%) (Dillon et al., 2020). 

Blood Falls is estimated to deliver 20 Gg/year of soluble iron to McMurdo Sound 

via New Harbour (Campen et al., 2019) which may be a potential iron source for 

these taxa. These findings further demonstrate the value of microorganisms for 

identifying potential connections between ecosystems.  

Understanding the taxonomic composition of microbial communties using 

16S rRNA gene amplicon based approaches has greatly improved our 

understanding of the taxonomy and phylogeny of microbial communities 

Lozupone & Knight, 2007. Although, it is the most appropriate appraoach for 

studying taxonomy, it is limited in its ability to assign and identify functional 

attributes (e.g. PICRUSt2) of the microbial communities. Further analysis focued 

at addressing the functional potential of these sediment communites (e.g. 

metagenomics) could yield greater insight at a higher resolution into the structure, 
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composition, and functioning of the microbial communities of these Cape Evans 

and New Harbour sediments.  

Overall, this study shows that legacy sea ice conditions and consistent 

oceanography drive sediment microbial communtiy strucutre and composition. 

The two contrasting sites chosen have provided important detail on the microbial 

community structure and composition of sediments found under multi-year and 

first-year ice. Climate driven transitions of multi-year ice to frist-year ice are 

likely to drive supply changes in algal-derived organic carbon to the benthic 

ecosystem. Increased organic mater deposition is likely to drive changes in the 

benthic micorbial communities of New Harbour, which could be reflected by a 

transition from in situ chemoautotrophic carbon fixation and nitrogen cycling 

towards a dominance of heterotrophic metabolisms. These findings imply that 

these commnities could be used as sentinels for change in these difficult to study 

ecosystems. This first characterisation of the microbial communities at these two 

well-studied sites contributes a baseline of understanding to the benthic marine 

ecosystem in McMurdo Sound and as the first study to evaluate the possible 

functional implications of sediment microbial communities under projected 

climate change conditions in Antarctica, contributing a critical component to our 

understanding of this ecologically significant marine ecosystem.  
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Chapter 3 

General Conclusions 

Globally, some of the most evident impacts of anthropogenic global 

climate warming are demonstrated in the Arctic where reductions in sea ice 

thickness, persistence and snow cover and earlier timing of sea ice breakout are 

altering the timing and magnitude of seasonal algal and phytoplankton blooms 

(Boetius et al., 2013; Lannuzel et al., 2020; Nadaï et al., 2020), which directly 

impact the whole ecosystem (Macias-Fauria & Post, 2018). In Antarctica, 

dramatic reductions in sea ice extent are occurring in the northern West Antarctic 

Peninsula (Parkinson, 2019) which has decreased primary productivity (Montes-

Hugo et al., 2009; Schofield et al., 2018) resulting in cascading effects within the 

marine trophic food web with observable latitudinal shifts in biota (Massom & 

Stammerjohn, 2010; Montes-Hugo et al., 2009). A striking example is the 

poleward shift of the ice-dependent Antarctic krill and Adélie penguins, with a 

replacement by salps as well as Gentoo and Chinstrap penguins coming from the 

north (Atkinson et al., 2004; Constable et al., 2014; Ducklow et al., 2007). The 

sea ice and productivity changes in the West Antarctic Peninsula (Montes-Hugo et 

al., 2009) and Arctic (Lannuzel et al., 2020) are now well documented, whereas 

regions significantly further south such as McMurdo Sound in the Ross Sea have 

yet to experience any significant climate-driven changes (Kim et al., 2018). 

Climate models are projecting that substantial losses of Antarctic sea ice will 

occur in the region over the 21st century (Solomon et al., 2007). Despite this, we 

are only now beginning to understand how climate induced shifts in sea ice 

primary productivity are impacting each level of these fragile polar food webs, 

from primary consumers to benthic microbial processes. This paucity of 
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information on the interconnectedness between these habitats impedes our 

understanding of ecosystem level responses to the impacts of climate driven 

change.  

Within polar studies of primary productivity, the sediment ecosystem is an 

under-represented habitat. This is especially true within Antarctica with this study 

providing the first report of the potential impacts of climate change on under-ice 

sediment microbial communities in Antarctica. The aim of this study was to 

characterise and compare the structure and taxonomic composition of surface 

sediment microbial communities underneath contrasting sea ice and 

oceanographic conditions in McMurdo Sound. This study provides insights into 

this difficult to study ecosystem and provides a better understanding of how 

altered fluxes of algal-derived organic matter resulting from reduced sea ice cover 

may impact benthic biogeochemical process. The findings from this study 

revealed that sediments beneath the thinner first-year ice were higher in 

chlorophyll-α concentration and TOC and TN content than the those beneath the 

thicker multi-year ice, thus reflecting higher primary productivity at the surface, 

advection of productive open ocean waters, and increased organic matter flux to 

the seafloor. Within the organic matter-rich sediments, lower microbial diversity 

was indicative of reduced bacterial competition for limited carbon resources 

(Hibbing et al., 2010) which might otherwise drive diversification and niche 

specialisation within a community (Schluter, 1996). Taxonomic signatures of 

sediment organic matter content were identified with heterotrophic algal 

biopolymer degrading taxa and sulfate reducing bacteria reflecting high organic 

matter flux from first-year ice and advected open ocean currents (Cardman et al., 

2014; Jørgensen et al., 2019). Comparatively higher benthic oxygen consumption 
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and solute flux from the organic matter-rich sediments was indicative of enhanced 

heterotrophic organic remineralisation processes, likely resulting in a shallower 

oxygen penetration depth and enriching facultative and strictly anaerobic bacteria 

(Middelburg, 2019a). In comparison, a selection for nitrogen cycling taxa and 

chemolithoautotrophic carbon fixing bacteria and archaea in organic matter-poor 

sediments was reflective of the low organic matter flux (Parro et al., 2019) from 

multi-year ice and oligotrophic source waters from underneath the Ross Ice Shelf. 

By predicting community functional pathways from the taxonomic dataset this 

study provides support that compositional differences could be reflective of 

functional differences (Douglas et al., 2020) within these sediments. This 

suggested that organic matter-rich sediments were distinguished by pathways 

involved in the aerobic and anaerobic oxidation of organic compounds whereas 

the organic matter-poor sediments were more represented by chemoautotrophic 

carbon fixation pathways. 

The benthic ecosystem of McMurdo Sound has been used as an ecological 

research site for over the last 4 decades due to the ‘natural laboratory-like’ 

conditions, strong east-west gradient (Dayton & Oliver, 1977), and its proximity 

to two major research bases. As this is the first report describing the sediment 

microbial communities in McMurdo Sound, the findings from this study 

contribute a critical component to our understanding of the McMurdo Sound 

benthic ecosystem and trophic processes. This dataset could be used within a 

long-term environmental monitoring programme to capture shifts in sediment 

biological processes over time to support our understanding of the impacts of 

climate change. For example, microorganisms have been used in monitoring 

change in coral reef systems which are under pressure from both regional and 
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global changes (Glasl et al., 2019). Due to the oceanographic connectivity of 

McMurdo Sound and the Ross Ice Shelf, these sites could also be utilised as 

external oceanographic control points (inflow and outflow) for any research 

examining the unexplored sediment microbial communities deep under the Ross 

Ice Shelf. 

The bacterial 16S ribosomal RNA (rRNA) gene is the most commonly 

used marker gene to taxonomically identify bacteria and archaea with high-

throughput sequencing (Janda & Abbott, 2007). Amplicon based sequencing 

approaches have greatly improved our understanding of bacterial phylogeny and 

taxonomy, however our ability to understand microbial community functional 

attributes lies in the capabilities of predictive tools such as PICRUSt2 (Douglas et 

al., 2020) which utilises a limited genome database and is limited as it infers an 

associated function using taxonomic maker genes. Other molecular approaches 

such as metagenomics could now be applied to the same Cape Evans and New 

Harbour samples examined in this study to provide further insight beyond that 

offered by 16S rRNA gene amplicon sequencing. This additional approach would 

provide deeper taxonomic resolution but more importantly would generate an 

assessment of microbial community functional capacity at each site which was not 

possible with the taxonomic approach used in this study or by PICRUSt2. By 

using a metagenomics approach, the presence, absence and relative abundance of 

functional genes of interest could be determined, which will allow questions 

around ecosystem stability and resilience in response to climate driven sea ice 

change to be answered. In potential future studies even deeper insight into 

community functioning could be gained by sampling for metatranscriptomics and 

complementary metabolomics approaches. These methods provide an assessment 
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of which taxa are active and what they are doing by profiling expressed transcripts 

(messenger RNA) and the intermediates or end products of cellular metabolism 

(metabolites). 

The changes that have occurred in the West Antarctic Peninsula provide a 

valuable example of how changing sea ice and primary productivity dynamics 

will have cascading effects on polar marine ecosystems (Massom & 

Stammerjohn, 2010; Montes-Hugo et al., 2009). This baseline study makes an 

important contribution towards building our understanding of the benthic 

microbial communities in Antarctica. This study has shown that sea ice thickness 

and persistence and oceanographic conditions drives sediment microbial 

community structure and taxonomic composition and their predicted associated 

functions, which further demonstrates the use of microorganisms as sensitive 

sentinels for environmental change (Cavicchioli et al., 2019). With projections of 

sea ice reductions to occur in Antarctica this century (Solomon et al., 2007), 

sediment biogeochemical processes are likely to be impacted as the composition 

of the sediment microbial communities shift in response to changes in surface 

primary productivity and organic matter fluxes. Potential implications for nutrient 

cycling and marine ecosystem functioning via the connectivity of the food web 

incites the need for more co-ordinated studies that link sediment microbial 

processes to water column and surface primary productivity processes. This will 

enable a better understanding of the impacts of sea ice variability on high-latitude 

ecosystems and prediction of future changes under current climate change 

scenarios. 

  



74 

 

References 

Aller, R. (1994). Bioturbation and remineralization of sedimentary organic matter: 

Effects of redox oscillation. Chemical Geology, 114(3), 331–345. 

https://doi.org/10.1016/0009-2541(94)90062-0 

Amir, A., McDonald, D., Navas-Molina, J., Kopylova, E., Morton, J., Xu, Z., 

Kightley, E., Thompson, L., Hyde, E., Gonzalez, A., & Knight, R. (2017). 

Deblur rapidly resolves single-nucleotide community sequence patterns. 

MSystems, 2(2). https://doi.org/10.1128/mSystems.00191-16 

Anderson, L., & Macdonald, R. (2015). Observing the Arctic Ocean carbon cycle 

in a changing environment. Polar Research, 34(1), 26891. 

https://doi.org/10.3402/polar.v34.26891 

Arrigo, K. (2014). Sea ice ecosystems. Annual Review of Marine Science, 6, 439–

467. 

Arrigo, K. (2016). Sea ice as a habitat for primary producers. In Sea Ice (pp. 352–

369). John Wiley & Sons, Ltd. 

https://doi.org/10.1002/9781118778371.ch14 

Arrigo, K., Perovich, D., Pickart, R., Brown, Z., van Dijken, G., Lowry, K., Mills, 

M., Palmer, M., Balch, W., Bahr, F., Bates, N., Benitez-Nelson, C., 

Bowler, B., Brownlee, E., Ehn, J., Frey, K., Garley, R., Laney, S., 

Lubelczyk, L., … Swift, J. (2012). Massive phytoplankton blooms under 

Arctic sea ice. Science, 336(6087), 1408–1408. 

https://doi.org/10.1126/science.1215065 

Arrigo, K., Sullivan, C., & Kremer, J. (1991). A bio-optical model of Antarctic 

sea ice. Journal of Geophysical Research: Oceans, 96(C6), 10581–10592. 

https://doi.org/10.1029/91JC00455 

Arrigo, K., & van Dijken, G. (2004). Annual changes in sea-ice, chlorophyll a, 

and primary production in the Ross Sea, Antarctica. Deep Sea Research 

Part II: Topical Studies in Oceanography, 51(1–3), 117–138. 

Arrigo, K., van Dijken, G., & Bushinsky, S. (2008). Primary production in the 

Southern Ocean, 1997–2006. Journal of Geophysical Research: Oceans, 

113(C8). 

Atkinson, A., Siegel, V., Pakhomov, E., & Rothery, P. (2004). Long-term decline 

in krill stock and increase in salps within the Southern Ocean. Nature, 

432(7013), 100–103. https://doi.org/10.1038/nature02996 

Austen, M., Lambshead, P., Hutchings, P., Boucher, G., Snelgrove, P., Heip, C., 

King, G., Koike, I., & Smith, C. (2002). Biodiversity links above and 

below the marine sediment–water interface that may influence community 

stability. Biodiversity & Conservation, 11(1), 113–136. 

https://doi.org/10.1023/A:1014098917535 



75 

 

Barbera, P., Kozlov, A. M., Czech, L., Morel, B., Darriba, D., Flouri, T., & 

Stamatakis, A. (2019). EPA-ng: Massively parallel evolutionary placement 

of genetic sequences. Systematic Biology, 68(2), 365–369. 

Barry, J., & Dayton, P. (1988). Current patterns in McMurdo Sound, Antarctica 

and their relationship to local biotic communities. Polar Biology, 8(5), 

367–376. 

Barry, J. (1988). Hydrographic patterns in McMurdo Sound, Antarctica and their 

relationship to local benthic communities. Polar Biology, 8(5), 377–391. 

https://doi.org/10.1007/BF00442029 

Bienhold, C., Boetius, A., & Ramette, A. (2012). The energy–diversity 

relationship of complex bacterial communities in Arctic deep-sea 

sediments. The ISME Journal, 6(4), 724–732. 

Bintanja, R., & Andry, O. (2017). Towards a rain-dominated Arctic. Nature 

Climate Change, 7(4), 263–267. https://doi.org/10.1038/nclimate3240 

Bintanja, R., van Oldenborgh, G., Drijfhout, S., Wouters, B., & Katsman, C. 

(2013). Important role for ocean warming and increased ice-shelf melt in 

Antarctic sea-ice expansion. Nature Geoscience, 6(5), 376–379. 

https://doi.org/10.1038/ngeo1767 

Boetius, A., Albrecht, S., Bakker, K., Bienhold, C., Felden, J., Fernández-

Méndez, M., Hendricks, S., Katlein, C., Lalande, C., Krumpen, T., 

Nicolaus, M., Peeken, I., Rabe, B., Rogacheva, A., Rybakova, E., 

Somavilla, R., Wenzhöfer, F., & Party, R. (2013). Export of algal biomass 

from the melting Arctic sea ice. Science, 339(6126), 1430–1432. 

https://doi.org/10.1126/science.1231346 

Bolyen, E., Rideout, J., Dillon, M., Bokulich, N., Abnet, C., Al-Ghalith, G., 

Alexander, H., Alm, E., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J., 

Bittinger, K., Brejnrod, A., Brislawn, C., Brown, C., Callahan, B., 

Caraballo-Rodríguez, A., Chase, J., … Caporaso, J. (2019). Reproducible, 

interactive, scalable and extensible microbiome data science using QIIME 

2. Nature Biotechnology, 37(8), 852–857. https://doi.org/10.1038/s41587-

019-0209-9 

Brumfield, K., Huq, A., Colwell, R., Olds, J., & Leddy, M. (2020). Microbial 

resolution of whole genome shotgun and 16S amplicon metagenomic 

sequencing using publicly available NEON data. PLOS ONE, 15(2), 

e0228899. https://doi.org/10.1371/journal.pone.0228899 

Bunge, J., Willis, A., & Walsh, F. (2014). Estimating the number of species in 

microbial diversity studies. Annual Review of Statistics and Its 

Application, 1(1), 427–445. https://doi.org/10.1146/annurev-statistics-

022513-115654 

Callahan, B., McMurdie, P., & Holmes, S. (2017). Exact sequence variants should 

replace operational taxonomic units in marker-gene data analysis. The 

ISME Journal, 11(12), 2639–2643. 



76 

 

Callahan, B., McMurdie, P., Rosen, M., Han, A., Johnson, A., & Holmes, S. 

(2016). DADA2: High-resolution sample inference from Illumina 

amplicon data. Nature Methods, 13(7), 581. 

Campen, R., Kowalski, J., Lyons, W., Tulaczyk, S., Dachwald, B., Pettit, E., 

Welch, K., & Mikucki, J. (2019). Microbial diversity of an Antarctic 

subglacial community and high‐resolution replicate sampling inform 

hydrological connectivity in a polar desert. Environmental Microbiology, 

21(7), 2290–2306. 

Capone, D., & Kiene, R. (1988). Comparison of microbial dynamics in marine 

and freshwater sediments: Contrasts in anaerobic carbon catabolism. 

Limnology and Oceanography, 33(4part2), 725–749. 

https://doi.org/10.4319/lo.1988.33.4part2.0725 

Cardman, Z., Arnosti, C., Durbin, A., Ziervogel, K., Cox, C., Steen, A., & Teske, 

A. (2014). Verrucomicrobia are candidates for polysaccharide-degrading 

bacterioplankton in an arctic fjord of Svalbard. Applied and Environmental 

Microbiology, 80(12), 3749–3756. 

Carr, S., Schubotz, F., Dunbar, R., Mills, C., Dias, R., Summons, R., & 

Mandernack, K. (2018). Acetoclastic Methanosaeta are dominant 

methanogens in organic-rich Antarctic marine sediments. The ISME 

Journal, 12(2), 330–342. https://doi.org/10.1038/ismej.2017.150 

Carr, S., Vogel, S., Dunbar, R., Brandes, J., Spear, J., Levy, R., Naish, T., Powell, 

R., Wakeham, S., & Mandernack, K. (2013). Bacterial abundance and 

composition in marine sediments beneath the Ross Ice Shelf, Antarctica. 

Geobiology, 11(4), 377–395. 

Cartwright, K., & Harris, H. (1981). Hydrogeology of the Dry Valley Region, 

Antarctica. In Dry Valley Drilling Project (pp. 193–214). American 

Geophysical Union (AGU). https://doi.org/10.1029/AR033p0193 

Cary, S., McDonald, I., Barrett, J., & Cowan, D. (2010). On the rocks: The 

microbiology of Antarctic Dry Valley soils. Nature Reviews Microbiology, 

8(2), 129–138. 

Caspi, R., Billington, R., Keseler, I. M., Kothari, A., Krummenacker, M., 

Midford, P., Ong, W., Paley, S., Subhraveti, P., & Karp, P. (2020). The 

MetaCyc database of metabolic pathways and enzymes—A 2019 update. 

Nucleic Acids Research, 48(D1), D445–D453. 

https://doi.org/10.1093/nar/gkz862 

Cavicchioli, R., Ripple, W., Timmis, K., Azam, F., Bakken, L., Baylis, M., 

Behrenfeld, M., Boetius, A., Boyd, P., Classen, A., Crowther, T., 

Danovaro, R., Foreman, C., Huisman, J., Hutchins, D., Jansson, J., Karl, 

D., Koskella, B., Mark Welch, D., … Webster, N. (2019). Scientists’ 

warning to humanity: Microorganisms and climate change. Nature 

Reviews Microbiology, 17(9), 569–586. https://doi.org/10.1038/s41579-

019-0222-5 



77 

 

Chao, A. (1984). Nonparametric estimation of the number of classes in a 

population. Scandinavian Journal of Statistics, 265–270. 

Chen, Y., Leung, P., Bay, S., Hugenholtz, P., Kessler, A., Shelley, G., Waite, D. 

W., Cook, P., & Greening, C. (2020). Metabolic flexibility allows 

generalist bacteria to become dominant in a frequently disturbed 

ecosystem. BioRxiv. 

Chewings, J., Atkins, C., Dunbar, G., & Golledge, N. (2014). Aeolian sediment 

transport and deposition in a modern high‐latitude glacial marine 

environment. Sedimentology, 61(6), 1535–1557. 

Clarke, K. (1993). Non‐parametric multivariate analyses of changes in community 

structure. Australian Journal of Ecology, 18(1), 117–143. 

Collins, M., Knutti, R., Arblaster, J., Dufresne, J., Fichefet, T., Friedlingstein, P., 

Gao, X., Gutowski, W., Johns, T., Krinner, G., Shongwe, M., Tebaldi, C., 

Weaver, A., & Wehner, M. (2013). Chapter 12 - Long-term climate 

change: Projections, commitments and irreversibility. In IPCC (Ed.), 

Climate Change 2013: The Physical Science Basis. IPCC Working Group 

I Contribution to AR5. Cambridge University Press. 

http://www.climatechange2013.org/images/report/WG1AR5_Chapter12_F

INAL.pdf 

Constable, A., Melbourne‐Thomas, J., Corney, S., Arrigo, K., Barbraud, C., 

Barnes, D., Bindoff, N., Boyd, P., Brandt, A., Costa, D., Davidson, A., 

Ducklow, H., Emmerson, L., Fukuchi, M., Gutt, J., Hindell, M., Hofmann, 

E., Hosie, G., Iida, T., … Ziegler, P. (2014). Climate change and Southern 

Ocean ecosystems I: How changes in physical habitats directly affect 

marine biota. Global Change Biology, 20(10), 3004–3025. 

https://doi.org/10.1111/gcb.12623 

Cummings, V., Barr, N., Budd, R., Marriott, P., Safi, K., & Lohrer, A. (2019). In 

situ response of Antarctic under-ice primary producers to experimentally 

altered pH. Scientific Reports, 9(1), 6069. https://doi.org/10.1038/s41598-

019-42329-0 

Cummings, V., Hewitt, J., Thrush, S., Marriott, P., Halliday, N., & Norkko, A. 

(2018). Linking Ross Sea coastal benthic communities to environmental 

conditions: Documenting baselines in a spatially variable and changing 

world. Frontiers in Marine Science, 5, 232. 

Cummings, V., Thrush, S., Norkko, A., Andrew, N., Hewitt, J., Funnell, G., & 

Schwarz, A. (2006). Accounting for local scale variability in benthos: 

Implications for future assessments of latitudinal trends in the coastal Ross 

Sea. Antarctic Science, 18(4), 633–644. 

https://doi.org/10.1017/S0954102006000666 

Czech, L., Barbera, P., & Stamatakis, A. (2020). Genesis and Gappa: Processing, 

analyzing and visualizing phylogenetic (placement) data. Bioinformatics, 

36(10), 3263–3265. 



78 

 

Dayton, P., Jarrell, S., Kim, S., Ed Parnell, P., Thrush, S., Hammerstrom, K., & 

Leichter, J. (2019). Benthic responses to an Antarctic regime shift: Food 

particle size and recruitment biology. Ecological Applications, 29(1), 

e01823. 

Dayton, P., & Oliver, J. (1977). Antarctic soft-bottom benthos in oligotrophic and 

eutrophic environments. Science, 197(4298), 55–58. 

D’Hondt, S., Inagaki, F., Zarikian, C., Abrams, L., Dubois, N., Engelhardt, T., 

Evans, H., Ferdelman, T., Gribsholt, B., Harris, R., Hoppie, B., Hyun, J., 

Kallmeyer, J., Kim, J., Lynch, J., McKinley, C., Mitsunobu, S., Morono, 

Y., Murray, R., … Ziebis, W. (2015). Presence of oxygen and aerobic 

communities from sea floor to basement in deep-sea sediments. Nature 

Geoscience, 8(4), 299–304. https://doi.org/10.1038/ngeo2387 

Dieckmann, G., & Hellmer, H. (2003). The Importance of Sea Ice: An Overview. 

In Sea Ice (pp. 1–21). John Wiley & Sons, Ltd. 

https://doi.org/10.1002/9780470757161.ch1 

Dillon, M., Hawes, I., Jungblut, A., Mackey, T., Eisen, J., Doran, P., & Sumner, 

D. (2020). Energetic and environmental constraints on the community 

structure of benthic microbial mats in Lake Fryxell, Antarctica. FEMS 

Microbiology Ecology, 96(2), fiz207. 

Douglas, G., Maffei, V., Zaneveld, J., Yurgel, S., Brown, J., Taylor, C., 

Huttenhower, C., & Langille, M. (2020). PICRUSt2: An improved and 

customizable approach for metagenome inference. BioRxiv, 672295. 

Ducklow, H., Baker, K., Martinson, D., Quetin, L., Ross, R. M., Smith, R., 

Stammerjohn, S., Vernet, M., & Fraser, W. (2007). Marine pelagic 

ecosystems: The West Antarctic Peninsula. Philosophical Transactions of 

the Royal Society B: Biological Sciences, 362(1477), 67–94. 

https://doi.org/10.1098/rstb.2006.1955 

Durbin, A., & Teske, A. (2011). Microbial diversity and stratification of South 

Pacific abyssal marine sediments. Environmental Microbiology, 13(12), 

3219–3234. https://doi.org/10.1111/j.1462-2920.2011.02544.x 

Dyksma, S., Bischof, K., Fuchs, B., Hoffmann, K., Meier, D., Meyerdierks, A., 

Pjevac, P., Probandt, D., Richter, M., & Stepanauskas, R. (2016). 

Ubiquitous Gammaproteobacteria dominate dark carbon fixation in 

coastal sediments. The ISME Journal, 10(8), 1939–1953. 

Edgar, R. (2004). MUSCLE: multiple sequence alignment with high accuracy and 

high throughput. Nucleic Acids Research, 32(5), 1792–1797. 

Edgar, R. (2010). Search and clustering orders of magnitude faster than BLAST. 

Bioinformatics, 26(19), 2460–2461. 

Edgar, R. (2016). UNOISE2: Improved error-correction for Illumina 16S and ITS 

amplicon sequencing [Preprint]. Bioinformatics. 

https://doi.org/10.1101/081257 



79 

 

Emslie, S., Berkman, P., Ainley, D., Coats, L., & Polito, M. (2003). Late-

Holocene initiation of ice-free ecosystems in the southern Ross Sea, 

Antarctica. Marine Ecology Progress Series, 262(19-25). 

https://doi.org/10.3354/MEPS262019 

Erb, T. (2011). Carboxylases in natural and synthetic microbial pathways. Applied 

and Environmental Microbiology, 77(24), 8466–8477. 

https://doi.org/10.1128/AEM.05702-11 

Faith, D. (1992). Conservation evaluation and phylogenetic diversity. Biological 

Conservation, 61(1), 1–10. 

Falkowski, P., Fenchel, T., & Delong, E. (2008). The microbial engines that drive 

Earth’s biogeochemical cycles. Science, 320(5879), 1034–1039. 

https://doi.org/10.1126/science.1153213 

Feely, R., Sabine, C., Takahashi, T., & Wanninkhof, R. (2001). Uptake and 

storage of carbon dioxide in the ocean. Oceanography, 14(4), 15. 

Fernández-Méndez, M., Wenzhöfer, F., Peeken, I., Sørensen, H., Glud, R., & 

Boetius, A. (2014). Composition, buoyancy regulation and fate of ice algal 

aggregates in the central Arctic Ocean. PLOS ONE, 9(9), e107452. 

https://doi.org/10.1371/journal.pone.0107452 

Fischer, J., Ferdelman, T., D’Hondt, S., Røy, H., & Wenzhofer, F. (2009). 

Oxygen penetration deep into the sediment of the South Pacific gyre. 

Biogeosciences, 6(1467-1478), 12. 

Foley, N., Tulaczyk, S., Grombacher, D., Doran, P., Mikucki, J., Myers, K., 

Foged, N., Dugan, H., Auken, E., & Virginia, R. (2019). Evidence for 

pathways of concentrated submarine groundwater discharge in east 

Antarctica from helicopter-borne electrical resistivity measurements. 

Hydrology, 6(2), 54. 

Glasl, B., Bourne, D., Frade, P., Thomas, T., Schaffelke, B., & Webster, N. 

(2019). Microbial indicators of environmental perturbations in coral reef 

ecosystems. Microbiome, 7(1), 94. https://doi.org/10.1186/s40168-019-

0705-7 

Griffiths, J., Kadin, M., Nascimento, F., Tamelander, T., Törnroos, A., Bonaglia, 

S., Bonsdorff, E., Brüchert, V., Gårdmark, A., Järnström, M., Kotta, J., 

Lindegren, M., Nordström, M. C., Norkko, A., Olsson, J., Weigel, B., 

Žydelis, R., Blenckner, T., Niiranen, S., & Winder, M. (2017). The 

importance of benthic-pelagic coupling for marine ecosystem functioning 

in a changing world. Global Change Biology, 23(6), 2179–2196. 

https://doi.org/10.1111/gcb.13642 

Hall, A. (2004). The Role of Surface Albedo Feedback in Climate. Journal of 

Climate, 17(7), 1550–1568. https://doi.org/10.1175/1520-

0442(2004)017<1550:TROSAF>2.0.CO;2 



80 

 

Hamdan, L., Coffin, R., Sikaroodi, M., Greinert, J., Treude, T., & Gillevet, P. 

(2013). Ocean currents shape the microbiome of Arctic marine sediments. 

The ISME Journal, 7(4), 685–696. 

Harvey, H. (2006). Sources and cycling of organic matter in the marine water 

column. In J. K. Volkman (Ed.), Marine Organic Matter: Biomarkers, 

Isotopes and DNA (Vol. 2N, pp. 1–25). Springer-Verlag. 

https://doi.org/10.1007/698_2_001 

Henley, S., Tuerena, R., Annett, A., Fallick, A., Meredith, M., Venables, H., 

Clarke, A., & Ganeshram, R. (2017). Macronutrient supply, uptake and 

recycling in the coastal ocean of the west Antarctic Peninsula. Deep Sea 

Research Part II: Topical Studies in Oceanography, 139, 58–76. 

https://doi.org/10.1016/j.dsr2.2016.10.003 

Hibbing, M., Fuqua, C., Parsek, M., & Peterson, S. (2010). Bacterial competition: 

Surviving and thriving in the microbial jungle. Nature Reviews 

Microbiology, 8(1), 15–25. https://doi.org/10.1038/nrmicro2259 

Hibler, W. (1979). A dynamic thermodynamic sea ice model. Journal of Physical 

Oceanography, 9(4), 815–846. https://doi.org/10.1175/1520-

0485(1979)009<0815:ADTSIM>2.0.CO;2 

Hill, T., Walsh, K., Harris, J., & Moffett, B. (2003). Using ecological diversity 

measures with bacterial communities. FEMS Microbiology Ecology, 43(1), 

1–11. https://doi.org/10.1111/j.1574-6941.2003.tb01040.x 

Holland, D., Jacobs, S., & Jenkins, A. (2003). Modelling the ocean circulation 

beneath the Ross Ice Shelf. Antarctic Science, 15(1), 13–23. 

Horrigan, S. (1981). Primary production under the Ross Ice Shelf, Antarctica. 

Limnology and Oceanography, 26(2), 378–382. 

https://doi.org/10.4319/lo.1981.26.2.0378 

Hoshino, T., Doi, H., Uramoto, G., Wörmer, L., Adhikari, R., Xiao, N., Morono, 

Y., D’Hondt, S., Hinrichs, K., & Inagaki, F. (2020). Global diversity of 

microbial communities in marine sediment. Proceedings of the National 

Academy of Sciences. https://doi.org/10.1073/pnas.1919139117 

Huettel, M., Berg, P., & Kostka, J. (2014). Benthic exchange and biogeochemical 

cycling in permeable sediments. Annual Review of Marine Science, 6(1), 

23–51. https://doi.org/10.1146/annurev-marine-051413-012706 

Huserbråten, M., Eriksen, E., Gjøsæter, H., & Vikebø, F. (2019). Polar cod in 

jeopardy under the retreating Arctic sea ice. Communications Biology, 

2(1), 1–8. https://doi.org/10.1038/s42003-019-0649-2 

Jamieson, R., Heywood, J., Rogers, A., Billett, D., & Pearce, D. (2013). Bacterial 

biodiversity in deep-sea sediments from two regions of contrasting surface 

water productivity near the Crozet Islands, Southern Ocean. Deep Sea 

Research Part I: Oceanographic Research Papers, 75, 67–77. 



81 

 

Janda, J., & Abbott, S. (2007). 16S rRNA gene sequencing for bacterial 

identification in the diagnostic laboratory: Pluses, perils, and pitfalls. 

Journal of Clinical Microbiology, 45(9), 2761–2764. 

Johannessen, O., Bengtsson, L., Miles, M., Kuzmina, S., Semenov, V., Alekseev, 

G., Nagurnyi, A., Zakharov, V., Bobylev, L., Pettersson, L., Hasselmann, 

K., & Cattle, H. (2004). Arctic climate change: Observed and modelled 

temperature and sea-ice variability. Tellus A: Dynamic Meteorology and 

Oceanography, 56(4), 328–341. 

https://doi.org/10.3402/tellusa.v56i4.14418 

Jørgensen, B. (1977). The sulfur cycle of a coastal marine sediment (Limfjorden, 

Denmark)1. Limnology and Oceanography, 22(5), 814–832. 

https://doi.org/10.4319/lo.1977.22.5.0814 

Jørgensen, B., Findlay, A., & Pellerin, A. (2019). The biogeochemical sulfur cycle 

of marine sediments. Frontiers in Microbiology, 10, 849. 

Jørgensen, B., Laufer, K., Michaud, A., & Wehrmann, L. (2020). 

Biogeochemistry and microbiology of high Arctic marine sediment 

ecosystems—Case study of Svalbard fjords. Limnology and 

Oceanography, n/a(n/a). https://doi.org/10.1002/lno.11551 

Kallmeyer, J., Pockalny, R., Adhikari, R., Smith, D., & D’Hondt, S. (2012). 

Global distribution of microbial abundance and biomass in subseafloor 

sediment. Proceedings of the National Academy of Sciences, 109(40), 

16213–16216. 

Kembel, S., Cowan, P., Helmus, M., Cornwell, W., Morlon, H., Ackerly, D., 

Blomberg, S., & Webb, C. (2010). Picante: R tools for integrating 

phylogenies and ecology. Bioinformatics, 26(11), 1463–1464. 

Kennedy, P., Kennedy, H., & Papadimitriou, S. (2005). The effect of acidification 

on the determination of organic carbon, total nitrogen and their stable 

isotopic composition in algae and marine sediment. Rapid 

Communications in Mass Spectrometry, 19(8), 1063–1068. 

https://doi.org/10.1002/rcm.1889 

Kim, S., Saenz, B., Scanniello, J., Daly, K., & Ainley, D. (2018). Local 

climatology of fast ice in McMurdo Sound, Antarctica. Antarctic Science, 

30(2), 125–142. https://doi.org/10.1017/S0954102017000578 

Knox, G. (1990). Primary production and consumption in McMurdo Sound, 

Antarctica. In Antarctic Ecosystems (pp. 115–128). Springer. 

Kohlbach, D., Lange, B., Schaafsma, F., David, C., Vortkamp, M., Graeve, M., 

van Franeker, J., Krumpen, T., & Flores, H. (2017). Ice algae-produced 

carbon is critical for overwintering of Antarctic krill Euphausia superba. 

Frontiers in Marine Science, 4. https://doi.org/10.3389/fmars.2017.00310 

Könneke, M., Schubert, D., Brown, P., Hügler, M., Standfest, S., Schwander, T., 

von Borzyskowski, L., Erb, T., Stahl, D., & Berg, I. (2014). Ammonia-



82 

 

oxidizing archaea use the most energy-efficient aerobic pathway for CO2 

fixation. Proceedings of the National Academy of Sciences, 111(22), 

8239–8244. 

Konopka, A. (2009). What is microbial community ecology? The ISME Journal, 

3(11), 1223–1230. https://doi.org/10.1038/ismej.2009.88 

Konstantinidis, K., & Tiedje, J. (2005). Genomic insights that advance the species 

definition for prokaryotes. Proceedings of the National Academy of 

Sciences, 102(7), 2567–2572. https://doi.org/10.1073/pnas.0409727102 

Kuczynski, J., Lauber, C., Walters, W., Parfrey, L., Clemente, J., Gevers, D., & 

Knight, R. (2011). Experimental and analytical tools for studying the 

human microbiome. Nature Reviews. Genetics, 13(1), 47–58. 

https://doi.org/10.1038/nrg3129 

Kunin, V., Engelbrektson, A., Ochman, H., & Hugenholtz, P. (2010). Wrinkles in 

the rare biosphere: Pyrosequencing errors can lead to artificial inflation of 

diversity estimates. Environmental Microbiology, 12(1), 118–123. 

https://doi.org/10.1111/j.1462-2920.2009.02051.x 

Kurtz, N., & Markus, T. (2012). Satellite observations of Antarctic sea ice 

thickness and volume. Journal of Geophysical Research: Oceans, 

117(C8). https://doi.org/10.1029/2012JC008141 

Kwok, R. (2018). Arctic sea ice thickness, volume, and multiyear ice coverage: 

Losses and coupled variability (1958–2018). Environmental Research 

Letters, 13(10), 105005. https://doi.org/10.1088/1748-9326/aae3ec 

Lannuzel, D., Tedesco, L., Leeuwe, M. van, Campbell, K., Flores, H., Delille, B., 

Miller, L., Stefels, J., Assmy, P., Bowman, J., Brown, K., Castellani, G., 

Chierici, M., Crabeck, O., Damm, E., Else, B., Fransson, A., Fripiat, F., 

Geilfus, N.-X., … Wongpan, P. (2020). The future of Arctic sea-ice 

biogeochemistry and ice-associated ecosystems. Nature Climate Change, 

1–10. https://doi.org/10.1038/s41558-020-00940-4 

Lasken, R., & McLean, J. (2014). Recent advances in genomic DNA sequencing 

of microbial species from single cells. Nature Reviews. Genetics, 15(9), 

577–584. https://doi.org/10.1038/nrg3785 

Laxon, S., Peacock, N., & Smith, D. (2003). High interannual variability of sea 

ice thickness in the Arctic region. Nature, 425(6961), 947–950. 

https://doi.org/10.1038/nature02050 

Learman, D., Henson, M., Thrash, J., Temperton, B., Brannock, P., Santos, S., 

Mahon, A., & Halanych, K. (2016). Biogeochemical and microbial 

variation across 5500 km of Antarctic surface sediment implicates organic 

matter as a driver of benthic community structure. Frontiers in 

Microbiology, 7, 284. 

Leu, E., Søreide, J., Hessen, D., Falk-Petersen, S., & Berge, J. (2011). 

Consequences of changing sea-ice cover for primary and secondary 



83 

 

producers in the European Arctic shelf seas: Timing, quantity, and quality. 

Progress in Oceanography, 90(1), 18–32. 

https://doi.org/10.1016/j.pocean.2011.02.004 

Leventer, A., & Dunbar, R. (1987). Diatom flux in McMurdo sound, Antarctica. 

Marine Micropaleontology, 12, 49–64. 

Levy, J. (2013). How big are the McMurdo Dry Valleys? Estimating ice-free area 

using Landsat image data. Antarctic Science, 25(1), 119–120. 

http://dx.doi.org/10.1017/S0954102012000727 

Li, A., Han, X., Zhang, M., Zhou, Y., Chen, M., Yao, Q., & Zhu, H. (2019). 

Culture-dependent and-independent analyses reveal the diversity, 

structure, and assembly mechanism of benthic bacterial community in the 

Ross Sea, Antarctica. Frontiers in Microbiology, 10, 2523. 

Li, J., Gu, X., & Gui, Y. (2020). Prokaryotic diversity and composition of 

sediments from Prydz Bay, the Antarctic Peninsula region, and the Ross 

Sea, Southern Ocean. Frontiers in Microbiology, 11, 783. 

Li, W., & Morgan-Kiss, R. (2019). Influence of environmental drivers and 

potential interactions on the distribution of microbial communities from 

three permanently stratified Antarctic lakes. Frontiers in Microbiology, 

10, 1067. 

Lohrer, A., Cummings, V., & Thrush, S. (2013). Altered sea ice thickness and 

permanence affects benthic ecosystem functioning in coastal Antarctica. 

Ecosystems, 16(2), 224–236. 

Lohrer, A., Norkko, A., Thrush, S., & Cummings, V. (2020). Climate cascades 

affect coastal Antarctic seafloor ecosystem functioning. Manuscript 

submitted for publication. Nature Climate Change. 

Lohrer, A., Thrush, S., & Gibbs, M. (2004). Bioturbators enhance ecosystem 

function through complex biogeochemical interactions. Nature, 

431(7012), 1092–1095. 

Lønborg, C., Carreira, C., Jickells, T., & Álvarez-Salgado, X. (2020). Impacts of 

global change on ocean dissolved organic carbon (DOC) cycling. 

Frontiers in Marine Science, 7. https://doi.org/10.3389/fmars.2020.00466 

Louca, S., & Doebeli, M. (2018). Efficient comparative phylogenetics on large 

trees. Bioinformatics, 34(6), 1053–1055. 

Lozupone, C., & Knight, R. (2007). Global patterns in bacterial diversity. 

Proceedings of the National Academy of Sciences, 104(27), 11436–11440. 

https://doi.org/10.1073/pnas.0611525104 

Lozupone, C., & Knight, R. (2008). Species divergence and the measurement of 

microbial diversity. FEMS Microbiology Reviews, 32(4), 557–578. 

https://doi.org/10.1111/j.1574-6976.2008.00111.x 



84 

 

Lozupone, C., & Knight, R. (2005). UniFrac: A new phylogenetic method for 

comparing microbial communities. Appl. Environ. Microbiol., 71(12), 

8228–8235. 

Macias-Fauria, M., & Post, E. (2018). Effects of sea ice on Arctic biota: An 

emerging crisis discipline. Biology Letters, 14(3), 20170702. 

https://doi.org/10.1098/rsbl.2017.0702 

Mandal, S., Van Treuren, W., White, R. A., Eggesbø, M., Knight, R., & Peddada, 

S. (2015). Analysis of composition of microbiomes: A novel method for 

studying microbial composition. Microbial Ecology in Health and 

Disease, 26(1), 27663. 

Martinson, D. (2012). Antarctic circumpolar current’s role in the Antarctic ice 

system: An overview. Palaeogeography, Palaeoclimatology, 

Palaeoecology, 335–336, 71–74. 

https://doi.org/10.1016/j.palaeo.2011.04.007 

Massom, R., & Stammerjohn, S. (2010). Antarctic sea ice change and variability – 

Physical and ecological implications. Polar Science, 4(2), 149–186. 

https://doi.org/10.1016/j.polar.2010.05.001 

Mayor, D., Thornton, B., Hay, S., Zuur, A., Nicol, G., McWilliam, J., & Witte, U. 

(2012). Resource quality affects carbon cycling in deep-sea sediments. The 

ISME Journal, 6(9), 1740–1748. 

McMinn, A., Martin, A., & Ryan, K. (2010). Phytoplankton and sea ice algal 

biomass and physiology during the transition between winter and spring 

(McMurdo Sound, Antarctica). Polar Biology, 33(11), 1547–1556. 

McMurdie, P., & Holmes, S. (2013). Phyloseq: An R package for reproducible 

interactive analysis and graphics of microbiome census data. PloS One, 

8(4). 

Megonigal, J., Hines, M., & Visscher, P. (2003). Anaerobic metabolism: Linkages 

to trace gases and aerobic processes. In H. Holland & K. Turekian (Eds.), 

Treatise on Geochemistry (pp. 317–424). Pergamon. 

https://doi.org/10.1016/B0-08-043751-6/08132-9 

Meier, W., Hovelsrud, G., Oort, B. van, Key, J., Kovacs, K., Michel, C., Haas, C., 

Granskog, M., Gerland, S., Perovich, D., Makshtas, A., & Reist, J. (2014). 

Arctic sea ice in transformation: A review of recent observed changes and 

impacts on biology and human activity. Reviews of Geophysics, 52(3), 

185–217. https://doi.org/10.1002/2013RG000431 

Meyers, P. (1994). Preservation of elemental and isotopic source identification of 

sedimentary organic matter. Chemical Geology, 14. 

Middelburg, J. (2011). Chemoautotrophy in the ocean. Geophysical Research 

Letters, 38(24). https://doi.org/10.1029/2011GL049725 



85 

 

Middelburg, J. (2019a). Carbon processing at the seafloor. In J. Middelburg (Ed.), 

Marine Carbon Biogeochemistry: A Primer for Earth System Scientists 

(pp. 57–75). Springer International Publishing. 

https://doi.org/10.1007/978-3-030-10822-9_4 

Middelburg, J. (2019b). Marine Carbon Biogeochemistry: A Primer for Earth 

System Scientists. Springer Nature. 

https://library.oapen.org/handle/20.500.12657/23070 

Mikucki, J., Auken, E., Tulaczyk, S., Virginia, R., Schamper, C., Sørensen, K., 

Doran, P., Dugan, H., & Foley, N. (2015). Deep groundwater and potential 

subsurface habitats beneath an Antarctic dry valley. Nature 

Communications, 6. 

Montes-Hugo, M., Doney, S., Ducklow, H., Fraser, W., Martinson, D., 

Stammerjohn, S., & Schofield, O. (2009). Recent changes in 

phytoplankton communities associated with rapid regional climate change 

along the Western Antarctic Peninsula. Science, 323(5920), 1470–1473. 

https://doi.org/10.1126/science.1164533 

Morono, Y., Ito, M., Hoshino, T., Terada, T., Hori, T., Ikehara, M., D’Hondt, S., 

& Inagaki, F. (2020). Aerobic microbial life persists in oxic marine 

sediment as old as 101.5 million years. Nature Communications, 11(1), 

3626. https://doi.org/10.1038/s41467-020-17330-1 

Müller, A., De Rezende, J., Hubert, C., Kjeldsen, K., Lagkouvardos, I., Berry, D., 

Jørgensen, B., & Loy, A. (2014). Endospores of thermophilic bacteria as 

tracers of microbial dispersal by ocean currents. The ISME Journal, 8(6), 

1153–1165. 

Murphy, E., Cavanagh, R., Drinkwater, K., Grant, S., Heymans, J., Hofmann, E., 

Hunt, G., & Johnston, N. M. (2016). Understanding the structure and 

functioning of polar pelagic ecosystems to predict the impacts of change. 

Proceedings of the Royal Society B: Biological Sciences, 283(1844), 

20161646. https://doi.org/10.1098/rspb.2016.1646 

Murray, K., Miller, M., & Bowser, S. (2013). Depositional processes beneath 

coastal multi-year sea ice. Sedimentology, 60(2), 391–410. 

https://doi.org/10.1111/j.1365-3091.2012.01345.x 

Mußmann, M., Pjevac, P., Krüger, K., & Dyksma, S. (2017). Genomic repertoire 

of the Woeseiaceae/JTB255, cosmopolitan and abundant core members of 

microbial communities in marine sediments. The ISME Journal, 11(5), 

1276–1281. 

Nadaï, G., Nöthig, E., Fortier, L., & Lalande, C. (2020). Early snowmelt and sea 

ice breakup enhance algal export in the Beaufort Sea. Progress in 

Oceanography, 102479. https://doi.org/10.1016/j.pocean.2020.102479 

Nguyen, T., & Landfald, B. (2015). Polar front associated variation in prokaryotic 

community structure in Arctic shelf seafloor. Frontiers in Microbiology, 6. 

https://doi.org/10.3389/fmicb.2015.00017 



86 

 

Nixon, S. (1981). Remineralization and nutrient cycling in coastal marine 

ecosystems. In B. Neilson & L. Cronin (Eds.), Estuaries and Nutrients 

(pp. 111–138). Humana Press. https://doi.org/10.1007/978-1-4612-5826-

1_6 

Norkko, A., Thrush, S., Cummings, V., Gibbs, M., Andrew, N., Norkko, J., & 

Schwarz, A. (2007). Trophic structure of coastal Antarctic food webs 

associated with changes in sea ice and food supply. Ecology, 88(11), 

2810–2820. 

Notz, D., & Stroeve, J. (2018). The trajectory towards a seasonally ice-free Arctic 

Ocean. Current Climate Change Reports, 4(4), 407–416. 

https://doi.org/10.1007/s40641-018-0113-2 

NSIDC. (2020a). All about sea ice. National Snow and Ice Data Center. 

https://nsidc.org/cryosphere/seaice/characteristics/difference.html 

NSIDC. (2020b). Newsroom. National Snow and Ice Data Center. 

https://nsidc.org/news/newsroom/arctic-sea-ice-minimum-extent-2020 

Nylen, T., Fountain, A., & Doran, P. (2004). Climatology of katabatic winds in 

the McMurdo Dry Valleys, southern Victoria Land, Antarctica. Journal of 

Geophysical Research (Atmospheres), 109, D03114. 

https://doi.org/10.1029/2003JD003937 

NZTABS. (2017). International Center for Terrestrial Antarctic Research. 

Retrieved December 4, 2020, from https://ictar.aq/nztabs-science/ 

Oni, O., Schmidt, F., Miyatake, T., Kasten, S., Witt, M., Hinrichs, K., & 

Friedrich, M. (2015). Microbial communities and organic matter 

composition in surface and subsurface sediments of the Helgoland mud 

area, North Sea. Frontiers in Microbiology, 6, 1290. 

Orsi, W. (2018). Ecology and evolution of seafloor and subseafloor microbial 

communities. Nature Reviews Microbiology, 16(11), 671–683. 

https://doi.org/10.1038/s41579-018-0046-8 

Overland, J., & Wang, M. (2013). When will the summer Arctic be nearly sea ice 

free? Geophysical Research Letters, 40(10), 2097–2101. 

https://doi.org/10.1002/grl.50316 

Pace, N. (1997). A molecular view of microbial diversity and the biosphere. 

Science, 276(5313), 734–740. 

https://doi.org/10.1126/science.276.5313.734 

Pachauri, R., Allen, M., Barros, V., Broome, J., Cramer, W., Christ, R., Church, J. 

A., Clarke, L., Dahe, Q., Dasgupta, P., Dubash, N., Edenhofer, O., 

Elgizouli, I., Field, C., Forster, P., Friedlingstein, P., Fuglestvedt, J., 

Gomez-Echeverri, L., Hallegatte, S., … van Ypserle, J. (2014). Climate 

change 2014: Synthesis report. Contribution of working groups I, II and III 

to the Fifth Assessment Report of the Intergovernmental Panel on Climate 

Change. In R. Pachauri & L. Meyer (Eds.), EPIC3Geneva, Switzerland, 



87 

 

IPCC, 151 p., pp. 151, ISBN: 978-92-9169-143-2 (p. 151). IPCC. 

https://epic.awi.de/id/eprint/37530/ 

Parada, A., Needham, D., & Fuhrman, J. (2016). Every base matters: Assessing 

small subunit rRNA primers for marine microbiomes with mock 

communities, time series and global field samples. Environmental 

Microbiology, 18(5), 1403–1414. 

Parkinson, C., & Cavalieri, D. (2012). Antarctic sea ice variability and trends, 

1979-2010. The Cryosphere, 6(871-880).  

Parkinson, C. (2019). A 40-y record reveals gradual Antarctic sea ice increases 

followed by decreases at rates far exceeding the rates seen in the Arctic. 

Proceedings of the National Academy of Sciences of the United States of 

America, 116(29), 14414–14423. 

https://doi.org/10.1073/pnas.1906556116 

Parks, D., Tyson, G., Hugenholtz, P., & Beiko, R. (2014). STAMP: Statistical 

analysis of taxonomic and functional profiles. Bioinformatics, 30(21), 

3123–3124. https://doi.org/10.1093/bioinformatics/btu494 

Parro, V., Puente-Sánchez, F., Cabrol, N., Gallardo-Carreño, I., Moreno-Paz, M., 

Blanco, Y., García-Villadangos, M., Tambley, C., Tilot, V., & Thompson, 

C. (2019). Microbiology and nitrogen cycle in the benthic sediments of a 

glacial oligotrophic deep Andean lake as analog of ancient martian lake-

beds. Frontiers in Microbiology, 10, 929. 

Post, E. (2017). Implications of earlier sea ice melt for phenological cascades in 

Arctic marine food webs. Food Webs, 13, 60–66. 

https://doi.org/10.1016/j.fooweb.2016.11.002 

Post, E., Bhatt, U., Bitz, C., Brodie, J., Fulton, T., Hebblewhite, M., Kerby, J., 

Kutz, S., Stirling, I., & Walker, D. (2013). Ecological consequences of 

sea-ice decline. Science, 341(6145), 519–524. 

https://doi.org/10.1126/science.1235225 

Prodan, A., Tremaroli, V., Brolin, H., Zwinderman, A., Nieuwdorp, M., & Levin, 

E. (2020). Comparing bioinformatic pipelines for microbial 16S rRNA 

amplicon sequencing. PLOS ONE, 15(1), e0227434. 

https://doi.org/10.1371/journal.pone.0227434 

Quail, M., Smith, M., Coupland, P., Otto, T., Harris, S., Connor, T., Bertoni, A., 

Swerdlow, H., & Gu, Y. (2012). A tale of three next generation 

sequencing platforms: Comparison of Ion Torrent, Pacific Biosciences and 

Illumina MiSeq sequencers. BMC Genomics, 13(1), 341. 

https://doi.org/10.1186/1471-2164-13-341 

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., 

& Glöckner, F. (2012). The SILVA ribosomal RNA gene database project: 

Improved data processing and web-based tools. Nucleic Acids Research, 

41(D1), D590–D596. 



88 

 

Quince, C., Lanzen, A., Davenport, R., & Turnbaugh, P. (2011). Removing noise 

from pyrosequenced amplicons. BMC Bioinformatics, 12(1), 38. 

https://doi.org/10.1186/1471-2105-12-38 

R Development Core Team. (2010). R Foundation for Statistical Computing. 

https://www.r-project.org/ 

Rappé, M., & Giovannoni, S. (2003). The uncultured microbial majority. Annual 

Review of Microbiology, 57(1), 369–394. 

https://doi.org/10.1146/annurev.micro.57.030502.090759 

Reigstad, M., Wexels Riser, C., Wassmann, P., & Ratkova, T. (2008). Vertical 

export of particulate organic carbon: Attenuation, composition and loss 

rates in the northern Barents Sea. Deep Sea Research Part II: Topical 

Studies in Oceanography, 55(20), 2308–2319. 

https://doi.org/10.1016/j.dsr2.2008.05.007 

Robinson, N., Williams, M., Barrett, P., & Pyne, A. (2010). Observations of flow 

and ice-ocean interaction beneath the McMurdo Ice Shelf, Antarctica. 

Journal of Geophysical Research: Oceans, 115(C3). 

https://doi.org/10.1029/2008JC005255 

Ruff, S., Probandt, D., Zinkann, A., Iversen, M., Klaas, C., Würzberg, L., 

Krombholz, N., Wolf-Gladrow, D., Amann, R., & Knittel, K. (2014). 

Indications for algae-degrading benthic microbial communities in deep-sea 

sediments along the Antarctic Polar Front. Deep Sea Research Part II: 

Topical Studies in Oceanography, 108, 6–16. 

Schloss, P., & Handelsman, J. (2004). Status of the microbial census. 

Microbiology and Molecular Biology Reviews, 68(4), 686–691. 

https://doi.org/10.1128/MMBR.68.4.686-691.2004 

Schloss, P., Westcott, S., Ryabin, T., Hall, J., Hartmann, M., Hollister, E., 

Lesniewski, R., Oakley, B., Parks, D., & Robinson, C. (2009). Introducing 

mothur: Open-source, platform-independent, community-supported 

software for describing and comparing microbial communities. Appl. 

Environ. Microbiol., 75(23), 7537–7541. 

Schluter, D. (1996). Ecological causes of adaptive radiation. The American 

Naturalist, 148, S40–S64. https://doi.org/10.1086/285901 

Schofield, O., Brown, M., Kohut, J., Nardelli, S., Saba, G., Waite, N., & 

Ducklow, H. (2018). Changes in the upper ocean mixed layer and 

phytoplankton productivity along the West Antarctic Peninsula. 

Philosophical Transactions of the Royal Society A: Mathematical, 

Physical and Engineering Sciences, 376(2122), 20170173. 

https://doi.org/10.1098/rsta.2017.0173 

Schwarz, A., Hawes, I., Andrew, N., Norkko, A., Cummings, V., & Thrush, S. 

(2003). Macroalgal photosynthesis near the southern global limit for 

growth; Cape Evans, Ross Sea, Antarctica. Polar Biology, 26(12), 789–

799. 



89 

 

Scott, T., Rose, J., Jenkins, T., Farrah, S., & Lukasik, J. (2002). Microbial source 

tracking: Current methodology and future directions. Applied and 

Environmental Microbiology, 68(12), 5796–5803. 

https://doi.org/10.1128/AEM.68.12.5796-5803.2002 

Seibold, E., & Berger, W. (2017). Sources and composition of marine sediments. 

In E. Seibold & W. Berger (Eds.), The Sea Floor: An Introduction to 

Marine Geology (pp. 45–61). Springer International Publishing. 

https://doi.org/10.1007/978-3-319-51412-3_4 

Shannon, C. (1948). A mathematical theory of communication. The Bell System 

Technical Journal, 27(3), 379–423. 

Sharpton, T. (2014). An introduction to the analysis of shotgun metagenomic data. 

Frontiers in Plant Science, 5. https://doi.org/10.3389/fpls.2014.00209 

Simpson, E. (1949). Measurement of diversity. Nature, 163(4148), 688–688. 

Smethie, W., & Jacobs, S. (2005). Circulation and melting under the Ross Ice 

Shelf: Estimates from evolving CFC, salinity and temperature fields in the 

Ross Sea. Deep Sea Research Part I: Oceanographic Research Papers, 

52(6), 959–978. 

Smith, W., Sedwick, P., Arrigo, K., Ainley, D., & Orsi, A. (2012). The Ross Sea 

in a sea of change. Oceanography, 25(3), 90–103. 

Smith, W., Ainley, D., Arrigo, K., & Dinniman, M. (2014). The oceanography 

and ecology of the Ross Sea. Annual Review of Marine Science, 6(1), 469–

487. https://doi.org/10.1146/annurev-marine-010213-135114 

Smith, W., & Nelson, D. (1986). Importance of ice edge phytoplankton 

production in the Southern Ocean. BioScience, 36(4), 251–257. 

https://doi.org/10.2307/1310215 

Snelgrove, P., Soetaert, K., Solan, M., Thrush, S., Wei, C., Danovaro, R., 

Fulweiler, R., Kitazato, H., Ingole, B., Norkko, A., Parkes, R., & 

Volkenborn, N. (2018). Global carbon cycling on a heterogeneous 

seafloor. Trends in Ecology & Evolution, 33(2), 96–105. 

https://doi.org/10.1016/j.tree.2017.11.004 

Soetaert, K., Middelburg, J., Herman, P., & Buis, K. (2000). On the coupling of 

benthic and pelagic biogeochemical models. Earth-Science Reviews, 

51(1), 173–201. https://doi.org/10.1016/S0012-8252(00)00004-0 

Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Avery, K., Tignor, M. 

& Miller, H. (2007). Climate Change 2007: The Physical Science Basis. 

Working Group I Contribution to the Fourth Assessment Report of the 

IPCC (1). 

Sorokin, D., Tourova, T., Galinski, E., Muyzer, G., & Kuenen, J. (2008). 

Thiohalorhabdus denitrificans gen. Nov., sp. Nov., an extremely 

halophilic, sulfur-oxidizing, deep-lineage gammaproteobacterium from 



90 

 

hypersaline habitats. International Journal of Systematic and Evolutionary 

Microbiology, 58(12), 2890–2897. 

Stammerjohn, S., Martinson, D., Smith, R., Yuan, X., & Rind, D. (2008). Trends 

in Antarctic annual sea ice retreat and advance and their relation to El 

Niño–Southern Oscillation and Southern Annular Mode variability. 

Journal of Geophysical Research: Oceans, 113(C3). 

https://doi.org/10.1029/2007JC004269 

Stammerjohn, S, Massom, R., Rind, D., & Martinson, D. (2012). Regions of rapid 

sea ice change: An inter-hemispheric seasonal comparison. Geophysical 

Research Letters, 39(6). https://doi.org/10.1029/2012GL050874 

Stevens, C., Hulbe, C., Brewer, M., Stewart, C., Robinson, N., Ohneiser, C., & 

Jendersie, S. (2020). Ocean mixing and heat transport processes observed 

under the Ross Ice Shelf control its basal melting. Proceedings of the 

National Academy of Sciences, 117(29), 16799–16804. 

Stroeve, J., Crawford, A., & Stammerjohn, S. (2016). Using timing of ice retreat 

to predict timing of fall freeze-up in the Arctic. Geophysical Research 

Letters, 43(12), 6332–6340. https://doi.org/10.1002/2016GL069314 

Suttle, C. (2005). Viruses in the sea. Nature, 437(7057), 356–361. 

https://doi.org/10.1038/nature04160 

Takahashi, T., Sutherland, S., Wanninkhof, R., Sweeney, C., Feely, R., Chipman, 

D., Hales, B., Friederich, G., Chavez, F., Sabine, C., Watson, A., Bakker, 

D., Schuster, U., Metzl, N., Yoshikawa-Inoue, H., Ishii, M., Midorikawa, 

T., Nojiri, Y., Körtzinger, A., … de Baar, H. (2009). Climatological mean 

and decadal change in surface ocean pCO2, and net sea–air CO2 flux over 

the global oceans. Deep Sea Research Part II: Topical Studies in 

Oceanography, 56(8), 554–577. https://doi.org/10.1016/j.dsr2.2008.12.009 

Tang, C., Madigan, M., & Lanoil, B. (2013). Bacterial and archaeal diversity in 

sediments of west Lake Bonney, McMurdo Dry Valleys, Antarctica. 

Applied and Environmental Microbiology, 79(3), 1034–1038. 

https://doi.org/10.1128/AEM.02336-12 

Tedesco, L., Vichi, M., & Scoccimarro, E. (2019). Sea-ice algal phenology in a 

warmer Arctic. Science Advances, 5(5), eaav4830. 

https://doi.org/10.1126/sciadv.aav4830 

Thackeray, C., & Hall, A. (2019). An emergent constraint on future Arctic sea-ice 

albedo feedback. Nature Climate Change, 9(12), 972–978. 

https://doi.org/10.1038/s41558-019-0619-1 

Thompson, D., & Solomon, S. (2002). Interpretation of recent Southern 

Hemisphere climate change. Science, 296(5569), 895–899. 

https://doi.org/10.1126/science.1069270 

Thrush, S., Dayton, P., Cattaneo-Vietti, R., Chiantore, M., Cummings, V., 

Andrew, N., Hawes, I., Kim, S., Kvitek, R., & Schwarz, A. (2006). Broad-



91 

 

scale factors influencing the biodiversity of coastal benthic communities 

of the Ross Sea. Deep Sea Research Part II: Topical Studies in 

Oceanography, 53(8–10), 959–971. 

Thrush, S., & Cummings, V. (2011). Massive icebergs, alteration in primary food 

resources and change in benthic communities at Cape Evans, Antarctica. 

Marine Ecology, 32(3), 289–299. 

Tully, B., & Heidelberg, J. (2016). Potential mechanisms for microbial energy 

acquisition in oxic deep-sea Ssdiments. Applied and Environmental 

Microbiology, 82(14), 4232–4243. https://doi.org/10.1128/AEM.01023-16 

Turner, J., Comiso, J., Marshall, G., Lachlan‐Cope, T., Bracegirdle, T., Maksym, 

T., Meredith, M., Wang, Z., & Orr, A. (2009). Non-annular atmospheric 

circulation change induced by stratospheric ozone depletion and its role in 

the recent increase of Antarctic sea ice extent. Geophysical Research 

Letters, 36(8). https://doi.org/10.1029/2009GL037524 

Turner, J., Guarino, M., Arnatt, J., Jena, B., Marshall, G., Phillips, T., Bajish, C. 

C., Clem, K., Wang, Z., Andersson, T., Murphy, E., & Cavanagh, R. 

(2020). Recent decrease of summer sea ice in the Weddell Sea, Antarctica. 

Geophysical Research Letters, 47(11), e2020GL087127. 

https://doi.org/10.1029/2020GL087127 

Turner, J., Hosking, J., Bracegirdle, T., Marshall, G., & Phillips, T. (2015). 

Recent changes in Antarctic Sea Ice. Philosophical Transactions of the 

Royal Society A: Mathematical, Physical and Engineering Sciences, 

373(2045), 20140163. https://doi.org/10.1098/rsta.2014.0163 

Turner, J., Phillips, T., Marshall, G., Hosking, J., Pope, J., Bracegirdle, T., & Deb, 

P. (2017). Unprecedented springtime retreat of Antarctic sea ice in 2016. 

Geophysical Research Letters, 44(13), 6868–6875. 

https://doi.org/10.1002/2017GL073656 

Vancoppenolle, M., Meiners, K., Michel, C., Bopp, L., Brabant, F., Carnat, G., 

Delille, B., Lannuzel, D., Madec, G., Moreau, S., Tison, J., & van der 

Merwe, P. (2013). Role of sea ice in global biogeochemical cycles: 

Emerging views and challenges. Quaternary Science Reviews, 79, 207–

230. https://doi.org/10.1016/j.quascirev.2013.04.011 

Vasquez‐Cardenas, D., Meysman, F., & Boschker, H. (2020). A cross-system 

comparison of dark carbon fixation in coastal sediments. Global 

Biogeochemical Cycles, 34(2), e2019GB006298. 

https://doi.org/10.1029/2019GB006298 

Vick‐Majors, T., Achberger, A., Santibáñez, P., Dore, J., Hodson, T., Michaud, 

A., Christner, B., Mikucki, J., Skidmore, M., Powell, R., Adkins, W., 

Barbante, C., Mitchell, A., Scherer, R., & Priscu, J. (2016). 

Biogeochemistry and microbial diversity in the marine cavity beneath the 

McMurdo Ice Shelf, Antarctica. Limnology and Oceanography, 61(2), 

572–586. https://doi.org/10.1002/lno.10234 



92 

 

Wadhams, P. (2000). Ice in the Ocean. CRC Press. 

Wasmund, K., Mußmann, M., & Loy, A. (2017). The life sulfuric: Microbial 

ecology of sulfur cycling in marine sediments. Environmental 

Microbiology Reports, 9(4), 323–344. https://doi.org/10.1111/1758-

2229.12538 

Wassmann, P., Bauerfeind, E., Fortier, M., Fukuchi, M., Hargrave, B., Moran, B., 

Noji, T., Nöthig, E., Olli, K., Peinert, R., Sasaki, H., & Shevchenko, V. 

(2004). Particulate organic carbon flux to the Arctic Ocean sea floor. In R. 

Stein & R. MacDonald (Eds.), The Organic Carbon Cycle in the Arctic 

Ocean (pp. 101–138). Springer Berlin Heidelberg. 

https://doi.org/10.1007/978-3-642-18912-8_5 

Wassmann, P., & Reigstad, M. (2011). Future Arctic Ocean seasonal ice zones 

and implications for pelagic-benthic coupling. Oceanography, 24(3), 220–

231. https://doi.org/10.5670/oceanog.2011.74 

Webb, C. (2000). Exploring the phylogenetic structure of ecological communities: 

An example for rain forest trees. The American Naturalist, 156(2), 145–

155. https://doi.org/10.1086/303378 

Webb, C., Ackerly, D., McPeek, M., & Donoghue, M. (2002). Phylogenies and 

community ecology. Annual Review of Ecology and Systematics, 33(1), 

475–505. https://doi.org/10.1146/annurev.ecolsys.33.010802.150448 

Webster, M., Rigor, I., Nghiem, S., Kurtz, N., Farrell, S., Perovich, D., & Sturm, 

M. (2014). Interdecadal changes in snow depth on Arctic sea ice. Journal 

of Geophysical Research: Oceans, 119(8), 5395–5406. 

https://doi.org/10.1002/2014JC009985 

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. Springer. 

Wilkins, D., van Sebille, E., Rintoul, S., Lauro, F., & Cavicchioli, R. (2013). 

Advection shapes Southern Ocean microbial assemblages independent of 

distance and environment effects. Nature Communications, 4(1), 2457. 

https://doi.org/10.1038/ncomms3457 

Willis, A., & Bunge, J. (2015). Estimating diversity via frequency ratios. 

Biometrics, 71(4), 1042–1049. https://doi.org/10.1111/biom.12332 

Willis, A. (2019). Rarefaction, alpha diversity, and statistics. Frontiers in 

Microbiology, 10. https://doi.org/10.3389/fmicb.2019.02407 

Willis, A. (2020). Breakaway. Github. Retrieved November 18, 2020, from 

https://adw96.github.io/breakaway/articles/breakaway.html 

Wing, S., Leichter, J., Wing, L., Stokes, D., Genovese, S., McMullin, R., & 

Shatova, O. (2018). Contribution of sea ice microbial production to 

Antarctic benthic communities is driven by sea ice dynamics and 

composition of functional guilds. Global Change Biology, 24(8), 3642–

3653. https://doi.org/10.1111/gcb.14291 



93 

 

Ye, Y., & Doak, T. (2009). A parsimony approach to biological pathway 

reconstruction/inference for genomes and metagenomes. PLoS Comput 

Biol, 5(8), e1000465. 

Zinger, L., Amaral-Zettler, L., Fuhrman, J., Horner-Devine, M., Huse, S., Welch, 

D., Martiny, J., Sogin, M., Boetius, A., & Ramette, A. (2011). Global 

patterns of bacterial beta-diversity in seafloor and seawater ecosystems. 

PloS One, 6(9). 

 


