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Abstract 

Ice shelf coverage in Antarctica is declining due to recent global warming.  The 

northern part of Larsen Ice Shelf, the Larsen A in the Weddell Sea, has been decreasing 

since the 19th century and in 2000 finally disappeared.  Ice shelf coverage decrease 

should dramatically enhance biological productivity in surface water and organic matter 

flux to the seafloor.  This dissertation examines sources of organic matter to sediments, 

indicators of labile organic matter flux increase due to the ice-shelf collapse, and 

potential subsequent impacts of changing ocean productivity on the sedimentary 

microbial community in the sediment cores taken across a 170-year chronoseries of ice-

shelf loss, five-transect stations.  Characterizing lipid biomarkers, phytoplankton (rather 

than terrestrially derived organic material) was identified as the major source of organic 

matter in the sediments, as previously found in other nearshore Antarctic regions. The 

predominance of C16, C18, and C20 fatty acids, 24-methylenecholesterol, sitosterol, and 

13C-enriched sea-ice diatom biomarker (C25:2 HBIs) indicate the importance of organic 

matter inputs from sea-ice diatom communities that become more dominant as the 

prevalence of sea ice coverage once the ice shelf disappears. Bacterial and Archaeal 

lipids were second and third largest lipid sources. These lipids could be sourced from 

the water column and in situ production as well as former ice shelf and ice-rafted debris. 

Using the vertical lipid distributions, diagenetic models were applied to estimate the 
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pelagic lipid flux before and after the ice shelf collapse. The results suggest that the 

rapid increase in flux due to the ice shelf disintegration, but further characterization of 

degradation rates need to be undertaken to increase confidence in the magnitude of this 

increased flux.  Lipid flux increase may induce a shift in the microbial community 

structure in the sediments.  Multivariate analyses identified that the organic matter 

content and δ13CTOC values, relative abundances of labile and recalcitrant lipid 

biomarkers, and concentrations of nitrogen species are important factors that correlate 

with downcore and cross-shelf microbial community composition. Enriched organic 

matter content (electron donor) may influence the microbial community through the 

decreased availability of electron acceptors in the sediments.  The quality of the organic 

matter may also influence the microbial community: microbes that use recalcitrant 

organic matter shift to phytodetritus degraders as more-labile organic matter is 

delivered to the seabed following ice-shelf collapse. These results will offer a new 

perspective on the potential impacts of the ice-shelf disintegration to the subseafloor 

environment. Further investigations are needed to quantify the flux increase and 

microbial degradation rates of organic matter to expand the knowledge on influences of 

glacier melt on biogeochemical cycle.  
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1. General Introduction 

1.1 Global warming in polar environments and ice retreat 

Recent global warming of Earth’s atmosphere has increased sea surface 

temperature by a global average of 0.6 °C over the past century (Pachauri, 2008).  The 

increased sea surface temperature has and continues to substantially reduce glaciers, ice 

sheets, and sea ice (Bintanja et al., 2013; Hoegh-Guldberg and Bruno, 2010).  Polar 

environments have been the most affected by the air temperature increase (Hoegh-

Guldberg and Bruno, 2010).  Physical changes, such as sea surface temperature increase, 

stratification increase, and ice loss cause biological responses at multiple levels: 

physiology of individual organisms, population-level responses, and ecosystem 

structure and function (Doney et al., 2012).  One of the most well-known changes in 

polar environments is that decreased in sea ice extent results in a decline of marine 

mammals and birds populations (Ducklow et al., 2013; Hoegh-Guldberg and Bruno, 

2010).  Sea ice plays a critical role for sea birds and mammals as habitat platforms.  The 

population size of ice-dependent organisms such as polar bears (Ursus maritimus) in the 

Arctic, and Adélie penguins (Pygoscelis adeliae) and seals in Antarctica are decreasing in 

response to habitat loss, and these organisms are replaced with ice-tolerant species such 

as Chinstrap (P. Antarctica) and Gentoo (P. papua) penguins (Hoegh-Guldberg and 

Bruno, 2010; Schofield et al., 2010). Sea ice also supports particular food webs that are 
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dependent on sea-ice algae. The sea ice loss in the Southern Ocean explains declining 

krill populations (Atkinson et al., 2004). Yet the impacts of ice shelf collapse on 

ecosystems, including pelagic and benthic ecosystems, are not well explored.  

The Antarctic Peninsula (AP) is greatly affected by global warming; locally the 

temperatures increase at a rate of 3.7±1.6 °C (century)-1, six times faster than the global 

average (Pachauri, 2008; Vaughan et al., 2003).  Due to the regional warming, during the 

last 30 years, ice shelves along the Antarctic Peninsula have experienced more than 

16000 km2 of disintegration; the area is almost equivalent to the state of Georgia. For 

instance, 400 km2 of the Wilkins Ice Shelf in the West Antarctic Peninsula disintegrated 

in 2008 (Scambos et al., 2009), and in the East Antarctic Peninsula, the Larsen B Ice Shelf 

has lost 3250 km2 in 2004 (Scambos et al., 2004).   North of the Larsen B, the Larsen A Ice 

Shelf had been retreating progressively since the 19th century, and a massive 

disintegration (1500 km2) occurred in 1995 (Rott et al., 1996; Schofield et al., 2010).  It 

completely disappeared in 2000 (Ferrigno, 2006; Rott et al., 1996).   

1.2 Ecological impacts of ice shelf melt 

Ice shelves are thick floating ice extending from glaciers.  Their thickness can be 

between 50 and 600 meters (National Snow and Ice Data Center, 2010), which does not 

allow sunlight to reach the water column beneath.  Melting of ice shelves has direct 

impacts on the physical characteristics of the ocean: opening up the sea surface and 
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introducing sunlight to the ocean surface and changing ocean circulation patterns.  

These physical modifications could directly affect ecosystems (Doney et al., 2012).  

Pelagic biota abundances increased after ice shelf collapse in the Larsen A 

Embayment.  Phytoplankton can grow, and other fauna can expand their habitat into the 

opened sea surface. The Larsen A area is now a productive environment with nutrient-

rich and high chlorophyll-a containing seawater (Bertolin and Schloss, 2009; Sañé et al., 

2011b). The extent of primary productivity and the availability of organic matter 

influence the structure and abundances of heterotrophic communities including both 

macrofauna (Levin and Gage, 1998) and microorganisms (Horner-Devine et al., 2003). 

Phytoplankton blooms in the euphotic zone of the oceans serve as a food source for 

zooplankton (Löder et al., 2011) and other organisms. In the Larsen A embayment, 

typical Antarctic fish have become established, although abundances were ten times less 

than the eastern Weddell Sea at the time of an expedition in 2007 (Gutt et al., 2011). 

Minke whales (Balaenoptera bonaerensis) and seals were found in the Larsen A in a 2007 

expedition (Gutt et al., 2011).  Compared to the apparent increases of pelagic biota, the 

influence of ice shelf collapse on benthic fauna is elusive.  In 2007, post-ice shelf collapse 

Larsen A macro- and meiobenthic fauna compositions were similar to those in northern 

Antarctic Peninsula area where have been open ocean at least 10,000 years.  The species 

richness and density of these organisms were still an order of magnitude smaller than in 
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the northern AP (Gutt et al., 2011).  Although most of the bloom biomass is 

remineralized in the food web of the euphotic zone, some of the organic matter escape 

degradation in the surface waters and is exported to the meso- and bathypelagic. 

Estimates on the amount of exported biomass range from around 2% (Fischer et al., 

2000) to up to 50% (Smetacek et al., 2012). Settled particulate organic carbon (POC) is 

taken up by meio- and macrofaunal benthic communities as well as further utilized by 

microorganisms (Moodley et al., 2002; Witte et al., 2003). Benthic fauna survived under 

ice shelves with advected organic matter (Riddle et al., 2007). Therefore, the benthic 

fauna found in Larsen A could have been there even before the ice shelf collapse.  

Benthic community compositions, however, may be more dynamic than had been 

previously thought.  Using a photo survey approach, Gutt (2013) found a dramatic 

decrease in benthic ascidians (Molgula pedunculata) and increases in deposit feeding 

ophiuroids in the Larsen A Embayment between 2007 and 2011.   Although they could 

not elucidate environmental causes (e.g., ice shelf collapse, sea ice coverage, 

temperature, and salinity), this study showed that benthic community compositions and 

abundances could be dynamic in the intermediate to long term (Gutt et al., 2013). 

Due to permanent darkness, most of the life in the abyssal seafloor is dependent 

on this input of photosynthesis- derived particulate organic carbon (POC) from the 

ocean surface  (Jørgensen and Boetius, 2007; Sevastou et al., 2013). Sediment 
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geochemistry and microbial communities can undergo dramatic changes following ice 

shelf collapse.  The organic inputs including vertical and lateral transport to the seafloor 

were minuscule before ice shelf collapse (Sañé et al., 2011b).  A complete trophic regime 

shift from no production all year round to seasonal production in the sea surface could 

result in increased organic matter input as particulate organic matter to sediments. 

Increases in organic matter input to sediments affect the geochemical characteristics in 

sediment porewater.  Enhanced microbial activities quickly consume oxygen in the 

surface sediments. The inputs of organic detritus also increase nitrogen species such as 

ammonium and nitrate.  These changes in the geochemical setting could affect microbial 

community compositions.  For example, increases in ammonium and nitrate in 

sediments can increase relative abundances of ammonium-oxidizing bacteria and 

archaea and nitrate reducers.  The increase in organic matter input and changes in the 

carbon and the nitrogen cycles in Larsen A sediments are expected, but microbial 

composition and impacts of ice shelf collapse to microbial community in Larsen A 

embayment, however, have not yet been explored.  

Although research expeditions can provide the data to monitor the post-ice-shelf-

collapse ecosystem in the Larsen A Embayment, the dataset is limited to explain changes 

in ecosystems and organic matter flux to the seafloor before and after ice shelf collapse.  
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Lipid biomarkers accumulated in sediments could provide an opportunity to investigate 

the history of ecosystem changes affected by global warming. 

1.3 Lipid biomarkers in marine sediments 

Lipids are the major component of cell membranes of all living organisms.  

Lipids are one of the most important biomolecules in organisms not only for building 

cell membranes but also for storing energy and maintaining membrane flexibility and 

transport.  The lipid biomarkers are useful for two characteristics; 1) molecular 

structural diversity and 2) stable carbon isotope.  The molecular structure is useful to 

trace certain organisms. Thus, the lipids in marine sediments can serve as biomarkers of 

organisms in the water column above the seafloor and sediments, beneath the seafloor.  

Carbon stable isotopes can elucidate carbon sources and/or carbon fixation pathways.  

Lipids also can serve as proxies to infer sea surface temperature (Schouten et al., 2002; 

Wuchter et al., 2004), the relative importance of terrestrial and marine organic matter 

input on the seafloor (Weijers et al., 2006a) and sea ice coverage (Belt et al., 2008; Massé 

et al., 2011).  Lipid biomarkers are thus useful tools for understanding environmental 

changes in seawater and sediments on centennial or millennial timescales. 

The structures of lipids are fundamentally different among the three domains 

(Archaea, Bacteria, and Eukarya).  Archaeal lipids constituents are isoprenoidal chains 

attached to glycerol backbones through ether linkages as diether lipids (archaeol) or 
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tetraether lipids (glycerol dialkyl glycerol tetraether (GDGT) (Figure 1) (S.-V. Albers and 

Meyer, 2011; Koga et al., 1993). Bacterial and eukaryotic lipids contain two fatty acid 

chains attached to the backbones through ester linkages (Gurr et al., 2002).  These fatty 

acids can be distinguished by the number of carbon atoms and the number of 

unsaturation. 

The lipids in sediments stay as fossil biomarkers and degrade over time.  

Degradation and preservation of lipid biomarkers are controlled by lipid biomarker 

characteristics and environmental factors.  For example, chemical structures of lipids 

determine reactivity and association with minerals that increase preservation (i.e., 

saturated fatty acids are more recalcitrant than poly-unsaturated fatty acids) (Wakeham 

and Canuel, 2006).  Environmental factors such as temperature, dissolved oxygen 

availability, and concentrations of electron acceptors play important roles in degradation 

processes (Canuel and Martens, 1996). Thus, degradation rates vary among lipid 

biomarkers and locations.  Lipids are some of the most recalcitrant biomolecules 

compared to, for example, proteins and DNA (Baldock et al., 2004; Sañé et al., 2011b).  

Although extracellular DNA that was released from cells after cell death exists in 

sediments, the amplifiable extracellular DNA is two orders of magnitude less than the 

amplifiable intracellular DNA (Corinaldesi et al., 2008).  The turnover time of DNA is 12 

to 93 days in shallow marine sediments (Dell’Anno and Corinaldesi, 2004; Lorenz and 
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Wackernagel, 1994), and relatively much shorter than lipids that could take more than 

100 years to degrade (Burdige, 2006).  Recalcitrant lipids in marine sediments originate 

from both the water column and the in situ microbial community. Lipids are useful to 

track organic matter sources and degradation in sediments.  

Stable carbon isotope analysis helps to determine carbon sources and carbon 

cycle (Pancost and Sinninghe Damsté, 2003; Schubotz et al., 2011). Stable carbon isotopic 

values of lipids are determined by carbon sources and isotope fractionation during 

biological processes. The fractionation depends on the carbon fixation pathways that 

organisms use and CO2 concentrations in the environment (Hayes, 2001).  For example, 

the sea ice phytoplankton usually contains 13C-enriched lipids, because CO2 availability 

in sea ice is limited (Rau et al., 1991).  The combination of lipid analysis and the 

compound-specific stable carbon isotope data provide the insights of carbon sources and 

carbon cycles.  

1.4 Research Objectives 

This dissertation research aimed to understand the source, quality, and fate of 

organic matter in sediments in the Larsen A Embayment, including the changes in 

organic matter flux and microbial community after the ice shelf collapse.  In the first 

chapter, lipid biomarker contents and their sources were explored.  In the second 

chapter, changes in pelagic organic matter flux were quantified using vertical 
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distributions of lipid biomarkers in sediments through degradation, biodiffusion, and 

advection models.  In the third chapter, the impacts of organic matter input and 

geochemical variables to the subseafloor microorganisms were studied. 
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2. Distributions and Sources of Lipid Biomarkers Across 
the Larsen A Embayment, Weddell Sea 

Megumi S Shimizu a, Marcos Y Yoshinaga b, Marcus Elvert b, Kai-Uwe Hinrichs b, Cindy 

Lee Van Dover a 

a Duke Marine Laboratory, Nicholas School of the Environment, Duke University, 135 

Duke Marine Lab Road, Beaufort NC, USA 

b MARUM Center for Marine Environmental Sciences and Department of Geosciences, 

University of Bremen, Leobener Strasse 8, MARUM, 28359 Bremen, Germany  

 

2.1 Introduction 

Organic matter in marine sediments of the Southern Ocean is dominated by 

marine biogenic input because the area is largely free of anthropogenic activities and 

terrestrial vegetation.  Evidence of this has been provided, for example, by a dominance 

of phytoplankton-derived lipid biomarkers such as C16 fatty acids and dinosterol in 

surface sediments of McMurdo Sound (Eastern Antarctica) and the Bransfield Strait 

(Western Antarctic Peninsula) (Venkatesan, 1988; Venkatesan and Kaplan, 1987).  Other 

sources of organic matter in the Antarctic shelf sediments include bacteria, archaea (Carr 

et al., 2013), zooplankton (Falk-Petersen et al., 1999; Kattner and Hagen, 1995) and 

marine mammals (Venkatesan et al., 1986; Venkatesan and Santiago, 1989). Particulate 

organic matter reaching the seafloor is available to the benthic fauna and 
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microorganisms.  While benthic fauna usually consume fresh, labile organic matter 

(Smith et al., 1993), refractory organic matter can be degraded by microorganisms in 

sediments (Wakeham and Canuel, 2006).  In cases of the Antarctic continental shelf, the 

labile organic matter could be well preserved in sediments because microbial respiration 

is limited by low temperatures and relatively lower substrate concentrations compared 

to shelf environments in warmer environments (Mincks et al., 2005).     

Our study site, the Larsen A Embayment of the Eastern Antarctic Peninsula, has 

undergone a rapid transition from an ice-shelf-covered to a seasonal sea-ice-covered 

condition.  Following the ice-shelf collapse, the Larsen A Embayment has become as 

productive as other non-ice-shelf-covered Antarctic Peninsula (AP) areas, with an 

annual net primary productivity (NPP) rate that reaches 200 g C m-2 year-1 (Cape et al., 

2014). Abundances of pelagic biota have increased, including phytoplankton (Bertolin 

and Schloss, 2009; Sañé et al., 2011a), fish [e.g., Antarctic silverfish (Gutt et al., 2011)], 

and marine mammals [e.g., Antarctic Minke whales and seals (Gutt et al., 2011)].  These 

studies indicate a trophic regime shift from year-round no production to seasonal 

production in overlying surface waters of the Larsen A Embayment after the ice-shelf 

collapse. Moreover, enhanced planktonic production might result in increased 

particulate organic matter flux, which would be reflected in enhanced bulk 

carbohydrate, protein and lipid accumulation in sediments (Sañé et al., 2012). Although 

the Larsen A Embayment is free of the ice shelf, the embayment is covered by sea ice 
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most of the time. The annual duration of open water conditions ranges between 0-140 

days (Cape et al., 2014). The duration is usually less than half that of the Western 

Antarctic Peninsula, where the sea-ice-free period usually lasts more than 160 days per 

year.  

We explore the types and sources of lipid biomarkers and their distributions in 

sediments under current conditions of extensive sea-ice cover across the Larsen A 

Embayment. Total Organic Carbon (TOC), 13CTOC, and various lipid biomarker groups 

were examined in sediments collected across the embayment (Figure 1).  Because lipids 

are relatively recalcitrant compared to other biomolecules such as DNA and proteins 

(Hedges, 1995; Wakeham and Canuel, 2006), they may serve as molecular records of 

sources of organic matter.  Because certain types of lipids are synthesized by particular 

groups of organisms, they are often used to trace the presence and distribution of these 

organisms (Cranwell, 1982; Volkman et al., 1998). Lipid biomarker techniques thus have 

the potential to document past environmental and ecological changes and may be 

especially useful for understanding remote areas like polar regions that are difficult to 

access year-round. 
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2.2 Materials and Methods 

2.1.1 Sampling 

Sample collection at the Larsen A Embayment site was part of the 

multidisciplinary project “Larsen Ice Shelf System, Antarctica” (LARISSA).  Sampling 

was conducted from 7 March to 17 April 2012, onboard the Research Vessel Ice Breaker 

(RVIB) Nathanial B Palmer (NBP12-03) off the coast of the East Antarctic Peninsula, 

Weddell Sea (Maria Vernet, Chief Scientist).  Sediments were collected using a 

multicorer (twelve 15-cm diameter cores per deployment, with each core spaced 10 cm 

to 100 cm apart) at five cross-shelf stations (Table1).  The transect across the embayment 

represents a time window that covers ice-shelf-collapse from 1843 to 2000 (Figure 1). 

Due to the low sedimentation rate in the Larsen Embayment [Larsen A: < 20 cm kyr-1, R. 

Tayler and D. DeMaster, personal communication; Larsen B: < 40 cm kyr-1, (Sañé et al., 

2011a)] the sediment layer that accumulated after ice-shelf collapse is limited to a 

maximum of a few centimeters.  Bioturbation following ice-shelf collapse mixes newly 

deposited organic matter to depths of less than 10 cm in the sediment (Sañé et al., 

2011a). Each sampling site (Station G to J) has a different historical record with respect 

to exposure to open waters and ice shelf-covered condition (Ferrigno, 2006). Station K 

(148 km offshore) serves as a reference station with no ice-shelf coverage since 10 ka BP 

(Davies et al., 2012) (Figure 1).  Each core was sectioned on board immediately after 

sample recovery at 0.5-cm intervals to 2 cm, 1-cm intervals to 10 cm, and 2-cm intervals 
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from 10 cm to 20 cm.  After sample processing, the sediment samples for lipid analysis 

were stored at -80 °C. 

 

 

Table 1: Sampling station positions and water depths 

Stations Latitude/ 

Longitude 

Ice shelf collapse 

(years) 

Distances from 

the shore  (km) 

Water 

depths  (m) 

G 64°44.20'S / 

60°35.32'W 

1995 - 1997 11 688 

H 64°48.20'S / 

60°13.61’W  

1989 - 1995 32 601 

I 64°42.38'S / 

59°35.83'W 

1986 - 1989 56 601 

J 64°39.59’S / 

58°20.28’W 

1843 - 1945 117 596 

K 

(reference) 

64°59.61'S / 

57°45.30'W 

- 148 424 
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Figure 1: The study site, Larsen A embayment map with ice shelf front changes 

(Ferrigno et al. 2006) and five cross-shelf sampling stations. Numbers in boxes 

represent the year of ice shelf front. 

 

2.1.2 Lipid Analysis 

Lipids were ultrasonically extracted from 5 to 20 g of wet sediment with a 

solvent mixture of dichloromethane (DCM) and methanol (MeOH) (9:1, v:v) (3 × 15 

min).  The extracts were combined and water was added to separate phases. After 

recovery of the DCM phase, the remaining MeOH-water phase was washed three times 

with DCM and all organic phases were combined and dried using nitrogen blow down 

to yield a total lipid extract (TLE). Before extraction, each sample was spiked with 

internal standards (2-methyloctadecanoic acid for fatty acids, 1-nonadecanol for 

alcohols, and 5α-cholestane for hydrocarbons). Using an amino-propyl column 

(SUPELCO), total lipid extracts (TLEs) were separated into four fractions: hydrocarbons, 
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ketones, alcohols, and fatty acids (Hinrichs et al., 2000).  Hydrocarbons were eluted with 

hexane, ketones with hexane and DCM (3:1, v:v), alcohols with DCM and acetone (9:1, 

v:v), and fatty acids with 8% formic acid in DCM.  Prior to analysis, alcohols and fatty 

acid fractions were derivatized with bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 

pyridine at 70 °C for 1.5 h to yield trimethylsilyl ether and esters, respectively.  

Hydrocarbons, ketone, fatty acids and alcohol fractions in hexane were analyzed 

by coupled gas chromatography-mass spectrometry (GC–MS, with an Agilent 7890A 

GC, coupled to an Agilent 5975c VL mass selective detector) for identification and gas 

chromatography–flame ionization detector (GC-FID) for quantification of lipid 

compounds.  The mass spectrometer was operated in electron impact mode at 70 eV 

with a full scan mass range of m/z 50–800. Analyte separation was achieved on an 

Optima 5 MS Accent capillary column (30 m × 250 µm × 0.25 µm, Macherey-Nagel, 

Düren, Germany) using an oven temperature program of 60 °C (held 1 min) to 150 °C at 

10 °C min-1 and then to 320 °C (held 30 min) at 4 °C min-1. Compounds in the 

hydrocarbon, fatty acid, and alcohol fractions were quantified using the internal 

standards. Compounds in the ketone fraction were quantified using an injection 

standard (squalane). 

Glycerol dialkyl glycerol tetraethers (GDGTs) and archaeols (ARs) in TLEs were 

analyzed by a Dionex Ultimate 3000 high performance liquid chromatography (HPLC) 

system connected to a Bruker maXis Ultra-High Resolution quadrupole time-of-flight 
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tandem mass spectrometer (qTOF-MS) equipped with an atmospheric pressure chemical 

ionization (APCI-II) ion source operating in positive mode (Bruker Daltonik, Bremen, 

Germany).  The mass spectrometer was set to a resolving power of 27,000 at m/z 1222 

and every analysis was mass-calibrated by loop injections of a calibration standard and 

correction by lock mass, leading to a mass accuracy of better than 1–3 ppm under 

different chromatographic conditions using normal phase (NP) HPLC (Becker et al., 

2013). Identification and quantification were conducted using Bruker Data Analysis 

software. Core GDGTs and archaeols concentrations were calculated using C46 GTGT 

injection standard (Huguet et al., 2006) and were corrected for response factors 

determined by injections of purified acyclic GDGT (GDGT-0) and core archaeol 

standards (0.1, 1, and 10 ng). 

2.2.3 Total organic carbon contents and stable carbon isotope values 

Total organic carbon (TOC) contents were analyzed from freeze-dried, 

homogenized sediments.  Aliquots of dry sediments (2 mg) were subjected to 

hydrochloric acid overnight to remove the inorganic carbon. Samples for TOC 

concentration and δ13C were measured in duplicate using a ThermoFinnigan Flash 

Elemental Analyzer 2000 coupled to a ThermoFinnigan Delta Plus isotope ratio mass 

spectrometer via a ConFlow II interface. Average values are reported after correction 

with an in-house (Wadden Sea) sediment standard. Reported values are within a 

measurement error of ±0.1‰. 
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2.2.4 Compound-specific stable carbon isotope measurement of HBIs 

Compound-specific stable carbon values (δ13C) of highly branched isoprenoids 

(HBIs) were determined using GC-irMS. The hydrocarbon fractions separated by 

column chromatography were injected onto a Trace GC Ultra (ThermoFinnigan) 

equipped with a Restek Rxi-5ms column (30 m × 250 μm × 0.25 μm, Restek, Bad 

Homburg, Germany) and coupled a Delta V Plus IRMS via GC-IsoLink connected to a 

ConFlow IV interface (Thermo Fisher Scientific GmbH, Bremen, Germany). The oven 

temperature conditions were identical to those applied for GC-FID. The instrument 

background and isotope standards were run daily to monitor instrument performance. 

The δ13C values were reported relative to the standard Vienna- PeeDee Belemnite and 

defined by the equation δ13C (‰) = (Rsample/Rstandard – 1) × 1000 with R = 13C/12C and Rstandard 

= 0.0112372. 

2.2.5 Trapezoidal numerical integration 

The TOC and lipid biomarker inventories were calculated by depth-integration 

using the trapezoidal numerical integration over 20 cm downcore (11 depths: 0.25, 1.5, 

2.5, 4.5, 6.5, 8.5, 11, 13, 15, 17, 19 cm below seafloor). The R package ‘pracma’ was used to 

calculate depth-integrated concentrations (Borchers, 2015). 

2.2.6 BIT Index 

The BIT (Branched and Isoprenoid Tetraether) index is a proxy for soil organic 

matter input. Values of BIT index were calculated based on the relative abundance of 
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branched GDGTs derived from bacteria living in terrestrial environments (Weijers et al., 

2006b) versus a structurally related isoprenoidal GDGT, crenarchaeol produced mainly 

by marine Thaumarchaeota  (Hopmans et al., 2004). 

BIT =  
[brGDGT I] + [brGDGT II] + [brGDGT II]

[brGDGT I] + [brGDGT II] + [brGDGT II] + [crenarchaeol]
 

2.2.7 Statistical Analysis 

Analysis of variance (ANOVA) was conducted to compare mean concentrations 

or stable isotope values across the sampling stations. If significant variations were 

evident as a result of the ANOVA, then Tukey–Kramer HSD tests were performed to 

compare the mean values among sampling stations. For all ANOVA and Tukey–Kramer 

HSD test results, an alpha level of 0.05 was used as the criterion for statistical 

significance unless stated otherwise. 

2.2.8 Principal component analysis 

Principal component analysis (PCA) was performed to interpret the differences 

in lipid biomarker composition and similarities among samples (Yoshinaga et al., 2008; 

Yunker et al., 2005). Fatty acids, sterols, hydrocarbons, ketones, and core GDGTs and 

ARs were used in the analysis.  Absolute concentrations of FAs (fatty acids), sterols, and 

hydrocarbons were normalized to TOC concentrations to remove artifacts related to the 

large concentration differences. Before PCA, gaps in the dataset were filled in as follows. 

When gas chromatography peaks were undetectable, biomarker concentrations were 

estimated for the core samples using linear interpolation of log concentration for a 
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portion of the core or linear regression down the core. PCA was performed using the 

vegan package in R (Oksanen et al., 2008). 

2.3 Results and Discussion 

2.3.1 General description of total organic carbon characteristics and 
lipid biomarkers 

2.3.1.1 TOC (concentration and stable isotopic composition) 

Total organic carbon (TOC) concentrations in surface sediments (top 1 cm) 

ranged between 0.12 – 0.83 wt%, with minimum TOC at Station G (nearshore) and 

maximum TOC at Stations J and K (furthest offshore and reference stations, respectively; 

Figure 2, Table 1).  TOC concentrations in surface sediments were similar to those found 

in sediments from highly oligotrophic areas such as the South Pacific Gyre (0.3 to 0.5 

wt%) (D'Hondt et al., 2009) and were consistent with previously published values for the 

Weddell Sea (Ishman and Szymcek, 2003; Pudsey and J. Evans, 2001). The concentrations 

are lower than in other parts of the Southern Ocean, such as the Bransfield Strait (~ 1.0 

wt %) (Venkatesan, 1988; H. Yoon et al., 2003), the McMurdo Sound (0.4 ~ 1.5 wt %) 

(Venkatesan, 1988) and the northern Antarctic Peninsula (1.2 wt%) (Lu et al., 2012). 

Within the Larsen A Embayment, TOC concentrations decreased downcore.  Such 

decreases in TOC concentrations downcore are attributed to degradation of organic 

matter (Wakeham and Canuel, 2006).  TOC concentration was lowest in nearshore 

sediments and increased offshore (Figure 2); TOC concentrations at nearshore Station G 

were significantly lower (p < 0.01) than other stations, and the concentrations at offshore 
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J and K were significantly higher (p < 0.01) than other stations. This nearshore-offshore 

gradient of increasing TOC concentrations in surface sediments is consistent with the 

distribution of surface primary production as observed by satellite images of the area 

taken between 1997 and 2011 (Cape et al., 2014). 

Stable carbon isotopes of TOC have been used as a basic metric for identifying 

major sources of organic matter in marine sediments (Degens, 1969; Fry and Sherr, 1989; 

Meyers, 1994). Stable carbon isotope values of TOC were similar across the embayment 

at the surface of the cores (0-1 cm; δ13C = -23.0 ± 0.2‰; p > 0.1; Table 2). The mean δ13C 

value of TOC (δ13C  = -23.2 ± 0.5‰) was similar to previously reported values for 

sediments of the Antarctic Continental Shelf (Carr et al., 2013; Sackett, 1986; Venkatesan, 

1988; Venkatesan and Kaplan, 1987). In general, organic carbon stable isotope ratios in 

polar regions are relatively lower (δ13C = -28 to -26‰) compared to tropical and 

temperate regions (δ13C = -22 to -18‰).  Rau (1982) explained that both lower 

temperature (high CO2 solubility and concentrations) and lower growth rate of 

phytoplankton in polar regions than in warmer regions induce the relatively 13C-

depleted organic carbon synthesized by phytoplankton.  Although high input of 

terrestrial organic matter tends to shift the carbon stable isotope ratios towards lower 

values (Fry and Sherr, 1989; Lamb et al., 2006), we expect the majority of contemporary 

particulate organic carbon to be phytoplankton-derived in our study site. The terrestrial 

organic matter input is negligible on the Antarctic continental shelf (Venkatesan and 
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Kaplan, 1987) unlike in the Arctic continental shelf, where terrestrial organic matter 

input is increasing due to permafrost melting (Guo et al., 2004; Magen et al., 2010).  

There was no apparent cross-embayment pattern in the δ13C values of TOC; this 

is likely because the major organic matter source is shared across the embayment. The 

only significant difference was noticed at Station G, where TOC was 13C-enriched 

compared to the other stations (p<0.05, Table 2). In general, heterotrophic processes 

enrich the 13C of organic carbon (Fry, 1988; Hayes, 1993). As a consequence, in sediments, 

the TOC is enriched in 13C relative to its primary precursor (organic matter produced by 

photosynthesis) (Hayes et al., 1989).  The relatively enriched 13C TOC in Station G may 

thus be due to intense heterotrophic degradation.  An alternative explanation is that 

Station G may be receiving organic matter from phytoplankton grown in different 

conditions; δ13C of organic carbon could vary by growth condition of source organisms 

(e.g. growth in sea ice, spring bloom) (Mincks et al., 2008; Popp et al., 1999; Rau et al., 

1991). 
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Figure 2: Downcore profiles of total organic carbon (TOC) concentrations and 

total lipid concentrations at cross-shelf transect stations (G-K). bsf: below sea floor 
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Table 2: TOC contents and δ13C, lipid concentrations, and relative abundance within fatty acids, sterols, 

hydrocarbons, ketones, and core GDGTs and ARs in surface (0-1 cm) (n = 3 replicate samples per analysis) and bottom (18-

20cm) sediments (n=1 sample per analysis) at five sampling stations (G-K). ± Standard deviation for %TOC, δ13C TOC, 

and total concentrations. n.a.: not available 

   Surface (0-1cm) Bottom (18-20cm) 

  G H I J K G H I J K 

%TOC 0.3±0.1 0.6±0 0.5±0 0.8±0.1 0.8±0.1 0.1 0.4 0.5 0.5 0.5 

δ13C TOC (‰) -22.8±0.2 -23.3±0 -23.2±0.4 -22.9±0.7 -22.9±0.5 -22.6 -23.7 -23.8 -23.0 -24.0 

Total Lipids (µg/g dry 
sediments) 22.3 27.9 22.5 55.4 70.7 0.2 0.3 0.1 1.1 1.2 

                      

fatty acids 
          Total (µg/g dry sediments) 11.9±6.7 17.5±5.1 12±7.6 22.7±4 17.8±4.4 0.1 0.3 0.1 1.0 0.7 

Total (µg/g TOC) 42.3±22.7 17.7±1.4 17.7±2.2 34.6±10.3 62.4±35.9 1.1 0.8 0.1 1.8 1.5 

%SCFAs 41.7 31.1 28.1 58.0 23.9 40.0 65.8 56.5 30.7 28.8 

%MUFAs 36.6 41.8 41.8 20.8 50.5 49.3 7.0 25.1 21.8 38.4 

%LCFAs 3.9 5.9 4.4 1.4 2.8 0.2 6.7 0.0 0.4 11.8 

%BRANCH 13.3 13.7 18.1 13.7 7.2 8.9 20.0 18.2 46.9 18.7 

%PUFAs 4.5 3.3 7.5 6.1 15.6 1.6 0.6 0.1 0.2 2.2 

           Sterols                     

Total (µg/g dry sediments) 10±2.5 9.9±0 10.1±2.1 32.3±7.6 51.5±28.1 0.0 0.0 0.0 0.0 0.2 

Total (µg/g TOC) 46.2±22 34.8±7.2 22±12.6 27.3±2.5 22.2±2.4 0.1 0.1 0.0 0.0 0.4 

%C26 2.7 2.6 2.2 2.8 3.2 8.1 3.2 11.9 3.3 2.2 

%C27 45.1 40.8 44.7 33.9 48.5 43.8 25.7 42.9 38.2 33.5 

%C28 31.2 27.1 28.6 31.7 23.4 20.6 10.7 15.1 17.7 18.1 

%C29 9.7 13.0 9.8 9.9 14.5 8.5 19.2 16.0 19.3 26.2 

%C30 2.7 2.9 2.9 2.5 2.1 2.9 12.4 7.3 5.4 8.7 

           



 

   

Table 2 (cont.) 

  Surface (0-1cm) Bottom (18-20cm) 

  G H I J K G H I J K 

Hydrocarbons 
          Total (µg/g dry sediments) 0.3±0.1 0.1±0 0.2±0.1 0.2±0 0.6±0.2 0.0 0.0 0.0 0.0 0.2 

Total (µg/g TOC) 1.5±0.4 0.3±0 0.3±0.1 0.2±0.1 0.7±0.2 0.1 0.0 0.0 0.0 0.3 

%HBIs 88.2 90.3 38.1 39.6 62.2 0.1 3.6 1.4 3.4 7.1 

%odd n-alkane 6.4 4.5 33.2 33.5 21.5 54.9 59.5 53.7 44.9 53.1 

%even n-alkane 5.4 5.1 28.7 26.9 16.3 44.9 36.9 44.9 44.8 39.8 

δ13C HBI C25:2 (‰) -14.1 -12.5 -13.0 -11.9 -13.1 n.a. n.a. n.a. n.a. -15.7 

δ13C HBI C30:5 (I) (‰) n.a. n.a. n.a. n.a. -43.3 n.a. n.a. n.a. n.a. n.a. 

           Ketones                     

Total (mg/g TLE) 0.4±0.3 0.2±0 0.4±0.2 0.1±0 1±0.4 0.1 0.1 0.0 0.1 0.2 

Total (µg/g TOC) 0.4±0.3 0.1±0 0.1±0 0.1±0.1 0.7±0.4 0.0 0.0 0.0 0.0 0.0 

%PAHs 7.4 0.1 0.1 0.1 0.1 0.0 0.2 0.0 0.3 0.3 

%Stenones 56.4 47.1 49.7 47.3 42.1 20.4 52.7 49.4 42.0 26.4 

%Hopanones 9.7 10.3 8.9 7.5 7.3 79.6 13.8 28.8 22.5 25.3 

%Waxesters 26.5 33.7 35.3 35.3 43.4 0.0 14.4 18.0 7.1 21.3 

                      

core GDGTs and ARs 
          Total (mg/g TLE) 0.9±0.3 1.1±0.3 0.8±0.3 0.3±0.1 1.2±1 0.1 0.1 0.1 0.0 0.7 

Total (µg/g TOC) 0.8±0.8 0.6±0.2 0.3±0.1 0.3±0.2 0.6±0.4 0.0 0.0 0.0 0.0 0.7 

%AR 3.8 2.6 5.3 5.7 4.4 3.1 3.1 0.0 0.0 7.4 

%isoprenoidal GDGTs 92.6 93.9 90.0 88.2 87.7 80.2 80.2 93.4 70.7 74.0 

%branched GDGTs 0.3 0.4 0.7 1.3 3.5 6.4 6.4 6.3 12.1 13.6 

%GDDs 3.3 3.2 4.0 4.8 4.4 10.3 10.3 0.3 17.2 5.0 
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2.3.1.2 Total lipid classes 

We identified and quantified 27 fatty acids (FAs), 19 sterols, 23 hydrocarbons, 11 

ketones, 2 archaeols (ARs) and 23 glycerol dialkyl glycerol tetraethers (GDGTs) in the 

sediment cores (Table 3).  In surface sediments (0-1 cm), TOC-normalized mean 

concentrations were 35.0 µg/g for FA, 30.5 µg/g for sterols, 0.4 µg/g for hydrocarbons, 

0.3 µg/g for ketones, and 0.5 µg/g for GDGTs and archaeols (Table 2). In the bottom (18-

20 cm) sediments, these lipid biomarker concentrations decreased by 70 to 99% relative 

to the surface values (Table 2).  

2.3.1.3 Fatty Acids 

Fatty acids were the major lipid components in all samples (25-96% of total lipids), with 

a dominant C16 maximum (16:0 and/or 16:1ω7) and a secondary C18 (18:0 and/or 18:1ω7) 

or C20 (20:5) maximum (Figure 3). A secondary maximum of C18 fatty acids was found at 

Stations G, H, and J, and of C20 at Station K (reference station). Station J exhibited a 

secondary maximum of C14 transitioning to C15 towards the deeper sediments.  Little or 

no fatty acids beyond C27 were detected. Branched chain iso and anteiso C15 fatty acids 

relative abundance increased downcore at Stations J and K.  
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Figure 3: Relative abundances of fatty acids in 11 depths of sediment cores from each sampling station
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The predominance of C16 fatty acids and the high short-chain (C14-18) to long-chain 

(C20-26) ratios (3 to 189) document the importance of the marine-derived organic matter 

because the latter components are derived from terrestrial input. A higher percentage of 

C16 among fatty acids was also observed in sediments of Bransfield Strait, which are rich 

in diatoms (Venkatesan and Kaplan, 1987), and McMurdo Sound sediments 

(Venkatesan, 1988). The difference of FA distribution in these Antarctic sediments to our 

samples is the secondary maximum of C24 or C26 compared to C18 or C20 observed in this 

study. A secondary peak at C20 was found in Antarctic and Arctic sea-ice diatom 

communities (Fahl and Kattner, 1993; Falk-Petersen et al., 1998; D. S. Nichols et al., 1993) 

and sea water (Skerratt et al., 1995), where the main FA compositions were 16:0, 16:1ω7, 

and 20:5.  FAs at Station K thus appear to be highly influenced by input from diatom 

communities.  A secondary maximum of C18 FA was found in the sediments under the 

Ross Ice Shelf (Carr et al., 2013), where the dominant FAs were 16:0, 16:1ω7, and 18:1ω7. 

Although the authors suggested that two of the dominant monounsaturated FAs (16:1ω7 

and 18:1ω7) were derived from in situ bacterial communities, these could also be derived 

from phytoplankton (Viso and Marty, 1993; Volkman et al., 1989; Wakeham, 1995). The 

increasing relative abundance of branched C15 FAs downcore suggests that the 

contribution of an in situ bacterial community at Stations J and K increases downcore 

(Kaneda, 1991). 
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2.3.1.4 Sterols 

We identified 19 sterols in the C26 to C30 carbon number range. With an average of 42.6% 

of the total sterols, the C27 sterols were dominant in surface sediments, followed by C29 

and C28 sterols (Table 2, Figure 4). The sterol fraction of our samples were dominated by 

cholest-5-en-3β-ol (cholesterol), 5,22Ε-dien-3β-ol (dehydrocholesterol), 24-

methylcholesta-5,24(28)-dien-3β-ol (24-methylenecholesterol), and 24-ethylcholest-5-en-

3β -ol (sitosterol). This sterol distribution is different from that reported in sediments 

from the Bransfield Strait where dinosterol accounted for over 96% of total sterols 

(Venkatesan et al., 1986; Venkatesan and Kaplan, 1987), but similar to that found in 

sediments from McMurdo Sound (Venkatesan, 1988).   

The C27: C28: C29 sterols ratios showed great variability among the samples. The 

proportions of C28 were within 10-40%, and C27 and C29 ranged between 20-70% (Figure 

4). Although there was no trend among sampling stations, the proportion of C28 

decreased in deeper sediments. When plotted in a ternary diagram according to Huang 

and Meinschein (1979), the ratios in our samples plot in an area where open ocean, 

coastal sediments, and terrestrial organic matter overlap, and are similar to McMurdo 

Sound sediments (Venkatesan, 1988) and Antarctic lake sediments (Matsumoto et al., 

1982) (Figure 4). 

 Some of our samples contained higher fractions of C29 sterols than typical marine 

sediments and were more similar to terrestrial organic matter.  Although C29 sterols such 
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as sitosterol and 24-methylenecholesterol are usually considered biomarkers for higher 

plants (Volkman, 2003), these could also be found in significant proportions in algae and 

diatoms. For example, sitosterol, a typical terrestrial higher plant biomarker (Huang and 

Meinschein, 1979), can also be sourced by green algae (Kohlhase and Pohl, 1988) and 

was found as a dominant sterol in Antarctic lakes and lake sediments (Matsumoto et al., 

1982; Orcutt et al., 1986). 24-methylenecholesterol was found as a major sterol of green 

algae (Volkman, 1986). It was also found in sea ice diatom communities but not in open-

ocean diatom communities; Nichols (1989, 1993) suggested that this sterol could be 

produced under the extreme physiological condition of diatoms growing in sea ice. 

Finally, the four major sterols found in our samples (cholesterol, 22-dehydrocholesterol, 

24-methylenecholesterol, and sitosterol) are similar to major sterols found in Arctic sea 

ice (Belt et al., 2013). The C27: C28: C29 sterols ratios of sea ice diatom communities have 

relatively low C27 sterols oppose to that typical marine plankton contain C27 and C28 as 

dominant sterols.  Sea ice diatom communities exhibit a broad range of ratios of C28 and 

C29 sterols (Figure 4), and this variation is likely driven by diatom community 

compositions (P. D. Nichols et al., 1989). The sterol distribution in our sediment samples 

is highly influenced by, and likely reflects the contribution from sea ice diatoms. 

Moreover, the wide range of C27: C28: C29 sterols ratios may indicate a diverse community 

of sea-ice diatoms.  
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Figure 4: Distribution of C27, C28, and C29 sterols in the sediments (0-20 cm) in 

Station G – K, and in previously studied Antarctic sites. 
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2.3.1.5 Hydrocarbons – Highly branched isoprenoids 

Total hydrocarbons were 75 to 88 times lower in concentration than total fatty 

acids and total sterols (Table 2).  In average, 56.4% of the hydrocarbon fractions in 

surface sediments consisted of highly branched isoprenoids (HBIs) (Table 2).  Four basic 

structures of HBIs were identified in our samples; C25:2, C25:3, C30:5 (I), C30:5 (II)  (Figure  5).  

Among HBIs, C25:2 was most abundant with an average of 22.2% of total hydrocarbons. 

Among HBIs, C25:2 was exceptionally abundant with an average of 22.2% of total 

hydrocarbons. We found that relative abundances of HBIs were higher in nearshore 

sediments at Stations G and H than in offshore Stations I and J (p<0.05) and decreased 

downcore.   

HBIs are considered as biomarkers for diatoms (Fahl and Stein, 2012; Johns et al., 

1999; Volkman et al., 1994) and C25:2 has been specifically proposed as a sea ice diatom 

biomarker in Antarctic environments (Massé et al., 2011). To further confirm the source 

of HBIs (sea ice vs. open ocean diatoms), we measured the compound-specific stable 

carbon isotope composition of HBIs. This is based on that sea-ice diatom biomass is 

known to be 13C-enriched relative to open-ocean diatom biomass (Rau et al., 1991). The 

δ13C value of C25:2 (-12.9±0.8‰) was significantly more positive than that of TOC ( δ13C = 

-23.2±0.5‰) (p<0.001) in surface sediments across the embayment (Table 2). Our results 

are consistent with previous studies of HBI C25:2 in Antarctic sediment and sea ice 

diatoms, where δ13C values ranging from -8.5 to -17.5‰ have been determined (Massé et 
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al., 2011; Sinninghe Damsté et al., 2007).  HBI C30:5 (I) at offshore station K, on the other 

hand, was significantly 13C-depleted (δ13C = -43.3‰) relative to TOC (δ13C = -23.2±0.5‰).  

We could not measure the isotopic compositions of the other two HBIs because of their 

low concentrations in samples.    

The HBIs and their stable carbon isotope ratios revealed three possible sources of 

different species or different growth condition of diatoms. The first is an Antarctic sea 

ice diatom biomarker, the HBI C25:2  (Johns et al., 1999; Massé et al., 2011). These authors 

identified HBI C25:2 as sea ice diatom biomarker among other HBIs based on the 13C-

enrichments in Antarctic water columns, sea ice, and sediments. This 13C-enrichment in 

sea-ice diatoms is probably caused by growth under CO2 limitation; sea-ice algae in the 

Southern Ocean produce relatively 13C-enriched organic compounds (Gibson et al., 

1999). The second potential diatom biomarker is the HBI C30:5 (I), representing spring 

bloom diatoms based on its strong 13C-depletion which is typical for the phytoplankton 

blooms in Antarctic open waters (Mincks et al., 2008; Popp et al., 1999) due to low sea 

surface temperature and high concentration of dissolved CO2 (Rau et al., 1992; Sackett et 

al., 1965).  The third potential diatom biomarker represents HBI C25:3, suggested to be 

sourced by diatoms growing during the intense phytoplankton bloom associated with 

the marginal ice zone (2013) (2013). These authors found that the concentrations of HBI 

C25:3 positively correlated with those of HBI C25:2, but with the triene displaying more 

negative δ13C values than the diene (Massé et al., 2011).  While we also found a positive 
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correlation between the concentrations of two C25 HBIs (r2= 0.97, p<0.01), the stable 

carbon isotope values for the triene could not be determined due to its low 

concentrations. 

 

Figure 5: Mass spectra of highly branched isoprenoids (HBIs), (a) C25:2, (b) C25:3, 

(c) C30:5 I, and (d) C30:5 II 

 

2.3.1.6 Hydrocarbons – n-alkanes 

The major n-alkanes identified in this study ranged from C17 to C36. The n-alkanes 

C17, C18, and C36 were only found at the offshore reference station (K).  The distribution 

patterns of the n-alkanes showed variation between the sites sampled. The profiles for 

most of the samples showed C27 or C29 as major n-alkanes (Figure 6), with an average 

chain length of C17 to C36 n-alkanes ranging from 22.5 to 28.6.  The C24 to C34 n-alkanes 

were dominated by odd-numbered compounds with a mean carbon preference index 
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(CPI) (E. E. Bray and E. D. Evans, 1961) of 1.4  (Figure 7). This supports a partial 

biological source for the n-alkanes in addition to non-specific sources, including possibly 

petrogenic sources, especially for the shorter chain (C20-26) n-alkanes, which display a CPI 

of close to 1 (Figure 7). Such distributions are similar to those in a petroleum dominated 

environment (Mackie et al., 1978; Platt and Mackie, 1980) or at sites of thermogenic 

hydrocarbon production (Konn et al., 2009). The lack of hopanes, steranes, and 

unresolved complex mixtures, however, suggest that n-alkanes in our samples did not 

originate from petrogenic inputs (Zegouagh et al., 1998) microbially degraded products 

(Venkatesan and Kaplan, 1982). 
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Figure 6: n-alkanes relative abundances in sediment downcore and across the 

embayment ACL: average chain length of C17 to C36 n-alkanes 
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Figure 7: Downcore profiles of carbon preference index (CPI) for n-alkane 

carbon number ranges C24-C34, C26-C36, and C20-C26. 

Are the biological source of n-alkane marine or terrestrial? Usually, long chain 

odd-carbon n-alkanes are major components of leaf waxes and thus attributed to 

terrestrial vascular plants input (Eglinton and Hamilton, 1967). The stronger odd-carbon 

preference in longer chain n-alkanes (Figure 7) and the predominance of the C29 n-alkane 

also support a terrestrial origin for these compounds. There are at least two possible 

explanations for input of vascular-plant-derived n-alkanes to Antarctic sediments: 

aeolian transport or ancient plant material deposited during the pre-Quaternary period 

when vascular plants were present on the Antarctic continent (Kvenvolden et al., 1987). 

Neither of the sources can explain the n-alkane distribution of our samples; aeolian 

transport is likely negligible in Antarctica (Venkatesan, 1988; Venkatesan and Kaplan, 

1987), and our 20-cm sediment cores would not reach pre-Quaternary sediments (with 
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the sediment age of >1000 years at the 20 cm depth of the cores; unpublished data R. 

Taylor). Furthermore, relatively low contribution (2.7%) of long-chain fatty acids 

(LCFAs) also indicate little or no higher plants input in the Larsen A sediments.  

 Microalgal species typically produce odd-numbered, short-chain n-alkanes such 

as C15 and C17.  Previous studies, however, showed that many Antarctic sea ice algae 

(Cripps, 1995; P. D. Nichols et al., 1989; 1988), krill, salps (Cripps, 1990), and sediments 

(Venkatesan, 1988; Venkatesan and Kaplan, 1987) exhibited n-alkane compositions 

similar to those of higher plants (long-chain n-alkanes with maximum at C27, C29, or C31 

and the CPI ranging between 0.8 and 2.1). Therefore n-alkane distributions in our 

samples could be explained by inputs from marine organisms including sea ice algae 

and other zooplankton as previously reported in Arctic surface sediments (Zegouagh et 

al., 1998) and Southeast Atlantic Ocean sediments (Hinrichs et al., 1999). 

2.3.1.7 Ketones 

Stenones, hopanones, and wax esters were detected, and among them, stenones 

were the most abundant (average 48.5% in total ketone), followed by wax esters (34.9%), 

and hopanones (8.8%) (Table 2). In general, the highest relative abundance of stenones 

was found at nearshore stations and highest content of wax esters in sediments at 

offshore stations. Whereas the relative abundances of stenones within the ketone 

fraction were similar throughout the core, the contribution of wax esters decreased 

downcore, and the relative abundance of hopanones increased downcore. 
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2.3.1.7 GDGTs and ARs 

Archaeal isoprenoidal GDGTs (iGDGTs), hydroxyl-GDGTs, GDDs, and 

hydroxyl-GDDs, archaeol (AR), and methoxy archaeol (MeO-AR) were detected. 

iGDGTs were most abundant and represented more than 70% of total GDGTs and ARs. 

Among the iGDGTs, pentacyclic iGDGT-5 (crenarchaeol) was the most abundant, 

followed by iGDGT-0.  We did not find a consistent downcore pattern in the relative 

abundances of isoprenoidal GDGTs and ARs.   

The iGDGTs, hydroxyl GDGTs, and archaeol are widespread in environmental 

samples and cultured archaeal samples (Elling et al., 2014; Koga et al., 1993; Liu et al., 

2012; Pearson and Ingalls, 2013). These archaeal lipids could be derived from the 

archaeal community in the water column (Sinninghe Damsté et al., 2002a) and in 

sediments (Liu et al., 2011; Takano et al., 2010). The most abundant archaeal lipid in our 

samples, crenarchaeol (iGDGT-5), is frequently used as a lipid biomarker for 

Thaumarchaeota (Buckles et al., 2013; Sinninghe Damsté et al., 2002b), although this 

lipid could also be contained in some planktonic Marine Group II, Euryarchaea (Lincoln 

et al., 2014). Given the predominance of crenarchaeol (iGDGT-5) and iGDGT-0 among 

iGDGTs, we assume that the archaeal lipids are mostly derived from Thaumarchaea. In 

fact, we detected the recently discovered lipid biomarker methoxy archaeol (MeO-AR) 

that was identified from a pure culture of Thaumarchaea, Nitrosopumilus maritimus 

(Elling et al., 2014). 
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2.3.1.8 Branched GDGTs 

We identified bacterial-derived branched-GDGTs (brGDGTs) with increasing 

trends of relative abundances from nearshore to offshore stations, and from the surface 

to deeper sediments (p < 0.01). brGDGTs are typically considered to be produced by soil 

bacteria (Weijers et al., 2009). The branched isoprenoid tetraether (BIT) index (the 

measure of soil organic matter input) (Hopmans et al., 2004) ranged between 0.006 and 

0.3 (Figure 8). The upper values are higher than other marine sediments; BIT values for 

marine sediments are usually < 0.1 (Schouten et al., 2013). We considered three potential 

sources of branched GDGTs: soil (terrestrial input), water column, and sediment (in situ 

production).  Soil organic matter could be delivered by ice shelf basal melt (Gilbert and 

Domack, 2003) and ice rafting (Schouten et al., 2007a).  The stable ice shelf could 

irregularly release basal glacial sediment that carried from the Antarctic continent 

(Gilbert and Domack, 2003). The increasing BIT index downcore (Figure 8) supports the 

soil organic matter input due to the Larsen A Ice Shelf basal melt. Icebergs could travel 

through the Weddell Gyre to the offshore of the Larsen A Embayment (Diekmann and 

Kuhn, 1999).  The increasing trend of BIT index towards offshore (Figure 7) supports soil 

organic matter input by ice rafting. The second potential source, bacteria inhabiting 

anoxic waters were recently suggested as additional sources of branched GDGTs (Liu et 

al., 2014). Given the well-oxygenated waters of the Larson continental shelf (Caspel et 

al., 2015), the water column bacterial community is unlikely the source of branched 
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GDGTs. The third potential source, sediment bacteria, was suggested by Fietz (2012) and 

Peterse (2009). Interestingly, Peterse (2009) found that same increasing pattern of BIT 

index towards offshore in Arctic sediments as we found in our samples (Figure 8). In 

addition, the branched GDGTs in our samples contained higher relative abundances of 

branched GDGTs with a cyclopentane moiety (up to 30% of total branched GDGTs) 

compared to typical soil samples (less than 10%) (Peterse et al. 2009) (Figure 9), 

supporting the input from sediment bacteria. Notably, BIT values increased with depth 

in four of the five sites (Figure 8), consistent an accumulation of branched GDGTs by in 

situ production. In summary, our results suggest that at least a part of branched GDGTs 

could be produced in situ by sediment bacteria, in addition to soil organic matter 

potentially transported by the ice shelf and icebergs. 
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Figure 8: Downcore profiles of branched isoprenoid tetraether (BIT) index 
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Figure 9: Bar plots with a standard deviation of average branched GDGT 

distribution in the five sampling stations (n = 11 for each station). Roman numerals 

refer to the structures; I, II and III are branched GDGTs without cyclopentane; Ib, IIb, 

and IIIb are branched GDGTs with one cyclopentane; Ic, IIc, and IIIc are branched 

GDGTs with two cyclopentane. 
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2.3.2 TOC and lipid biomarker inventories across the transect 

The TOC and lipid biomarker inventories (depth-integrated concentrations) 

throughout the sediment cores allowed us to compare the lipid biomarker 

concentrations among cores and to investigate the pattern across the sampling sites. 

Lipids were grouped into phytoplankton, bacterial and archaeal biomarkers according 

to previous studies (Table 3). TOC inventories increased towards offshore (Figure 10) 

and positively correlate with primary productivity gradients across the embayment 

(Cape et al., 2014) (r2 = 0.95, p = 0.01). Total lipid inventories at nearshore stations G and 

H were 50 to 75% smaller compared to those at offshore stations J and K (Figure 10). 

Total lipid inventories were positively correlated with time since ice-shelf disintegration 

(r2 = 0.96, p = 0.04), indicating that the longer a site is exposed to open ocean conditions, 

the more lipids accumulated. Specifically, the bacterial biomarker inventory exceeded 

the phytoplankton inventory at Station J (Figure 10) and bacterial and archaeal 

inventories do not follow primary productivity gradients across the embayment or the 

time passed since the ice shelf collapse. These indicate localized bacterial and archaeal 

production in the water column and/or sediments. 

 



 

45 

 

Figure 10: Inventories of TOC and lipids in 20-cm sediment cores across the 

sampling stations; a) TOC and total lipids inventories; b) phytoplankton, bacterial 

and archaeal biomarkers inventories. Biomarker assignments are on Table 3. 
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Table 3: List of lipid biomarker compounds and groups identified and their 

major sources 

Compound or 

group 

Major source References 

Fatty acids   

14:0, 15:0, 16:0, 

18:0 

Unspecific marine  (Cranwell, 1982) 

15:0a/i, 17:0a/i Bacteria (Kelly and Scheibling, 

2012; Parkes and Taylor, 

1983; Smith et al., 2006; 

Viso and Marty, 1993) 

16:1ω5 Bacteria (Dowling et al., 1986; 

Elvert et al., 2003; Taylor 

and Parkes, 1983) 

16:1ω7 Marine phytoplankton and 

cyanobacteria 

(Viso:1993bv Volkman et 

al., 1989; Wakeham, 1995) 

 Bacteria (Londry et al., 2004; 

McCaffrey et al., 1989) 

16:1ω9 Phytoplankton (Viso and Marty, 1993) 

17:0 Bacteria (Dalsgaard et al., 2003) 

18:1ω5 Phytoplankton (Parrish et al., 2005) 

18:1ω7 Bacteria (Cranwell, 1982; McCaffrey 

et al., 1989) 

 Marine phytoplankton, 

zooplankton, and cyanobacteria 

(C. S. Albers et al., 1996; 

Wakeham, 1995) 

18:1ω9 Bacteria (Londry et al., 2004) 

 Marine phytoplankton (Wakeham, 1995) 

 Marine zooplankton (C. S. Albers et al., 1996) 

20:1  Zooplankton (Falk-Petersen et al., 1999; 

Kattner and Hagen, 1995) 

20:5ω3, 20:4ω6 Diatoms (Dunstan et al., 1994; Shaw 

et al., 1989) 

22:1 Zooplankton (Falk-Petersen et al., 1999) 

22:6ω3 Dinoflagellate (Mansour et al., 1999a) 

24:6ω3 Brittle stars (Ophiuroidea) (Drazen et al., 2008) 

LCFAs (20:0, Vascular plants (Eglinton and Hamilton, 
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22:0, 24:0, 26:0) 1967) 

 Microalgae (P. D. Nichols et al., 1986; 

Volkman et al., 1980) 

 Sediment bacteria (Volkman et al., 1988) 

   

Sterols*   

26Δ5,22E Phytoplankton (Schever, 1978) 

26Δ22E unspecified  

27Δ5, 22E Phytoplankton (Volkman et al., 1998) 

27Δ22E unspecified  

27Δ5 Phytoplankton, zooplankton, 

marine vertebrates and 

invertebrates, bacteria  

(Kanazawa, 2001; 

Volkman, 1986; Wakeham 

et al., 1997) 

27Δ0 Cyanobacteria  (Volkman, 2003) 

28Δ5,22E Phytoplankton  (Volkman et al., 1998) 

28Δ22E unspecified  

28Δ5,24(28) Diatoms (Volkman et al., 1998) 

28Δ24(28) Phytoplankton  

29Δ5, 22E Phytoplankton (Volkman, 2003) 

29Δ22E unspecified  

29 Stenol unspecified  

29Δ5 ethyl Phytoplankton, blue-green algae (Volkman, 1986) (Kohlhase 

and Pohl, 1988) 

29Δ5 dimethyl Dinoflagellates   

29Δ0 dimethyl Dinoflagellates (Mansour et al., 1999b) 

29Δ0 ethyl Phytoplankton  

30Δ22E Dinoflagellate (Venkatesan, 1988; 

Volkman et al., 1998) 

Coprostanol Whales, seals, sea lions (Venkatesan et al., 1986; 

Venkatesan and Santiago, 

1989) 

   

Hydrocarbons   

n-alkane C21 Phytoplankton (Blumer et al., 1971) 

Predominance of 

odd n-alkane C25-33 

Terrestrial higher plant (Eglinton and Hamilton, 

1967) 



 

48 

over even n-

alkane 

HBI C25:2 Sea Ice diatoms (Massé et al., 2011) 

HBI C25:3, 30:5 Diatoms (Fahl and Stein, 2012; Johns 

et al., 1999; Volkman et al., 

1994) 
   

polycyclic 

aromatic 

hydrocarbons 

(PAH) 

Fungi (Jiang et al., 2000) 

   

Ketones   

Stenones Degradation of sterols (Gagosian et al., 1980; 

Nishimura, 1982) 

Hopanones Bacteria (Ourisson and Rohmer, 

1992) 

Wax esters Zooplankton  (Kattner et al., 1989; R. F. 

Lee, 1975) 

   

Core GDGTs   

iGDGT-0 Archaea (Koga et al., 1993) 

iGDGT-1,2,3,4 Archaea  

crenarchaeol Thaumarchaeota (Schouten et al., 2007b) 

brGDGTs Soil bacteria (Weijers et al., 2009) 

 
Bacteria in anoxic water 

(Liu et al., 2014) 

 In situ sediment bacteria (Fietz et al., 2012; Peterse et 

al., 2009) 
OH-GDGTs Archaea (Liu et al., 2012) 
GDDs Archaea (Meador et al., 2014) 

Archaeol Archaea (Koga et al., 1993) 

MeO-Archaeol Thaumarchaeota (Elling et al., 2014)* 

                                                      

* LCFAs (long chain fatty acids), 26Δ5,22E (24-norcholesta-5,22E-dien-3β-ol), 26 Δ22E (24-Nor-

5α-cholest-22E-en-3β-ol), 27 Δ5, 22E (5,22Ε-dien-3β-ol ), 27Δ22E (5α-Cholest-22Een-3β-ol), 27Δ5 
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2.3.4 Principal component analysis 

To further examine the lipid biomarker composition and distribution along the 

transect and downcore, we conducted a principal component analysis (PCA). PCA 

highlighted that the lipid composition transitioned from phytoplankton-rich labile 

biomarkers in surface sediments to bacteria-rich and recalcitrant biomarkers in bottom 

sediments (Figure 11). In general, unsaturation and chain length control the reactivity of 

lipids in sediments (i.e., unsaturated molecules are more labile than saturated molecules, 

and short carbon chain molecules are more labile than long carbon chain molecules) 

(Haddad et al., 1992; Meyers and Eadie, 1993; Sun et al., 1997; Wakeham and Canuel, 

                                                      

 

(cholest-5-en-3β-ol), 27Δ0 (5α-Cholestan-3β-ol), 28Δ5,22E (24-methylcholesta-5,22E-dien-3β-ol), 

28Δ22E (24-methyl-54-cholest-22E-en-3β-ol), 28Δ5,24(28) (24-methylcholesta-5,24(28)-dien-3β-ol), 

28 Δ24(28) (24-methylcholest-5-en-3β-ol), 29Δ5, 22E (stigmasta-5,22E-dien-3β-ol), 29 Δ22E (4,24-

dimethyl-5,-cholest-22E-en-3β-ol), 29Δ5 dimethyl (23,24-dimethyl-5α-cholest-5-en-3β-ol), 29

Δ5 ethyl (stigmast-5-en-3β-ol), 29Δ0 dimethyl (23,24-dimethylcholestan-3β-ol), 29Δ0 ethyl 

(24-ethylcholestan-3β -ol), 30Δ22E (4α,23,24R-trimethyl-5α-cholest-22-en-3β-ol), coprostanol 

(5β-cholestan-3β-ol), iGDGT (isoprenoidal glycerol dialkyl glycerol tetraethers), brGDGTs 

(branched glycerol dialkyl glycerol tetraethers), OH-GDGTs (hydroxyl glycerol dialkyl 

glycerol tetraethers), GDDs (glycerol dialkanol diethers), MeO-Archaeol (methoxy-archaeol) 
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2006).  Lipids such as poly-unsaturated fatty acids (PUFAs), mono-unsaturated fatty 

acids (MUFAs) are relatively labile, while short-chain saturated fatty acids (SCFAs) and 

n-alkanes are relatively recalcitrant and likely preserved in sediments for longer 

(Cranwell, 1981; Wakeham and Canuel, 2006). In the PCA variable plot, phytoplankton 

biomarkers such as PUFAs, HBIs, and C28 sterols (Table 3) and other relatively labile 

biomarkers such as MUFAs were positively loaded on PC2. In contrast, relatively 

recalcitrant biomarkers such as SCFAs, n-alkanes, and bacterial-derived branched fatty 

acids were negatively loaded on PC2 (Figure 11A).  These variations of biomarkers 

loadings contributed to the sample variances. The sample score plot demonstrated that 

lipid composition changes from the surface to the bottom of the core (Figure 11B). This 

downcore transition corresponds to the first principal component (PC1) that explained 

25% of the lipid composition variance.  

Lipid compositions differed among sampling stations, particularly in deeper 

sediments (Figure 11). Sediment from the most offshore station (K) contains more 

phytoplankton-rich labile organic matter than the other stations; neighboring Station J 

contains more recalcitrant and bacterial-rich organic matter than other stations. Station J 

is somewhat of an ‘outlier’ in the study area. Although primary productivity at Station J 

is relatively high in the Larsen A Embayment and comparable to that of Station K (Cape 

et al., 2014), sediment from Station J had a higher abundance of bacterial biomarkers 

than sediments from Station K (Figure 10). We hypothesize that lateral transport of 
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organic matter may be significant at Station J, due to its location near the mouth of 

Prince Gustav Channel that connects the Larsen A Embayment to the northern Antarctic 

Peninsula (Figure 1). This could enhance the amount of particulate organic matter 

delivered to the seafloor.  The density of infaunal macro- and meiofauna was greatest at 

Station J in the embayment (Ribeiro, 2015).  We suggest that at Station J, fresh organic 

matter was intensively grazed by benthic fauna. This could explain the accumulation of 

more recalcitrant lipid biomarkers such as SCFAs and n-alkanes in sediments from 

Station J compared to the other stations (Figure 11). Moreover, degradation of the fresh 

organic matter by macro- and meiofauna may stimulate bacterial activity in sediments, 

explaining the higher contribution of their lipids at Station J compared to the other 

stations (Figure 10).   
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Figure 11: Sediment lipid biomarker variable loadings and sample scores for 

the first two principal components identified by a PCA model based on relative 

abundance of fatty acids, sterols, hydrocarbons, ketones and core GDGTs (see 

material and method for details).  (A) Biomarker variable loadings (see Table 3 for 

abbreviations). Different colors indicate different sources.  (B) Sediment sample 

scores; numbers indicate sediment depths (cm), color indicate sampling stations (see 

legend) and down core path is indicated by line. 

 

2.5 Conclusions 

Lipid biomarker compositions in sediments across the Larsen A Embayment 

showed that the majority of the organic matter source in the sediments was derived 

from phytodetritus from the water column. The composition of fatty acids [C16 (16:0 

and/or 16:1ω7), C18 (18:0 and/or 18:1ω7), and C20 (20:5)] and sterols (predominance of 24-

methylenecholesterol and sitosterol) was unique compared to other sites in the Southern 

Ocean likely due to the differences in phytoplankton communities. We also found 13C-

enriched sea-ice diatom HBI C25:2 as a major hydrocarbon. These lipid compositions 

demonstrate the importance of organic matter input from sea ice diatoms. The second 

and third largest lipid sources, bacteria and archaea, could be derived from the water 

column and in situ (sediments). Soil bacteria-derived branched GDGTs compositions 

and increasing distribution towards offshore and downcore may suggest the in situ 

production of branched GDGTs and potential soil organic matter input by the melting 

ice shelf and icebergs. The positive correlation between lipid biomarker inventories and 

time since the ice-shelf collapse indicate increasing lipid accumulation in sediments due 

to increased primary productivity in the water column following the ice-shelf collapse, 
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consistent with satellite-based productivity studies.  Remote sensing techniques do not 

capture primary production under sea ice; sediment lipid biomarkers for sea-ice diatoms 

provide insight into this component of southern ocean productivity. 

 

 

 

 



 

55 

3. Increasing organic matter flux to the seafloor and 
reactivity in the sediments following the ice shelf 
collapse in the Larsen A Embayment, Antarctica 

 

Co-authorship statement 

This chapter was conducted as collaborative work.  LARISSA 2012 team 

conducted sample collection. Richard Taylor and David DeMaster (North Carolina State 

University), conducted 210Pb tracer analysis and 14C dating. Megumi Shimizu conducted 

sample collection, lipid biomarker analyses, and diagenetic modeling analyses.  

 

3.1 Introduction 

Every year, roughly 5% of marine net primary production [2.3 Pg (1015g) carbon] 

reaches the global seafloor (Dunne et al., 2007).  Organic matter flux to the seafloor 

highly depends on the ocean surface primary productivity. In addition, other factors 

could influence on organic matter fluxes, carbon export efficiency, including organic 

matter degradation in sinking particles, grazing of sinking particles in the water column 

and at the seafloor, and lateral transportation of organic matter.  At the seabed, this 

organic matter sustains benthic fauna and microorganisms, and is ultimately either 

remineralized as CO2 or preserved in the fine-grained sediments.  

Recent ice melt, including loss of permanent ice and shrinking sea ice extent, has 

enhanced marine productivity in the Antarctic and Arctic oceans (Arrigo et al., 2008; 
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Bertolin and Schloss, 2009) and thus is expected to increase the flux of organic matter to 

the seabed.  The extent of Antarctic ice shelves has been decreasing due to recent global 

warming (Bintanja et al., 2013; Mulvaney et al., 2012).  The Antarctic Peninsula region is 

warming exceptionally fast, with air temperature increasing at a rate of 3.7±1.6ºC 

century-1, six times greater than the global average rate (Vaughan et al., 2003). Ice shelves 

along the Antarctic Peninsula, such as Larsen Ice Shelf and Wilkins Ice Shelf, are rapidly 

disintegrating; more than 2.4 x 104 km2 has been lost in past 50 years (National Snow and 

Ice Data Center, 2010; Peck et al., 2010).  The area previously covered by ice shelf is now 

covered by seasonal sea ice, and is open for the surface primary production during the 

austral summer.  Loss of permanent ice cover changes the water column from an ice-

covered, dark sub-ice-shelf environment to a photosynthesis-driven polar ocean system.   

In the sub-ice shelf environment, lateral transport from the open ocean system is 

a source of organic material [apart from localized areas of chemosynthetic production 

(Domack et al., 2005b)]. Evidence for this includes the presence of diatom frustules 

throughout Holocene sediments from the Green Peace Trough (in the inner shelf of the 

Larsen A Embayment) and supports the hypothesis that there is a lateral transport of 

organic matter underneath the ice shelf (Crawford, 2012).  Bioturbation beneath ice 

shelves (the pre-ice-shelf condition) is incompletely understood. Some studies under the 

Ross Ice Shelf suggest that there is neither infauna nor bioturbation (T. B. Kellogg and D. 

E. Kellogg, 1988; Lipps et al., 1979).  On the other hand, under the McMurdo Ice Shelf 
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and the Amery Ice Shelf, organic matter advected beneath the ice shelf could support the 

abundant and diverse fauna with signs of bioturbated sediments (T. B. Kellogg and D. E. 

Kellogg, 1988; Post et al., 2007; Riddle et al., 2007).   

In the Larsen A Embayment, the ice shelf has collapsed progressively since the 

mid-19th century, until it finally disappeared in 2000 (Ferrigno, 2006; Rott et al., 1996). 

Satellite monitoring and field expeditions have documented the increase in surface 

primary productivity (Bertolin and Schloss, 2009) and the increase in organic matter in 

surface sediment (Sañé et al., 2011b; 2011a), but measures of the increase in organic 

matter flux to the seabed after ice-shelf collapse are missing.  Organic matter flux to the 

seabed and carbon burial (sequestration) are key components of the global carbon cycle.  

In this study, we use lipid biomarkers in sediment cores and diagenetic models to 

estimate changes in lipid fluxes before and after the ice-shelf disintegration and the 

importance of this climate change effect on the regional carbon cycle.  Our models 

include multiple modalities (i.e., with and without bioturbation, as well as steady-state 

and non-steady state sediment profiles) to constrain the estimates of organic matter flux 

under different assumptions. 

Lipids have lower reactivity (high preservation potential) and higher source 

specificity relative to other organic compound classes (Cranwell, 1982; Hedges, 1995; 

Wakeham and Canuel, 2006).  Lipid biomarker compositions in sediments from beneath 

the former Larsen A Ice Shelf progress from recalcitrant lipids and bacterial lipids in 
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deeper sediments to labile lipids of phytoplankton origin in surface sediments (Shimizu 

et al., in prep). This progression is due to a combination of organic matter degradation in 

the sediments by microorganisms and increased POC flux to the seabed following ice 

shelf collapse. Organic matter reactivity in sediments is determined both by the lability 

of organic matter delivered to the benthic ecosystem and by the environmental 

conditions under which the organic matter was deposited [e.g., concentrations of 

dissolved oxygen, and concentrations of other electron acceptors (Canfield, 1994; Canuel 

and Martens, 1996)].  

We estimate lipid fluxes before and after the ice-shelf collapse by applying 

various models (including biodiffusion-advection-reaction, biodiffusion-reaction, first-

order reaction models) to vertical distributions of source-specific organic matter (lipid 

biomarkers) at five cross-embayment stations. We also estimate the reactivity of 

individual pelagic lipid biomarkers to understand organic matter diagenesis in the 

sediments.  This approach leads us to an estimate of organic matter flux to the seabed 

following the ice shelf collapse that is three to four orders of magnitude greater than 

before ice shelf collapse.  The implications are that changing Antarctic ice shelf 

conditions will increase carbon sequestration in sediments, support a larger biomass of 

benthic invertebrates and fish, and ultimately, will result in microbial carbon 

remineralization in the sediments.   
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3.2 Materials and Methods 

3.2.1 Sampling 

Sample collection at the Larsen A Embayment site took place as part of a 

multidisciplinary project, the “Larsen Ice Shelf System, Antarctica” (LARISSA).  

Sampling was conducted from 7 March to 17 April 2012 from the RVIB Nathanial B 

Palmer (NBP12-03; M. Vernet, Chief Scientist) off the coast of the East Antarctic 

Peninsula, Weddell Sea.  Sediments were collected using a megacorer at five cross-shelf 

stations. At each sampling station, one core was devoted to lipid analysis (Shimizu et al., 

in prep.) and another core was dedicated to 210Pb analysis.  Each station represents a 

different time since exposure to the open-water condition from the ice shelf covered 

condition: Station G (15 -17 years), Station H (17 – 23 years), Station I (23 – 26 years), 

Station J (67 - 169 years) (Ferrigno, 2006).  Station K serves as a reference station with no 

ice shelf coverage since 10 ka BP (Davies et al., 2012).   

Each core for the lipid analyses was sectioned on board immediately after sample 

recovery at 0.5-cm intervals to 2 cm depth, 1-cm intervals to 10 cm depth and 2-cm 

intervals from 10 cm to the bottom of the core (20 cm).  Each core for 210Pb analysis was 

sectioned at 1-cm intervals and stored in the same manner for 210Pb analyses. A 

peripheral rind on the outside of the core was removed before sampling to eliminate 

‘smeared’ sediment during core entry. After sample processing, sectioned sediment 

samples for lipid analysis were stored at -80 °C. Lipids (hydrocarbons, fatty acids, 
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sterols) were extracted from sediments, identified and quantified as described in the 

previous chapter. 

3.2.2 Lipid input estimation with diagenetic models  

In this study, we assume that vertical distributions of sedimentary organic 

matter supplied from the water column were controlled by three processes: biodiffusion 

(bioturbation), advection (sediment accumulation), and reaction (degradation).   

The bioturbation process represents the local mixing of sediment through the 

activity of organisms.  Despite the complexity of bioturbation processes, empirical tracer 

studies repeatedly show that bioturbation can be best mathematically described as 

random mixing (biodiffusion) (Goldberg and Koide, 1962; Guinasso and Schink, 1975).  

Diffusion analogy of bioturbation allows us to apply Fick’s laws of diffusion to 

bioturbation (Boudreau, 1986).  Biodiffusion rate coefficients and the biodiffusion depth 

zones in each core were determined by D. DeMaster and R. Taylor (North Carolina State 

University) using 210Pb tracer distribution following methods in (DeMaster and Cochran, 

1982).  The top 8 cm at Station G, the top 10 cm at Stations (H to J) and the top 20 cm at 

Station K are affected by biodiffusion. Due to the low sedimentation rate in the Larsen 

Embayment [Larsen A: < 20 cm kyr-1, R. Tayler and D. DeMaster, personal 

communication; Larsen B: < 40 cm kyr-1, (Sañé et al., 2011a)] the sediment layer that 

accumulated after ice-shelf collapse is limited to a maximum of a few centimeters.  

Bioturbation following ice-shelf collapse mixes newly deposited organic matter to 
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depths of less than 10 cm in the sediment (Sañé et al., 2011a). We consider that the 

sediment layers affected by biodiffusion (biodiffusion zone) represent the post-ice-shelf-

collapse environment, and the layers not affected by biodiffusion (no biodiffusion zone) 

represent the pre-ice-shelf-collapse environment.  

The advection process represents organic matter supply through sediment 

accumulation. Long-term sediment burial velocities based on sediment age for each 

sediment core were determined using organic 14C near the bottom of the cores (20-35 cm) 

by R. Taylor (NCSU) using methods described in (Fowler et al., 1986). The reaction 

process represents the microbial and chemical degradation of organic matter in 

sediments.  The reactivity (degradation rate constants) of each lipid biomarker in each 

sampling station was estimated using reaction models based on first-order kinetics.  

Sediments cores were classified into one of three conditions based on 

assumptions regarding the environmental settings (Table 4). Condition 1 (Station K: 0-20 

cm and Station J: 0-10 cm) reflects continuous and constant organic matter supply 

through biodiffusion and advection with no overlying ice shelf. A biodiffusion-

advection-reaction model (Berner, 1980; Boudreau, 1997) was applied to this condition 

(section 3.2.3.2) to estimate lipid fluxes for the reference station (K) and post-collapse 

lipid fluxes for Station J.   

Condition 2 (Station G: sediment between 0-8 cm, Stations H, I: sediment 

between 0-10 cm) represents biodiffusion zones and local mixing of post-ice-shelf-
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collapse organic material. The depths of sediment accumulated after the ice-shelf 

collapse are expected to be lower than 0.4 cm (Table 6) and negligible compared to the 

depths of bioturbated sediment. A biodiffusion-reaction model (Boudreau, 2005) was 

applied to this condition to estimate post-collapse lipid fluxes for Station G, H, and I. We 

tested both steady-state (section 3.2.3.3) and non-steady-state (section 3.2.3.4) models for 

this condition.  In the steady-state model, the amount organic matter mixing into the 

sediments by biodiffusion (bioturbation) is balanced with the amount of organic matter 

removed by the reaction. However, events such as ice-shelf disintegration would cause 

an imbalance between the amounts of organic matter introduced and removed. 

Therefore the downcore lipid distribution after ice-shelf collapse would gradually shift 

from non-steady state to steady state over the time. We expect that the sediments of the 

nearshore station (G; most recent loss of ice shelf; 16 years ago) are likely non-steady 

state, while the more offshore stations, with more time since the collapse, the lipid 

profiles reached to the steady state.  The non-steady-state model allows us to include the 

change in organic matter vertical distribution with time since the ice-shelf-collapse 

event.   

For Condition 3 (Station G: sediment 8-20 cm; Stations H, I, and J: sediment 10-20 

cm), we tested two models with different assumptions about the biodiffusion rate 

coefficient, namely 1) biodiffusion pre-ice-shelf collapse was zero (no bioturbation) and 

2) biodiffusion in the pre-ice-shelf collapse was the same rate as the post-collapse 
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sediments (as in Condition 2).  Biodiffusion rate coefficients in sediments under an ice 

shelf have not been determined, but an increase in biodiffusion is expected following the 

transition from ice-shelf to open water regime, given the increase in primary production. 

A first-order reaction model (Berner, 1980; 1964) was applied to the case of no 

biodiffusion (section 3.2.3.5) to estimate pre-collapse lipid fluxes.  For the second case 

with biodiffusion, we applied a biodiffusion-advection-reaction model (section 3.2.3.2). 

Table 4: Sediment conditions, stations and sediment datasets, models applied, 

and their assumptions 

CONDITION Datasets  Models tested Assumptions  

1 Station K (reference)  

0-20 cm depths 

Station J, 0-10 cm 

depths 

Biodiffusion-

Advection-

Reaction model 

Continuous and constant 

organic matter supply with 

biodiffusion and sediment 

accumulation 

 

2 Station G, 0-8 cm 

depths, 

Station H and I  

0-10 cm depths 

 (biodiffusion zone) 

Biodiffusion-

Reaction model 

(steady-state) 

Post-ice-shelf-collapse 

sediment with biodiffusion 

but negligible sediment 

accumulation (advection) 

No change in distribution of 

organic material in these 

sediment layers through 

time (i.e., introduced and 

remineralized organic 

matter are in equilibrium) 

  Biodiffusion-

Reaction model 

(non-steady-

state) 

Post-ice-shelf-collapse 

sediment with biodiffusion 

but negligible sediment 

accumulation (advection) 

Time since ice-shelf collapse 

is included in the model 

3 Station G, 8-20 cm 

depths, 

Station H, I, and J  

First-order 

Reaction model 

Pre-ice-shelf-collapse 

sediment with no 

biodiffusion and advection 
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10-20 cm depths 

(no biodiffusion zone) 

 

 Biodiffusion-

Advection-

Reaction model 

Pre-ice-shelf-collapse 

sediment with biodiffusion 

and advection 

 

All models were applied exclusively to lipid biomarkers exported from the water 

column (pelagic lipids; Table 5); in situ production processes were thus not included in 

the models.  We used the models to estimate the initial lipid concentration for pre- and 

post-ice shelf collapse datasets, and then converted to fluxes. The lipid flux responses 

are ratios of post- and pre-fluxes.  

Table 5: The lipid biomarkers and their sources used in this study 

Lipids Source References 

Sterol 28Δ5,22E Phytoplankton (Volkman et al., 1998) 

Sterol 28Δ5,24(28) Diatoms (Volkman et al., 1998) 

Sterol 29Δ5 ethyl Phytoplankton (Volkman, 1986) 

Sterol 29Δ5, 22E Phytoplankton (Volkman, 2003) 

Sterol 30Δ22E Dinoflagellate (Venkatesan, 1988; 

Volkman et al., 1998) 

HBIs Diatoms (Fahl and Stein, 2012; 

Johns et al., 1999; Massé et 

al., 2011; Volkman et al., 

1994) 

FA (20:1 22:1) Copepods (Falk-Petersen et al., 1999; 

Kattner and Hagen, 1995) 

FA (24:6ω3) Brittle stars (Ophiuroidea) (Drazen et al., 2008) 

Coprostanol Marine mammals (whales, 

seals, and sea lions) 

(Venkatesan et al., 1986; 

Venkatesan and Santiago, 

1989) 
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3.2.3.1 Parameters used in model calculations 

Models that take into account biodiffusion, advection and reaction processes 

depend on sediment parameters (biodiffusion rate coefficients, sediment burial velocity, 

time since ice-shelf collapse).  These values and their sources are summarized in Table 6. 

Table 6: Sediment parameters used for modeling lipid biomarker 

distributions.  Biodiffusion rate coefficient DB, non-steady state model of the 

distribution of 210Pb activity; determined by R. Taylor NCSU), sediment burial 

velocity ω, organic 14C analysis at 20-35 cm depth; determined by R Taylor  (NCSU); 

time since ice-shelf collapse (Ferrigno, 2006), and thickness of sediment layer 

accumulate after ice shelf collapse that was calculated from sediment burial velocity 

and time since ice shelf collapse. 

Stations Biodiffusion 

rate coefficient 

DB 

(cm2 year-1) 

Long-term 

sediment burial 

velocity ω 

(cm kyr-1) 

Time since ice-

shelf-collapse 

(year) 

Sediment 

accumulated 

after ice-shelf 

collapse (cm) 

G 1.9 < 20  16  0.3 

H 5.6 20 20 0.4 

I 1.9 7 25 0.1 

J 4.9 20 118 2.4 

K 4.5 4 NA NA 

 

 

3.2.3.2 Biodiffusion-advection-reaction model 

The lipid concentrations in sediments that are affected by biodiffusion, advection 

and reaction can be expressed in a differential equation, under the assumptions of 

steady state, constant porosity, and the decay of the lipid in proportion to its own 

concentration (Berner, 1980; Boudreau, 1997). 
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 𝐷𝐵

𝑑2𝐶(𝑥)

𝑑𝑥2
− 𝜔

𝑑𝐶(𝑥)

𝑑𝑥
− 𝑘𝐶(𝑥) =  0 (1) 

where C(x) is lipid concentration at sediment depth x, DB is biodiffusion rate 

coefficient,  ω is the sediment burial velocity, and k is the degradation rate constant.  

By specifying the flux to the sediment surface as J and applying the Fick’s second 

law of biodiffusion, the first boundary condition implies that. 

 𝐽 =  (−𝐷𝐵

𝑑𝐶

𝑑𝑥
+ 𝜔𝐶)

𝑥=0
 (2) 

where C is a concentration of a lipid biomarker.  With two other boundary 

conditions, 

𝐶(𝑥=0) = 𝐶0  

𝑑𝐶

𝑑𝑥
|

𝑥→∞
= 0  

the known solution of equation (1) as described in Boudreau (1996) is 

 𝐶 = 𝐶0𝑒−𝛼𝑥 (3) 

where 

 

 𝛼 =  
−𝜔 +  √𝜔2 + 4𝑘𝐷𝐵

2𝐷𝐵
 (4) 

and 
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 𝐶0 =  
𝐽

𝐷𝐵𝛼 + 𝜔
 (5) 

where C0 is the lipid concentration at the time of deposition to surface sediments 

(x0).  Rearranging equation (3), the model is expressed as a linear regression model 

 ln(𝐶̂) = −𝛼𝑥 + ln(𝐶̂0) (6) 

𝐶̂ is the estimated lipid concentration at the sediment depth x and 𝐶̂0 is the 

estimated average initial lipid input during the dataset time interval.  By rearranging 

equation (4), the rate constant k can be expressed as follows: 

 

 𝑘 =
(2𝐷𝐵𝛼 + 𝜔)2 − 𝜔2

4𝐷𝐵
 (7) 

By rearranging the equation (5), the flux of lipid at the surface sediments can be 

expressed as follows: 

 𝐽0 = 𝐶̂0(𝐷𝐵𝛼 + 𝜔) (8) 

3.2.3.3 Steady-state biodiffusion-reaction model 

The biodiffusion-reaction model was applied to bioturbated zone in Stations (G-

J) that was previously covered by the ice shelf.  Assuming lipid distribution is controlled 

by biodiffusion and reaction due to the extremely low advection (Table 4), we removed 

the advection from the equation (1). The steady-state biodiffusion-reaction model can be 

expressed as follows: 
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𝐷𝐵

𝑑2𝐶(𝑥)

𝑑𝑥2
− 𝑘𝐶(𝑥) =  0 (9) 

 

Applying the two boundary conditions (C(x=0) = C0 and dC/dx = 0 when x reaches  

∞), the known solution is 

 𝐶 = 𝐶0𝑒−𝛽𝑥 (10) 

where 

 𝛽 =  √𝑘/𝐷𝐵 (11) 

and 

 𝐶0 =  
𝐽𝑝𝑜𝑠𝑡

𝐷𝐵𝛽
 (12) 

where Jpost is the flux of a biomarker at the sediment surface after the ice shelf 

collapse. By rearranging the equation (11) and (12), the reaction constant and flux were 

calculated as follows: 

 𝑘 =  𝛽2𝐷𝐵 (13) 

 

 𝐽𝑝𝑜𝑠𝑡 =  𝐶0𝐷𝐵𝛽 (14) 
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3.2.3.4 Non-steady-state biodiffusion-reaction model 

The non-steady-state biodiffusion-reaction model of lipid in below allows us to 

include the time since the ice-shelf collapse in each station. The model assumes lipid 

concentrations are initially negligible in sediment but supplied after some arbitrary time 

(t = 0; when ice-shelf broke) at a constant rate (Boudreau, 1997). We assume the lipid 

concentrations at 0-8 or 0-10 cm sediment depths before the ice-shelf collapse is 

negligible compared to lipids introduced after the ice-shelf collapse (Table 4). This 

model also assumes that the biodiffusion is constant and advection can be ignored. 

 
𝑑𝐶

𝑑𝑡
=  𝐷𝐵

𝑑2𝐶

𝑑𝑥2
− 𝑘𝐶 (15) 

with boundary conditions; 

−𝐷𝐵

𝑑𝐶

𝑑𝑥
|

0
= 𝐽  

𝐶(𝑥, 0) = 0  

𝑑𝐶

𝑑𝑥
|

𝑥→∞
= 0  

To solve the equation, treat C as the sum of a steady-state part (Css) and a 

transient part Ct(x,t). 

 𝐶(𝑥, 𝑡) = 𝐶𝑠𝑠 (𝑥) +  𝐶𝑡(𝑥, 𝑡) 𝑒𝑥𝑝(−𝑘𝑡) (16) 

where 
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 𝐶𝑠𝑠 (𝑥) = 𝐶0exp (−𝑥√
𝑘

𝐷𝐵
) (17) 

and 

 𝐶0 =
𝐽

𝐷𝐵𝑘
 (15) 

 

The reduced transient part of the problem has become 

 
𝑑𝐶𝑡

𝑑𝑡
= 𝐷𝐵

𝑑2𝐶𝑡

𝑑𝑥2
  (19) 

 

with boundary conditions, 

𝑑𝐶𝑡

𝑑𝑥
|

𝑥=0
= 0  

𝑑𝐶𝑡

𝑑𝑥
|

𝑥→∞
= 0  

𝐶𝑡 (𝑥, 0) = −𝐶0exp (−𝑥√
𝑘

𝐷𝐵
) 

This can be solved with Separation of Variables (SoV) method for 1-D 

biodiffusion problems and integration solutions provided by (Ozisik, 1993). 

 𝐶𝑡 (𝑥, 𝑡) = −
2𝐶0

𝜋
∫ cos(𝛽𝑥)

∞

0

𝑒𝑥𝑝(−𝐷𝐵𝛽2𝑡) ∫ cos (𝛽𝑥′)𝑒𝑥𝑝 (−𝑥√
𝑘

𝐷𝐵
)

∞

0

d𝑥′dβ (20) 

The interior integral of this equation can be tabulated (Beyer, 1981) as follows 
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 𝐶𝑡 (𝑥, 𝑡) = −
2𝐶0√𝑘

𝜋√𝐷𝐵

∫
𝑐𝑜𝑠(𝛽𝑥)𝑒𝑥𝑝(−𝐷𝐵𝛽2𝑡)

(
𝑘

𝐷𝐵
+ 𝛽2)

∞

0

dβ (21) 

The remaining integral is also tabulated as follows; 

 

𝐶𝑡 (𝑥, 𝑡) = −
𝐶0exp (𝑘𝑡)

2
[2𝑐𝑜𝑠ℎ (−𝑥√

𝑘

𝐷𝐵
)

− 𝑒𝑥𝑝 (√
𝑘𝑥2

𝐷𝐵
) 𝑒𝑟𝑓 (√𝑘𝑡 −

𝑥

2√𝐷𝐵𝑡
)

− 𝑒𝑥𝑝 (−√
𝑘𝑥2

𝐷𝐵
)  𝑒𝑟𝑓 (√𝑘𝑡 +

𝑥

2√𝐷𝐵𝑡
)] 

(22) 

This solution was used for non-linear regression using nlmrt package in R (Nash, 

2016) to compute the k and C0. 

 

 

3.2.3.2 First-Order Reaction (G) Model 

The first-order reaction model was first developed for tracers, but also applicable 

reactive organic molecules such as lipids (Canuel and Martens, 1996; Westrich and 

Berner, 1984). For the first-order reaction model (Berner, 1980; 1964), biodiffusion under 

the ice shelf was assumed to be negligible. With this model, we assume that lipids are 

degraded by first-order kinetics, and lipid degradation rate is constant.  The model is 

expressed by removing biodiffusion process from the equation (1) as follows: 
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 𝜔
𝑑𝐶(𝑥)

𝑑𝑥
+ 𝑘𝐶 = 0 (23) 

The sediment burial velocity and sediment depths can be replaced with time and 

equation (23) can be expressed as follows: 

 
𝑑𝐶(𝑡)

𝑑𝑡
= −𝑘𝐶 (24) 

where t is time.   Using the boundary conditions C(t=0) = C0 (Boudreau, 1997), 

equation (24) is: 

 𝐶 = 𝐶0𝑒−𝑘𝑡 (25) 

C0 is the lipid concentration at the time of deposition to surface sediments (t0); we 

call this initial lipid input concentration.  Rearranging equation (25), the model is 

expressed as a linear regression model. 

 ln(𝐶̂) = −𝑘𝑡 + ln(𝐶̂0) (26) 

𝐶̂ is estimated lipid concentration at the sediment age t and 𝐶̂0 is estimated 

average initial lipid input.  Sediment age (t) was calculated from sediment burial 

velocity (Table 3). Degradation rate constant k was calculated as follows: 

 

 
𝑘 =  − 

ln (
𝐶̂

𝐶̂0

)

𝑡
 

(27) 
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The flux of lipids to the seafloor before the ice shelf collapse was calculated using 

estimated initial concentration of lipid biomarkers 𝐶̂0 and sediment burial velocity, ω as 

follows: 

 𝐽𝑝𝑟𝑒 =  𝐶̂0ω (28) 

 

 

3.2.3.3 Sensitivity Analysis 

Sensitivity analyses were conducted to determine the range of flux and flux 

response estimates due to uncertainties of variables (biodiffusion rate coefficient, DB and 

sediment burial velocity, ω).  

There may be as much as a 50-fold discrepancy of biodiffusion rate coefficients 

assessed by 210Pb and 234Th  (D. DeMaster personal communication, (McClintic et al., 

2008). Biodiffusion rate coefficient derived from 234Th (that measures short-term 

biodiffusion, ~100 days scale) can be higher than those derived from 210Pb (that measures 

long-term biodiffusion, ~100 years scale) (Smith et al., 1993). The sedimentation rate 

determined using 14C at > 20 cm depth of the sediment cores could potentially 

underestimate the post-ice-shelf collapse sedimentation rate. The sediment burial 

velocity at the Larsen Embayment likely stayed low (<40 cm kyr-1 at the Larsen B 

Embayment) (Sañé et al., 2011a); the interval sedimentation rate at the surface sediments 

(0-2 cm) at Larsen A was 0.7 cm / kyr-1 (Domack et al., 2005a).  In the Western Antarctic 
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Peninsula, it ranged between 30 to 150 cm kyr-1 (McClintic et al., 2008), this would be the 

upper limit of sediment burial velocity uncertainty. We assessed these range of 

uncertainties of biodiffusion rate coefficient (DB: up to 50-fold) on Condition 1 and 2 

datasets and sedimentation rate (ω: up to 40-fold increase) on Condition 1 datasets. We 

assume the bioturbation before the ice shelf collapse will be none or smaller than what 

was observed after the ice shelf collapse. We assessed the uncertainty DB = 0 to observed 

values on Condition 3 datasets. 

3.2.3.4 Lipid Flux Response 

To estimate the change in organic matter flux between pre and post ice-shelf 

collapse conditions for Stations G, H, I, J, we calculated a Lipid Flux Response as 

follows:  

 𝐿𝑖𝑝𝑖𝑑 𝐹𝑙𝑢𝑥 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 =
𝐽𝑝𝑜𝑠𝑡

𝐽 𝑝𝑟𝑒
 (29) 

where Jpre and  Jpost are lipid fluxes pre- and post- ice-shelf collapse.  To obtain 

these fluxes, we used the initial lipid concentrations (C0) and converted them to fluxes 

(Equations 8, 14, and 28). The post-ice-shelf-collapse initial lipid concentrations in the 

surface sediments (C0,post) were obtained by extrapolating from regressions of vertical 

lipid distributions in Condition 2 datasets (Figure 1, Table 1).  The pre-ice-shelf-collapse 

initial lipid concentrations in the surface sediments (C0,pre) were obtained by 
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extrapolation from regressions of vertical lipid distributions in Condition 3 datasets 

(Figure 12, Table 4). 

 

Figure 12: Schematic explanation of the models to estimate initial lipid 

concentrations for biodiffusion zone sediments and pre- collapse sediments in Station 

G - J. C0,pre: extrapolated initial lipid concentration during the pre-ice-shelf collapse 

period, C0 post; estimated initial lipid concentrations during post-ice-shelf collapse 

period. 

We calculated flux responses for three scenarios by varying the biodiffusion rate 

coefficient (DB); 1) the most probable scenario, 2) a conservative scenario (the lowest 

post-collapse flux estimations / the highest pre-collapse flux estimations), and 3) an 

extreme scenario (the high post-collapse flux estimations / the lowest pre-collapse flux 

estimations). Scenario 1 (the most probable estimation) uses measured biodiffusion rate 

coefficient (DB × 1) to estimate post-collapse flux and no biodiffusion (the first-order 
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reaction model) to estimate pre-collapse fluxes. Scenario 2 (the conservative scenario) 

uses measured biodiffusion rate coefficient (DB × 1) to estimate both of post- and pre-

collapse fluxes. Scenario 3 (the extreme estimation) uses 20-fold of measured 

biodiffusion rate coefficient (DB × 20) to estimate post-collapse fluxes, and no 

biodiffusion (first-order reaction model) to estimate pre-collapse fluxes (Table 7). 

Table 7: The combinations of biodiffusion rate coefficients used to calculate 

three scenarios of lipid flux responses 

Scenario Post-ice-shelf-collapse biodiffusion 

rate coefficient 

Pre-ice-shelf-collapse biodiffusion 

rate coefficient 

1 Measured coefficient (DB × 1) No biodiffusion (DB = 0) 

2 Measured coefficient (DB × 1) Measured coefficient (DB × 1) 

3 20-fold of measured biodiffusion 

rate coefficient (DB × 20) 

No biodiffusion (DB = 0) 

 

3.2.4 Statistical Analysis 

Analysis of variance (ANOVA) was conducted to compare mean fluxes or 

degradation rate constants across the sampling stations or among lipid biomarkers. If 

significant variations were evident as a result of the ANOVA, then Tukey–Kramer HSD 

tests were performed to compare the mean values among sampling stations. For all 

ANOVA and Tukey–Kramer HSD test results, an alpha level of 0.05 was used as the 

criterion for statistical significance unless stated otherwise. 
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3.3 Results  

3.3.1 Pelagic lipid distributions and flux at Reference Station K 

At the reference station (K, condition 1), concentrations of lipid biomarkers 

decreased logarithmically downcore (Figure 13), (R2 > 0.59, p < 0.01; Table 8). The 

estimated flux of individual biomarkers determined using a biodiffusion-advection-

reaction model ranged between 4 (C24:6 fatty acid) to 1353 ng cm-2 year-1 [polyunsaturated 

fatty acids (PUFAs)]. The estimated total pelagic lipid flux at the sediment-water 

interface was 7427 ng cm-2 year-1. 

 

Figure 13: Downcore distribution of lipid biomarkers at the reference station 

(K). The lipid biomarkers concentrations decrease logarithmically (R2 > 0.59, p< 0.01). 

 

3.3.2 Total Pelagic Lipid Flux, Stations G – I post-ice-shelf collapse 
(biodiffusion zone) 

The estimated pelagic total lipid fluxes for Stations G to H ranged between 5700 

to 45000 ng cm-2 year-1. At Station G, the flux estimated by the non-steady-state model 
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was 13-fold larger than the estimate by the steady-state model (Figure 14). At Stations H 

and I, the flux estimated by the steady-state model was 1.9 and 1.7-fold larger than the 

estimate by the non-steady-state model. To determine which model would be 

appropriate for each dataset, we considered the R2 values for each model.   For Station G, 

the non-steady-state model fits better (R2 = 0.98, p=0.002) than steady-state model (R2 = 

0.75, p=0.06).  The steady-state model fits better for Stations H and I (non-steady-state, 

Station H: R2 = 0.96, p<0.001; Station I: R2 = 0.94, p<0.001; steady-state, Station H: R2 = 0.98, 

p<0.01; Station I: R2 = 0.95, p<0.01). Therefore, for further analyses, we use the non-

steady-state model for Station G and steady-state model for Station H, and I.  



 

79 

 

Figure 14: Comparison of estimated total pelagic lipid fluxes applying 

different models, the steady-state and the non-steady-state biodiffusion-reaction 

models for biodiffusion zone sediments of Station G, H and I. Values on the bar plots 

represent the goodness of model fit (R2). 

 

3.3.3 Pelagic lipid fluxes across the embayment 

Post-ice-shelf-collapse total pelagic lipid fluxes estimations ranged between 

45000 ng cm-2 year-1 (Station G) and 5500 ng cm-2 year-1 (Station I). The individual lipid 

fluxes ranged between 4 (FA C24:6 at Station I) and 4200 (Cholesterol at Station J) ng cm-
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2 year-1 (Table 8). There was no increasing or decreasing pattern of lipid fluxes across the 

embayment (Figure 15). 
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Figure 15: Post-ice-shelf-collapse fluxes of lipid biomarkers across the 

embayment. a) estimated fluxes of total pelagic lipids; b) estimated fluxes of 

individual biomarkers; the fluxes for Station G estimated using the non-steady-state 

biodiffusion-reaction model, for Station H and I using the steady-state biodiffusion 

reaction model, and for Station J and K using the biodiffusion-advection-reaction 

model. Only the estimations made from the significant model fitting (p<0.1) were 

shown here. 

Pre-ice-shelf-collapse total pelagic lipid flux estimations ranged from 0.5 ng cm-2 

year-1 (Station I) to 11.0 ng cm-2 year-1 (Station H) when modeled without biodiffusion 
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(Figure 16a). In contrast, the total fluxes ranged from 16 to 500 ng cm-2 year-1 when 

modeled with biodiffusion (Figure 16c). The estimated total pelagic lipid flux showed 

decreasing trend towards offshore stations. Individual biomarkers did not show obvious 

patterns across the embayment for the pre-ice-shelf-collapse sediments (Figure 16b). 

 

Figure 16: Pre-ice-shelf-collapse fluxes of lipid biomarkers across the 

embayment. a) fluxes of total pelagic lipids estimated without biodiffusion; d) fluxes 

of individual lipid biomarkers before the ice shelf collapse; c) fluxes of total pelagic 

lipids estimated with biodiffusion. Only the estimations made from the significant 

model fitting (p<0.1) are shown here. 

 

3.3.3 Reactivity (degradation rate constant) 

Reactivity (degradation rate constants) of individual pelagic lipids were 

calculated using equations 7, 13, and 27. The mean post-ice-shelf-collapse degradation 
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rate constant (Figure 17) ranged between 0.76 yr -1 (Station G) and 0.06 yr -1 (Station K). 

The pre-collapse degradation rate constants were up to three orders of magnitude lower 

using the model without biodiffusion (first-order degradation model) than using the 

model with biodiffusion (biodiffusion-advection-reaction model). The post-collapse 

degradation rate constants were at least three-fold higher than pre-collapse degradation 

rate constants.  

 

Figure 17: Box plots of estimated lipid degradation rate constants across the 

sampling stations. a) post-ice-shelf-collapse degradation rate constants. Significance 

levels; * represents p < 0.05; n.s. represents not significant. b) pre-ice-shelf-collapse 

degradation rate constants estimated without biodiffusion. c) pre-ice-shelf-collapse 

degradation rate constants estimated with biodiffusion. 

 

3.3.4 Sensitivity Analyses 

To understand which variables affect the flux estimation, sensitivity analyses 

were conducted. Increasing the magnitudes of biodiffusion coefficient (DB) 

proportionally increase the flux estimates (Figure 18). Varying the magnitudes of 
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biodiffusion coefficient (DB) up to 50-fold in Conditions 1 affect the flux estimate 

proportionally (50 fold) (Figure 18a) and in Condition 2 affect the flux estimate 

exponentially (Figure 18c). Also varying the (DB) between 0-1 fold in Condition 3 also 

affect the flux estimates proportionally (17 to 46 folds differences) (Figure 18d). On the 

contrary, changing the magnitude of ω up to 40 folds had little effect (1.2 folds for 

Station K, 1.4 folds for Station J) (Figure 18b). 
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Figure 18: Sensitivity analyses. a and b) The effect of varying the magnitudes 

of biodiffusion rate coefficient (Db) and sediment burial velocity (ω) in biodiffusion-

advection-reaction model for Condition 1 datasets. c) The effect of varying the 

magnitudes of Db in biodiffusion-reaction model for Condition 2 datasets (Station G; 

non-steady state model and Stations H, and I; steady state model). d) The effect of 

varying the magnitudes of Db in first-order reaction model (Db =0 ) and in 

biodiffusion-advection-reaction model (Db > 0) for Condition 3 datasets. 
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3.3.5 Potential increase in lipid flux following the ice shelf collapse 

To quantify the potential changes in lipid fluxes following the ice shelf collapse, 

we calculated ratios of fluxes (flux responses; equation 29). A flux response > 1 means an 

increase in pelagic lipid flux following ice-shelf collapse; a flux response < 1 means a 

decrease in flux. 

The three scenarios of biodiffusion coefficients combinations for pre- and post-

ice-shelf-collapse fluxes estimations were tested (Table 7). The estimated changes in total 

pelagic lipid flux with Scenario 1 ranged from 3200 at Station J to 19000 at Station I 

(Figure 19: Changes in total pelagic lipid flux following ice shelf collapse in Stations G to 

J. Potential changes in flux at the reference station (K) was 0.6. ), indicating a dramatic 

increase in pelagic lipid flux following the ice-shelf collapse. The potential change in flux 

at the reference station estimated by biodiffusion-advection-reaction model for top 10 

cm and bottom 10 cm sediments) was 0.6.  The higher flux changes in Stations G to J 

than the reference station support the flux change has occurred due to the ice-shelf 

disintegration.  The estimated changes in flux with Scenario 2 ranged from 4 (Station H) 

to 720 (Station I). The estimated changes in total pelagic lipid flux with Scenario 3 

ranged from 750,000 (Station H) to 450,000 (Station I). All flux responses were > 1, even 

with conservative estimation, indicating the total pelagic lipid input at all the four 

stations increased after the ice-shelf collapse event.  
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Individual biomarkers ranged from 0.4 (HBIs at Station H) to 1770,000 (Sterol 

28Δ5,22E  at Station I: Table 8). Vertical distributions of some biomarkers (coprostanol, 

fatty acids C24:6, and C22:1,20:1) did not significantly fit the models, (p > 0.10; Table 8, Table 

9). This is likely due to the patchy distribution of the source organisms [i.e., 

zooplankton, benthic fauna, and marine mammals;(Gutt et al., 2013; 2011)] compared to 

the phytoplankton, as well as low concentrations of the biomarkers detected. Due to the 

lack of significance of model fitting, we were not able to determine the flux and the 

changes in flux following ice-shelf collapse for these biomarkers. All flux changes 

determined for individual pelagic lipid biomarkers were > 1 except HBIs flux change 

(0.4) at Station H under the conservative estimation. 
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Figure 19: Changes in total pelagic lipid flux following ice shelf collapse in 

Stations G to J. Potential changes in flux at the reference station (K) was 0.6.  
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Table 8: Flux and degradation rate constant of lipid biomarkers in post-ice-

shelf collapse sediments (top 8 cm for station G, top 10 cm for stations H – J, and 

whole 20 cm for the reference station K) determined using the diffusion-(advection)-

reaction model 

  R2 p value Flux (ng cm-2 yr-1) 
Degradation 
constant (yr-1) 

Station G (non-steady-state biodiffusion-reaction model) 
 Total 0.98 <0.01 45219.00 1.69 

Sterol 28Δ5,22E  0.94 0.01 924.34 0.66 

Sterol 29Δ5, 22E 0.82 0.04 244.01 0.50 

Sterol 29Δ5 ethyl 0.96 <0.01 2289.71 1.24 

PUFAs 0.98 <0.01 458.28 0.52 

Sterol 30Δ22E 0.87 0.02 373.91 0.60 

Sterol 28Δ5,24(28) 0.99 <0.01 364.86 0.75 

HBIs 0.99 0.00 0.00 2.93 

FA22.20.1 0.97 <0.01 422.71 1.33 

FA24.6 0.89 0.01 10.52 0.56 

Coprostanol 0.89 0.03 152.50 1.66 

Station H (steady-state biodiffusion-reaction model) 

Total 0.98 <0.01 38810.54 0.76 

Sterol 28Δ5,22E  0.97 <0.01 7382.34 0.65 

Sterol 29Δ5, 22E 0.98 <0.01 1661.05 1.00 

Sterol 29Δ5 ethyl 0.88 0.01 13737.60 0.80 

PUFAs 0.94 <0.01 890.39 2.98 

Sterol 30Δ22E 0.82 0.01 792.73 0.62 

Sterol 28Δ5,24(28) 0.97 <0.01 5421.85 0.05 

HBIs 0.71 0.04 120.08 5.16 

FA22.20.1 0.99 <0.01 260.65 0.69 

FA24.6 0.83 0.01 8.17 2.14 

Coprostanol 0.71 0.03 16.27 0.17 

Station I (steady-state biodiffusion-reaction model) 

Total 0.95 <0.01 8540.45 0.46 

Sterol 28Δ5,22E  0.86 0.01 589.05 0.23 

Sterol 29Δ5, 22E 0.91 <0.01 108.11 0.22 

Sterol 29Δ5 ethyl 0.94 <0.01 880.18 1.53 

PUFAs 0.90 <0.01 649.56 0.21 

Sterol 30Δ22E 0.86 0.01 162.70 0.25 

Sterol 28Δ5,24(28) 0.95 <0.01 1046.53 0.22 

HBIs 0.96 <0.01 109.57 0.25 
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FA22.20.1 0.94 <0.01 113.36 0.31 

FA24.6 0.76 0.02 2.67 0.21 

Coprostanol 0.94 <0.01 37.37 0.80 

Station J (biodiffusion-advection-reaction model)   

Total 0.92 0.01 16499.96 0.96 

Sterol 28Δ5,22E  0.92 0.01 1893.72 1.02 

Sterol 29Δ5, 22E 0.93 0.01 695.54 1.10 

Sterol 29Δ5 ethyl 0.83 0.03 2770.45 1.06 

PUFAs 0.95 <0.01 1121.64 1.26 

Sterol 30Δ22E 0.98 <0.01 461.56 0.97 

Sterol 28Δ5,24(28) 0.90 0.01 2530.23 1.21 

HBIs 0.57 0.14 38.67 0.54 

FA22.20.1 0.72 0.07 51.82 0.49 

FA24.6 0.47 0.20 13.03 0.30 

Coprostanol 0.88 0.02 40.55 0.60 

Station K (biodiffusion-advection-reaction model) 
 Total 0.89 <0.01 7426.92 0.19 

Sterol 28Δ5,22E  0.88 <0.01 797.63 0.21 

Sterol 29Δ5, 22E 0.83 <0.01 172.90 0.20 

Sterol 29Δ5 ethyl 0.96 <0.01 485.60 0.20 

PUFAs 0.82 <0.01 1353.28 0.26 

Sterol 30Δ22E 0.73 <0.01 114.03 0.09 

Sterol 28Δ5,24(28) 0.79 <0.01 385.81 0.18 

HBIs 0.82 <0.01 321.13 0.20 

FA22.20.1 0.90 <0.01 117.45 0.19 

FA24.6 0.59 0.01 4.37 0.05 

Coprostanol 0.78 <0.01 25.46 0.15 

 

Table 9: Flux and degradation rate constant of lipid biomarkers in pre-ice-shelf 

collapse sediments (8-20 cm for station G and 10-20 cm for station H – J) determined 

using the degradation model 

   

First-order reaction 
model 

Biodiffusion-advection-
reaction model 

 R2 p value 
Flux  
(ng cm-2 yr-1) 

Degradation 
constant  
(yr-1) 

Flux  
(ng cm-2 yr-1) 

Degradation 
constant  
(yr-1) 

Station G 
      Total 0.81 0.02 9.48 5.7E-05 164.29 6.0E-02 
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Sterol 28Δ5,22E  0.55 0.09 0.63 5.7E-05 10.96 6.0E-02 

Sterol 29Δ5, 22E 0.63 0.06 0.29 6.3E-05 5.63 7.3E-02 
Sterol 29Δ5 
ethyl 0.72 0.03 0.72 5.1E-05 11.10 4.7E-02 

PUFAs 0.85 0.01 0.46 5.2E-05 7.38 5.0E-02 

Sterol 30Δ22E 0.79 0.02 0.86 8.3E-05 21.22 1.2E-01 

Sterol 28Δ5,24(28) 0.18 0.40 0.18 7.9E-05 4.30 1.1E-01 

HBIs 0.81 0.01 1.35 4.8E-05 19.76 4.2E-02 

FA22,20:1 0.59 0.08 0.05 2.9E-05 0.45 1.6E-02 

FA24:6 0.48 0.13 0.53 1.4E-04 21.13 3.2E-01 

Coprostanol 0.63 0.06 0.07 7.3E-05 1.56 9.6E-02 

Station H             

Total 0.82 0.03 10.90 5.8E-05 479.19 1.3E-01 

Sterol 28Δ5,22E  0.91 0.01 1.22 8.6E-05 78.21 2.9E-01 

Sterol 29Δ5, 22E 0.77 0.05 3.00 1.0E-04 233.26 4.3E-01 
Sterol 29Δ5 
ethyl 0.59 0.13 0.38 3.6E-05 10.19 5.1E-02 

PUFAs 0.84 0.08 2.08 1.2E-04 186.33 5.6E-01 

Sterol 30Δ22E 0.87 0.02 0.68 4.8E-05 25.03 9.3E-02 

Sterol 28Δ5,24(28) 0.56 0.14 0.29 7.0E-05 14.97 1.9E-01 

HBIs 0.39 0.26 0.72 4.2E-05 23.01 7.0E-02 

FA22.20.1 0.38 0.27 0.08 7.1E-05 4.52 2.0E-01 

FA24.6 0.04 0.73 0.01 9.8E-06 0.12 4.2E-03 

Coprostanol 0.65 0.10 0.27 3.9E-05 8.04 6.0E-02 

Station I 
      Total 0.88 0.02 0.61 6.2E-05 23.77 3.8E-02 

Sterol 28Δ5,22E  0.89 0.02 0.03 5.7E-05 0.91 3.3E-02 

Sterol 29Δ5, 22E 0.90 0.01 0.03 7.3E-05 1.43 5.2E-02 
Sterol 29Δ5 
ethyl 0.93 0.01 0.03 6.2E-05 1.19 3.8E-02 

PUFAs 0.99 0.01 0.62 1.7E-04 65.64 2.9E-01 

Sterol 30Δ22E 0.89 0.01 0.04 6.1E-05 1.65 3.6E-02 

Sterol 28Δ5,24(28) 0.76 0.05 0.00 3.4E-05 0.04 1.1E-02 

HBIs 0.49 0.19 0.10 5.5E-05 3.44 3.0E-02 

FA22.20.1 0.28 0.36 0.01 4.0E-05 0.23 1.6E-02 

FA24.6 0.05 0.85 0.00 -2.5E-05 -0.01 5.8E-03 

Coprostanol 0.14 0.53 0.00 5.1E-05 0.14 2.6E-02 

Station J             

Total 0.96 <0.01 6.98 8.4E-05 275.44 1.2E-01 

Sterol 28Δ5,22E  0.97 <0.01 6.44 1.8E-04 553.25 5.9E-01 
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Sterol 29Δ5, 22E 0.46 0.21 0.23 8.3E-05 9.03 1.2E-01 
Sterol 29Δ5 
ethyl 0.20 0.46 0.45 7.7E-05 16.22 1.0E-01 

PUFAs 0.82 0.03 1.06 1.2E-04 58.61 2.5E-01 

Sterol 30Δ22E 0.67 0.09 0.34 8.2E-05 13.14 1.2E-01 

Sterol 28Δ5,24(28) 0.39 0.38 0.22 9.8E-05 10.36 1.7E-01 

HBIs 0.64 0.10 0.84 7.0E-05 28.16 8.8E-02 

FA22.20.1 0.40 0.26 0.11 7.1E-05 3.61 8.9E-02 

FA24.6 0.27 0.37 0.05 4.5E-05 1.04 3.7E-02 

Coprostanol 0.00 0.98 0.01 -2.0E-06 0.00 -5.4E-06 

 

3.4 Discussion 

3.4.1 Biodiffusion rate assumptions and uncertainties in Larsen A 
Embayment before and after the ice shelf disintegration 

Mechanisms and rates of bioturbation in marine sediments are usually assessed 

by measuring sediment profiles of radiochemical tracers (e.g., 210Pb, 234Th, and 137Cs).  

Naturally occurring 210Pb (tl/2 = 22 years) and bomb-produced 137Cs are used for the time 

scale of ~100 years while naturally occurring 234Th (tl/2 = 24 days) is used for time scales 

on order of ~100 days. Biodiffusion rate coefficients (DB) represent the intensity of 

bioturbation and vary depending on the setting.  Large rates are typical of coastal sites 

(>0.5 cm2 yr -1 and up to 370 cm2 yr -1) (Carpenter et al., 1985; DeMaster et al., 1985; 

Gerino et al., 1998; Grossi et al., 2003; Legeleux et al., 1994; Sun and Wakeham, 1999), 

and smaller coefficients (<0.2 cm2 yr -1) are typical at pelagic/deep sea sites (Table 10) 

(Cochran, 1985; DeMaster and Cochran, 1982; Legeleux et al., 1994).  Biodiffusion rate 

coefficients in sediments of Antarctic continental shelves (>0.4 cm2 yr -1 and up to 97 cm2 

yr -1) are within the lower range of those of coastal sediments (Table 10).  Bioturbation 
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coefficients (210Pb methodology) in the Larsen B Embayment were ranged 0.43 to 0.55 

cm2 yr -1 just after the ice-shelf collapse (2006-2007) and likely reflecting the relatively 

early stage of the transition from pre- to post-ice shelf disintegration (Sañé et al., 2011a).  

Table 10: Biodiffusion rate coefficients (Db) and tracer methodology in coastal, 

pelagic/deep-sea, and Antarctic continental shelves sediments 

Sites Db  

(cm2 yr -1) 

Method References 

Coastal Sediments  

Puget Sound 0.9 - 370 210Pb (Carpenter et al., 

1985) 

East China Sea 24 210Pb, 234Th 137Cs (DeMaster et al., 

1985) 

Long Island Sound 0.4 – 15 234Th (Gerino et al., 1998) 

11 234Th (Sun and Wakeham, 

1999) 

Mediterranean  2.2 Microcosm - 

Luminophores 

(Grossi et al., 2003) 

Northeast tropical Atlantic 

(eutrophic) 

0.57 210Pb 137Cs (Legeleux et al., 1994) 

Pelagic/deep-sea sediments 

Equatorial Pacific 0.04 – 0.5 210Pb (Cochran, 1985) 

(DeMaster and 

Cochran, 1982) 

South Atlantic/Antarctic 0.04 – 0.16 210Pb (DeMaster and 

Cochran, 1982) 

Northeast tropical Atlantic 

(oligotrophic and 

mesotrophic) 

0.01 – 0.03 210Pb, 137Cs (Legeleux et al., 1994) 

Antarctic Continental Shelves sediments 

West Antarctic Peninsula  0.5 - 97 234Th (McClintic et al., 

2008) 

Larsen B Embayment 0.43 - 0.55 210Pb (Sañé et al., 2011a) 

Larsen A Embayment 1.9 – 5.6 210Pb (R.Taylor personal 

communication) 
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Because the fresh settling particles could be selectively consumed and degraded 

at the seafloor, DB derived from long-term tracers (such as 210Pb) are typically 10-50 times 

smaller (slower biodiffusion) than DB derived from short-term tracers (such as 234Th) 

(McClintic 2008, Lauerman 1997, Smith 1993). In our study, we demonstrated how the 

uncertainties of biodiffusion rate coefficient (DB) proportionally or exponentially affect 

the flux estimates (Figure 18). Underestimating the biodiffusion coefficients could lead 

to underestimating fluxes proportionally. Despite the uncertainties, knowing the range 

could help to define the higher and lower end of flux estimates.  

3.4.2 Post-ice-shelf collapse lipid fluxes across the Larsen A 
Embayment 

The post-ice-shelf-collapse total lipid fluxes (5.7 – 45 µg cm-2 yr-1) were higher 

than lipid fluxes estimated from particulate organic carbon (POC) fluxes (Table 11) in 

the Western Antarctic Peninsula (Smith et al., 2008) and in the Arctic Ocean (Hargrave et 

al., 1994), but within the range observed in Ross Sea (Collier et al., 2000). Our estimations 

were also comparable to lipid fluxes estimated from net community production (NPP) 

(Li and Cassar, 2016) based carbon fluxes in the Larsen A Embayment (6.5-8.9 µg cm-2 yr-

1, Table 11).    

Our results highlight a trend of decreasing post-ice-shelf-collapse lipid fluxes 

from nearshore to offshore stations (Stations G to J).  In general, organic matter flux 

directly reflects the productivity at ocean surface (C. Lee and Cronin, 1984; Wakeham 

and C. Lee, 1993). However, the decreasing trend of total pelagic lipid flux towards 
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offshore is not consistent with the previously studied increasing trend of primary 

productivity towards offshore (Cape et al., 2014). Primary productivity at the surface 

water may not be the most important factor determining the organic matter flux in this 

system. We suggest that this mismatch is due to the potential underestimation of 

primary production. The primary productivity measurement through remote sensing 

does not include the production in sea ice, although the sea ice zone is responsible for 

12% of net primary production in the Weddell Sea (Lizotte, 2001). The organic matter 

input from sea ice community is supported by the sea ice diatom as dominant sediment 

lipid source (Chapter 2). Estimated flux of one of the potential sea-ice diatom markers, 

24-methylenecholesterol also showed decreasing trend towards offshore. Therefore our 

flux estimation is strongly influenced by organic matter input from sea ice diatom 

community.      
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Table 11: POC fluxes in previous studies and the conversion to lipid flux. * POC/POM= 0.5 using elemental ratio (Martiny 

et al., 2013), contribution of lipids in POM is 1% (Burdige, 2006). Net community production (NCP) and net primary production 

(NPP) based carbon exports were calculated using adjusted Martin’s curve (Grebmeier and Barry, 2007; Martin et al., 1987). 

Site 
POC flux  

(µg cm-2 yr-1) 
Method 

*Estimated Lipid 

flux 

(µg cm-2 yr-1) 

Reference 

Coastal Marine Bay 3650 – 22000 Sediment trap 73 – 440 (Hedges et al., 1988) 

NE Pacific (Station ALOHA) 584 Sediment trap 12 (Ruhl et al., 2008) 

Western Antarctic Peninsula 18 – 220 Sediment trap 0.4 – 4.4 (Smith et al., 2008) 

The Arctic Ocean under the permanent ice 13.4 Sediment trap 2.7 
(Hargrave et al., 

1994) 

Ross Sea 17 – 4500 Sediment trap 0.3 – 90 (Collier et al., 2000) 

Pacific deep sea sediments 1.7 – 17.0 
Biodiffusion 

model 
0.3 – 3 (Emerson et al., 1985) 

Larsen A Station J (NCP: 9.6 g m-2 yr-1) 4.4 g m-2 yr-1 
NCP based carbon 

export 
8.9 (Li and Cassar, 2016) 

Larsen A Station K (NCP: 6.2 g m-2 yr-1) 3.7 g m-2 yr-1 
NCP based carbon 

export 
6.5 (Li and Cassar, 2016) 
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3.4.3 Factors controlling organic matter reactivity in sediments 

The post-ice-shelf collapse reactivity (degradation rate constant) of lipid 

biomarkers was ~ ten times lower than the fatty acids reactivity at the coastal marine 

sediments (Canuel and Martens, 1996), but ten times higher than the reactivity at anoxic 

Black Sea basin sediments (Sun and Wakeham, 1994) and the estuary sediments near 

Saguenay Fjord in Canada (Louchouarn et al., 1997). The mean reactivity at Station K 

was significantly smaller than the other stations. The pre-ice-shelf collapse reactivity of 

lipid biomarkers was over 100 times lower than previously reported in the sediment 

from the Northern Gulf of Mexico which receives recalcitrant organic matter due to 

intense degradation during POM sinking (Camacho-Ibar and Aveytua-Alcazar, 2003). 

Variations in reactivity of lipids can be controlled by factors such as quality to the 

benthic organisms and the environmental conditions under which it was deposited (e.g., 

concentrations of dissolved oxygen, and concentrations of other electron acceptors) 

(Canfield, 1994; Canuel and Martens, 1996). 

3.4.3.1 Quality of organic matter 

In general, the quality (chemical structure) of organic matter is one of the most 

dominant factors affecting the OM reactivity. For example, Canuel (1996) reported that 

sterols are more reactive than fatty acids. However, our result showed no significant 

difference in degradation rate constant among lipid biomarkers (p> 0.34). Instead, we 
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found that significant differences among the sampling stations (Figure 17a) and between 

the ice shelf conditions (pre- vs post-ice shelf collapse sediments), likely due to the 

environmental factors discussed below. 

3.4.3.2 Oxidation 

Oxygen and other electron acceptors play a crucial role in microbial growth and 

activity. Oxidant concentrations in sediments may be a secondary factor for OM 

reactivity (Dhakar and Burdige, 1996; Westrich and Berner, 1984), but Cranwell (1994) 

suggested that the higher oxygen concentration enhances degradation efficiencies of 

organic matter in sediments where there is a low sedimentation rate. The Larsen A 

sedimentation rate is extremely low, < 1 mm (1000 yr)-1 (Table 6), and oxygen penetrates 

into the upper 8 to 10 cm of sediment at all sampling stations (Figure 20). The difference 

in reactivity between pre- (below 10 cm) and post-ice-shelf collapse (above 10 cm) 

sediments could be due to the lower oxygen availability in the sediments deeper than 10 

cm below the seafloor. Moreover, the O2 concentrations in the top 10cm of sediment at 

Station K were lower than those in sediment cores from other station (Figure 20), which 

may explain the lower reactivity of lipids at Station K.   
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Figure 20: Downcore oxygen concentrations in each sampling stations from G 

to K 

  

3.4.4 Limitation of diagenetic models 

Mathematical modeling of complex processes including biodiffusion, advection, and 

degradation in a dynamic system is challenging and may require empirical support to 

quantitate the flux precisely. Our modeling effort was limited by uncertainties of short-

term diffusion rate coefficient, short-term sedimentation rate, and potential downcore 

changes of organic matter degradation coefficient. The sensitivity analyses revealed that 

the model output (estimations of lipid concentrations and fluxes at the sediment-water 

interface) are sensitive to the changing diffusion rate coefficient (Figure 18). In addition, 

the organic matter degradation rate coefficients usually decrease downcore 

(Middelburg, 1989). Despite that, we used constant degradation coefficient to solve the 

equations and to obtain estimates of lipid concentrations and fluxes at the sediment-

water interface.   
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3.4.5 Dramatic increase in flux response and ecological implications 

Our results revealed that total pelagic lipid fluxes increased by a factor of 19,000 

to 150,000 following ice shelf disintegration. This is three to four orders of magnitude 

greater than seasonal flux variability in Antarctic waters (Smith et al., 2008; Wefer et al., 

1988).  

This level of lipid flux increase can occur in other Antarctic and Arctic regions 

where ‘permanent’ ice disappears. For example, loss of ice shelf around the Antarctic 

Peninsula increased primary production by 3.5 Tg C year-1 (Peck et al., 2010) and likely 

resulted in increasing POC flux to the seafloor, that in turn would have influenced the 

benthic food web.  Enhanced POC flux to the seafloor could amplify the activities of 

benthic organism on a short time scale (< 2 mos) (Veit-Köhler et al., 2011) and alter 

benthic community composition on long time scales (≥10 yr)  (Ruhl et al., 2008).   

Substantial increases in organic matter flux will increase carbon burial and alter 

the biogeochemical cycle in the subsurface. Increasing area of the newly formed open 

ocean due to ice shelf collapse is correlated with increasing primary productivity and 

POC flux.  Eventually, the permanent ice loss could limit climate change by increasing 

carbon sequestration (Barnes, 2015; Peck et al., 2010). Peck (2010) estimated that in 

Antarctic Peninsula Shelf alone generated 0.7 Tg C year -1 of organic matter deposited to 

the seabed in the past 50 years. The authors suggested that carbon sequestration induced 

by the shrinking permanent ice coverage could be Earth’s largest negative feedback to 
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the climate change.  Our findings of the substantial increase in lipid flux to the seafloor 

sediments post-ice-shelf collapse are consistent with carbon sequestration, but we do not 

know how much organic matter is remineralized vs. preserved in the subseafloor.  

Mincks (2005) suggested that the low organic carbon concentration and low temperature 

in Antarctic sediment could limit the bacterial degradation of organic matter and result 

in the accumulation of organic matter. However, according to Müller (1978), organic 

carbon accumulation in sediments is dependent on sedimentation rate and < 0.01% of 

the biosynthesized organic carbon becomes fossilized in the sediments that accumulate 

at rates of < 2-6 mm (1000 year)-1. As Larsen A sediments accumulate very slowly, < 1 

mm (1000 year)-1, more than 99% of carbon drawn down from the photic zone could be 

eventually remineralized in the sediments on the time scale of hundreds to thousands of 

years (Müller and Suess, 1979). The remineralized carbon (CO2) could dissolve in pore 

water and seawater as dissolved carbonate, microbial consumption by methanogenesis 

and acetogenesis, precipitation of authigenic carbonate mineral. Given the increasing 

trend of depth-integrated TOC concentration from onshore to offshore in the Larsen A 

(Chapter 2), we suggest that the Larsen A nearshore sediments temporarily accumulate 

organic carbon (< 50 years), but the labile organic carbon distribution is reaching to the 

steady state meaning that labile carbon is remineralized in the long term (hundreds to 

thousands of years).   
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In summary, we found that the pelagic lipid flux increased after the ice shelf 

collapse in the four sampling stations in the Larsen A Embayment. The rapid flux 

increase estimation was supported by the potential flux increase the stations previously 

covered by ice shelf (> 3000) was greatly higher than the potential flux changes at the 

reference station (0.6). Our modeling effort was limited by uncertainties of the short-

term biodiffusion coefficient, short-term sedimentation rate, and other mathematical 

constraints such as the assumption of constant downcore diffusion rate coefficient. 

Further experimental observations of organic matter degradation rate or bacterial 

respiration rate in sediments collected under ice shelves are needed to expand our 

understanding of on microbial degradation activity in the under-ice-shelf sediments and 

to gain a better quantitative measure of organic matter flux under ice shelves. 

 

 

3.5 Appendix: Flux modeling using TOC 

Flux estimation using total organic carbon (TOC) with the diffusion-reaction 

model and the first-order kinetics model was attempted. When TOC concentrations 

were converted from weight % to g cm-3, the downcore TOC distribution did not show 

the systematic decreasing trend (Figure 21) as we found with lipid biomarkers. The 

surface concentrations were smaller than the concentrations at below surface (2-5 cm) 

depths.  Because the TOC distributions did not fit to the models (Figure S4), the 
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estimation of TOC flux was not possible. The reason for different downcore distribution 

between TOC and lipids could be that TOC may be comprised of largely non-reactive 

and preserved organic matter accumulated before the ice shelf collapse. Lipids represent 

a relatively small portions of TOC (< 0.008% in the surface sediments) compared to POC 

that 1-8% is lipids (Burdige, 2006). 

 

 

Figure 21: Downcore distribution of total organic carbon across the 

embayment.
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4. Quality and sources of organic matter shape 
microbial community in sediments after the ice shelf 
collapse in the Larsen A embayment 

 

This chapter was conducted as collaborative work.  Michael L. McCormick 

(Hamilton University), conducted sample collection, geochemical analyses, DNA 

extraction, sequence data analyses, and cluster analysis. Dionysios A. Antonopoulos and 

Jason C. Koval (Argonne National Laboratory) contributed to process the microbial 

sequence data.   Mattias Cape and Maria Vernet (Scripps Institution of Oceanography) 

provided pigment concentrations in Larsen A sediment samples. Megumi Shimizu 

conducted the sample collection, geochemical and lipid biomarker analyses, 

multivariate analyses, cluster analysis, and metagenome prediction (PICRUSt). 

4.1 Introduction 

Despite surrounding more than 75% of the Antarctic coastline and covering one-

third of Antarctica’s continental shelf, sub-ice-shelf benthic habitats are among the least 

studied ecosystems in the world (Barnes and Peck, 2008; A. Clarke et al., 2007; Vick-

Majors et al., 2016).  Due to the occlusion of light and absence of phytoplankton 

productivity in overlying waters, these ecosystems depend on the lateral transport of 

carbon and nutrients that may travel over hundreds of kilometers under ice shelves 

(Gutt et al., 2011). Much of the labile and nutrient rich content of this material may be 

degraded in transit leading to sub-ice-shelf ecosystems that are oligotrophic, resembling 
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deep-sea abyssal plains as reported under the Ross Ice Shelf (Azam et al., 1979).  In 

contrast, under the Amery Ice Shelf, advective currents transport organic matter at least 

100 km from open waters at sufficient rates to support a community of diverse sessile 

suspension feeders, similar to seabed communities in open waters of the Antarctic 

continental shelf (Post et al., 2014; Riddle et al., 2007). 

In recent decades, as a consequence of climate warming, we have seen a rapid 

retreat of Antarctic ice-shelf systems.  This effect has been most dramatic in the Antarctic 

Peninsula where average air temperatures increased by 0.41 °C per decade since the 

1960s, one of the fastest warming regions on Earth (Turner et al., 2005; Vaughan et al., 

2003). Because of the temperature increase, the last remnants of the Larsen A Ice Shelf 

collapsed in 1995, one of the largest ice shelf losses in recorded history, second only to 

the 2002 collapse of the Larsen B Ice Shelf (Gutt et al., 2011). 

Following retreat of the Larsen A ice shelf, the onset of photosynthetic activity in 

surface waters resulted in chlorophyll-a concentrations similar to those observed in the 

northern part of the Antarctic Peninsula (Bertolin and Schloss, 2009; Cape et al., 2014; 

Peck et al., 2010) and delivery of high quality (labile) organic matter to the seabed [(Sañé 

et al., 2011a), Chapter 2].  

Organic matter inputs to sediments provide microbial communities with both a 

carbon source and an electron donor for anaerobic metabolism and thus can exert a 

direct influence on community composition. Changes in organic matter input to 
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sediments can affect the microbial community indirectly by altering the geochemical 

characteristics of the sediments. In organic-rich sediments, the concentration profiles for 

oxygen, nitrate, manganese, iron, and sulfate (electron acceptors) are a result of the 

balance between diffusion of these compounds into the sediment from overlying 

seawater and their consumption in redox reactions driven primarily by microbial 

processes linked to the oxidization of particulate and dissolved organic matter. In 

organic-poor sediments, low sedimentation rate, low organic carbon input and low 

microbial activity in surface sediments, allow oxygen and other electron acceptors to 

penetrate more deeply (D'Hondt et al., 2009; Durbin et al., 2009). Organic-lean sediments 

often select for microbial communities dominated by ammonium-oxidizing 

Thaumarchaea (Durbin et al., 2010; Durbin and Teske, 2011; Tully and Heidelberg, 2016), 

while organic-rich sediments result in abundant sulfate reducers, sulfide oxidizers, and 

anaerobic methane oxidizers (Teske et al., 2011).  In the Larsen A Embayment, the 

increase in organic matter production in the water column following the ice-shelf 

collapse is expected to have induced rapid changes in the sedimentation regime, redox 

status, and benthic microbial community composition.  Although there is evidence of 

continuous organic matter supply to the seabed even in the ice-shelf covered period 

(Crawford, 2012), organic matter input to the seafloor is estimated to have increased by 

as much as 23,000 fold following ice-shelf collapse (Chapter 2).  Understanding the 

environmental drivers that shaped the benthic microbial communities in the Larsen A 
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Embayment may shed light on the geochemical and community changes that 

accompany succession following ice shelf collapse and provide insight into the potential 

changes that lie ahead for Antarctica’s sub-ice shelf benthic habitats as we enter a period 

of continued climate warming. 

To better understand the effects of ice shelf loss on the benthic microbial 

community and biogeochemical processes in this rapidly changing region we conducted 

a five-station survey along a 160 km transect following the historical path of retreat of 

the Larsen A Ice Shelf.  Using multivariate analyses, we investigated how a suite of 

geochemical parameters, including organic matter quality and sources, affected the 

microbial community structure. Furthermore, we also identified taxonomic groups that 

potentially play important roles in organic matter degradation, nitrogen cycling and 

other geochemical processes in Larsen A sediments. 

4.2 Materials and Methods 

4.2.1 Sampling 

Sample collection at the Larsen A Embayment site took place as a part of a 

multidisciplinary project, the “Larsen Ice Shelf System, Antarctica” (LARISSA).  

Sampling was conducted from 7 March to 17 April 2012 aboard the RVIB Nathanial B 

Palmer (NBP12-03) off the coast of the East Antarctic Peninsula, Weddell Sea.  Sediments 

were collected using a megacorer at five cross-shelf stations (Stations G – K) following 

the historic path of retreat of the Larsen A ice shelf, each station having a different 
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period of exposure to open water conditions (Figure 1) (Ferrigno, 2006).  Water depths 

varied within a range of 250 m (430 m to 680 m) with the deeper stations occurring 

closest to shore. Three megacore drops were conducted at each station at spatial 

intervals of 0.3 to 1.0 km, while interstation distances ranged from 19 to 60 km. A 

minimum of 5 megacores were collected per station for microbial community analysis (1 

or 2 cores per drop), 2 of these cores were also sectioned for geochemical analysis and 1 

core for lipids analysis.  An additional 3 cores (one per drop) were collected for 

microprobe profiling of porewater pH and dissolved oxygen.  Upon recovery, 

megacores for geochemical, microprobing or DNA analysis were selected from each 

drop at 30 cm to 80 cm spacing from the megacore array then capped, wrapped in light 

blocking thermal insulation and stored at 1 C until analyzed. Each core for lipid 

analysis was sectioned on board immediately after sample recovery at 0.5-cm intervals 

to 2 cm, 1-cm intervals to 10 cm and 2-cm intervals from 10 cm to the bottom of the core 

(20 cm). After the sample processing, the sectioned sediment samples for lipid were 

stored at -80 °C until lipid extraction was conducted. Lipids (hydrocarbons, ketones, 

fatty acids, and sterols) were extracted from sediments and analyzed as described in 

Chapter 2. 

4.2.2 Geochemical analyses  

Cores for geochemical analysis were extruded and sectioned at 1 to 2 cm 

resolution to a depth of 20 cm in a nitrogen-purged glove box maintained at 1 °C to 
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approximate ambient sediment temperatures (~-1.9 °C). Oxygen levels were monitored 

and maintained below 0.5% during sample processing. Pore water was collected from 

each section by centrifugation of sediment in gas-tight Oak Ridge tubes (20 minutes, 

10,000 RCF, 4°C). Supernatant was recovered by syringe then filtered (0.22 µm) before 

analysis.  Centrifuge tubes were loaded and unloaded in the anaerobic glove box to 

avoid sample oxidation. Nutrients, including orthophosphate (PO43-), nitrite (NO2-), 

combined nitrate+nitrite (NO2-+ NO3-), ammonia (NH3) and silicic acid (H4SiO4) were 

quantified using a five-channel Lachat Instruments QuikChem FIA+ 8000s series 

autoanalyzer.  Samples were stored in the dark, refrigerated at 4 °C for up to 12 hours 

after collection before being analyzed. Phosphate concentrations were analyzed using 

modified method of the molybdenum blue procedure (Bernhardt and Wilhelms, 1967). 

The nitrate + nitrite analysis used the method of Armstrong (1967) with modifications to 

improve the precision and ease of operation. Nitrite analysis was performed on a 

separate channel. Ammonia was determined using the indophenol blue method. Silicic 

acid analysis was based on the method of Armstrong (1967) as adopted by Atlas (1971). 

Ferrous iron samples were preserved in 0.1 M hydrochloric acid and subsequently 

analyzed using the Ferrozine assay (Stookey, 1970). 

4.2.3 Microprobe analyses 

Depth profiles of pH and dissolved oxygen (DO) were acquired on three cores 

per station (one per megacore drop) using custom built semi-microelectrodes 
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(Microelectrodes Inc., Maine, USA). Microprobes were calibrated against standards prior 

to each analysis. Profiles were acquired at 1 mm to 1 cm intervals to a depth of 20 cm.    

4.2.4 DNA analysis 

Sediment subsamples were collected from the sectioned cores using sterile pre-

cut 1 ml syringes and stored at -80 °C. Genomic DNA was extracted from ~0.25 g 

sediment samples using the PowerSoil DNA Isolation Kit (MoBio, Carlsbad, CA) 

following the manufacturer's instructions.  Genomic DNA was amplified using the Earth 

Microbiome Project barcoded primer set, adapted for the Illumina MiSeq. The V4 region 

of the 16S rRNA gene (515F-806R) was amplified with region-specific primers (forward 

primer: 5’-GTGCCAGCMGCCGCGGTAA-3’, reverse primer: 5’- 

GGACTACHVGGGTWTCTAAT -3’) (Caporaso et al., 2011), with the addition of the 

Illumina barcoded adapter sequences.  The coverage of the bacterial and archaeal 

domains with the primers with two mismatches were 96.1% and 95.6% respectively 

according to SILVA non-redundant reference database release 117 (SSUr117 RefNR) 

(Klindworth et al., 2013). Although the primer set covers over 95% of Bacteria and 

Archaea, it does not cover marine planktonic SAR11 cluster (Apprill et al., 2015; Parada 

et al., 2016). SAR11 is prevalent in seawater (R. E. Collins et al., 2010; Giovannoni et al., 

1990; Rappé et al., 2002), but usually is a minor taxonomic group in marine sediments 

(Hamdan et al., 2013). The reverse amplification primer contained a twelve base barcode 

sequence that supports pooling of up to 2,167 different samples in each lane (Caporaso 



 

111 

et al., 2011; 2012).  The PCR amplifications were performed in triplicate and then pooled. 

Following pooling, amplicons from each sample were quantified using PicoGreen 

(Invitrogen) and a plate reader. Once quantified, volumes of each of the PCR products 

were pooled into a single tube with equal amplicon representation prior to PCR cleanup 

using the UltraClean® PCR Clean-Up Kit (MoBIO).  The final pooled and purified PCR 

products were quantified again using the Qubit broad range dsDNA quantification kit 

(Invitrogen) and diluted down to 2nM for sequencing on the Illumina MiSeq.  On 

average 15,000 reads were obtained per sample after removal of singleton sequences (11 

million reads total).  Average read length was 253 bp.  Analysis of high-throughput 

sequencing data was performed using QIIME v.1.6.0.  Taxonomic assignment was 

performed using GreenGene database (version 13_8) with 97% similarity. The OTU table 

was obtained after rarefaction based on random subsampling of 2000 sequences per 

sample.   

4.2.5 Statistical Analyses 

4.2.5.1 Community diversity 

Bray–Curtis dissimilarities (J. R. Bray and Curtis, 1957) between all samples 

were calculated and used for two-dimensional non-metric multidimensional scaling 

(NMDS) ordinations (Kruskal, 1964). Stress values below 0.2 indicated that the 

multidimensional dataset was well represented by the 2D ordination. To quantify the 

differences in the community compositions, the ANOSIM R statistic was used (K. R. 
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Clarke and Green, 1988). The ANOSIM R values represent a difference of average rank 

dissimilarities between and within groups. Analyses were carried out with the vegan 

package in a software R (Oksanen, 2015). 

4.2.5.2 Multivariate analyses – with all environmental variables 

Canonical correspondence analysis (CCA) was used to identify the 

environmental factors associated with differences in community compositions at 

different sampling stations and depths. The average environmental variables for each 

station were obtained from 1 to 3 cores, while the average sequence abundance of the 

rarified OTU table were obtained from 5 to 6 cores recovered from the same stations.  

The OTU table was standardized by Hellinger transformation (Legendre and Gallagher, 

2001). The Hellinger transformation gives low weights to OTUs with low counts and 

many zeros. The environmental variables for the CCA were chosen from pH, nitrate, 

nitrite, ammonium, phosphate, iron, silicate, chlorophyll a, oxygen, total organic carbon, 

and lipid concentrations, and δ13CTOC values in the following manner. First, correlations 

among the variable were tested.  The silicate concentration was removed from the 

dataset because it significantly covariates with phosphate concentration (r2 > 0.81, p < 

0.001). Second, the environmental variables were transformed to a normal distribution 

by using the Box-Cox method (Box and Cox, 1964), and standardized to unit variance 

and zero mean (Legendre and Gallagher, 2001). Finally, we identified a combination of 

environmental variables that best explains the variations of the microbial community, by 
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the automatic forward-backward selection. We used the Akaike Information Criterion 

(AIC) (Blanchet et al., 2008) with stepwise function with 999 permutation tests at each 

step of the forward and backward selection. The resulting subset of variables was used 

as the constrained set of parameters to relate the environmental variables to bacterial 

and archaeal community composition in the CCA. The significance of the canonical axes 

was computed using a Monte Carlo test with 999 permutations. Statistical significance of 

the individual environmental variables was assessed using the marginal effect of the 

terms tested with 999 permutations. 

4.2.5.3 Multivariate analyses – with lipid biomarkers 

We performed a redundancy analysis (RDA) to investigate the relationships 

between the microbial community and lipid biomarkers of non-bacterial or archaeal 

origin. The variables (% lipid biomarkers) for RDA were chosen in a similar manner as 

described for CCA. The relative abundances for lipid biomarkers were arcsine 

transformed (Warton and Hui, 2011), and standardized to unit variance and zero mean. 

The lipid biomarkers selected by the forward-backward stepwise function were used as 

the constrained set of parameters for RDA. All the multivariate analyses were conducted 

using the R package, vegan (Oksanen, 2015). 

4.2.5.4 Clustering Analysis 

Pearson's correlation coefficients were computed between the relative abundance 

of the 120 most abundant taxa (accounting for >96% of total OTUs and >93% of all DNA 
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weighted taxonomic abundance) and selected environmental variables and lipid 

biomarkers that best explain the variation in the microbial community composition. 

Using the correlation coefficients, hierarchical clustering analyses were performed with 

Euclidean distances using the R package “pvclust” (Suzuki and Shimodaira, 2006). After 

multiscale bootstrap resampling (10,000 iterations), approximately unbiased (AU) P 

values were computed (Shimodaira, 2004).  Pairwise correlations between each bacterial 

and archaeal taxa and environmental variables were graphed in a heat map and 

Euclidian distance clustering dendrogram using R package 'ComplexHeatmap' (Gu et 

al., 2016). 

4.2.6 Metagenome prediction 

To predict metagenome-based functions, closed-reference OTU selection was 

performed in QIIME 1.9.0 (Caporaso et al., 2010) containing the Greengenes reference 

database version 13_8 (DeSantis et al., 2006). OTU clustering and taxonomy at 97% 

similarity was carried out in QIIME by closed reference. 72% of sequences were assigned 

to OTU in the Greengenes version 13_8 database. The resulting OTU table was imported 

into PICRUSt (Langille et al., 2013) for function prediction and metagenome calculations.  

The accuracy of the predictions of the metagenomes was assessed by computing NSTI 

(Nearest Sequenced Taxon Index), which indicates the relation of the DNA sequences in 

a particular sample to the bacterial and archaeal genomes in a database. 
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4.3 Results and Discussion 

4.3.1 Geochemical distribution 

Geochemical profiles revealed downcore gradients as well as cross transect 

gradients for nearly every measured parameter (Figure 22).  Total organic carbon (TOC) 

was low (below 1% dry wt) in all samples but showed small declines with sediment 

depth in each core and a steady overall rise in concentration moving offshore from 

Station G (0.1-0.2 % dry wt) to Stations J and K (0.5-0.8 % dry wt).  δ13CTOC values 

dropped at the surface sediments and remained relatively constant with depth. Station 

G was an exception; δ13CTOC values were significantly higher below 5 cm sediments 

compared to other stations.  

Lipids, DNA and pigment concentrations (chl-a and pheo), all of which can be 

considered biomass proxies, showed a similar trend of rising offshore particularly in the 

near surface sediments (0-1 cm) with chl-a in Station K (22,500 µg/g wet sediment) 

measuring an order of magnitude higher than the surface sediments of Station G (757 

µg/g wet sediment).  Pore water pH decreased with depth in all cores and ranged from 

highs of 7.8 to 7.9 in surface sediments of Stations H and I (mid-transect) to a low of pH 

7.1 at 20 cm depth at Station K.  Dissolved oxygen was typically decreased sharply 

within the first 2-4 cm depth at all stations and completely depleted at 10 cm depth. One 

of the cores at station G showing an anomalous rise in dissolved oxygen between 6-7 cm. 

This anomaly coincided with a pebbly-coarse granular horizon of presumably high 
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permeability that we suspect may have been influenced by tidal pumping and irrigation 

via nearby burrows.  Silicate and orthophosphate concentrations were highly correlated 

with relatively uniform values across the transect at the sediment surface and a near 

monotonic rise in pore water concentrations moving offshore at depths below 5 cm.    

The most striking changes in chemical composition occurred for the inorganic 

nitrogen species (Figure 22). Nitrate profiles at all stations showed highest 

concentrations 1-2 cm below the sediment-water interface, indicative of active 

nitrification and diffusive loss to the overlying water. A nearly symmetric distribution of 

nitrate was observed across the transect, with a peak concentration ~65 µM occurring at 

Station I.   Downcore ammonia concentrations were complementary to the nitrate 

distribution, showing a trough in concentrations where nitrate values peaked. 

Anomalously high ammonia concentrations were observed in all surface sediment 

samples (0-1 cm). We speculate that these values resulted from disruption of 

intracellular contents of infauna or recently settled diatoms during centrifugation.  

Artificially elevated concentrations of inorganic nitrogen species have been attributed to 

cell lysis during pore water separation in other studies (Lomstein et al., 1990; Rysgaard 

and Glud, 2004). Our sampling occurred approximately two to four weeks following the 

spring phytoplankton bloom, and freshly deposited layers of diatoms were visible in 

bottom photos (Craig Smith – yoyo camera images, unpublished data). Dissimilatory 

reduction of intracellular nitrate to ammonium has been reported in senescing diatoms 
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(Kamp et al., 2011). Microbial organic matter decomposition also release ammonium to 

the sediments (Canfield et al., 2010). Furthermore, the distribution of ammonia in the 

surface sediment layer (0-1 cm) correlates well with the abundance of nematodes and 

copepods at the same depth across the transect (Ribeiro, 2015). 
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Figure 22. Downcore geochemistry profiles. Colors represent sampling 

stations. Error bars represent standard deviation (n=3 for O2, pH, and surface samples 

of TOC, δ13CTOC, and lipids; n=2 for Chl-a, Phao, Fe(II), silicate, phosphate, nitrate, 

nitrite, and Ammonium concentrations) 
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4.3.2 Bacterial and Archaeal Distributions and Diversity 

Based on the Illumina 16S rRNA gene data, 10 most abundant genus level 

taxonomic groups dominated about 50% of the total OTUs. These top 10 taxonomic 

groups were classified within the Gammaproteobacteria, Thaumarchaeota, 

Alphaproteobacteria, Brocadiae, and Deltaproteobacteria (Figure 23). The most 

abundant taxonomic group in all stations was an unclassified Piscirickettsiaceae. This 

group was universally (~10%) distributed downcore and across the embayment. 

Taxonomic groups associated with the family of Cenarchaeaceae including the genus of 

Nitrosopumilus, was the second and third most abundant and especially predominant at 

Station H and I.  Members of the Cenarchaeaceae comprised a total of over 20 % of the 

community at Station H and I. Unclassified Alphaproteobacteria and the family of 

Rhodospirillaceae was the fourth most abundant taxa and distributed similarly to 

Cenarchaeaceae; it was relatively abundant in Station H and I than the other stations. 

The taxonomic group classified in the genus of Acinetobacter was found to be most 

abundant in the nearshore station (G). The deeper (> 10 cm) sediments at Station G 

contained  20 - 30% of this taxonomic group. The OTUs closely related to OM60 clade 

were found mostly in the near surface sediments across the embayment, and relatively 

abundant at Station G. The Candidatus Scalindua group was found to be relatively 

abundant (> 4%) in the deeper sediments at the offshore stations (J and K). Two 
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taxonomic groups associated with Deltaproteobacteria were also found to be relatively 

abundant in Stations J, K, and G than H and I.  

 

Figure 23: Downcore profiles of the relative abundance of microbial taxonomic 

groups across the embayment. Top 10 abundant taxa are color coded with the label: o, 

order; f, family; g, genus 

 

The microbial community composition differed significantly by station (Figure 

24a; ANOSIM: R = 0.36, p = 0.006, 999 permutation) except between Stations H and I 

(ANOSIM: R < 0.01, p= 0.17). The community composition differed also between 0-10cm 

and 10-20 cm sediment depths (Figure 24b; ANOSIM: R = 0.35 p= 0.001). The surface 

samples from all stations were clustered relatively closely (ANOSIM: R = 0.35, p = 0.018), 
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compared to the deeper sediment samples (ANOSIM: R = 0.77, p = 0.001) (Figure 24b). 

The deeper the sediment cores, the microbial communities are more different among the 

stations. This reflects that geochemical gradients downcore shape specific niche 

differentiation for microbial community. 

 

Figure 24: Non-metric multidimensional scaling (NMDS) plot of microbial 

communities based on Bray-Curtis dissimilarity for 16S rRNA gene libraries. The 

community profiles from each sample; a) color represents sampling stations. Ellipses 

represent 95% intervals around centroids for each sampling station. b) color 

represents sediment depth.  

 

4.3.3 Environmental Drivers of Bacterial and Archaeal Diversity 

To identify the environmental drivers of bacterial and archaeal community 

diversity, a constrained set of environmental variables was identified using stepwise 

forward-backward selection. After the selection of environmental variables, and testing 

using Monte Carlo permutation tests, CCA revealed eight environmental variables: lipid 

concentration, total organic carbon (TOC) concentration, pH, phosphate, ammonium, 

δ13CTOC, NO2-: nitrite, NO3-: nitrate, that were significantly related to bacterial and 
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archaeal community composition (Monte Carlo permutation test of marginal effects: 

lipid: F= 3.44, p=0.001; TOC: F=2.06, p=0.001; pH: F= 2.08, p=0.002; phosphate: F=2.61, 

p=0.001; ammonium: F=2.46, p=0.001;  δ13CTOC: F= 1.94, p=0.001; nitrite: 1.61, p=0.010; 

nitrate: F= 1.55, p=0.014). Under this restricted model, CCA showed that eight variables 

explained 53% of the variation within the species–environment relationship across the 

first two canonical axes (Figure 25).  

Notably, among the environmental variables evaluated, lipid concentrations and 

TOC were two of the major drivers of sediment microbial community structure. This is 

consistent with previous studies that also found organic matter concentrations were one 

of the major drivers influencing microbial community composition in the organic-lean 

marine sediments (Bienhold et al., 2012; Jorgensen et al., 2012; Polymenakou et al., 2005). 

δ13CTOC values that were significantly higher at Station G (Figure 22; p < 0.001) also 

contributed as a driver to microbial community – environment relationship. The δ13CTOC 

values are dependent on organic matter (OM) sources, growth conditions of OM 

sources, and fractionation factors during OM degradation. Although the organic matter 

in Larsen A Embayment is primarily from phytoplankton and algae (chapter 2), growth 

conditions of the source organisms may be different (e.g. growth in sea ice, spring 

bloom). The variable growth conditions of phytoplankton may be an explanation of 

higher δ13CTOC values at Station G than the other stations. The alternative explanation is 
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fractionation due to degradation. The higher δ13CTOC at Station G could indicate the 

extensive level of organic matter degradation (Hayes, 1993; Hayes et al., 1989). 

 

Figure 25: Canonical correspondence analysis (CCA) ordination diagram of 

axes one and two of the bacterial and archaeal community. CCA was conducted with 

selected environmental variables (lipid: lipid concentrations, TOC: total organic 

carbon, pH, phosphate, ammonium, δ13CTOC, NO2-: nitrite, NO3-: nitrate). The percent 

of the variation in the community explained by each axis is in parenthesis. All the 

environmental variables were determined to be statistically significant using the 

marginal effect of the terms (P < 0.002). The variables are indicated as vectors. The 

community profiles from each sample are represented as circles; a) color represents 

sediment depth, b) color represents sampling stations. 

4.3.4 Source and Lability of Organic Matter Shape Microbial 
Community 

To investigate which of the over 40 different contextual parameters (lipid 

biomarkers) could best explain the microbial community structure, we performed 

redundancy analyses (RDA).  We used non-bacterial or archaeal lipids grouped by 

similarity of chemical structure (Table 12). The chemical structures of lipid biomarkers 

primarily determine the lability and reactivity in the sediments. Lability of lipid 

biomarkers is determined by the chain lengths (i.e., short chain lipids are more labile 
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than long chain lipids) and a number of unsaturation (i.e., unsaturated molecules are 

more labile than saturated molecules) (Sun et al., 1997; Wakeham and Canuel, 2006).  

Although lability estimates are not quantitative, conventional lipids such as poly-

unsaturated fatty acids, mono-unsaturated fatty acids are assumed to be relatively labile, 

while n-alkanes are relatively recalcitrant and likely stay in sediments for a longer 

duration (Cranwell, 1981; Wakeham and Canuel, 2006).  In applying this approach, the 

number of parameters was reduced from 48 lipids to 19 structural groups of lipids 

(Table 12). The automatic forward-backward selection identified seven lipid groups that 

best explained the variance of the microbial community. After the selection of lipid 

groups, and testing using Monte Carlo permutation tests, RDA revealed the seven lipid 

groups, n-alkanes, Δ5,22 sterols, polyaromatic hydrocarbons (PAHs), C30 HBIs, stenones, 

even-carbon mono-unsaturated fatty acids (MUFAs), and 24-methylenecholesterol (C28 

Δ5, 24(28)) that were significantly related to bacterial and archaeal community composition 

in all the sampling stations (Monte Carlo permutation test of marginal effects: n-alkanes: 

F= 4.11, P=0.002; Δ5,22  sterols: F= 6.04, p=0.001; PAHs; F= 3.91, p=0.001; C30 HBIs: F= 2.46, 

p=0.021; stenones: F = 2.90, p= 0.005; even MUFAs: F=2.75, p=0.011; 24-

methylenecholesterol: F=2.65, p=0.008). The lipid groups chosen by the forward-

backward selection were used as the constrained variable set to explain bacterial and 

archaeal community compositions with RDA (Figure 26).  The RDA result for all five 

stations indicated that these lipid groups explained 76% of the microbial community 
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variation with the first and second axes (RDA1: 55.7%, F= 19.0, p=0.001; RDA2: 19.9%, 

F=6.8, p=0.01). The selected lipid groups include general phytoplankton biomarkers (Δ5, 

22 sterols and even carbon MUFAs) (Volkman et al., 1998) and diatom biomarkers (24-

methylenecholesterol and C30 HBIs) (Volkman et al., 1998; 1994). The n-alkanes could 

also be derived from phytoplankton (Chapter 2). Stenones are degradation products of 

sterols.  PAHs, n-alkanes, and stenones could be relatively recalcitrant especially in an 

anoxic environment.  

 

Table 12: Lipid biomarker compound groups that used for RDA and their 

sources 

Compounds and groups of 

lipids used for forward-

backward selection 

Lipid compounds contained in groups 

Fatty acids  

even MUFAs (phytoplankton) FAs 16:1ω9, 18:1ω5, 

20 -22 MUFAs (zooplankton) FAs 20:1, 22:1 

PUFAs (phytoplankton) FAs 20:5ω3, 20:4ω6, 22:6ω3 

FA 24:6ω3 (Brittle stars - 

Ophiuroidea) 

FA 24:6ω3 

Sterols  

Δ5,22E sterols (phytoplankton) 26Δ5,22E, 27Δ5, 22E, 28Δ5,22E,  29Δ5, 22E 

Δ22E sterols 26Δ22E, 27Δ22E, 28Δ22E, 29Δ22E, 30Δ22E 

Δ5 sterols 27Δ5, 29Δ5 ethyl, 29Δ5 dimethyl 

Δ0 sterols (Dinoflagellates, 

cyanobacteria) 

27Δ0, 29Δ0 dimethyl, 29Δ0 ethyl 

28Δ5,24(28) (diatoms) 28Δ5,24(28) 

28Δ24(28) (phytoplankton) 28Δ24(28) 

Coprostanol (marine mammals) Coprostanol 

Hydrocarbons  

n-alkanes  C21-28 n-alkanes 

C25 HBIs (diatoms)  HBI C25:2, C25:3, 
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C30 HBIs (diatoms) HBI C30:5 

PAHs (fungi) PAHs 

Ketones  

Stenones (degradation 

products of sterols) 

Stenones 

Wax esters  Wax esters*1 

 

 

Figure 26: Redundancy analysis (RDA) ordination diagram of axes one and 

two of the bacterial and archaeal community in samples from five cross-shelf Stations 

G – K. The percent of the variation in the community explained by each axis is in 

parenthesis. The variables (n-alkane, Δ5, 22 sterols, C30 HBIs: highly branched 

isoprenoids, PAH: polyaromatic hydrocarbons, stenones, even-carbon MUFAs: mono-

                                                      

1 MUFAs (mono unsaturated fatty acids), PUFAs (poly unsaturated fatty acids), 

26Δ5,22E (24-norcholesta-5,22E-dien-3β-ol), 26 Δ22E (24-Nor-5α-cholest-22E-en-3β-ol), 27 Δ5, 22E 

(5,22Ε-dien-3β-ol ), 27Δ22E (5α-Cholest-22Een-3β-ol), 27Δ5 (cholest-5-en-3-ol), 27Δ0 (5α-

Cholestan-3β-ol), 28Δ5,22E (24-methylcholesta-5,22E-dien-3β-ol), 28Δ22E (24-methyl-54-cholest-

22E-en-3β-ol), 28Δ5,24(28) (24-methylcholesta-5,24(28)-dien-3β-ol), 28 Δ24(28) (24-methylcholest-5-

en-3β-ol), 29Δ5, 22E (stigmasta-5,22E-dien-3β-ol), 29 Δ22E (4,24-dimethyl-5,-cholest-22E-en-3β-

ol), 29Δ5 dimethyl (23,24-dimethyl-5α-cholest-5-en-3β-ol), 29Δ5 ethyl (stigmast-5-en-3β-ol), 

29Δ0 dimethyl (23,24-dimethylcholestan-3β-ol), 29Δ0 ethyl (24-ethylcholestan-3β -ol), 30Δ22E 

(4α,23,24R-trimethyl-5α-cholest-22-en-3β-ol), coprostanol (5β-cholestan-3β-ol), HBIs (highly 

branched isoprenoids)  
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unsaturated fatty acids, sterol C28Δ5, 24(28):24-methylenecholesterol) are indicated as 

vectors. All of the lipid groups were determined to be statistically significant using 

the marginal effect of the terms (P < 0.014). The community profiles from each sample 

are represented as circles; a) color represents sediment depth, b) color represents 

sampling stations.Carbon sources of microbes  

 

4.3.5 Microbial functional clusters 

We used correlation coefficients between the environmental variables including 

lipid compositions and the relative abundance of microbial taxa to conduct Euclidian 

distance based clustering. The heat map presented in Figure 27 provides a compact view 

of the microbial clusters of dominant and accompanying taxa that shared similar 

pairwise correlations with environmental variables and lipid biomarkers. This clustering 

analysis revealed that the microbial community in the Larsen A sediments was 

composed of seven functional clusters.  
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Figure 27: Pearson’s correlation coefficients heat maps showing the association 

between environmental variables and the relative abundance of bacterial and archaeal 

clusters. a) The top dendrogram defines clusters of environmental variables and 

relative abundances of lipid biomarkers that best explain the microbial community 

(based on CCA and RDA). The left dendrogram defines clusters of taxonomic groups 

sharing similar correlations with environmental and lipid biomarker parameters. b) 

The bar plot shows DNA-weighted abundance of each taxonomic group. The side 
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color maps show c) average relative abundances downcore (surface to bottom) and d) 

across the embayment (Station G to K). 

4.3.5.1 Cluster I 

Cluster I was composed of taxa that distributed relatively abundant in deeper 

sediments (> 5 cm) in the mid-embayment (Station H and I) as well as the offshore 

stations (J and K). This cluster positively correlates with recalcitrant lipid biomarkers (n-

alkanes, stenones, and PAHs), and negatively correlates with ammonium, nitrite, and 

lipid concentrations, as well as phytoplankton lipid biomarkers (Figure 27). These 

correlations suggest that the Cluster I microbes are adapted to metabolize recalcitrant 

organic matter. The most abundant taxonomic group in Cluster I belongs to unclassified 

members of the Cenarchaeaceae family. The family of Cenarchaeaceae corresponds to 

Group I 1a mesophilic Crenarchaeota (Dawson et al., 2006; Jung et al., 2014), initially 

found as a sponge symbiont (Preston et al., 1996). Cenarchaeaceae is known as 

chemolithoautotrophic ammonium oxidizer.  Nitrospina is also a nitrogen-cycle 

associated taxa included in Cluster I. It is a marine aerobic chemolithoautotrophic 

nitrite-oxidizing bacteria (Lücker and Daims, 2014; Rani et al., 2017). Besides nitrogen- 

cycle associated microbes, Cluster I may also represent degraders of recalcitrant or 

simple organic carbon. Cluster I also includes taxonomic groups classified in the family 

of Syntrophobacteraceae, the family of Rhodospirillaceae (Error! Reference source not 

found.). Syntrophobacteraceae are sulfate-reducing chemoheterotrophic bacteria which 

utilize relatively simple organic carbon (Kuever, 2014). Rhodospirillaceae related 
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organisms were isolated from deep-sea water [Marispirillum indicum (Lai et al., 2009)]] 

were shown to degrade crude oil and from coastal sea water [Pelagibius litoralis (Choi et 

al., 2009)] to utilize amino acids.   

4.3.5.2 Clusters IIa, IIb, and IIc 

Cluster IIa was composed of taxa that distributed relatively abundant in just 

below the surface to mid-depths sediments (0.5-10 cm) in the offshore (K). Cluster IIb is 

composed of taxa that found to be relatively abundant in the deeper surface sediments 

(>15 cm) at Station K, J, and G. Custer IIc is composed of taxa that distributed relatively 

abundant in the mid-depths sediments (2-10 cm) at Station J followed by K and G. 

Clusters IIa, IIb, and IIIc correlated positively with TOC concentration, phosphate 

concentration (which strongly correlates with silicate), and the relative abundance of C30 

HBIs, while they are negatively correlated with pH, nitrate, and nitrite.  

Cluster IIa, IIb and IIc were dominated by various sulfate-reducing 

Deltaproteobacteria, such as Desulfuromonadaceae, Desulfobulbaceae, and 

Desulfobacteraceae (Figure 29). Cluster IIa includes the dominant taxonomic group, 

uncultured Deltaproteobacteria, NB1-j. It is common in marine sediments and often 

found along with sulfate reducers (Yanagawa et al., 2013) in sulfate-methane-transition 

zone (Hamdan et al., 2008).  The cluster IIb also includes uncultured Marine Benthic 

Group – B (MBGB). MBGB was found in a wide range of marine sediments, from the 

deep sea to the coastal sediments (Teske and Sorensen, 2008). Previous studies 
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suggested the associations of MBGB with anaerobic oxidation of methane (Knittel et al., 

2005b) and sulfate reduction (Fernandez et al., 2016; Robertson et al., 2009). Although we 

do not have sulfate and sulfide concentrations, the negative correlations between these 

clusters with nitrate concentrations support that the Cluster II microbes reside below the 

nitrate reduction zone, sulfate reduction zone of sediments. In addition to the sulfate 

reducers, one of the dominant taxa within Cluster IIb is Candidatus Scalindua, an anoxic 

ammonium oxidizer (anammox) that uses nitrite as an electron acceptor, (Robertson et 

al., 2009; Schmid et al., 2003). Although Candidatus Scalindua was found in the nitrite 

depleted samples (Station J and K, > 5 cm, Figure 23), it is feasible to use sulfate as an 

electron acceptor (sulfate-reducing ammonium oxidation) (Schmidt et al., 2009). If this is 

the case, it explains that Candidatus Scalindua distributed similarly to sulfate-reducing 

Deltaproteobacteria.  

4.3.5.3 Cluster III 

Cluster III was composed of taxa that distributed relatively abundant in deeper 

sediments at Station G. It showed strong positive correlation with δ13CTOC values. The 

cluster includes taxonomic groups that belong to the genus of Acinetobacter and the 

order of Chromatiales. Acinetobacter is capable of utilizing diverse organic compounds as 

carbon sources; ranging from alcohols, some amino acids, fatty acids, straight-chained 

hydrocarbons, sugars, and many relatively recalcitrant aromatic compounds such as 

benzoate (Juni, 1978). Acinetobacter is also often found in glaciers (An et al., 2010; 
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Christner et al., 2003). The relative abundance of Acinetobacter showed a positive 

correlation with n-alkanes and stenones, and negative correlations with phytoplankton 

biomarkers. The order of Chromatiales is better known as phototrophic purple sulfur 

bacteria (Guyoneaud et al., 1997) but also contains chemotrophic relatives (Imhoff, 2005). 

Recent studies also suggested that this group is capable of degrading crude oil (Acosta-

González et al., 2015; Kostka et al., 2011).  Given the capability of these taxonomic 

groups to degrade relatively recalcitrant organic carbon, the cluster III may be 

representing functional cluster as degrader of recalcitrant organic matter in organic-lean 

sediments.  

4.3.5.4 Clusters IVa and IVb 

Cluster Iva was composed of taxa that distributed relatively abundant in the 

sediment depths just below the surface (0.5-5 cm) at the mid-embayment (Station H and 

I). Cluster IVb was composed of taxa that were relatively abundant in the surface 

sediments (0-5cm) at Station G. Clusters IVa and IVb both positively correlated with pH, 

nitrate, nitrite, and phytoplankton-related biomarkers such as Δ5,22 sterols and even 

carbon MUFAs.  

Cluster IVa includes two of the most abundant taxa that belong to the family of 

Piscirickettsiaceae and the genus of Nitrosopumilus. The Piscirickettsiaceae, which was 

the most abundant taxon of this study (~10% of the total sequences), was universally 

distributed across the embayment and downcore. The Piscirickettsiaceae belongs to 
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Gammaproteobacteria, and this family includes a broad range of strains that are 

chemoheterotrophs and chemolithoautotrophs (Kasai et al., 2002). It is often found in 

hydrothermal vent and cold seeps, where some of the genera are capable of sulfide 

oxidation or methane oxidation (Nunoura et al., 2012; Sylvan et al., 2012). The bacteria 

belong to the family of Piscirickettsiaceae were also found in Arctic shelf sediments 

(Knittel et al., 2005b; Nguyen and Landfald, 2015). An cultured representative isolated 

from Antarctic sediments, Thiomicrospira arctic, is a psychrophilic, obligatory 

chemolithoautotrophic, sulfur-oxidizing bacteria (Knittel et al., 2005a). 

Nitrosopumilus is part of the Marine Group-I Thaumarchaea and widespread in 

the water column and sediments (Francis et al., 2005; Schleper et al., 2005; Wuchter et al., 

2006). Based on the cultured representative of the MG-I Thaumarchaea, Nitrosopumilus 

maritimus is an autotrophic, aerobic ammonia oxidizer (Köenneke et al., 2005), these 

OTUs are likely ammonia-oxidizing chemolithoautotrophs. Nitrate, a product of 

ammonia oxidation, showed strong positive correlation with the relative abundance of 

Cluster IVa, supporting that Nitrosopumilus as ammonium-oxidizer as well in our 

samples. Previous microbial investigations of Antarctic marine sediments using 16S 

rDNA gene clone libraries revealed that MG-I Thaumarchaea dominates archaeal 

communities in surface sediments of the continental shelf of the Mertz Glacier Polynya 

(Bowman et al., 2003) and the Weddell Sea (Gillan and Danis, 2007). Nitrite-oxidizing 
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Nitrospiraceae was a part of Cluster IVa, indicating the importance of nitrogen-cycle as 

functions of Cluster IVa.  

One of the abundant taxa in Cluster IVb is the OM60 clade. It is an uncultured 

Gammaproteobacteria that is frequently found in oligotrophic marine waters (Cho and 

Giovannoni, 2004). This group is also found in Arctic sea ice (R. E. Collins et al., 2010) as 

well as in Arctic and Antarctic sediments (Ruff et al., 2014; Teske et al., 2011).  Some 

studies suggested that OM60 function as a degrader of phytodetritus and large organic 

molecules, as it was ubiquitously found in the abyssal sediments in the Southern Ocean 

where abundant phytodetritus is available in surface sediments (Ruff et al., 2014). In a 

seawater mesocosm experiment, Sharma and colleagues (2014) found an increase in 

OM60 clade abundance and its transcripts involved in polysaccharide degradation after 

adding high molecular dissolved organic carbon. In addition to OM60, Cluster IVb 

contains the family of Colwelliaceae, the family of Flavobacteriaceae, uncultured 

Deltaproteobacteria, JTB38 (r2 = 0.51), the order of Oceanospirillales (including the genus 

of Candidatus Portiera), the family of Rhodobacteraceae, the family of 

Verrucomicrobiaceae (including the genera of Persicirhabdus and Rubritalea). These are 

also known as degraders of large molecular weight substrates such as polysaccharides 

(Bowman, 2014; Martinez-Garcia et al., 2012; Sharma et al., 2014; Williams et al., 2013; J. 

Yoon et al., 2008) and associated with algal blooms (Fagervold et al., 2014; Rinta-Kanto 

et al., 2012; Ruff et al., 2014). The higher relative abundance of Cluster IVb microbes in 
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the surface sediments relative to the bottom sediments as well as the strong correlation 

with the relative abundances of phytoplankton biomarkers are thus consistent with the 

hypothesis that these microbes metabolize macromolecules derived from freshly 

deposited phytodetritus.  Therefore we conclude that Cluster IVb represent 

phytodetritus degraders and may be responding to the increase in phytodetritus flux 

after the ice shelf collapse.  

Our results indicated that the seven functional microbial community clusters 

represented the horizontal (cross embayment) and the vertical (downcore) diversity in 

the Larsen A sediments (Figure 28).  In the most nearshore Station G, the microbial 

community was represented by phytodetritus degraders (Cluster IVb) at the top 10 cm 

sediments, and recalcitrant organic matter degraders (Cluster III) at the bottom 10 cm. 

This nearshore sediment community may represent the adaptation to the rapid flux 

increase in the organic matter flux shortly after the ice shelf collapse.  In the mid-

embayment Station H and I, the microbial community was dominated by nitrogen cycle 

associated organisms, especially ammonium-oxidizing Thaumarchaea accompanied by 

nitrite oxidizing bacteria. Although the distribution of Nitrosopumilus and Nitrospiraceae 

(Cluster IVa) in the oxic surface sediments strongly support their function as ammonium 

and nitrite oxidizers, the distribution of Cenarchaeaceae and Nitrospiraceae (Cluster I) 

in the anoxic deeper sediments is difficult to interpret.  The Cluster I also contain the 

heterotrophic taxonomic groups that may have the ability to degrade the recalcitrant 
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and simple organic matter. In the most offshore Station J and K, the microbial 

community was represented by sulfate-reducing Deltaproteobacteria (Cluster II), in 

addition to the Cluster IVa and IVb microbes. Sulfate reduction occurs in relatively 

organic-rich sediments where other electron acceptors are consumed at near surface 

sediments. This result is consistent with the fact that Station J and K have been ice-shelf 

free for more than 100 years contained a higher level of organic carbon. 

 

 

Figure 28: The summary of the horizontal and vertical variability of microbial 

community characteristics.  
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k__Bacteria.p__Actinobacteria.c__OPB41.o__.f__.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Pseudomonadales.f__Moraxellaceae.g__Acinetobacter

k__Bacteria.p__Actinobacteria.c__Acidimicrobiia.o__Acidimicrobiales.f__.g__

k__Bacteria.p__Bacteroidetes.c__.Rhodothermi..o__.Rhodothermales..f__Rhodothermaceae.g__

k__Bacteria.p__Proteobacteria.c__Alphaproteobacteria.o__Rhizobiales.f__Phyllobacteriaceae.g__

k__Bacteria.p__Proteobacteria.c__Alphaproteobacteria.o__Rhizobiales.f__.g__

k__Bacteria.p__Proteobacteria.c__Epsilonproteobacteria.o__Campylobacterales.f__Campylobacteraceae.g__Arcobacter

k__Bacteria.p__Acidobacteria.c__AT.s2.57.o__.f__.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Chromatiales.f__.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Thiotrichales.f__Thiotrichaceae.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Alteromonadales.f__Alteromonadaceae.g__nsmpVI18

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Oceanospirillales.f__Endozoicimonaceae.g__

k__Archaea.p__Crenarchaeota.c__Thaumarchaeota.o__Cenarchaeales.f__Cenarchaeaceae.g__Nitrosopumilus

k__Bacteria.p__Nitrospirae.c__Nitrospira.o__Nitrospirales.f__Nitrospiraceae.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__HTCC2188.f__HTCC2089.g__

k__Bacteria.p__Acidobacteria.c__Sva0725.o__Sva0725.f__.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Thiotrichales.f__Piscirickettsiaceae.g__

k__Bacteria.p__Gemmatimonadetes.c__Gemm.2.o__.f__.g__

k__Bacteria.p__Proteobacteria.c__Deltaproteobacteria.o__Myxococcales.f__.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Chromatiales.f__Ectothiorhodospiraceae.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__.Marinicellales..f__.Marinicellaceae..g__

k__Bacteria.p__Actinobacteria.c__Acidimicrobiia.o__Acidimicrobiales.f__wb1_P06.g__

k__Bacteria.p__Proteobacteria.c__Deltaproteobacteria.o__Myxococcales.f__Haliangiaceae.g__

k__Bacteria.p__Planctomycetes.c__Planctomycetia.o__Pirellulales.f__Pirellulaceae.g__

k__Bacteria.p__Planctomycetes.c__Planctomycetia.o__Planctomycetales.f__Planctomycetaceae.g__Planctomyces

k__Bacteria.p__Verrucomicrobia.c__Verrucomicrobiae.o__Verrucomicrobiales.f__Verrucomicrobiaceae.g__Luteolibacter

k__Bacteria.p__Proteobacteria.c__Deltaproteobacteria.o__Bdellovibrionales.f__Bacteriovoracaceae.g__

k__Bacteria.p__Bacteroidetes.c__Cytophagia.o__Cytophagales.f__Flammeovirgaceae.g__

k__Bacteria.p__Proteobacteria.c__Betaproteobacteria.o__.f__.g__

k__Bacteria.p__Planctomycetes.c__.o__.f__.g__

k__Bacteria.p__Proteobacteria.c__Deltaproteobacteria.o__NB1.j.f__JTB38.g__

k__Bacteria.p__Proteobacteria.c__Betaproteobacteria.o__Nitrosomonadales.f__Nitrosomonadaceae.g__

k__Bacteria.p__Planctomycetes.c__OM190.o__CL500.15.f__.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Oceanospirillales.f__Halomonadaceae.g__Candidatus.Portiera

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Alteromonadales.f__OM60.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Alteromonadales.f__Alteromonadaceae.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Alteromonadales.f__HTCC2188.g__HTCC

k__Bacteria.p__Verrucomicrobia.c__Opitutae.o__Puniceicoccales.f__Puniceicoccaceae.g__Coraliomargarita

k__Bacteria.p__Bacteroidetes.c__Flavobacteriia.o__Flavobacteriales.f__Flavobacteriaceae.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__.f__.g__

k__Bacteria.p__Proteobacteria.c__Alphaproteobacteria.o__Rhodobacterales.f__Rhodobacteraceae.g__Octadecabacter

k__Bacteria.p__Bacteroidetes.c__.Saprospirae..o__.Saprospirales..f__Saprospiraceae.g__

k__Bacteria.p__Proteobacteria.c__Alphaproteobacteria.o__Rhodobacterales.f__Rhodobacteraceae.g__Phaeobacter

k__Bacteria.p__Proteobacteria.c__Alphaproteobacteria.o__Kiloniellales.f__Kiloniellaceae.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Thiohalorhabdales.f__.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Alteromonadales.f__.g__

k__Bacteria.p__Verrucomicrobia.c__Verrucomicrobiae.o__Verrucomicrobiales.f__Verrucomicrobiaceae.g__

k__Bacteria.p__Verrucomicrobia.c__Verrucomicrobiae.o__Verrucomicrobiales.f__Verrucomicrobiaceae.g__MSBL3

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Alteromonadales.f__Colwelliaceae.g__Thalassomonas

k__Bacteria.p__Bacteroidetes.c__Flavobacteriia.o__Flavobacteriales.f__.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Alteromonadales.f__Colwelliaceae.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Alteromonadales.f__Moritellaceae.g__Moritella

k__Bacteria.p__Proteobacteria.c__Alphaproteobacteria.o__Rhodobacterales.f__Rhodobacteraceae.g__

k__Bacteria.p__Verrucomicrobia.c__Verrucomicrobiae.o__Verrucomicrobiales.f__Verrucomicrobiaceae.g__Persicirhabdus

k__Bacteria.p__Verrucomicrobia.c__Verrucomicrobiae.o__Verrucomicrobiales.f__Verrucomicrobiaceae.g__Rubritalea

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Alteromonadales.f__Psychromonadaceae.g__Psychromonas

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Oceanospirillales.f__.g__

k__Bacteria.p__Proteobacteria.c__Gammaproteobacteria.o__Oceanospirillales.f__Oceanospirillaceae.g__

I

IIa

IVa

IVb

IIb

IIc

III
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Figure 29: Euclidian distance clustering that clusters of taxonomic groups 

sharing similar correlations with environmental and lipid biomarker parameters. 

Numbers on the nodes represent approximately unbiased P values were computed 

multiscale bootstrap resampling (10,000 iterations). Taxa labels, k, kingdom; p, 

phylum; c, class; o, order; f, family; g, genus. 

 

4.3.6 Metagenome prediction 

A predicted metagenome was constructed for each sample from the 16S rRNA 

gene sequences data with PICRUSt (Langille et al., 2013). PICRUSt allows us to predict 

the potential function of microbial communities. The mean nearest sequence taxon index 

(NSTI) of samples evaluated here was 0.19 ± 0.05. This value is high compared to studies 

done for human microbiome (0.03), indicating that the prediction is less accurate. This is 

not surprising given that marine sediments in the polar region are poorly sampled and 

dominated with uncultured OTUs. Although this value is higher than studies done for 

the human microbiome, it is comparable to previous studies on environmental 

microbiome samples such as soils (average NSTI = 0.17;  Langille et al. 2013), seawater 

[0.12-0.13; (de Voogd et al., 2015; Polónia et al., 2015)], marine sediments [0.11 - 0.17; 

(Cleary et al., 2016; de Voogd et al., 2015; Polónia et al., 2015)] and sponges [0.21-0.22, 

(de Voogd et al., 2015)]. In general, the higher the NSTI values reflect less accurate 

functional predictions. However, Langille (2013) demonstrated that soil samples (NSTI 

=0.17) showed prediction accuracy as high as Human Microbiome Project (NSTI= 0.03). 

Therefore, we consider predicted microbial function could benefit us to interpret the 

association between environmental variables and microbial community.  
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Among the functions (KEGG Orthology groups; KO groups), the Metabolism 

related category was a dominant function (60.0 ± 0.5%). Based on NMDS plot (Figure 3) 

that exhibit community similarity among the surface sediments and diverge among 

stations in deeper sediments, we made the comparison of 1) between top 10cm and 

bottom 10 cm of sediments and 2) among station for bottom 10 cm.  

The relative abundance of the metabolism related functions revealed several 

differences among the top and the bottom 10 cm of the sediment cores. The top 10 cm of 

sediments, for example, were significantly enriched in KO groups related with lipid 

metabolism and glycan biosynthesis and metabolism (p < 0.006, Figure 30, upper). On 

the other hand, 10-20cm depths sediment samples were significantly enriched in simple 

carbohydrate metabolism and membrane transfer system such as ABC transporters (p < 

0.001, Figure 30, lower).   

We found that the utilization of different organic matter depends on depths of 

sediments. For example, fatty acids are metabolized more often at top 10 cm of the 

sediments than at the bottom 10 cm. On the other hand, the microbial communities at 

the bottom 10 cm use more simple carbohydrates and a greater potential of fixing 

carbon.  This vertical change of carbon utilization in sediment cores can be considered as 

microbial succession based on organic matter quality; larger carbohydrate molecules 

such as fatty acids consumed first after OM reach to the seafloor, low-molecule 

carbohydrate consumed later at the deeper sediments. McCarren (2010) demonstrated 
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the temporal succession of marine bacterial community after adding high-molecular-

weight dissolved organic matter. The microbial community consumed high-molecular-

weight organic matter first, and then used low-molecular-weight organic matter. The 

vertical change also could be considered as a response to the ice-shelf collapse. The 

phytodetritus delivered after the ice shelf collapse penetrated the top 10 cm of sediments 

due to biodiffusion (Chapter 3). The microbial community structure likely shifted to 

phytodetritus degrader at the surface sediments, and their physiology may be altered as 

well.  
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Figure 30: Comparison of the mean relative abundance of KEGG orthologs 

(KOs) function groups between the top (0-10 cm) and bottom (10-20 cm) of sediment 

samples. All the relative abundances of KO groups were significantly different 

between top and bottom (p < 0.006). 

Among the sampling stations, we found two patterns of predicted function 

relative abundances among stations. First, Station H and I were significantly enriched in 

the KO groups including amino acid metabolism, nucleotide metabolism, and ABC 

transporters (Error! Reference source not found., upper). Second, Station G, J, and K 

were significantly enriched in the KO groups that are carbohydrate metabolisms such as 

amino acid sugars and nucleotide sugars metabolism, sulfur metabolism, and glycan 

biosynthesis (Error! Reference source not found., lower). The difference in the organic 

matter utilization between Stations H and I, and Stations G, J, and K may be due to their 

organic matter concentrations and differences in fluxes. Considering that Station G, J, 
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and K contains a larger amount of phytodetritus (Chapter 2) than other stations, 

microbial communities in these stations may have more potential to utilize the resources 

they have.  Moreover, the microbes in Station H and I have a higher capacity to 

metabolize amino acids (Figure 31), possibly recycling amino acids in the organic matter 

poor environment (Orsi et al., 2013). The higher potential of sulfur metabolism in 

Stations G, J, and K is consistent with that these Stations contained sulfate-reducing 

bacteria that belong to Clusters IIa, IIb, and IIc.    
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Figure 31: Comparison of the mean relative abundance of KEGG orthologs 

(KOs) function groups among five sampling stations (G-K). All the relative 

abundances of KO groups at Station H and I were significantly different from Station 

G, J and K (p < 0.05). 

 

Another interesting observation was that the bacterial communities from bottom 

10 cm sediments, particularly in Station H and I, harbored more genes involved in 

mechanisms of nutrient acquisition, as compared to the top 10 cm of sediment cores. 

These genes are involved in a production of ATP-binding cassette (ABC) transporters.  

Biosynthesis of the ABC transporters is energetically costly, and they are synthesized 

during nutrient limiting conditions. Given the fact that Stations H and I are nutritionally 

deprived region, higher abundance of ABC transporters gene shows that these stations 
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are harboring bacterial community with potential but bio-energetically costly adaptive 

mechanisms for nutrient uptake.  

 

4.4 Conclusions 

Organic matter (OM) concentrations, flux and quality, and concentrations of nitrate, 

nitrite and ammonium concentrations were correlated with relative distributions of 

microbial functional groups. Our results imply that OM deposition to the seafloor 

after the ice-shelf collapse indirectly and directly affect the microbial community 

structure. First, the increasing OM concentrations and fluxes may result in the 

decrease of electron acceptors and change the dominant microbial processes across 

the embayment from nitrogen cycle to sulfur-cycle associated processes.  Second, 

OM quality may directly control the vertical community shift from recalcitrant OM 

degrader in older (deeper) sediments to phytodetritus degrader in newer (surface) 

sediments. From the point of view of we hypothesize that the microbial communities 

in the five sampling stations composed of different functional groups represent the 

microbial succession following the ice shelf disintegration. The most organic-lean 

mid-embayment stations were inhabited by oligotrophic lineages such as 

ammonium-oxidizing Thaumarchaea (Nitrosopumilus) and degraders of recalcitrant 

organic carbon. The most nearshore station was inhabited by phytodetritus 

degraders in the surface sediments and recalcitrant organic matter degraders in the 
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deeper sediments. The relatively organic- and nutrient-rich offshore stations were 

inhabited by sulfate-reducing Deltaproteobacteria. This community succession may 

influence biogeochemical cycles in the sediments and degradation of deposited 

organic matter. Further investigations are needed to understand the impact of 

changing microbial community on the organic matter degradation, preservation, and 

sequestration of organic carbon under the seafloor.  
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5. Conclusions 

This dissertation examined organic matter sources, changes in labile organic 

matter fluxes, and impact of organic matter flux and quality to microbial community in 

the Larsen A Embayment, the Weddell Sea.  Ocean exposure to sunlight and should 

enhance biological productivity in surface water and organic matter flux to the seafloor. 

Organic matter sources are characterized by lipid biomarker compositions (Chapter 2). 

Then, diagenetic models were applied to lipids vertical distribution to estimate the pre- 

and post-ice-shelf-collapse lipid fluxes (Chapter 3). By combining lipid composition data 

with other sediment environmental parameters and microbial sequence data, the 

influences of contents and quality of organic matter on the microbial community were 

examined (Chapter 4). This dissertation advances current knowledge of organic matter 

sources in Antarctic sediments and potential impacts of ice shelf disintegration on 

organic matter flux and sediment microbial community structure.  

One of the highlights of this research is new evidence for the importance of 

organic matter input to the seafloor from sea-ice diatoms.  The Larsen A Embayment is 

covered by sea ice average 288 days a year in the last two decades. The predominance of 

C16, C18, and C20 fatty acids, 24-methylenecholesterol, sitosterol, and 13C-enriched sea-ice 

diatom biomarker (C25:2 HBIs) support the importance of organic matter inputs from sea-

ice diatom community (Chapter 2). Primary production in sea ice may be 

underestimated by satellite-based primary productivity studies. The role of sea-ice 
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diatoms is suggested by the mismatch of cross-embayment trends of satellite-based 

primary productivity and estimated lipid flux after the ice-shelf disintegration (Chapter 

3).   

Another highlight of this dissertation is finding of potential rapid increase in 

lipid (labile organic matter) flux following ice-shelf collapse and it’s impact on 

sedimentary microbial community structure and processes. Although the diagenetic 

modeling study has limitations by uncertainties of short-term diffusion rate coefficients 

and short-term sedimentation rate, and the assumption of constant downcore 

degradation rate, it suggests over 3000 fold of increase in lipid flux. If true, this scale of 

flux increase should induce a shift in the microbial community structure in the 

sediments.  The importance of organic matter flux for microbial community structure 

was supported by multivariate analyses. Organic matter content (total organic carbon 

and lipid concentrations) and δ13CTOC values, relative abundances of labile and 

recalcitrant lipid biomarkers, and the concentration of nitrogen species (nitrate, nitrite, 

and ammonium) correlate with corss-embayment and downcore microbial diversity 

(Chapter 4). The cross-embayment microbial community diversity could be explained by 

dominant processes associated with phytodetritus degradation (in the most nearshore), 

nitrogen cycle (in the mid-embayment), and sulfate reduction (in the offshore). These 

dominant processes lead the hypothesis that the microbial community may be shifting 
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from oligotrophic lineages represented by nitrogen-cycle associated community to 

phytodetritus degraders and then to sulfate-reducers following the ice shelf collapse.  

This dissertation contributed novel and valuable scientific information that 

expands the current knowledge of the sedimentary organic matter sources in Antarctica 

and potential impact of ice-shelf disintegration on chemical and biological subseafloor 

environment. Nevertheless, this study was limited by lack of direct measurement, time 

series sampling or experimental observations. Some of the biggest questions still 

apparent are those regarding the quantitative measure of changing flux and microbial 

organic matter degradation rate. While the diagenetic modeling effort presented in 

Chapter 3 provides estimated lipid flux increases following the ice-shelf collapse, the 

modeling methods are constrained by uncertainties. Further experimental observations 

of organic matter degradation rate in sediments collected under ice shelves are needed 

to expand our understanding of on microbial degradation activity in the under-ice-shelf 

sediments and to gain a better quantitative measure of organic matter flux under ice 

shelves. 
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