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ABSTRACT 

 
 

The aim of this work was to investigate the role of wind on the ecology of the 
McMurdo Dry Valleys in Antarctica (MDV), one of the coldest and driest deserts on 
Earth. The MDV landscape consists of a mosaic of permanently ice-covered lakes, 
ephemeral streams, exposed soils, and glaciers, all of which contain habitats dominated 
by microorganisms. Data on wind-driven flux of sediments and associated organic matter 
were collected using passive aeolian traps and dynamic mass erosion particle counters to 
investigate the timing, direction and magnitude of aeolian sediment transport. Combina-
tion of genomic techniques and phenotypical fingerprinting (pigment analysis) was used 
to examine microbial diversity over a wide variety of wind-eroded habitats across the 
MDV landscape to elucidate the role of wind dispersal on the contemporary distribution 
of microorganisms across the MDVs.  

Sediment entrainment occurs predominantly within 20 cm of the ground surface 
and has character of saltation bursts that occupy <3% of the total time within a year. The 
high-energy winter föhn winds uplift sediments in the upper parts of the MDVs and 
transport them down-valley where they are deposited onto the surface of perennially ice-
covered lakes and surrounding soils. The sediment that enters the water column of the 
lakes does not provide a significant source of organic carbon for bacterioplankton com-
munities compared to the in situ production by phytoplankton but can be a source of new 
microbial propagules. The aeolian material is low in organic matter (<1% dw) but is 
composed of a relatively large numbers of cyanobacterial taxa (~20 OTUs) that can be 
found in all other MDV habitats. In conclusion, wind distributes microorganisms across 
the MDV landscape but local environment selects for specific taxa. Predicted climate 
warming will increase the importance of wind transport, which will affect nutrient cy-
cling and connectivity among MDV ecosystem components.  
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CHAPTER 1  
 
 

GENERAL INTRODUCTION AND HYPOTHESES 
 
 

Organization of the Dissertation 
 
 

The thesis is organized into six chapters: an introductory chapter (Chapter 1), four 

manuscripts (Chapters 2-5), and a concluding chapter (Chapter 6). The four manuscripts 

have either have been or will be submitted for publication to peer-reviewed journals.  

Chapter 1 consists of a general introduction into the problematic and a section de-

scribing hypothesis and objectives that were outlined in order to address physical, chemi-

cal and biological properties of wind dispersal in the McMurdo Dry Valleys (MDV). 

Chapter 2 focuses on the physical aspect of the wind dispersal and answers questions re-

garding the spatial and temporal scale of aeolian transport in Taylor Valley, the main re-

main research site within the MDVs. Magnitude, timing and dynamic of wind-driven sed-

iment movement is described in detail in this chapter. Chapter 3 focuses on how does ae-

olian transport affects cycling of carbon, nitrogen and phosphorus among Taylor Valley 

lakes, glaciers, streams and soils. It compares the input of C, N and P into the Taylor Val-

ley lakes from aeolian sources with fluvial input and in situ phytoplankton production. 

Chapters 4 and 5 are focusing on biological characteristics of wind dispersal and its role 

in contemporary distribution of microorganisms across the MDV landscapes. Chapter 4 is 

studying spatial distribution of photosynthetic microorganisms (algae and cyanobacteria) 

and bacteria across the landscape using phenotypical fingerprinting and molecular tech-

niques. Chapter 5 is a detailed study of distribution of cyanobacteria across various habi-
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tats in the Taylor Valley using 16 S rDNA sequencing. Chapter 6 highlights the most im-

portant findings and summarizes the role of wind as an ecological factor in the McMurdo 

Dry Valleys. The Appendix section includes supplementary figures and tables for Chap-

ters 2-5. 

 
General Introduction 

 
 
Spatial Scaling of Microbial Diversity 
 

Biogeography is the study of the distribution of biodiversity over space and time 

(HUBBELL 2001). One of the central goals in ecology is to understand the spatial scaling 

of biodiversity, because it provides important information about mechanisms that regu-

late the diversity of life and the complexity of ecosystems (WIENS and DONOGHUE 2004). 

Patterns in the spatial distribution of organisms provide important information on the un-

derlying mechanisms that structure ecological communities and are central to setting con-

servation priorities (GREEN and BOHANNAN 2006). The distribution patterns of plants and 

animals have been studied for centuries, but microbiologists have only begun to explore 

the evolutionary ecology of the microbial world meticulously in the past decade 

(HORNER-DEVINE and BOHANNAN 2006; MARTINY et al. 2006).  

Microorganisms occupy all biomes, are the dominant form of life on Earth and 

play central roles in the biogeochemistry and functioning of all global ecosystems 

(MADSEN 2008), yet our knowledge of microbial biogeography and spatial distribution is 

still rudimentary (MARTINY et al. 2009; NEMERGUT et al. 2011). The topic of microbial 

biogeography is generally absent from recent books on microbial diversity (MADSEN 
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2008), as are microorganisms from ecological publications on biogeography (COX and 

MOORE 2010). The relevant literature describing microbial spatial diversity is highly scat-

tered, often vague, and burdened with numerous flaws and misidentifications (PEARCE 

and GALAND 2008).  

There are technical and conceptual reasons for our lack of understanding of the 

scaling of microbial diversity (HORNER-DEVINE and BOHANNAN 2006). Technically, 

quantifying microbial diversity is very difficult and is almost exclusively done using la-

boratory and culture-based approaches. Conceptually, there is a long lasting assertion that 

microorganisms have cosmopolitan distribution and thus there is no interesting microbial 

biogeography (GREEN et al. 2008). 

 
The Ubiquity Hypothesis 
 
 In the 19th century, Augustin Pyramus de Candolle and Charles Darwin had ob-

served that small organisms generally have larger distributional ranges than larger ones 

(VYVERMAN et al. 2010). Dutch microbiologists Beijerinck and Baas-Becking later sum-

marized these ideas into the famous statement ‘everything is everywhere, but the envi-

ronment selects’ (BEIJERINCK 1913; BAAS-BECKING 1934) meaning that the local habitat 

selects for specific microorganisms, which are globally distributed (DE WIT and BOUVIER 

2006). The rationale behind the currently called ‘Ubiquity Hypothesis’ is that minute siz-

es, high-abundances of microbes and short generation times increase the rate and geo-

graphical distance of dispersal (FENCHEL and FINLAY 2004a; FENCHEL and FINLAY 

2004b; FINLAY and FENCHEL 2004). Once organism size reaches a certain minimum 

threshold, dispersal limitations are nonexistent resulting in potentially cosmopolitan dis-
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tribution (FINLAY and FENCHEL 2004). Microscopic organisms would thus not form geo-

graphically isolated populations and seldom, if ever, speciate via allopatry limiting local 

diversification (FENCHEL and FINLAY 2004b). Microorganisms also often produce spores 

or other dormant structures, which could potentially enable them to survive long-term 

long-distance transport across different climate zones as well as to avoid extinction after 

a major environmental catastrophe (LENNON and JONES 2011). 

 
Alternative Explanations 
 
 The major argument for the cosmopolitan distribution of microbes is that they can 

travel over large distances due to their minute size and astronomical numbers (FINLAY 

and FENCHEL 2004). However, mosses, ferns and microfungi, whose main dispersal 

forms, spores, are the size and abundance of larger bacteria and small protists, often oc-

cupy distinct areas, and some taxa even exhibit pronounced endemism (FOISSNER 2006). 

There is also little doubt that many freshwater and marine algae, such as dinoflagelates, 

show a sensu stricto endemism as they are only restricted to a particular region, despite 

the continuity of all oceans (CERMENO et al. 2010). 

 Recently an increasing number of studies are providing evidence that not just algae, 

microfungi and protists (e.g. PUGH and CONVEY 2008; CERMENO et al. 2010) but also 

prokaryotic organisms form spatially distinct populations (e. g. PAPKE et al. 2003; YER-

GEAU et al. 2007; MARTINY et al. 2009; PAGALING et al. 2009; VISHNIVETSKAYA et al. 

2009; BAHL et al. 2011) challenging the ‘Ubiquity hypothesis’. The present day distribu-

tion patterns of animals and higher plants reflect the relative influence of contemporary 

environmental factors and the legacies of historical events (MARTINY et al. 2006), and are 
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generated via a combination of speciation, adaptation and extinction (RAMETTE and TIE-

DJE 2007). To determine whether microorganisms have similar distribution patterns as 

multicellular organisms is a question for further research (MARTINY et al. 2006). For in-

stance, similarities in community composition decrease with geographical distance be-

tween samples for higher plants and animals, but the evidence for similar patterns among 

microorganisms is somewhat elusive (GREEN and BOHANNAN 2006). While the distance-

decay relationship was identified for several microorganisms on a regional scale 

(WHITAKER et al. 2003), it is usually not apparent on a global scale (BAHL et al. 2011). 

  
Problems and Challenges 
 

Identifying the patterns of microbial biogeography is much more challenging than 

studying the biogeography of animals and higher plants. Microorganisms are invisible to 

the naked eye and with current methods it is impossible to assess the whole community 

composition in a given environment, thus, undersampling becomes a crucial problem 

causing misidentification and underestimation of microbial diversity (PEARCE and GA-

LAND 2008). Current techniques available to characterize microbial diversity are inherent-

ly limited in their ability to detect the many numerically minor constituents of microbial 

communities revealing only the most abundant taxa (BENT and FORNEY 2008). Since less 

abundant populations contribute greatly to the composition of microbial communities, the 

detection of microbial biogeography strongly depends on the taxonomic resolution of the 

analysis method (GREEN and BOHANNAN 2006; GREEN et al. 2008). 

Species are the fundamental units of biology, but more than 150 years after the 

publication of Darwin’s classic, The Origin of Species, it is still not clear what a species 
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really is (WEISSE 2006; WILKINS 2007; WILKINS 2010). There are over twenty competing 

species concepts available in the literature none of which are sufficiently applicable to 

prokaryotic organisms (WARD 1998; WARD 2006a). It is not clear how many bacterial 

types co-exist, and whether such types are naturally organized into phylogenetically dis-

crete units of potential ecological significance (ACINAS et al. 2004). Although 16S RNA 

phylogeny is arguably excellent for classification of prokaryotes from the domain level 

down to the family or genus levels, it lacks resolution below that level (SPRATT et al. 

2006; STALEY 2006; STALEY 2009). While patterns of microbial spatial variation might 

not be obvious on a 16S rDNA level (FIERER and JACKSON 2006), they may be manifest-

ed when higher resolution genetic markers, such as Internal transcribed spacer (ITS) or 

functional genes are used (e.g. TATON et al. 2006b; WU et al. 2007).  

At present, the evidence for either microbial cosmopolitanism or endemism are 

mixed and often confounded with artifacts resulting from coarse taxonomic resolution 

and undersampling. The question should not be whether microorganisms are randomly 

distributed over space, but rather whether there is a spatial scale, a degree of sampling ef-

fort and a level of taxonomic resolution at which microorganisms have distribution pat-

terns similar to those known from higher plants and animals (GREEN and BOHANNAN 

2006; GREEN et al. 2008). Geographical isolation is an important, but generally over-

looked, aspect of microbial evolution. Therefore, as for the macrobiota, strong geograph-

ical isolation that is maintained for long and continuous periods is expected to increase 

levels of microbial endemic diversity (SOUZA et al. 2008). The Antarctic continent is 

largely isolated from other ecosystems on our planet (CLARKE et al. 2005; PECK et al. 
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2006) and, if microbial endemism exist, it is more likely to be discovered in Antarctica 

than in any other region (GIBSON et al. 2006; PETZ et al. 2007; PEARCE and GALAND 

2008). 

 
Antarctica 
 

Antarctica is filled with environments that lie at the limits of the physical condi-

tions capable of supporting life and thus offers a unique laboratory for fundamental re-

search on the evolutionary processes that shape biological diversity (ROGERS 2007). Or-

ganisms that survive on the ‘Cold continent’ have to be adapted at the molecular, cellular 

or whole-organism level to grow and reproduce under the unique Antarctic conditions 

(DORAN et al. 2010). Also, unlike anywhere else, Antarctica is one of the last places on 

Earth relatively untouched by human activities, allowing us to study microbial distribu-

tion in its natural state (WALL 2005). An improved understanding of microbial biogeog-

raphy and the evolutionary origins of Antarctic microbiota is an essential step towards 

harnessing the genetic resources of this region for human needs and towards ensuring the 

long term integrity and protection of Antarctic ecosystems (WALL 2007).  

 
Evolution of Antarctic Biota 
 
 During the Triassic period, Antarctica was inhabited by a rich warm-temperate bio-

ta as part of the supercontinent Gondwana (LEWIS et al. 2008; WILLIAMS et al. 2008). 

Gondwana underwent a sequential fragmentation over approximately 165 Ma, which was 

initiated with rifting between India and Australia and was completed with the separation 

of southern South America from the Antarctic circa 41 Ma (SCHER and MARTIN 2006). 
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The separation of Australia from Antarctic and South America from the Antarctic Penin-

sula also led to the onset of The Polar Front about 25 Ma (LAWVER and GAHAGAN 2003). 

The Polar Front, formerly known as the Antarctic Convergence, is the strongest of a se-

ries of eastward-flowing oceanic jets of the Antarctic Circumpolar Current (ACC), and 

presents a strong barrier to free north-south exchange of water (CLARKE et al. 2005). The 

positioning of the Antarctic continent around the South Pole and the onset of the Polar 

Front lead to thermal and biogeographical isolation of the Southern Ocean and the subse-

quent sequences of glaciation events resulted in the establishment of a permanent Antarc-

tic ice-sheet from around 34 Ma (UPCHURCH 2008). 

The switching from the temperate forest conditions in the Cretaceous to ice-house 

conditions during the Eocene most likely caused an almost complete extinction of the 

original Gondwana’s flora and fauna, particularly during the period of glacial maxima in 

late Pleistocene (UPCHURCH 2008). If so, then the present depauparate Antarctic biodi-

versity should be derived from re-colonization of regions that have become ice-free since 

the beginning of Holocene (PUGH and CONVEY 2008; CONVEY et al. 2009b). Fossil rec-

ords with recent molecular phylogenies and population genetic studies on terrestrial met-

azoans provided strong evidence that a significant fraction of the contemporary spring-

tails, chironomids, mites and copepods are highly endemic and must have been continu-

ously isolated for millions of years, thus challenging the ‘re-colonization’ hypothesis and 

providing support for an alternative explanation (ROGERS 2007; VYVERMAN et al. 2010). 

According to this new ‘glacial refugia’ theorem, modern Antarctic biota are mostly com-

posed of Gondwana relicts that were able to survive the glaciation events by repeated 
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contraction into isolated ice-free refugia and subsequent expansion into other regions dur-

ing interglacials (CONVEY et al. 2009b). We still lack strong evidence to support the 

widespread presence of ice-free refugia in which aquatic and terrestrial organisms could 

survive glaciation (CONVEY et al. 2009b; VYVERMAN et al. 2010) but certain regions 

such as the McMurdo Dry Valleys or the Transantarctic Mountains are known to have 

been essentially ice-free since at least the Mid to Late Miocene and could have thus acted 

as important sanctuaries (MARCHANT and HEAD 2007). If Metazoa were able to survive 

the glacial cycles, we may assume that throughout time persistent active basal microbial 

food webs were also present in order to sustain the productivity of these higher trophic 

levels. However, the extent to which Antarctic microorganisms display the same degree 

of geographical differentiation as Antarctic Metazoa remains unclear (VYVERMAN et al. 

2010). 

 
Modern Antarctic Biota 
 

Today ca. 0.3% of the Antarctic landscape remains seasonally ice and snow-free 

resulting in habitats and biological communities that are fragmented and scattered 

throughout the continent and extremely isolated from each other (CHOWN and CONVEY 

2006). Although the Polar Front represents a major barrier to colonization (MARSHALL 

1996b; MARSHALL and CHALMERS 1997), it does not fully prevent transport of propa-

gules particularly into Sub-Antarctic and maritime Antarctica (CLARKE et al. 2005). 

Propagules arrive to the Antarctic mainly via wind and on animals including humans 

(ELLIS-EVANS and WALTON 1990; MUNOZ et al. 2004). Invasion of new organisms to 

Antarctica has been largely limited by climate, but the current warming trend has enabled 
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new taxa to be established in maritime Antarctica and Sub-Antarctic Islands (PECK et al. 

2006; CONVEY et al. 2009b). Further climate changes will likely cause changes in the dis-

tribution of many Antarctic and sub-Antarctic species by affecting population-level pro-

cesses such as evolution and dispersal (ROGERS 2007). An increase in air temperatures 

and precipitation in maritime Antarctica may cause changes in the atmospheric circula-

tion patterns around Antarctica and worldwide. A weakening of The Polar Front, because 

this current represents a strong-barrier to free north-south exchanges, may make Antarcti-

ca more susceptible to colonization via invasive species particularly those from Patagonia 

and Australia (CLARKE et al. 2005; CONVEY et al. 2009b). 

The Antarctic metazoan biota is highly endemic, and the diversity and abundance 

of taxonomic groups is a result of variance driven by continental drift and thermal isola-

tion of the Antarctic continent (ROGERS 2007). Strong natural selection exerted by these 

environmental factors led to adaptation of the Antarctic biota to extreme, but often nar-

row physical parameters. Modern Antarctic terrestrial biota is also remarkably depauper-

ate and the elimination of taxa commonly found elsewhere on Earth stimulated the radia-

tion of groups that have adapted to the Antarctic environment either owing to competitive 

release, removal of predation pressure or the existence of vacant niches (ROGERS 2007). 

There are only two native species of vascular plants: Deschampsia cespitosa and Colo-

banthus quitensis (PEAT et al. 2007); and terrestrial fauna is dominated by nematodes, 

tardigrades, rotifers and microarthropods, including springtails and mites with the addi-

tion of a few higher insects (ADAMS et al. 2006). A high degree of species-level ende-
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mism is known for Antarctic marine and terrestrial flora and fauna (PUGH and CONVEY 

2008).  

  The majority of life in Antarctic aquatic and terrestrial ecosystems is microbial 

(FRIEDMANN 1993). A high-degree of endemism (~40%) is known for Antarctic diatoms 

(ESPOSITO et al. 2006; ESPOSITO et al. 2008) as well as microscopic invertebrates 

(ADAMS et al. 2006; PUGH and CONVEY 2008), and there is at least partial evidence for 

endemism among green algae (DE WEVER et al. 2009), fungi, cyanobacteria (TATON et 

al. 2003; GIBSON et al. 2006; TATON et al. 2006a; TATON et al. 2006b) and bacteria 

(PEETERS et al. 2011). Diatom distribution corresponds to biogeographical provinces that 

can be identified for invertebrate faunas and higher plants, indicating that the large-scale 

and long-term controls of the biogeography of microbes could be similar to those of 

macroorganisms (VYVERMAN et al. 2010). 

 
Study Site: The McMurdo Dry Valleys 
 

The McMurdo Dry Valleys (MDV) are believed to have remained essentially ice-

free for much of the past 13 Myr (SUGDEN and DENTON 2004). The MDV are located on 

the western coast of McMurdo Sound and comprise the largest (~4800 km2) relatively 

ice-free area on the Antarctic continent (FOUNTAIN et al. 1999). The landscape of the 

MDV is mostly composed of bare soils, perennially frozen lakes, ephemeral streams and 

glaciers (PRISCU et al. 1998). The landscape gives the appearance of a sterile environ-

ment as a consequence of the extremely cold and dry conditions (CARY et al. 2010) but 

habitats exist within all landscape units, which are occupied by microorganisms, mosses, 

lichens, and relatively few groups of invertebrates (ADAMS et al. 2006). Higher forms of 
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life are virtually non-existent, which allows us to study microbial distribution in the ab-

sence of any confounding effects associated with higher plants and animals. Owing to the 

paucity of trophic levels present, the layers of biological complexity within the MDV 

habitats are relatively few, and thus the power with which the functioning of biological 

processes can be understood is very high. Taylor Valley, on of the McMurdo Dry Val-

leys, have been intensely studied since 1993 as part of the US National Science Founda-

tion (NSF) funded Long Term Ecological Research program (LTER). The overall objec-

tives of the McMurdo LTER program are to understand the influence of physical and bio-

logical constraints on the structure and function of dry valley ecosystems and to under-

stand the modifying effects of material transport on these ecosystems (www.lternet.edu).  

Glaciers, lakes, streams and soils in the MDV are connected via fluvial and aeoli-

an transport of abiotic and biotic matter. Every summer, pulses of liquid water following 

glacier melt rapidly reactivate biota and alter nutrient cycling and primary productivity 

within the ecosystem (TREONIS and WALL 2005; MCKNIGHT et al. 2007). The liquid wa-

ter flows from glaciers via ephemeral streams and transfers nutrients and particulate or-

ganic matter into the lakes, while moistening areas of soils (MCKNIGHT et al. 1999). 

Winds in the MDV are strong and persistent and can reach speeds up to 40 m s-1 (NYLEN 

et al. 2004). Strongest winds are föhns that result from the topographic modification of 

flow in the lee of the mountain barriers, and occur mostly in winter (SPEIRS et al. 2008b). 

Winds influence the climate in the Dry Valleys, as they can dramatically warm up the 

atmosphere in a matter of hours (NYLEN et al. 2004). Unlike fluvial transport of material, 

aeolian (wind-driven) redistribution is not narrowly constrained spatially and temporarily. 
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Aeolian dispersal has been hypothesized to be one of the main processes responsible for 

redistribution of microorganisms and associated organic matter amongst landscape units 

throughout the MDV (MOORHEAD and PRISCU 1998; PRISCU et al. 2005). 

The MDV soils are characterized by high salinity, low nutrient levels, frequent 

freeze-thaw cycles, high levels of summer UV radiation and physical instability caused 

by frequent weathering (COWAN 2009; CARY et al. 2010). These soils offer a relatively 

pristine environment, though Staphylococcus epidermidis, the predominant commensal 

on human skin has been detected in soils from heavily impacted areas (AH TOW and 

COWAN 2005). The MDV soils are very patchy with respect to organic matter distribution 

(BURKINS et al. 2000) and therefore biological diversity is likely similarly patchy. Higher 

diversity is associated with lake and stream margins and at sites of ancient glacial and 

paleolake deposits (BURKINS et al. 2000; NORTHCOTT et al. 2009). The MDV soils are 

considered to be one of the least diverse ecosystems in the world (BARRETT et al. 2006b; 

AISLABIE et al. 2008), but molecular data suggest that the microbial communities are 

richer than initially believed (CARY et al. 2010). Endemism among MDV biota is com-

mon for diatoms and nematodes but based on present data is low for lichens, mosses, tar-

digrades, rotifers, algae and prokaryotes (ADAMS et al. 2006; ESPOSITO et al. 2006).  

Lakes in the MDV have perennial 3-6 m thick ice covers (PRISCU et al. 1998). 

The permanent lake ice prevents wind-induced mixing, resulting in permanently stratified 

water columns with nutrient-rich deep waters overlain by a relatively nutrient-poor 

trophogenic zone (PRISCU et al. 1999). The ice cover also limits light penetration 

(FRITSEN and PRISCU 1999), sediment deposition into the lakes (JEPSEN et al. 2010), and 
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the exchange of atmospheric gases between the water column and the atmosphere (CRAIG 

et al. 1992). There ice also insulates the liquid water column from winter temperatures 

enabling liquid water and associated biological activity to persist throughout the year 

(LIZOTTE et al. 1996; PRISCU et al. 1999).  

 The MDV landscape units are connected via fluvial (water) and aeolian (wind) 

transport. Water that flows from glaciers via ephemeral streams transfers nutrients and 

particulate organic matter (including microorganisms and metazoans) to the lakes during 

the short austral summer (MCKNIGHT et al. 1999; GOOSEFF et al. 2010). Aeolian 

transport can distribute sediment, nutrients and organic material throughout the area and 

contrary to fluvial transport is constrained neither spatially nor temporarily (LANCASTER 

2002; NKEM et al. 2006; LANCASTER et al. 2010).  

 Universally, wind transport has been studied primarily by geomorphologists 

(STOUT et al. 2009) and ecological studies are rare (MCTAINSH and STRONG 2007; 

CHRISOSTOMOU et al. 2009; PRICE et al. 2009; KIDRON et al. 2010). Winds are strong and 

persistent in the MDVs (NYLEN et al. 2004) and likely play an important role in the ecol-

ogy of this unique ecosystem, but our knowledge of the aeolian transport is rudimentary. 

Viable microorganisms, including bacteria, cyanobacteria, algae, lichens, fungi and pro-

tists together with flightless species of insect were found in dust particles flying over dif-

ferent parts of Antarctica (GRESSITT et al. 1960; MARSHALL 1996a; MARSHALL 1996b; 

MARSHALL and CONVEY 1997a; MARSHALL and CONVEY 1997b; MARSHALL and 

CHALMERS 1997; MARSHALL 1998; HUGHES et al. 2004; NKEM et al. 2006; PRICE et al. 

2009), indicating that for micro- and small organisms, wind is the main means of trans-
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portation to and around Antarctica. Nematodes, small invertebrates inhabiting the MDV 

soils, are known to be successfully transported via wind across the MDV landscape 

(NKEM et al. 2006) but other aspects of aeolian transport on the distribution of MDV mi-

croorganisms have not been studied.   

 
Hypotheses and Objectives 

 
 
The Overarching Hypotheses: 
 
H10: Wind is the major vector behind ecosystem connectivity and is responsible for redis-

tribution of organic matter and microorganisms across regional and spatial scales 

 
Rationale: Winds in the MDV are strong and persistent and can reach up wind 

speeds up to 40 m s-1 (DORAN et al. 2002a; NYLEN et al. 2004), which is equivalent to 

type 1 Hurricane according to the Beaufort Wind Force Scale (MCILVEEN 1988). Wind-

driven pulses are particularly important in desert ecosystems such as the MDVs due to 

the high erosion rates caused by the lack of plant cover (e.g. KIDRON et al. 2010). The 

strongest winds occur in winter and result from the topographic modification of flow in 

the lee of the mountain barriers (SPEIRS et al. 2008b; SPEIRS et al. 2008a; SPEIRS et al. 

2010). Winds influence the climate in the Dry Valleys, as these down-valley dry and 

gusty winter winds can warm up the atmosphere up to +40ºC in a matter of hours 

(DORAN et al. 2002a; SPEIRS et al. 2010). Winds also have a dramatic effect on landscape 

forming processes including glacial melt and weathering (LANCASTER 2002; DORAN et 

al. 2008; SPEIRS et al. 2008a; LANCASTER et al. 2010) and can transport small inverte-

brates across the landscape (NKEM et al. 2006). Freeze-dried cyanobacterial mats found 
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in stream and lake ice surfaces in the MDV are especially susceptible to ready airborne 

transfer (MOORHEAD and PRISCU 1998; ANTIBUS 2009). Studies of lake-ice microbial as-

semblages (PRISCU et al. 1998; GORDON et al. 2000; PRISCU et al. 2005) and cryoconites 

have shown that the stream mats might seed these environments with biological material 

(CHRISTNER et al. 2003).  

 
H2: Sediment in the MDV is primarily transported by strong down-valley winds (CHAP-

TER 2) 

 
Objectives: 

• Collect wind-driven sediment from aeolian sediment traps and calculate annual 

aeolian fluxes for different parts of Taylor Valley  

• Install particulate counters at different parts of Taylor Valley and measure aeolian 

sediment movement near the soil surface and at 100 cm above the ground 

• Obtain meteorological data for Taylor Valley from the MCM LTER data set and 

calculate the frequency of major wind events 

• Characterize the physical and chemical properties of diverse cyanobacterial 

habitats in MDV using routine methods developed for MCM LTER   
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H3: Microorganisms in the McMurdo Dry Valleys are randomly distributed across land-

scapes (CHAPTERS 4 and 5) 

 
Objectives: 

• Collect samples of lake ice and stream mats; soils; lake ice sediment; glacier ice 

sediment, glacier ice, cryoconite sediment and aeolian material 

• Analyze samples for pigment composition using specrtrofluorometry, spectropho-

tometry and High Performance Liquid Chromatography (HPLC) 

• Compare microbial diversity between samples by Denaturating Gradient Gel 

Electrophoresis of partial 16 S rDNA  

• Analyze changing cyanobacterial community composition across the Taylor Val-

ley landscape using 16S rDNA sequencing 

• Use statistical techniques to identify environmental characteristics that are re-

sponsible for present-day distribution of microorganisms across the MDV land-

scape 

 
H4: Biodiversity in all landscape units (glaciers, lakes, streams and soils) is linked to eco-

system functioning; higher diversity is associated with greater C, N and P cycling (CHAP-

TER 3) 

 
Objectives: 

• Characterize physical and chemical characteristics of habitats that exist within 

glaciers (glacier ice, glacier ice sediment, cryoconite sediment), lakes (lake ice 



 
 

18 

mats, lake ice sediment, lake bottom sediment), streams (stream mats), soils and 

aeolian material 

• Analyze C, N and P content in the above mentioned habitats 

• Use C:N:P stoichiometry to evaluate links between MDV landscape units 

• Integrate collected data to develop a new conceptual model describing sources, 

sinks and fluxes of C, N and P within Taylor Valley. 

 
H5: Input of organic C, N and P into the lakes from aeolian sources is equivalent to that 

from streams during low-flow years (CHAPTER 3) 

 
Objectives: 

• Calculate annual aeolian and fluvial fluxes of C, N and P into four perennially 

ice-covered Taylor Valley lakes (Fryxell, Hoare, East Lobe and West Lobe Lake 

Bonney) 

• Analyze data from lake bottom sediment traps at East Lobe and West Lobe Lake 

Bonney for C, N and P contents 

• Calculate in situ phytoplankton primary production in East Lobe Lake Bonney, 

Taylor Valley 

• Create model illustrating circulation of particulate organic carbon within East 

Lobe Lake Bonney 
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CHAPTER 2  
 
 

AEOLIAN FLUX OF BIOTIC AND ABIOTIC MATERIAL IN TAYLOR VALLEY, 
ANTARCTICA 
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Abstract 
 

 We studied patterns and mechanisms controlling wind-driven flux of sediments 

and associated organic matter in Taylor Valley, Antarctica. Data were collected over a 

10-year period using passive aeolian traps and five dynamic mass erosion particle coun-

ters. The dynamic particle counters were deployed for 2 years and measured sediment 

flux for 1 min every 15 min. Deployment of the particle counters near meteorological sta-

tions allowed us to compare the magnitude of sediment flux with data on prevailing wind 

direction. Particulate organic C, N and P measurements on transported sediment allowed 

us to examine connectivity of wind dispersed organic matter among landscape units.  

 Most of the sediment entrainment occurred at 20 cm above the ground surface dur-

ing “saltation bursts” that occupied <3% of the total time within a year. These bursts cor-

responded to periods of strong föhn winds where wind velocities reached ≥20 m s-1. Sed-

iment movement was strongest in the inland parts of the valley near Lake Bonney, from 

where the movement was in a west-east direction towards the coast. Aeolian transport 

within Taylor Valley has an important role in the distribution of organic matter through-

out this polar desert ecosystem and increases connectivity among the ecosystem compo-

nents. 
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Introduction 
 
 
 The McMurdo Dry Valleys (MDV) located in Southern Victoria Land comprise the 

largest (~ 4,800 km2) ice free area on the Antarctic continent (PRISCU et al. 1998). The 

landscape of the MDV is dominated by a mosaic of bare soils, perennially frozen lakes, 

ephemeral streams and glaciers (MOORHEAD and PRISCU 1998). Owing to sub-zero tem-

peratures throughout most of the year (average air temperature ~ -17ºC) and very little 

snowfall (<50 mm y-1 water equivalent), the MDV region is considered to be one of the 

coldest and driest deserts on Earth (FOUNTAIN et al. 1999; FOUNTAIN et al. 2009).  

 Physical processes are the primary ecosystem drivers within the MDV ecosystem 

and biological activity is controlled mainly by spatial and temporal distribution of liquid 

water (FOUNTAIN et al. 2009). Additionally, life in the MDV is constrained by the availa-

bility of organic matter and nutrients because those are often present in concentrations 

that are too low to support balanced growth (DORE and PRISCU 2001; ZEGLIN et al. 2009). 

Despite the dry and cold conditions, microorganisms persist in soils, lakes, and streams 

and on glaciers (WALL 2005; FOREMAN et al. 2007; STINGL et al. 2008). The majority of 

liquid water in the MDV results from glacial melt during the austral summer (FOUNTAIN 

et al. 1999). Water that flows from glaciers via ephemeral streams transfers nutrients and 

particulate organic matter (including microorganisms and metazoans) to the lakes 

(MCKNIGHT et al. 1999). Conversely, aeolian transport distributes sediment, nutrients and 

organic material throughout the area (LANCASTER 2002; NKEM et al. 2006; LANCASTER et 

al. 2010).  
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 Molecular comparison of organisms in stream and lake microbial mats, and cryoco-

nites, sediment melt holes on glacier surfaces, showed that eroded mat material can seed 

other environments in the MDV with biological material (CHRISTNER et al. 2003; FORE-

MAN et al. 2007). Nematodes, rotifers and tardigrades are also successfully transported 

via wind and colonize lake-ice and glacier ice surfaces (TREONIS and WALL 2005; NKEM 

et al. 2006). Winds in the MDV are usually strong and persistent (DORAN et al. 2002a). 

Föhn winds, resulting from topographic modification of flow in the lee of the mountain 

barriers (SPEIRS et al. 2008a; SPEIRS et al. 2010), are frequent in the winter, when a storm 

can increase air temperatures by 30ºC within a few hours (NYLEN et al. 2004) and have a 

dramatic effect on MDV ecosystem (DORAN et al. 2002a; SPEIRS et al. 2010).  

 We investigated the significance of aeolian transport on the dispersal of sediments 

and associated organic matter across the MDV landscape. Our study focused on Taylor 

Valley, which is the focal point of research conducted by the McMurdo Dry Valleys 

Long Term Ecological Research program (LTER—www.lternet.edu). Aeolian sediment 

flux was measured between 1999 and 2008 using passive sediment traps and dynamic 

acoustic wind mass erosion particle counters. Flux measurements were compared to me-

teorological data to determine critical wind velocity and direction associated with particle 

flux. Physical and chemical characteristics of the wind-dispersed material were compared 

to potential source material (glacier sediment, cryoconite sediment, lake ice sediment and 

soil) to determine the primary origin of the aeolian particles. 
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Regional Setting 
 
 
 The MDV is located in Southern Victoria Land in Eastern Antarctica (Fig. 2.1). The 

Ross Sea bounds it to the east and the East Antarctic Ice Sheet to the west. Taylor Valley 

(~163° E, 77.35° S) is a steep-walled coastal valley extending 33 km from the Taylor 

Glacier to the Ross sea coastline in a W-E direction (FOUNTAIN et al. 1999). The valley 

contains three major lakes (Fryxell, Hoare and Bonney), each of which occupy distinct 

closed drainage basins (LYONS et al. 2000). Summer melt from the surrounding glaciers 

supplies ephemeral streams and provides the majority of liquid water for the Taylor Val-

ley ecosystem. Approximately 95% of the glacier ice-free landscapes below 1000 m are 

covered by soils (FRITSEN et al. 2000). 

 
Materials and Methods 

 
 
Sampling 
 
 54 samples of sediments were collected from glaciers, streams, lakes and soils 

throughout the Taylor Valley during the austral summers 2005-2006 and 2006-2007. Sed-

iments in this layer are directly available for wind dispersion. Cryoconite samples were 

collected from Commonwealth, Canada and Taylor Glaciers (Fig. 2.1) along with uncon-

solidated glacial sediment not yet concentrated into cylindrical holes, and sediment on the 

surface of the permanent lake ice. Soil samples were collected from 1-km2 areas along 

the shoreline of each lake to obtain a representative collection of soils for each basin. 
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Figure 2.1. Map of the Taylor Valley with locations of wind erosion mass particle coun-
ters (circles) and aeolian sediment traps (squares). BR: Bonney Riegel, BON: Lake Bon-
ney, HOR: Lake Hoare, F6: F6 site at Fryxell basin. Detailed description of each site is in 
Table 2.1. Map modified from FOUNTAIN et al. (1999). 

 
Dynamic Wind Mass Erosion Particle Counters 
 
 Seven Sensit™ H11B acoustic wind mass erosion particle counters were deployed 

in close proximity to each aeolian trap site during January 2007 to obtain temporal data 

on wind dispersion events. Five particle counters were mounted to meteorological station 

tripods at a height of ~20 cm above the soil surface; additional counters were deployed at 

100 cm at 2 sites to measure the vertical distribution of particle flux (Table 2.1). Particle 

counters were set up to produce a pulse signal proportional to the number of sediment 

grains that impacted the crystal. The counters were programmed to sample for 1 min eve-

ry 15 min, a frequency that was required to conserve battery power for year-round de-
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ployment. Data were stored in Campbell CR10x data loggers and downloaded during the 

austral spring and summer (November/December 2007 and January 2009). 

 For the purpose of this study we defined föhn winds as winds that were blowing 

from 180-315° and reached maximum wind speeds ≥5 m s-1 (NYLEN et al. 2004). Simple 

linear regression models were used to test the null hypothesis (H0) that there is no signifi-

cant relationship (α = 0.05) between frequency of föhn winds and the magnitude of sedi-

ment transport. Wind direction, and maximum, minimum and mean wind speed, were ob-

tained from Fryxell, Hoare, Bonney and Bonney Riegel meteorological stations (Fig. 

2.1). Wind direction was recorded every 30 s and wind speeds every 4 s at ~3m above the 

ground surface with the exception of the Bonney Riegel station where the wind speeds 

and direction were measured at 1.15 m. The data were averaged at 15 min intervals and 

recorded by a Campbell CR10x data logger equipped with a solid-state storage module.  

 
Passive Aeolian Flux 
 
 Three groups of nine passive aeolian traps were deployed at separate locations 

within the Taylor Valley (NKEM et al. 2006). Each series of traps formed an elevation 

transect perpendicular to the south shore of Lakes Fryxell, Hoare, and of the west lobe of 

Lake Bonney (Fig. 2.1). This deployment enabled us to capture the flux in the upper 

(Bonney), middle (Hoare) and lower (Fryxell) parts of valley. The traps were mounted 

~30 cm off the ground on a PVC post and consisted of 19.6 cm diameter 8 cm high bundt 

pans containing 2-3 layers of 2 cm diameter glass marbles covered with a ~3 mm mesh 

screen. The marbles create an effective boundary layer keeping trapped particles within 

the pan once deposited there (LANCASTER 2002). From 1999 to 2008, material from the 
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traps was retrieved annually during the austral summer months and stored in the dark at -

20°C in sterile Whirl-Pak® bags. Collected material was weighed and size fractioned into 

3 sediment size classes: coarse/medium sand (> 250 µm); fine sand (63-250 µm); and silt 

and clay (<63 µm). Chemical and biological analyses were made on samples collected in 

2005 and 2006. 

 The quantity of material collected from the aeolian sediment traps at each lake ba-

sin was used to calculate annual fluxes of sediment between 1999 and 2008. The aeolian 

flux was calculated as the mass or elemental content of material collected from the sedi-

ment trap per year divided by the area of the sediment trap. Fluxes of particulate organic 

carbon (PC), particulate organic nitrogen (PN) and particulate organic phosphorus (PP) 

were calculated following the same equation and using data obtained from the aeolian 

material collected from sediment traps in 2005. The data on PC, PN and PP annual aeoli-

an fluxes did not meet the requirement of normality for one-way ANOVA, we used a 

Kruskal-Wallis non-parametric method (CONOVER and IMAN 1981) to statistically com-

pare PC, PN and PP fluxes among different parts of the Taylor Valley.  

 
Physical and Chemical Characteristics of the Aeolian Sediments 
 
 Thawed (4oC in the dark) samples of aeolian sediment, lake ice sediment, glacier 

ice sediment, cryoconite sediment and soils were size-fractioned into three size classes: 

coarse/medium sand (>250 µm); fine sand (63-250 µm); and silt and clay (<63 µm) using 

soil sieves. Physical and chemical characteristics described below were measured for 

each size class. pH was measured on a slurry made by mixing 2.5 g of aeolian sediment, 

lake ice sediment, glacier ice sediment, cryoconite sediment and soils in 10 mL of deion-
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ized (DI) water and measured with a Beckman “PSI 10” pH meter. Water content (WC) 

was measured on subsamples (5 g) at 105°C for 5 h and reported as the percent difference 

between dry weight (dw) and wet weight. Particulate organic Carbon (PC) and particulate 

organic nitrogen (PN) were determined for each size fraction using a ‘Thermo Finnigan 

Flash 112 EA’ elemental analyzer and expressed as mg of PC or PN per g of dry weight. 

Samples of aeolian sediment, lake ice sediment, glacier ice sediment, cryoconite sediment 

and soils were fumed overnight over concentrated HCl before analysis to remove inor-

ganic carbon. Total particulate phosphorus was determined on combusted (550ºC for 4 h) 

and noncombusted samples extracted in 1N HCl following Saunders and Williams (1955) 

as modified by Walker and Adams (1958) and Olsen and Sommers (1982). Organic par-

ticulate phosphorus was estimated as the difference between phosphorus extracted before 

and after the destruction of organic matter by combustion. A canonical correspondence 

analysis (CCA) was performed using the vegan package (OKSANEN et al. 2009) in R (R 

DEVELOPMENT CORE TEAM 2009) to examine the association among soil texture, pH, 

OM, PC, PN, PP, habitat and location. 

 
Results 

 
 
Dynamic Wind Mass Erosion Particle Counters 
 

Only 0.5-3% of all particle counter measurements were positive (non-zero), indi-

cating that conditions necessary for aeolian transport of sediments was rarely satisfied, a 

trend typical for many arid environments (STOUT 2003). Particle counts varied in magni-

tude throughout the Taylor Valley. In both 2007 and 2008, significantly higher particle 
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flux (p<0.001) was measured in the upper valley, compared to mid and lower valley are-

as. The highest particle flux was measured at Bonney Riegel (BR) and the Bonney mete-

orological station (BON) on 28th June 2008, when particle counts reached 7,000 particles 

min-1. A Kruskal-Wallis comparison of particle flux between counters mounted at 20 cm 

and 100 cm both at F6 and BR revealed that significantly more particles (3-5 times) were 

transported near the ground surfaces than higher above the ground (F6: p=0.002 for 2007 

and p=0.038 for 2008; BR: p=0.001 for 2007 and p= 0.002 for 2008).  

 

 

Figure 2.2. Example of data collected using wind erosion mass particle counters at F6 site 
located in the lower-valley area in 2007: A) particle counts versus wind speed; B) particle 
counts versus wind direction; C) wind speed versus wind direction. Solid line in panel C 
marks 20 m s-1 wind speed threshold.  
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 The sensor at F6, in lower Taylor Valley (Fig. 2.2A), revealed that the number of 

counts increased sharply with wind speed in a non-linear fashion. The trend of increasing 

number of particles with increasing wind speeds was observed at all counters with the ex-

ception of the BR counter in 2007, where high particle flux was initiated even at low 

wind speeds (1-10 m s-1). Down-valley northeasterly föhn wind events had higher intensi-

ty than the up-valley sea breezes (Figs. 2.2B-C, 2.3). The monthly frequencies of föhn 

and sea breezes were calculated for every location in 2007 and 2008 (Table 2.2). Sea 

breezes dominated Taylor Valley during the summer months (October-February), while 

föhn events were more common between March and September. Föhn events were also 

more frequent in the upper valley Bonney area compared to Lake Hoare or Fryxell areas 

(Fig. 2.3). The seasonal relationship between föhn winds and the particle counts at differ-

ent locations Taylor Valley can be seen in Fig. 2.4. The relationship becomes more pro-

nounced when the velocity threshold for defining a strong föhn event is increased from 5 

to 20 m s -1.  

 To assess the relationship between strong föhn events (≥20 m s-1) and detection of 

airborne sediment, föhn events were compared to daily particle counts at each site for 

each year. A strong relationship between wind speed and airborne sediment transport us-

ing a continuity corrected Pearson’s Χ2 test for a 2x2 table and 1 degree of freedom was 

verified (Table 2.3). Results were not presented for Hoare in 2008 because only four days 

had detectable transport and thus violated the conditions for use of this statistical test. 

The statistical relationships provided strong evidence for positive relationships between 

föhn events and aeolian activity.  
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Table 2.1. Location of particle counters and deployment intervals when data were collect-
ed within Taylor Valley. msl=mean sea level; N/A=data not collected. 

 
Name Location GPS Elevation 

(m a s l) 

Deployment 

2007 

Deployment 

2008-09 

Counter height 

(cm above ground) 

FRX Lower 

valley 

S: 77.17665 

E: 163.16961 

18 N/A N/A Met data 

F6 Lower 

valley 

S: 77.6083 

E: 163.2519 

20 30 Jan-3 Dec 29 Jan -4 Dec 20 

100 

HOR Middle 

valley 

S: 77.02421 

E: 162.90041 

78 N/A 9 Apr -23 Jan 20 

BON Upper 

valley 

S: 77.714443 

E: 162.46416 

64 27 Jan-31 Oct 30 Jan -30 Jul 20 

BR Upper 

valley 

S: 77.7248 

E: 161.3249 

109 29 Jan-28 Oct 30 Jan -3 Jan 20 

100 

 
 

Table 2.2. Monthly frequencies of föhn winds (FW) and sea-breezes (SB) with wind ve-
locities ≥5 m s-1 for 2007 and 2008. The frequencies were calculated as the percentage 
(%) of all wind events (measured every 15 minutes) for a given month. Frequencies were 
only calculated for months with full particle count datasets (see Table 2.1). 

 
 2007 2008 

 F6 BON F6 HOR BON BR 

 SB FW SB FW SB FW SB FW SB FW SB FW 

JAN -- -- -- -- 60.7 -- -- -- 74.3 -- 59.1 7.0 

FEB 8.0 2.8 6.4 17.0 32.5 9.1 -- -- 38.9 25.8 34.0 33.8 

MAR 7.1 10.9 40.8 19.6 4.8 6.0 -- -- 8.9 17.0 5.8 21.4 

APR 2.4 17.7 13.3 26.1 5.4 12.5 3.8 20.1 3.8 27.0 3.1 32.1 

MAY 6.3 19.3 6.5 34.3 4.6 17.4 1.4 25.1 6.3 27.9 6.1 32.9 

JUN 8.0 23.8 4.8 38.5 10.8 23.6 4.9 36.6 11.8 48.6 9.8 57.5 

JUL 6.5 27.9 6.8 44.1 5.2 14.4 3.0 18.0 8.3 26.9 5.2 31.0 

AUG 6.6 25.5 7.7 44.2 3.2 6.4 4.3 11.8 8.9 18.0 5.5 24.0 

SEP 7.5 25.9 8.2 40.2 12.6 38.9 7.2 52.3 13.4 64.5 10.0 71.2 

OCT 14.9 6.8 16.8 21.9 18.1 4.8 4.3 11.2 30.5 19.6 21.3 28.1 

NOV 30.1 5.6 32.3 -- 50.9 8.1 20.8 12.1 50.6 23.2 42.5 26.7 

DEC -- -- -- -- 45.6 27.3 34.1 7.2 60.0 18.6 53.6 25.6 
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Figure 2.3. Satellite image of the Taylor Valley: circular graphs show predominant wind 
direction and particle counts for all locations. Each black circle represents one observa-
tion; inner circle lines increase by 100-particles hour-1. 

 
 
Passive Aeolian Flux 
 
 The quantity of airborne sediment collected varied dramatically between the lake 

basins and seasons (Figs. 2.5-2.7). In the down-valley area near Lake Fryxell, the median 

aeolian flux was 72.3 g m-2 y-1, with the lowest quantity measured in 2006 (7.5 g m-2 y-1). 

In 2004, the flux at Fryxell was 2447.3 g m-2 y-1, which was two orders of magnitude 

higher than the average for this location (Figs. 2.5A, 2.6A and 2.7A). Lake Hoare had on 

average the highest aerial flux between 1998 and 2008; the only exception was 2004, 

when highest flux was measured at Lake Fryxell. The lowest aeolian flux (59.0 g m-2 y-1) 

at Lake Hoare was measured in 2006 and the highest in 2004 (1260.6 g m-2 y-1) and 2007 
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(1262.5 g m-2 y-1). The median value for aeolian flux between 1999 and 2008 was 289 g 

m-2 y-1 (Fig. 2.6B). The aeolian flux in west lobe Lake Bonney was two orders of magni-

tude lower than at Hoare and one order of magnitude lower than at Fryxell (Fig. 2.6 and 

2.7). Lake Bonney is located further inland and the traps there were placed at higher ele-

vations than at the Fryxell and Hoare basins (Fig. 2.5). Similar to Fryxell and Hoare, the 

lowest flux was measured in 2006 (0.8 g m-2 y-1) and the highest in 2004 (20.3 g m-2 y-1). 

The median flux between 1999 and 2008 was 8.5 g m-2 y-1.  

 The aeolian flux at Lake Fryxell was relatively homogenous and did not change 

dramatically from year to year across this transect (Fig. 2.5A). At Hoare, the flux de-

creased with the distance from the lake and corresponding elevation (Fig. 2.5B). The 

largest mass of material was deposited in the trap nearest to the lakeshore, and comprised 

one-third (34.2±18.1%) of the mass of all material collected in the Hoare basin. A reverse 

trend occurred at Lake Bonney where the flux increased with higher elevation and dis-

tance from the lakeshore, and the mass of material collected from the highest trap also 

accounted for about one-third (33.3±13.2%) of the sediment collected in the Bonney traps 

(Fig. 2.5C). Sediment flux was much higher in all locations during 2004. This increase 

was most prominent in the Fryxell basin where it reached nearly 2500 g m-2 y-1 compared 

to the average 60 g m-2 y-1 for all other years. This increase can be explained by the 2-3 

times higher frequency of strong föhn winds (≥20 m s-1) in 2004 compared to other years. 

In 2006, we measured lowest föhn activity and lowest aeolian flux in all locations. 
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Figure 2.4. Total particle counts per month (measured for 1 min every 15 min) during 
2007 (A and E) and 2008 (B, C, D and F) correlated with the frequency of föhn winds (in 
hours of föhn activity per month) with thresholds of 10 m s-1 (solid lines), 15 m s-1 (dot-
ted lines) and 20 m s-1 (dashed lines). (A) F6 station in Fryxell area, 2007; (B) F6 station 
in Fryxell area, 2008; (C) Hoare met station, 2008, y-axis values between 200-1400 
counts month-1 are omitted; (D) Bonney Riegel (BR) in Bonney area, 2008, y-axis values 
between 12,000-40,000 counts month-1 are omitted; (F) Bonney met station, 2008, y-axis 
values between 10,000-40,000 counts month-1 are omitted. 
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Table 2.3. Results from Pearson’s chi-square (Χ2) tests for relationships between strong 
föhn events (wind speeds ≥20 m s-1) and sediment transport. F6 is located in the down-
valley area; BR and BON are in the up-valley area. 
 
Site/ Year X2 p-value 

F6/07 159.33 < 0.001 

F6/08 77.37 < 0.001 

BON/07 107.48 < 0.001 

BON/08 101.52 < 0.001 

BR/08 110.90 < 0.001 

 
 

 

Figure 2.5. Aeolian sediment flux between 1999-2008 versus elevation (meters above 
mean sea level: m a s l) at: (A) Fryxell, (B) Hoare and (C) Bonney. Each circle represents 
a one-year observation from an aeolian trap located at a specific elevation. Year 2004, 
when the aeolian flux was unusually high, is marked with white circles. There were no 
data points between 4000-7000 g m-2 y-1 y-axis in panel “A”) thus the values are omitted. 
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 Higher yearly aeolian flux (g m-2 y-1) was associated with higher frequency of föhn 

winds ≥ 20 m s-1 (Fig. 2.7). This linear relationship was significant (p<0.05) for all loca-

tions (Table 2.4). Using these linear regression models, we calculated that for Fryxell and 

Hoare locations, 1 more hour of strong föhn activity per year would have produced on 

average an additional 12-15 g m-2 y-1 of sediment transported via wind. This increase 

would have been less prominent at the Bonney location (1 g m-2 y-1). 

 
Physical and Chemical Characteristics of the Aeolian Sediments 
 
 Sediment characteristics are shown in Fig. 2.8 and are presented as means and 

standard deviations. The airborne material collected from the aeolian traps was slightly 

alkaline (ph=8.6±0.2) (Fig. 2.8). It had a high concentration of coarse sands: 98±2.15 % 

(particles >250 µm), and only small quantity of silts and clays (Fig. 2.8). The sediment 

had a very low water content (0.22±0.09% of dw) as well as organic matter (OM) content 

(0.25±0.06% of dw). Similarly PC (0.119±0.05 mg C g-1 dw), PN (8.36 x 10-3±0.003 mg 

N g-1 dw) and PP (2.14 x 10-3±0.03 mg P g-1 dw) contents were very low. There was 

1.46±0.39 times more PC, 3.26±1.14 times more PN and 7.8±2.21 times more PP in the 

fine sand (63-250 µm) fraction of the aeolian sediment than in the coarser fraction (>250 

µm). The aeolian material had PC:PN ratios of 13.65±5.12 and PN:PP ratios of 

0.72±0.65. On average, the aeolian material contained less organic material and has high-

er pH than any of the other studied sediments (Fig. 2.8). The PC, PN and PP values var-

ied greatly among samples (Fig. 2.8) from the same habitat but different location and thus 

the average values for each habitat represent only approximate numbers.  
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Figure 2.6. Kruskal-Wallis test comparing aeolian flux among Fryxell, Hoare and Bonney 
basins between 1999 and 2008: (A) sediment flux on the y-axis values between 1600 -
2400 g m-2 y-1 are omitted; (B) PC flux on the y axis values between 270-420 mg C m-2 
y-1 are omitted; (C) PN flux on the y axis values between 16-25 mg C m-2 y-1; d) PP 
flux, on the y axis values between 9-12 mg P m-2 y-1 are omitted for better clarity. The 
difference among the median values of the three groups is greater than would be expected 
by chance (p<0.05). The boundary of the box closest to zero indicates the 25th percentile, 
a line within the box marks the median, and the boundary of the box farthest from zero 
indicates the 75th percentile of the median. Lines below and above the boxes mark outli-
ers. H represents the variance of the ranks among the three groups (Conover and Iman 
1981). 
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Table 2.4. The annual aeolian flux (g m-2 y-1) in the Taylor Valley is positively correlated 
(p<0.05) with the frequency of strong (≥20 m s-1) föhn activity (days y-1). The table 
shows the average magnitude of increase in annual aeolian sediment flux (g m-2 y-1) at 
each lake basin when annual frequency of föhn activity increases by 1 or 24 hours y-1. 

 

Location 

Increase in flux after 

1 h y-1 increase in föhn wind 

Increase in flux after 

24 h y-1 increase in föhn wind 

p-values 

(linear regression) 

Fryxell 15 g m-2 y-1 365 g m-2 y-1 0.030 

Hoare 12 g m-2 y-1 294 g m-2 y-1 0.008 

Bonney 1 g m-2 y-1 26 g m-2 y-1 0.009 

 
 
 A canonical correspondence analysis (CCA) was performed to relate the physical 

and chemical characteristics (concentration of silt and clay, pH, water content (WC), OM, 

PC, PN and PP) to the habitat (aeolian, lake ice sediment, glacier ice sediment, cryoconite 

and soil) and location (Fryxell, Hoare and Bonney) of their observation. The results from 

a permutation test with 10,000 permutations for each of the marginal effects are presented 

in Table 2.5, showing that both habitats (p=0.051) and localities (p=0.047) showed evi-

dence of a relationship to the various physical and chemical characteristics. The CCA 

model explained between 30% and 54% of the variation in the different response varia-

bles. These results (Fig. 2.9) revealed that cryoconite, glacier sediment and Fryxell loca-

tion were related to higher OM, PC, PN and silt and clay. Conversely, aeolian sediment 

was associated with low values of those characteristics. The Hoare location and lake ice 

sediment were associated with higher WC and to lesser degrees higher concentrations of 

silt and clay, PC, and PN. Soils and Bonney location had the opposite relationship, result-

ing in low values of WC, silt and clays, OM, PC and PN. 
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Figure 2.7. Aeolian sediment flux (g m y-2; grey columns) plotted against the frequency 
of strong föhn winds (wind direction: 180-315º, wind speed ≥20 m s-1) in days of föhn ac-
tivity per calendar year  (black lines). (A) Fryxell – values between 300-2400 g m-2 y-1 
are omitted on the y axis.  
 

Table 2.5. Results from the permutation test for the effect of habitat (aeolian, lake ice sed-
iment, glacier ice sediment, cryoconite and soil) and location (Fryxell, Hoare and Bon-
ney) on the physical and chemical responses (silt and clays concentration, pH, water con-
tent (WC), organic matter content (OM), PC, PN and PP) from Canonical Correspond-
ence Analysis (CCA). df=degrees of freedom. 
 
Effect df F p-value 

Habitat 4 2.13 0.051 

Localities 2 2.47 0.047 

Residual 20   
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x-axis:  A: aeolian sediment; L: lake ice sediment; G: glacier ice sediment,  
C: cryoconite sediment; S: soil 
 
 

 
Figure 2.8. Physical and chemical characteristics of the aeolian sediment (white columns, 
A on the x-axis); lake ice sediment (L); glacier sediment (G); cryoconite sediment (C); 
and soils (S). The horizontal line in panel (D) represents the molar Redfield ratio for cel-
lular balanced growth for C:N; all N:P ratios shown in panel (E) are below the Redfield 
N:P ratio (16:1). Error bars denote standard deviation. 
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Discussion 
 
 
 Results confirm those of NYLEN et al., (2004), which show fast down-valley föhn 

winds that reach speeds of 40 m s-1 and slower up-valley sea breezes that may reach 

speeds of 20 m s-1. This bimodal nature of the winds is controlled by valley topography 

and temperature. The fastest down-valley winds occur in winter when temperatures of the 

polar plateau and McMurdo Sound are greatest. The fastest up-valley winds occur during 

summer when the temperature difference between the valley floor and McMurdo Sound 

is the greatest. These winds play an important role as a geomorphic agent (GILLIES et al. 

2009) and soil dispersant (LANCASTER 2002). Aeolian erosion and transport in polar re-

gions is thought to be particularly effective due to persistent high wind speeds and high 

density of cold air, which increases the drag force on particles, and the general absence of 

plant cover (ATKINS and DUNBAR 2009). Although the extent or mechanisms of wind in-

fluence on ecosystem structure and function in the McMurdo Dry Valleys is not well un-

derstood, there is evidence that aeolian deposition alters the biogeochemistry of lake hab-

itats (BARRETT et al. 2007) and provides an important control over the ice melt and 

stream chemistry on glacier surfaces (LYONS et al. 2003).  

Our data show that the movement of wind-driven sediment in Taylor Valley is 

controlled largely by high wind speeds (≥20 m s-1) and wind direction parallel to the val-

ley orientation. Because wind speeds exceed this rate only 1-3% of the time, the particle 

counters recorded many hours of inactivity. This is a typical for intermittent saltation, 

which is characterized by periods of inactivity interspersed with bursts of blowing sedi-

ment, which occupy only a small fraction of the total time (STOUT and ZOBECK 1997; 
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STOUT 2003; LANCASTER et al. 2010). The direction of winds within Taylor Valley leads 

to either down-valley (SW to NE) transport or up-valley from the ocean (DORAN et al. 

2002a; NYLEN et al. 2004). The up-valley sea breezes are most persistent during the 

summer months, and although they can reach wind speeds above 20 m s-1, they contribute 

little to the overall aeolian sediment transport in the valley. More than 95% of the aeolian 

material is transported via strong south-westerly föhn winds, flowing from the Taylor 

Glacier toward the Ross Sea, which explains why most sediment material on Canada 

Glacier is deposited on its western side (LYONS et al. 2003) and provides a viable expla-

nation for why the PC and PN in Taylor Valley soils increases from Lake Bonney to Lake 

Fryxell (FRITSEN et al. 2000).  

We observed the highest aeolian flux for the mid-valley area near Lake Hoare and 

lowest in the upper parts of the valley around Lake Bonney. This is in contrast to a previ-

ous study conducted by (LANCASTER 2002), who measured highest aeolian flux around 

Lake Bonney. LANCASTER’S (2002) measurements of aeolian flux in Hoare and Fryxell 

area are approximately 2-4 orders of magnitude lower than our data. This discrepancy is 

presumably the result of differences in the height of trap deployment; our traps were 30 

cm above the ground whereas Lancaster’s traps were 100 cm above the ground. Data 

from our wind particle counters clearly showed that aeolian flux is 3-5 times higher clos-

er to the ground (at ~20 cm) than at 100 cm.  
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Figure 2.9. Plot of the Canonical Correspondence Analysis (CCA) results displaying the 
linear constraint site scores (circles), response scores (open triangles), and location and 
habitat centroids (filled triangles). Locations: Fryxell, Hoare and Bonney. Habitats: A = 
aeolian material, L = lake ice sediment, G = glacial ice sediment, C = cryoconite sedi-
ment and S = soils. Response variables: pH, WC (water content), OM (organic matter 
content), Silt (concentrations of silt and clay fraction <63 µm), PC, PN and PP.  
 

Of the three Taylor Valley lakes, aeolian transport provides the largest input into 

the Lake Hoare basin. Taylor Valley is narrower at the Lake Hoare basin, which might be 

a factor in explaining the large volumes of aeolian deposits on the lake surface and small 

dunes at the eastern end of the lake on the windward side of the Canada Glacier. Also, 
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intrusion of Canada Glacier into Lake Hoare alters the wind pattern and reduces near 

surface wind speeds, causing the larger particles to fall out. Further down valley, in the 

Lake Fryxell basin, the valley widens and the aeolian material can be deposited over a 

much larger area. The aeolian flux varies between lake basins and from year-to-year 

depending on the frequency of strong föhn winds (≥20 m s-1). Our data showed that only 

a few more hours of strong föhn winds per year results in significantly greater volumes of 

material deposited in our passive sediment collectors. This should also be reflected in the 

deposition onto the surrounding soils and on the lake ice surfaces.  

Statistical analysis comparing PC, PN and PP showed that the aeolian sediment 

had the lowest concentrations of these variables among the Taylor Valley sediment habi-

tats. The molar PC:PN ratios of the aeolian sediment, soil and lake and glacier ice sedi-

ment range from 10-14. These ratios are below the Redfield ratios of 16:1 (by atoms) that 

we would expect for cells in optimal growth (STERNER and ELSER 2002; BARRETT et al. 

2007). The cryoconite sediment had on average PN:PP ratios 3:1, and the PN:PP ratios 

for soils and aeolian, lake ice and glacier sediment were approximately 1:1. There was a 

lot of variation in PC, PN and PP content across the samples, which makes the results 

harder to interpret. The concentrations of PN and PP were very low for most of the sam-

ples (<0.05 mg g-1 dw), which also greatly increase the chance for an error during the la-

boratory analysis.  

LANCASTER, (2002) suggested that the aeolian material is likely derived from flu-

vial sediments found around the edges of the lakes or in streambeds, because they are 

composed of high concentrations of silts and clays similar to the aeolian sediment depos-
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ited at traps situated 100 cm above the ground (LANCASTER 2002). The sediment material 

collected in our aeolian traps that were deployed 30 cm above the ground, was, however, 

composed mostly of coarse sands with <1% of silt and clay particles (<63 µm). This im-

plies that fine low-density grains are transported at higher altitudes above ground level 

than coarser sediment particles (WILLETTS 1998). Aeolian transport is also sensitive to 

small changes in moisture content, due to surface tension that binds the sediment. The 

critical moisture threshold for aeolian uplift is approximately 4-6% (WIGGS et al. 2004), 

therefore aeolian transport of fluvial sediments might be enhanced during winter months 

when the sediments have low water content. Based on the similarities in the physical and 

chemical characteristics and PC:PN and PN:PP ratios, we assume that the vast areas of 

exposed soils are the primary source of aeolian material. Freeze-dried microbial mats on 

the lake ice surfaces and in the dry beds of ephemeral streams are also readily transported 

via wind because of their low density. Although the quantity of mat material available for 

aeolian transport throughout the Taylor Valley is negligible compared to the soils, the 

mats contain on average 2-3 orders of magnitude higher concentrations of organic mate-

rial (see CHAPTER 4) and may provide important seeding for material on glacier and lake 

ice surfaces (CHRISTNER et al. 2003; FOREMAN et al. 2007). 

Air temperatures in Antarctica are expected to rise in the next century (IPCC 

2007; WALSH 2009), which may lead to changes in synoptic scale circulation patterns in 

the troposphere over the Ross Sea Region (SPEIRS et al. 2010). Such changes are ex-

pected to affect the frequency and intensity of föhn winds in the MDV area. Such climate 

induced wind activity should enhance sediment and particulate organic matter transport 
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through the McMurdo Dry Valleys changing connectivity among ecosystem and land-

scape components.  
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Abstract 
 
 

We investigated the significance of aeolian input of particulate C, N and P on four 

perennially ice-covered lakes in Taylor Valley, Antarctica. The aeolian fluxes were 

measured between 1999-2008 using passive aeolian sediment traps and were compared 

with fluvial fluxes for the same time period. We created a conceptual model that de-

scribes aeolian and fluvial C:N:P fluxes among different landscape units (glaciers, lakes, 

streams and soils) across the Taylor Valley landscape. This stoichiometric approach re-

vealed that high-energy winter föhn winds uplift sediments and deposit them on the sur-

face of the ice-covered lakes, where it eventually enters the lakes and contributes to the 

benthic sediment. The aeolian and fluvial fluxes were highly variable among years and 

among different lake basins in the Taylor Valley. The aeolian deposition is greatest into 

Lake Hoare, where it exceeds the input of carbon and nitrogen derived from streams 

nearly every year. In the Fryxell basin, the carbon and nitrogen input from aeolian sedi-

ment is roughly equivalent to the input from streams during low-flow years. Aeolian dep-

osition is 1-2 orders of magnitude lower in the Bonney basin compared to Fryxell and 

Hoare, thus aeolian sediment is a relatively insignificant source of carbon and nitrogen 

for East Lobe and West Lobe of Lake Bonney. The predicted climate warming in the 

McMurdo Dry Valleys will likely increase the frequency of pulse events such as summer 

warming and winter föhn winds. Both may lead to increased connectivity among glaciers, 

streams and soils by altering hydrology and the aeolian movement of sediment, organic 

matter and biota, which can alter both biological productivity and diversity in this polar 

desert. 
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Introduction 
 
 

 Ecosystem processes in arid environments are often influenced by discrete climate 

events, described as pulses (BENDER et al. 1984; GEBAUER and EHLERINGER 2000; 

SCHWINNING et al. 2004), which contribute to ecosystem’s structure (e.g. community 

composition) and ecosystem functioning (e.g. biogeochemical cycling and production) 

(REYNOLDS et al. 2004). Wind-driven pulses are particularly important in desert ecosys-

tems due to the high erosion rates caused by the lack of plant cover (e.g. KIDRON et al. 

2010), however aeolian transport has historically been studied only by geomorphologists 

(STOUT et al. 2009) and ecological studies are rare (MCTAINSH and STRONG 2007). De-

sert ecosystems are a source of large quantities of dust (GRIFFIN et al. 2002; KELLOGG 

and GRIFFIN 2006), which can provide nutrients and biota for oceans (ATKINS and DUN-

BAR 2009; DUNBAR et al. 2009) or lacustrine and river systems (VANDER ZANDEN and 

GRATTON 2011). This climate-driven removal of organic matter from arid soils and its 

deposition into aquatic systems might be an important yet chiefly unexplored factor that 

controls the productivity within marine and freshwater ecosystems (MCTAINSH and 

STRONG 2007; ATKINS and DUNBAR 2009). 

 Biological activity in the McMurdo Dry Valleys (MDV), the coldest and driest de-

sert on Earth (PRISCU et al. 1998; DORAN et al. 2002b), is strongly influenced by pulses 

of water and wind. Every summer, pulses of liquid water following glacier melt rapidly 

reactivate biota and alter nutrient cycling and primary productivity within the ecosystem 

(TREONIS and WALL 2005; MCKNIGHT et al. 2007). Pulses of wind transport abiotic and 

biotic material across the valley while depositing sediments on the surface of perennially 
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3-6 m thick ice-covered lakes and nearby soils (see CHAPTER 2). The permanent lake ice 

prevents wind-induced mixing, resulting in permanently stratified water columns with 

nutrient-rich deep waters overlain by a relatively nutrient-poor trophogenic zone (PRISCU 

et al. 1999). The ice cover also limits (i) light penetration (FRITSEN and PRISCU 1999), (ii) 

sediment deposition into the lakes (JEPSEN et al. 2010), (iii) the exchange of atmospheric 

gases between the water column and the atmosphere (CRAIG et al. 1992) and (iv) insu-

lates the liquid water column from winter temperatures (which can reach -60ºC) enabling 

liquid water and associated biological activity to persist throughout the year (LIZOTTE et 

al. 1996; PRISCU et al. 1999).  

Photosynthesis of lake phytoplankton has been shown to be limited by the availa-

bility of phosphorus in Lake Bonney and both nitrogen and phosphorus in Lake Fryxell 

(PRISCU 1995; DORE and PRISCU 2001). Glacially fed streams provide a source of nutri-

ents to the lakes for a 4-10 week period during the austral summer and much of this 

freshwater input spreads across the lake in a thin layer just below the ice cover and even-

tually ends up forming new lake ice (SPIGEL and PRISCU 1998; FOUNTAIN et al. 1999; 

DORE and PRISCU 2001). Unlike stream discharge, the aeolian transport is not so con-

strained temporarily or spatially. Aeolian material that is deposited on the ice-cover of the 

lakes can move downward through the ice, especially during the summer when the ice 

becomes porous through warming and stress fracturing (SQUYRES et al. 1991; PRISCU et 

al. 1998; JEPSEN et al. 2010). During high-wind years, this sediment likely accumulates 

on the surface of the ice-covered lakes and can melt over time through fractures and con-

duits in the ice cover (SIMMONS et al. 1986; JEPSEN et al. 2010). Dore and Priscu (2001) 
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and PRISCU et al. (2005) contended that dissolution of nutrients from the aeolian sedi-

ments that melts thought the ice cover provide a significant bulk nutrient source to Taylor 

Valley lakes and may be equivalent to stream discharges during low-flow years (see also 

BARRETT et al. 2007). 

We used a stoichiometric approach to examine C:N:P fluxes among MDV to cre-

ate a new conceptual model that describes aeolian and fluvial fluxes of C, N and P across 

the Taylor Valley landscape (BARRETT et al. 2007). The use of elemental stoichiometry 

(REDFIELD 1958; STERNER and ELSER 2002) provided a system currency that enabled us 

to evaluate the relative influence of biotic vs. abiotic controls over biogeochemical cy-

cling across the landscape and examine connectivity among ecosystem units (BARRETT et 

al. 2007). 

 
Study Area 

 
 

The MDV, located in Southern Victoria Land, East Antarctica (Fig. 3.1), com-

prise the largest (~4800 km2) relatively ice-free area on the Antarctic continent (PRISCU et 

al. 1998). Our study focused on Taylor Valley, which has been the focal point of research 

conducted by the McMurdo Dry Valleys Long Term Ecological Research program 

(http://www.mcmlter.org/) since 1993. Taylor Valley (163° E, 77.35° S) is a steep-walled 

coastal valley extending 33 km from Taylor Glacier to the Ross Sea coastline in a W-E 

direction (FOUNTAIN et al. 1999) and can be divided into four distinct closed drainage ba-

sins, each of which contains a perennially ice-covered lake (Fig. 3.1): Fryxell, Hoare, 

East Lobe Lake Bonney (ELB) and West Lobe Lake Bonney (WLB). The valley is bor-
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dered by the Asgard Mountains on the north side and the Kukri Hills on the south. The 

average annual temperature is -17°C with winter temperatures reaching to -65°C (DORAN 

et al. 2002a). The mean annual precipitation is below 50 mm y-1 water equivalent and av-

erage wind speeds range from 2.5 to 5.3 m s-1 depending on valley location (DORAN et al. 

2002a; FOUNTAIN et al. 2009). The landscape of the Taylor Valley is dominated by a mo-

saic of bare soils, perennially frozen lakes, ephemeral streams and glaciers (MOORHEAD 

and PRISCU 1998). The valleys are largely deglaciated; approximately 95% of the land-

scape below 1000 m is ice-free (FRITSEN et al. 2000). These exposed soils and sediments 

are among the most inhospitable terrestrial ecosystems with few trophic levels and barely 

detectable fluxes of carbon and nitrogen (BARRETT et al. 2006b; GREGORICH et al. 2006; 

BARRETT et al. 2007). Physical processes, such as the availability of liquid water, are the 

primary drivers that control biological activity in the MDV soils, streams and on glaciers 

(ZEGLIN et al. 2009). Despite the extremely dry, cold and nutrient-poor conditions, mi-

croorganisms and metazoans persist in soils, lakes, streams and glaciers (WALL 2005; 

FOREMAN et al. 2007; STINGL et al. 2008) despite organic matter and nutrient concentra-

tions that are often present in concentrations that are too low to support optimal growth 

(DORE and PRISCU 2001; BARRETT et al. 2005; ZEGLIN et al. 2009).  

 
Methods 

 
 

Sampling  
 
 A total of 85 samples, representing a majority of microbial habitats readily subject-

ed to wind erosion (see CHAPTER 2) were collected from glaciers, streams, lakes and soils 
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throughout the lowland areas of Taylor Valley during the austral summers 2005-2006 and 

2006-2007. Glacier samples included loose windblown glacier sediments found on the 

surface of Taylor Valley glaciers and cryoconite sediments. Lake samples included wind-

blown lake ice sediment and dried lake ice mats found on the surface of Lakes Fryxell, 

Hoare and Bonney. Stream mats were collected from flowing streams and dried 

streambeds. To account for the large degree of spatial heterogeneity of the soils 

(CAMPBELL 2003), approximately 1 kg of a mixed soil sample was collected from a ~1 

km2 area along the shorelines of Lakes Fryxell, Hoare and Bonney in order to get a repre-

sentative soil sample for each lake basin. Wind-blown material was collected from aeoli-

an sediment traps that had been deposited throughout the valley (LANCASTER 2002; 

NKEM et al. 2006). Lake ice sediment, glacier sediment, soils and stream and lake ice mat 

samples were collected into Whirl Pack® bags using sterile spatulas and wearing clean 

laboratory gloves to avoid sample contamination. Cryoconites were cut from the glaciers 

with an oil free chainsaw and transported in sterilized plastic bags to McMurdo Station 

for processing. The cryoconite ice and sediments were decontaminated by scrapping, 

washing and melting off the outer ice layer following a modified protocol designed for 

ice cores (CHRISTNER et al. 2005). Samples were frozen immediately after collection and 

stored at -20°C in darkness during shipment to Montana State University. 
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Figure 3.1. Map of the Taylor Valley. Samples of airborne material, soils, glacier ice sed-
iment, lake ice sediment, cryoconites and lake and stream microbial mats were collected 
from glaciers, lakes, streams and soils in Fryxell, Hoare and Bonney basins. 

 

C:N:P Determination 
 
 Thawed (4oC in the dark) sediment samples (no mats) were size-fractioned into 

three size classes: coarse/medium sand (>250 µm); fine sand (63-250 µm); and silt and 

clay (<63 µm) using a clean mechanical sieve. Particulate organic carbon (PC) and par-

ticulate organic nitrogen (PN) were determined for each size fraction size (in approx. 5g 

of material) using a Thermo Finnigan Flash EA 112 elemental analyzer and expressed as 

mg of PC or PN per g of dry weight. Sediments were fumed overnight over concentrated 

HCl before analysis to remove inorganic carbon. Total particulate phosphorus was ana-

lyzed on 1N HCl sample extracts following SAUNDERS and WILLIAM’S method (1955) as 
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modified by WALKER and ADAMS (1958), and OLSEN and SOMMERS (1982). Inorganic 

phosphorus was analyzed following the same method, but the organic matter was com-

busted at 550ºC for 4 hours prior to the analysis. Total organic particulate phosphorus 

(TP) for each sample was estimated as the difference between phosphorus extracted be-

fore (total phosphorus) and after the destruction of organic matter by ignition (inorganic 

phosphorus). Ignition procedures are a relatively simple approach to estimating inorganic 

and organic P, especially in un-weathered soils where errors due to the mobilization of Fe 

or Al-bound P are insignificant (OLSEN and SOMMERS 1982). 

 
Aeolian and Fluvial Fluxes of C, N and P 
 
 Three series of nine passive aeolian traps (Appendix A1) were deployed at different 

locations within the Taylor Valley (NKEM et al. 2006). Each series of traps formed an el-

evation transect perpendicular to the south shores of Lakes Fryxell, Hoare, and of the 

west lobe of Lake Bonney enabling us to estimate an average aeolian flux in the Bonney, 

Hoare and Fryxell basins. Aeolian fluxes were estimated as the mass or elemental content 

of material collected from each sediment trap per year divided by the area of the sediment 

trap. Fluxes of PC, PN and PP were calculated for 1999-2008 based on the average PC, 

PN and PP content in aeolian sediment from each basin.  

Stream waters were collected at the mouth of each stream 3-9 times throughout 

the season 1998-99. The water was filtered onto pre-combusted Whatman GF/F filters 

and analyzed for PC and PN content as described above for aeolian material. The mean 

PC and PN concentration of each stream were calculated and multiplied by the stream’s 

total annual discharge to estimate the flux of these elements into the lakes. Annual dis-
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charges were computed for streams with continuous flow recorders as the sum of the dis-

charge in liters (l) measured every 15 min. The discharges were computed for 1998-2008. 

Summing the loading of all streams within each basin gave us the annual input of PC and 

PN (kg y-1) from streams into each lake. The PC and PN concentrations in each stream 

might vary between years; however, the 1998-99 season measurements are up to date our 

only accurate calculation of the average PC and PN concentrations within each stream. 

Extrapolation of these numbers for subsequent years thus served as currently our best es-

timates of the PC and PN stream loading for 1998-2008. 

 
Lake Bottom Sediment Traps  
 

Mark 78H-21 PARFLUX time series sediment traps (McLane Research) were de-

ployed at 35 m in the deepest  (max depth = 40 m) portion of ELB and WLB (LAWSON et 

al. 2004) to evaluate the magnitude and timing of sediment mass and elemental flux from 

the ice covers and the water columns of the lakes. The traps collected material every 4 

weeks between February 2004 and November 2005. The material was size-fractioned and 

concentrations of organic PC and PN were determined as outlined above for the aeolian 

trap material.  

 
East Lobe Lake Boney: Carbon Budget (2004-2005) 
 

In order to investigate the significance of aeolian input of carbon on the produc-

tion of lake microbial communities, we constructed a particulate organic carbon budget 

model for East Lobe Lake Bonney for the 2004-2005 growing season. We incorporated 

data on allochthonous sources of carbon (aeolian and fluvial input) with data on carbon 
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production within the lake into the model. Annual phytoplankton primary production of 

East Lobe Lake Bonney 2004-2005 growing season was calculated from MCM LTER da-

ta (www.mcmlter.org) using hyperbolic tangent model described by PRISCU et al. 1999. 

The model combined depth-integrated data on primary productivity with daily photosyn-

theticaly available radiation (PAR) that is measured all year round at 10 m below the sur-

face of the ice cover (PRISCU et al. 1999). Estimates for CO2 dissolution were calculated 

using equation from PRISCU (1992). Data from lake bottom traps were used to estimate 

the particulate carbon sedimentation.  

 
Results 

 
 
C:N:P Ratios 
 
 Concentrations of PC, PN and PP in lake ice sediment and soil samples were below 

0.5, 0.1 and 0.03 %, respectively. The average PC values of 0.28 mg g-1 for soils was 

consistent with the 0.01-0.5 mg organic C g soil-1 reported previously (MOORHEAD et al. 

1999; BARRETT et al. 2006b) and the ratios of PC:PN and PN:PP in the soils were 8:1 to 

15:1 and 0.3 to 1:1 by atom, respectively (Fig. 3.2). The aeolian material had molar 

PC:PN and PN:PP ratios of  5:1 to 38:1 and 0.5:1 to 2:1, respectively. The molar PC:PN 

ratios for lake ice sediment, glacier sediment and cryoconite sediment were 10:1-15:1, 

7:1-14:1 and 6:1-12:1, respectively. The PN:PP ratios for lake ice sediment, glacier sedi-

ment and cryoconite sediment were 0.7:1 to 1:1 , 0.5:1 to 5:1 and 1:1 to 7:1, respectively. 

The PC:PN molar ratios in lake ice and stream mats ranged from 4:1 to 31:1, and PN:PP 
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ratios ranged from 5:1 to 67:1, which were close to the Redfield ratio of 106:16:1 by at-

oms (REDFIELD 1958) (Fig. 3.2).  

 
Aeolian and Fluvial Elemental Fluxes 

The aeolian material fluxes were highly variable among years and among differ-

ent areas of the valley (Figs. 3.3 and 3.4). We calculated that 102-104 kg of PC for Fryxell 

and Hoare and 10-1-102 kg of PC for ELB and WLB are deposited annually on the surface 

of the lakes permanent ice covers (Table 3.1). The largest aeolian deposition on lake ice 

was computed for the Fryxell basin in 2004, when 2967 kg of PC, 176 kg of PN and 91 

kg PP was estimated to have been deposited on the surface of the lake by wind. On aver-

age the strongest aeolian deposition of sediment material, and associated PC, PN and PP, 

transported via wind was in the Hoare basin (Table 3.1).  

Fluvial flux in Taylor Valley is a function of sediment type, amount of microbial 

mat material, and stream discharge, the latter of which is controlled by the environmental 

conditions, particularly temperature and solar radiation (GOOSEFF et al. 2010). Fryxell 

basin is supplied by water from 13 streams, which bring 1.3 x 105 to 2.8 x 106 m3 of water 

into Lake Fryxell, the most of all basins. As a consequence, the stream PC (0.5-12.5 mg 

m-3 of lake water y-1), PN (0.1-1.8 mg m-3 of lake water y-1) and DOC (2.8-24.5 mg m-3 of 

lake water y-1) loadings are higher at Fryxell compared to the other lakes. Aeolian deposi-

tion is equally strong in the Fryxell basin, and thus the deposition of PC and PN during 

years with a high frequency of föhn winds is roughly equivalent to input from streams 

during low-flow years (Figs. 3.3A and 3.4A). Four melt-water streams supply Lake 

Hoare and bring 2.0 x 104 to 5.3 x 105 m3 of water annually and 0.2-6.0 mg PC m-3 lake 
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water, 0.1-0.6 mg PN m-3 lake water and 1.0-12.9 mg DOC m-3 lake water (Table 3.2). At 

this basin, aeolian deposition exceeded the input of PC and PN from fluvial sources dur-

ing all years, except 2001 and 2006 (Figs. 3.3B and 3.4B). In ELB, streams brought an-

nually 2.53 x 104-5.18 x 105 m3 of meltwater with 0.2-3.8 mg m-3 of PC, 0.1-0.6 mg m-3 of 

PN and 0.4-7.2 mg m-3 of DOC. In WLB, three streams brought 1.02 x 105-1.58 x 106 wa-

ter annually with 5.7-41.8 mg PC m-3 lake water, 0.4-3.2 mg PN m-3 lake water and 2.4-

42.0 mg DOC m-3 lake water. Subglacial discharge from Taylor Glacier (MIKUCKI et al. 

2004) also supplies WLB with water and associated particulate and dissolved matter. We 

did not account for this subglacial discharge; hence our fluvial loading data into WLB 

fluvial input might be underestimated. The aeolian deposition is 1-2 orders of magnitude 

lower in ELB and WLB compared to Fryxell and Hoare (Table 3.1) and therefore the PC 

and PN input from streams exceeds the input from aeolian material every year (Figs. 3.3C 

and 3.4C). 

 

Table 3.1. The median (with minimum and maximum values) aeolian flux of sediment, 
PC, PN and PP onto the surface of lakes Fryxell, Hoare and East and West lobe lake Bon-
ney. Estimates are calculated from data collected between 1999 and 2009, and from the 
known lake areas (LYONS et al. 2000).  

 
 

Lake 

Sediment flux 

(kg 103 y-1) 

PC flux 

(kg C y-1) 

PN flux 

(kg N y-1) 

PP flux 

(kg P y-1) 

Fryxell 505.9 (52.5-17131) 82.5 (7.1-2966.7) 4.9 (0.4-175.7) 2.5 (0.2-90.8) 

Hoare 838.1 (171.2-3661.3) 104.9 (16.7-458.2) 6.6 (1-28.9) 4.4 (0.7-19.4) 

East Lobe Bonney 27.1 (2.7-64.8) 6.6 (1.2-45.2) 1.7 (0.1-4.5) 1.3 (0.1-3.1) 

West Lobe Bonney 11 (1.1-26.3) 6.9 (0.5-18.4) 0.7 (0.05-1.8) 0.5 (0.03-1.3) 
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The aeolian sediment deposition onto the surface of the lakes is directly correlated 

with the frequency of strong föhn winds (p<0.05 for all lake basins). Using the linear re-

gression equations, we calculated the influence of an annual increase of 1 or 24 hours of 

increased strong föhn activity (winds ≥20 m s1) on the aeolian deposition of PC, PN and 

PP onto the surface of Taylor Valley lakes (Table 3.3). In the Fryxell area, just one more 

hour of aeolian activity per year would on average increased the input of PC by 18 kg, 

PN by 1 kg and PP by 0.3 kg. Aeolian deposition is very low in the ELB and WLB basins 

and annual increase in strong föhn activity by 24 hour lead to an increase of PC, PN and 

PP deposition, roughly equivalent to Lake Hoare after only 1 hour of increase in föhn ac-

tivity (Table 3.3). 

 
Table 3.2. The median (with minimum and maximum values) fluvial fluxes of PC, PN 
and DOC into the lakes Fryxell, Hoare and East and West lobe lake Bonney. Estimates 
are calculated from discharge data collected between 1999 and 2008.  

 
Lake PC flux (kg C y-1) PN flux (kg N y-1) DOC (kg C y-1) 

Fryxell 169.6 (24.5-669.7) 24.5 (3.1-94.7) 517.3 (148.9-1314.6) 

Hoare 28.9 (5.4-146.5) 2.9 (0.6-14.9) 69.7 (23.5-312.9) 

East Lobe Bonney 52.7 (13.3-273.6) 8.2 (2.1-42.8) 66.3 (13.8-523.4) 

West Lobe Bonney 115.8 (98.3-311.8) 8.8 (7.5-23.6) 72.3 (42.2-729.5) 
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Figure 3.2. PC:PN and PN:PP molar ratios for lake ice mats (A and D), stream mats (B 
and E) and soils, lake ice sediment, aeolian material, glacier ice sediments and cryoconite 
sediment (C and F).  
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Figure 3.3. Estimates of aeolian and fluvial fluxes of PC into Fryxell (A), Hoare (B), East 
Lobe (C) and West Lobe Lake Bonney (D) between 1999-2008.  

 
Lake Bottom Sediment Traps 

Sediment traps deposited at the bottom of ELB and WLB collected material that 

was moved through the ice every 4 weeks between February 2004 and November 2005. 

According to JEPSEN et al. (2010), fine sediment (~60-150 µm) deposited onto the sur-

face of Lake Fryxell migrates through the lake ice cover at a rate of approximately 100 g 

m-2 y-1. With these melting rates the aeolian sediment would have melted through the ice 

cover of Lake Fryxell every year aside from 1999 and 2004 when it would have accumu-

lated on the ice surface. The sediment would accumulate at the surface of Lake Hoare 
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every year except for 2002 and 2006 but it would have not accumulated on the surfaces 

of ELB or WLB in any give year. The aeolian sediment material that is deposited on the 

lake ice surface, however, consists primarily of grains >150 µm (see CHAPTER 2), for 

which melting rates are unknown and likely much slower than those of finer grains 

(JEPSEN et al. 2010). Nevertheless, we can assume, that over time all aeolian material 

melts through the ice, especially during the late summer when the ice become porous 

through melting and fracturing (NEDELL et al. 1987; SQUYRES et al. 1991) because even 

large boulders are known to melt through the 3-6 m thick ice layer (PICKARD and AD-

AMSON 1983). 

 
Table 3.3. The annual aeolian flux (g m-2 y-1) in the Taylor Valley is positively correlated 
(p<0.05) with the annual frequency of strong (≥20 m s-1) föhn activity (days year-1). The 
table shows the average magnitude of increase in annual aeolian deposition of PC, PN 
and PP (kg per lake surface area y-1) at each lake basin when annual frequency of föhn 
activity increases by 1 or 24 hours y-1.  

 

 

Increase in aeol. deposition after  

1 h y-1 increase in föhn act. 

Increase in aeol. deposition after 

24 h y-1 increase in föhn act. 

Lake C (kg y-1) N (kg y-1) P (kg y-1) C (kg y-1) N (kg y-1) P (kg y-1) 

Fryxell 18.183 1.075 0.315 436.40 25.80 7.56 

Hoare 4.356 0.274 0.104 104.54 6.58 2.51 

ELB 0.248 0.024 0.010 5.96 0.58 0.23 

WLB 0.101 0.010 0.004 2.42 0.24 0.09 
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Figure 3.4. Estimates of aeolian and fluvial fluxes of PN into Fryxell (A), Hoare (B), East 
Lobe (C) and West Lobe Lake Bonney (D) between 1999-2008.  

 

Sediment was deposited into the lake bottom sediment traps primarily between 

the austral summer and autumn (December and April) although another major peak oc-

curred in the middle of winter during August (Fig. 3.5). The material deposited into the 

ELB lake bottom sediment trap was 55% composed of coarse sands (grains >250µm in 

size) and only 19% of silts and clays (grains <63 µm). The remaining 26% was composed 

of particles of grain sizes between 63 to 250 µm. On the contrary, the sediment in the 

WLB trap on average contained on average 8% of the coarse sands and 87% silts and 

clays. The different sediment sizes melt through the ice at different rates and thus are de-
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posited into the traps at different times (Fig. 3.5). In both ELB and WLB there was 13-18 

times more PC and 8 times more PN in the finest fraction (<63 µm) compared to the fine 

sand fraction (grains <63 µm); and 363 times more PC and 104 times more PN compared 

to the coarsest fraction (grains >250 µm). Therefore, the downward fluxes of silts and 

clays through the ice covers are relatively more important to the lakes biologically than 

the movement of larger grains because they provide significantly more organic material 

for the lakes. A total of 2.49 mg PC m-2 and 0.18 mg PN m-2 was deposited into the ELB 

lake bottom sediment trap between October 2004 and October 2005. During that time pe-

riod, 14.13 mg PC m-2 and 1.39 mg PN m-2 was deposited onto the ELB lake ice surface 

via aeolian transport. Streams brought approximately 15.56 mg PC m-2 and 2.43 mg PN 

m-2 to ELB that year. The WLB trap collected 59.04 mg PC m-2 y-1 and 5.17 mg PN m-2 

y-1. The aeolian input was similar to that for ELB and stream flow brought 8.75 mg PC 

m-2 y-1 and 0.66 mg PN m-2 y-1.  

 
Discussion 

 
 

Aeolian and Fluvial Elemental Fluxes 
 

Our decadal-long measurements indicate that the average aeolian and fluvial flux-

es into the lakes vary inter-annually and between basins. During low flow years the PC 

and PN stream input is approximately equivalent to the input of aeolian PC and PN in the 

Fryxell basin. During high wind years such as in 2004, the aeolian input may exceed that 

from streams and provide the lakes with up to 2967 kg of PC and 176 kg of PN annually. 

The aeolian deposition of wind-driven sediment onto the lake ice surface is most promi-
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nent in the Lake Hoare basin, where the aeolian input of PC and PN to the lake exceeded 

that from streams nearly every year between 1999-2008. The area of Lake Hoare is 2.4 

times smaller than Lake Fryxell and 1.5 smaller than that of Lake Bonney (both ELB and 

WLB combined). Taylor Valley is narrower at the Lake Hoare basin and intrusion of the 

Canada Glacier into Lake Hoare alters the wind pattern and reduces near surface wind 

speeds, causing the larger particles to fall out. Further down valley, in the Lake Fryxell 

basin, the valley widens and the aeolian material can be deposited over a much larger ar-

ea (see CHAPTER 2). Conversely, in the Bonney basin, the aeolian deposition is on aver-

age 15 times lower than in the Fryxell and Hoare basins streams and in relative terms, 

fluvial transport is likely the most important exogenous source of sediment and associat-

ed organic carbon and inorganic nutrients to both ELB and WLB. It is important to state 

that our estimates of PC and PN fluvial loading for 1999-2008 are based on measure-

ments of stream water chemistry averaged over only 1 season, 1998-1999 and have been 

extrapolated for the other years. The 1998-99 measurements are currently the only avail-

able data for the Taylor Valley lakes and thus these numbers represent our current best 

estimates of PC and PN stream loading. We assume that the PC and PN content of the 

stream water does not vary dramatically from one year to another, but if it was not so 

than our calculations might be under or overestimating the actual stream loading.  
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Figure 3.5. Material deposited in the sediment traps located at the bottom of East Lobe 
Lake Bonney (ELB) and West Lobe Lake Bonney (WLB) between February 2004 and 
October 2005. The flux of silt and clays (particles <63 µm), fine sands (63-250 µm) and 
coarse sands (>250 µm) is shown. PC and PN fluxes in each size-fraction are shown in b, 
c, e and f. 
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Aeolian material that is deposited on the ice-cover of the lakes can move down-

ward through the ice, especially during the summer when the ice becomes porous through 

warming and stress fracturing (SQUYRES et al. 1991; PRISCU et al. 1998; JEPSEN et al. 

2010). PRISCU et al. (2005) showed that N and P in the aeolian material are readily 

leached. Through absorption of solar radiation, the sediment deposited on the ice surface 

also may form localized melt-water pockets within the ice cover (PAERL and PRISCU 

1998; PRISCU et al. 1998). 

 
East Lobe Lake Boney: Carbon Budget (2004-2005) 
 

Dissolved organic carbon (DOC) is the preferred source of carbon for the lake 

bacterial communities and exerts an important control of bacterioplankton production 

(TAKACS et al. 2001; KNOEPFLE et al. 2009). A majority of the lake DOC is believed to 

come from the phytoplankton production (VICK 2010), but it has been speculated that the 

dissolution of PC from the aeolian material and from stream waters are also a potentially 

large yet unaccounted sources of DOC for the Taylor Valley lakes, and can be influenc-

ing productivity of the lake bacterial communities (PRISCU et al. 1998; DORE and PRISCU 

2001; TAKACS et al. 2001).  

The possible fate of PC that is supplied to the lake from allochthonous sources is 

illustrated by a model for East Lobe Lake Bonney for the 2004-05 growing season (Ap-

pendix B Figure B1). The allochthonous sources (stream water and aeolian sediment) 

provided 30 mg m-2 of PC during that year. Additionally 1633 mg m-2 of PC was pro-

duced during the respective season within the lake by phytoplankton primary production. 

A majority of PC is thus produced within the lake and stream water and aeolian material 
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input accounted for <2% of the total PC pool (1666 mg PC m-2). The sedimentation rate 

that year was 20 mg m-2 implying that most of the PC produced within the lake did not 

sink into the bottom sediment and was thus likely either stored or utilized by biota in the 

upper waters. The sedimentation rate could be overestimated because our bottom sedi-

ment trap was deposited at the deepest spot at the center of the lake, where the sediment 

fallout and deposition is likely greatest due to the reservoir effect (HENDY and HALL 

2006; WAGNER et al. 2010). Although, decomposition rates for ELB are relatively low: 

about 0.008-0.056% d-1 across the trophic zone (PRISCU 1992), we have to assume that 

approx. 336 mg m-2 could have been released as CO2, especially just under the ice cover. 

That still leaves considerable amounts of PC (1310 mg m-2), whose fate is unknown.  

We can only speculate that this carbon is dissolved into DOC and used up by the 

lake bacterial communities. The pathways by which particulate organic matter can be dis-

solved in water are, however, relatively poorly understood (VOLKMAN and TANOUE 2002; 

ROBINSON et al. 2010). Bacteria can colonize the particles of organic matter and by pro-

duction of high levels of extracellular ectoenzyme hydrolyze the particulate particles, 

which results in the release of dissolved organic carbon and other nutrients (SINSABAUGH 

and FOREMAN 2001; BENDTSEN et al. 2002). Viruses can also cause cell lysis of cells, 

converting particulate organic carbon into dissolved organic carbon (FUHRMAN 1999; 

SUTTLE 2005). More than 70% of the bacteria in Lake Bonney are infected with viruses 

(LISLE and PRISCU 2004; SAWSTROM et al. 2008) indicating that viruses play a major role 

in regulating bacterial numbers and DOC turnover within the Taylor Valley lakes. The re-

leased DOC likely stays in the trophic zone and is respired by the bacterial communities. 
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Viruses and bacteria might be important as they prevent loss and sinking of PC from the 

lake and incorporate it back into the system.  

 
Conceptual Model 
 

 The conceptual model in Fig. 3.6 illustrates fluvial and aeolian fluxes of C, N and 

P among landscape units (glaciers, lakes, streams and soils) in the Fryxell basin. The 

model presents mean C:N:P or N:P ratios for different Taylor Valley habitats. The stoi-

chiometry of soils (C:N:P = 10:1:1 by atoms), lake ice sediments (7:1:1), glacier sedi-

ment (8:1:1) and cryoconite sediment (14:3:1) is linked via wind dispersal (aeolian - 

10:1:1). The mean stoichiometry of the aeolian material is identical to the mean stoichi-

ometry of Taylor Valley soils (10:1:1 by moles) indicating that the vast areas of exposed 

soils serve as the primary sources of the aeolian sediments.  There was a lot of variation 

in PC, PN and PP content across the samples, which makes the results harder to interpret. 

The concentrations of PN and PP were very low for most of the samples (<0.05 mg g-1 

dw), which also greatly increased the chance for an error during the laboratory analysis. 

The PN:PP molar ratios of 1:1 for aeolian material, soils and lake ice and glacier sedi-

ments indicate that we measured total rather than organic nitrogen and phosphorus con-

centrations, because N:P ratios in all living organisms are >1 (STERNER and ELSER 2002; 

ELSER et al. 2011). 

 The MDV landscape units are connected via high-energy winter föhn winds, which 

mobilize the soils and deposit them on the surface of the ice-covered lakes. This sediment 

melts into the lake through cracks and channels in the ice and settles through the water 

column to the bottom of the lakes where it eventually is becomes incorporated into lake 
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sediments (DORE and PRISCU 2001; JEPSEN et al. 2010). Nutrients leached from the sedi-

ment can be taken up by planktonic and benthic microbial communities enhancing 

productivity of the lakes (PRISCU 1995; DORE and PRISCU 2001; TAKACS et al. 2001). 

The wind blown soils are also deposited onto the surface of glaciers in the form of loose 

glacier sediment. The sediment melts into the ice due to the lower albedo compared to the 

adjacent ice, eventually forming water-filled cryoconite holes with sediment at the bot-

tom (FOUNTAIN et al. 2004). The cryoconites holes are typically regions of high microbi-

al activity during the austral summer when filled with liquid water (FOREMAN et al. 

2007).  

 Melting of glacier ice and snow (molar N:P = 21:1) during the summer generates a 

majority of the liquid water in the Taylor Valley (FOUNTAIN et al. 1999), which is then 

transported via streams (N:P = 12:1) to the lakes (N:P = 25:1). The stream water stoichi-

ometry may also be influenced by the development of thick microbial mats at the bottom 

of the streams, which may shift the stoichiometry towards that reported for optimal bio-

logical metabolism (BARRETT et al. 2007). The phytoplankton production in the Taylor 

Valley lakes, especially in the Bonney basin is P-limited (DORE and PRISCU 2001). Or-

ganic C and N of the soils are very low (<0.3 % C and <0.03 % N g-1 dw) throughout the 

valley but P varies with different locations. The soils in the Fryxell basin are younger and 

thus have more P because it have not been weathered to the extent that the older soils in 

the Bonney basin have been (BLECKER et al. 2006; BATE et al. 2007). Low aeolian flux in 

the Bonney basin (<1 mg P m-2 y-1) and high N:P molar ratios of the source soil likely 

contribute to a high level of phytoplankton phosphorus deficiency known to exist in both 
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the east and west lobes of Lake Bonney. Lakes Fryxell and Hoare are surrounded with 

younger soils that have higher P content that can contribute to the dual N and P deficien-

cy observed in these lakes. The aeolian derived material can provide up to 3 kg of partic-

ulate P per year for ELB and 1 kg for WLB. 

 
Aeolian and Fluvial Connectivity among Taylor Valley Landscape Units 
 

Winds play a large role in controlling temperature in the Taylor Valley (NYLEN et 

al. 2004). DORAN et al. (2002b) showed that a discrete warming event between Decem-

ber 2001 and January 2002 following a decade of cooling was driven by increased fre-

quency of strong down-valley föhn winds and coincided with lower than typical mean sea 

level pressure over the region (DORAN et al. 2008). This discrete warming pulse resulted 

in higher glacier melt and stream flow, rise in the lake levels, and higher availability of 

liquid water for soil biota and a reset in lake elevations to their level before the cooling 

period (FOREMAN et al. 2004; BARRETT et al. 2008). 

Global and Antarctic average annual temperatures are expected to rise in the next 

century (IPCC 2007; MONAGHAN et al. 2008; WALSH 2009), which may lead to changes 

in synoptic scale circulation patterns in the troposphere over the Ross Sea Region (SPEIRS 

et al. 2010). Such changes will likely affect the prevalence and intensity of warm and dry 

föhn winds in the MDV area. Long-term higher than typical mean intensity and magni-

tude of föhn winds would likely lead to substantial warming over the region (DORAN et 

al. 2008; SPEIRS et al. 2010). Such warming may cause significant melting of glacier ice, 

lake ice, and near surface permafrost resulting in higher stream flow and higher water 

availability throughout the region and promoting microbial growth. The higher frequency 
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of föhn events is directly linked to higher deposition of aeolian material; we calculate that 

one more day of increased föhn activity per year could annually increase of 430 kg of C 

(100 for Lake Hoare and 2-6 for Lake Bonney), 26 kg of N (7 kg for Lake Hoare, 0.2-0.6 

for Lake Bonney) and 8 kg of P (3 for Lake Hoare and 0.1-0.2 for Lake Bonney) more 

deposited onto the surface of Lake Fryxell. Downward migration of aeolian sediment to 

the water column of these lakes will also be enhanced by the elevated temperatures 

(JEPSEN et al. 2010), which together with increased stream flow and thinner lake ice cov-

er would result in higher productivity of the lakes (DORE and PRISCU 2001; TAKACS et al. 

2001). Eventually, warmer air temperatures will lead to more ice-free surface in the 

MDV making the ecosystem more susceptible to invasion of new microbial species 

(WALL 2007). In summary, the projected warming trends for the McMurdo Dry Valley 

region will increase connectivity across the ecosystem landscape via increases in both ae-

olian and fluvial transport, both of which may alter patterns in biodiversity and metabolic 

activity across the MDV landscape.  

 
Conclusion 

 
 
 Winds are strong and persistent in the McMurdo Dry Valleys, and play a significant 

role in redistribution of inorganic and organic material across the ecosystem. The aeolian 

material is transported primarily by down valley föhn winds. The frequency of sediment 

movement is highest up-valley in the Lake Bonney basin, from where sediment is moved 

parallel to the valley orientation towards the coast and may eventually be deposited in the 

down-valley reaches of the Hoare and Fryxell basins. Although low in organic carbon, ni-



 
 

76 

trogen and phosphorus content, the large mass flux makes wind-blown sediment an im-

portant and previously unaccounted source of organic and inorganic nutrients to the 

lakes. The aeolian deposition is greatest onto Lake Hoare, where it exceeds the input of 

C, N and P derived from streams. Future climate change in MDV will increase the fre-

quency of summer warming and winter föhn winds. Such changes will increase connec-

tivity between glaciers, streams and soils by altering hydrology and the aeolian move-

ment of sediment, organic matter and biota altering the distribution of biota across the 

landscape.  

 

 

Figure 3.6. Conceptual model (modified from (BARRETT et al. 2007)) presenting molar 
C:N:P or N:P ratios for various Taylor Valley habitats. Stream sediment and lake sedi-
ment data from LAWSON et al. (2004); surface glacier ice and snow data from TRANTER et 
al.; stream and lake waters from BARRETT et al. (2007); SRP loading from FOREMAN et 
al. (2004). 
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Abstract 
 
 

The McMurdo Dry Valleys, Antarctica (MDV) consists of a mosaic of perma-

nently ice-covered lakes, ephemeral streams, exposed soils, and glaciers, all of which 

contain habitats occupied by microorganisms and small metazoans. We used a combina-

tion of genomic techniques and phenotypical fingerprinting (pigment analysis) to exam-

ine microbial diversity over a wide variety of habitats and localities in the MDV (soils, 

glacier ice, glacier sediments, cryoconites, airborne material, lake ice sediments, lake ice 

mats and stream mats). Physical and chemical properties of each environment were 

measured together with biogeochemical stoichiometry (C:N:P ratios) to assess the growth 

potential and physiological state of the organisms within each habitat. Our data reveal 

that the microbial composition in lake ice sediment, soils and airborne material is con-

trolled by aeolian transport of organisms attached to sediment particles, particularly dur-

ing periods of strong winds, which likely overprints diversity caused by contemporary in-

situ growth. Conversely, in streams, ponds and cryoconites the presence of persistent wa-

ter during the summer supports growth rates that probably exceed the rate of aeolian dis-

persal allowing distinctive microbial communities to develop. Greater diversity is also as-

sociated with C, N and P stoichiometry that is typical of optimal growth. On the land-

scape scale, microorganisms in the MDV are not distributed randomly across the land-

scape but their overall distribution reflects the effect of in situ environmental factors, 

mainly the presence of liquid water and macronutrients.  
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Introduction 
 
 

 How diversity scales with space is one of the fundamental questions of ecology 

because it provides important information about mechanisms that regulate the diversity of 

life and the complexity of ecosystems (HUBBELL 2001). Although microorganisms com-

prise much of Earth’s biomass and play critical roles in biogeochemical processes and 

functioning of ecosystems (MADSEN 2008), their spatial diversification and biogeograph-

ical patterns are largely unknown (GREEN et al. 2008; PEARCE and GALAND 2008). It is 

believed that due to their high abundance and easy dispersal capacities, microorganisms 

do not show restricted distribution patterns (FENCHEL and FINLAY 2004b). However, 

common techniques available to characterize microbial diversity are inherently limited in 

their ability to identify microorganisms into species (WARD 2006a; WARD 2006b; WARD 

et al. 2008) and cannot detect the many numerically minor constituents of microbial 

communities revealing only the most abundant taxa (SOGIN et al. 2006; WEISSE 2006; 

BENT and FORNEY 2008; GALAND et al. 2009). 

Ecosystems that are dominated by microorganisms, such as the McMurdo Dry 

Valleys (MDV) in Antarctica, provide unique opportunities to study the distribution of 

microorganisms without the confounding effects associated with the presence of higher 

plants and animals (WALL 2005; WALL 2007). Moreover, the Antarctic continent is large-

ly isolated from other ecosystems on our planet (CLARKE et al. 2005; PECK et al. 2006) 

and, if microbial endemism exists, it is more likely to be discovered in Antarctica than in 

any other region (GIBSON et al. 2006; PETZ et al. 2007; PEARCE and GALAND 2008). The 

MDVs are relatively untouched by human activities, and represent an excellent model for 
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understanding fundamental properties of the relationship between biota and ecosystem 

functioning across multiple spatial scales.  

 The MDVs are located in Southern Victoria Land and comprise the largest ice-

free area on the Antarctic continent (PRISCU et al. 1998). Their landscape is dominated by 

a mosaic of bare soils, perennially frozen lakes, ephemeral streams and glaciers (DORAN 

et al. 2010). Bacteria, algae, fungi, protozoa, rotifers, tardigrades, nematodes, mites, and 

springtails persist in habitats within soils, lakes, streams and glaciers (e.g. ADAMS et al. 

2006; STINGL et al. 2008; CARY et al. 2010). Our present knowledge of the diversity and 

abundance of microorganisms is extremely limited, because we lack a comprehensive bi-

otic survey of all the MDV habitats (WALL et al. 2010). Most of the research has been 

focused on a few localized populations (TAKACS-VESBACH et al. 2010; WALL et al. 2010; 

BIELEWICZ et al. 2011). Recent research based on rDNA gene diversity suggest that, de-

spite the severe environmental conditions and the apparent trophic simplicity of the inver-

tebrate communities, a diverse microbial assemblage exists within the MDV soils (CARY 

et al. 2010).  

Photosynthetic microorganisms such as microalgae and cyanobacteria are present 

throughout the MDV ecosystem in many ice-free habitats where they play an important 

role as the ecosystems’ primary producers (TATON et al. 2003; WOOD et al. 2008; SUTH-

ERLAND and HAWES 2009). The cyanobacteria often produce thick, cohesive, highly pig-

mented benthic mats in streams and lakes and can also be found living on the surfaces of 

glaciers, in soils, as epiphytes on mosses and as endoliths inside rocks (COWAN 2009; 

SUTHERLAND and HAWES 2009; SUN et al. 2010). The cyanobacteria are often the prima-
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ry colonizers of permafrost soils and promote soil formation and stabilization against 

wind and water erosion, increasing soil organic matter and nitrogen content (BARRETT et 

al. 2006a; SIMMONS et al. 2009). The decaying biomass of algal and cyanobacterial mats 

may also serve as an important source of C and N to the MDV ecosystem that can be tak-

en up by heterotrophic bacteria. Cyanobacteria show remarkable ability to tolerate the 

abiotic stresses that prevail in Antarctic environments, particularly prolonged periods of 

freezing and desiccation (ŠABACKÁ and ELSTER 2006). 

Water and wind are the primary dispersal agents of both abiotic and biotic parti-

cles across the MDV landscape (MCKNIGHT et al. 2008; LANCASTER et al. 2010). Biolog-

ical activity in the various MDV landscape units is mainly controlled by the spatial and 

temporal distribution of liquid water and nutrients since those are often present in con-

centrations that are often too low to support optimal growth (PRISCU 1995; ZEGLIN et al. 

2009; HUNT et al. 2010). Soil salinity, pH or carbon concentrations were hypothesized to 

be the main factors regulating distribution of soil microorganisms (BARRETT et al. 2004; 

WOOD et al. 2008). Overall patterns that control distribution of biota across different hab-

itats and environmental gradients in the MDV are largely unknown.  

 In this study, we investigated cyanobacterial and bacterial diversity in soils, 

glaciers (glacier surface sediment, cryoconite ice and cryoconite sediment), lakes (lake 

ice sediments and lake ice mats), and in streams (stream mats) using denaturing gradient 

gel electrophoresis (DGGE) and phenotypical fingerprinting (pigment analysis and light 

microscopy) to address the question of how organisms vary in space and across environ-

mental gradients. Due to the ubiquitous presence of strong and persistent winds that 
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transport sediment material and associated organic matter across the valleys (see CHAP-

TER 2) we hypothesized that the distribution of microorganisms in the MDV is controlled 

largely by wind transport, which overprints the in-situ growth producing a relatively ho-

mogenous distribution of microorganisms across the region. 

 
Materials and Methods 

 
 
Study Area 
 

The MDVs are located in Southern Victoria Land in Eastern Antarctica (Fig. 4.1). 

The Ross Sea bounds the valleys to the east and the Antarctic Plateau to the west. The 

average annual temperature is ~ -17°C and mean annual precipitation is <50 mm y-1 wa-

ter equivalent (FOUNTAIN et al. 2009). The valleys have been largely ice-free since at 

least the mid Miocene (LEWIS et al. 2008). The permafrost covers more than 95% of the 

lowland areas (<1000 m a s l) of the MDVs (BURKINS et al. 2001). 

To test the effect of geographical isolation on the distribution of microorganisms 

in the MDV, samples of various microbial habitats were collected from Taylor, Wright 

and Garwood Valleys (Fig. 4.1). Taylor Valley (77°37´S, 163°00´E), the primary site of 

our research in MDV, is a steep-walled coastal valley extending 33 km from the Taylor 

Glacier to the Ross sea coastline in a SW-NE direction (HUNT et al. 2010). It has three 

closed drainage basins containing Lakes Fryxell, Hoare and Bonney (LYONS et al. 2000). 

During the austral summer, melt from the surrounding glaciers supplies ephemeral 

streams and supplies liquid water and nutrients to these lakes (FOUNTAIN et al. 1999). 

Wright Valley (77°10´S, 161º50´E) extends 52 km inland from the Ross Seas coastline. It 
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runs parallel to Taylor Valley, from which it is separated by a 20 km wide and 1800 m 

high Asgard Range (BOCKHEIM and MCLEOD 2006). The western part of the Wright Val-

ley, also known as the Labyrinth, is a deeply eroded area containing many small ponds 

that are often inhabited by thick microbial mat communities (SELBY et al. 1973; LEWIS et 

al. 2006). Garwood Valley (78°01´S, 164°00´E) is a smaller valley located 56 km south 

from Taylor Valley. It is a relatively wide valley that is open to maritime air masses 

(BOOTH et al. 1999; TREONIS and WALL 2005; NOVIS and SMISSEN 2006). Water is 

transported throughout the Garwood Valley via the 8 km long glacially fed Garwood 

River. Numerous small ponds in Garwood Valley are inhabited by thick-layered microbi-

al mats (BOOTH et al. 1999; ELBERLING et al. 2006). 

 

Figure 4.1. Locator map of the McMurdo Dry Valley: Taylor, Wright and Garwood Val-
leys are marked. Modified from: http://huey.colorado.edu/diatoms 
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Sampling 
 
 Samples (160 total) were collected from glaciers (cryoconite ice, cryoconite sedi-

ment, glacier sediment), streams (stream mats), lakes (lake ice sediment and lake mats) 

and soils in the Taylor Valley during the austral summers of 2005-2006 and 2006-2007 

(Fig. 4.1). To account for the large degree of spatial heterogeneity of the soils (CAMPBELL 

2003), approximately 1 kg of a mixed soil sample was collected from a ~1 km2 area 

along the shoreline of lakes in order to obtain a representative soil sample for each lake 

basin. Dried lake ice mats were sampled in the moat areas of all lakes as well as from 

streams and small ponds scattered throughout the valley, notably from the upper ponds 

located near Marr Glacier. 

 Sediment, soil and mat samples were collected into Whirl Pack® bags using sterile 

spatulas and wearing clean laboratory gloves to avoid sample contamination. Frozen cry-

oconites were cut from the glaciers with an oil free chainsaw and transported in clean 

plastic bags to McMurdo Station for processing. The cryoconite cores were composed of 

frozen water, i.e. cryoconite ice, with sediment at the bottom. The cryoconite ice and sed-

iments were decontaminated by scrapping, washing and melting off the outer ice layer (5-

10 mm) as described by CHRISTNER et al. (2005). The cryoconite ice was melted at +4ºC 

prior to any analysis. Wind-blown material was collected from aeolian sediment traps 

that had been deposited throughout the valley (LANCASTER 2002; NKEM et al. 2006). 

Samples were frozen immediately after collection and stored at -20°C in the darkness 

during shipment to Montana State University. 
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 Mat samples were collected from small ponds and streams located in the western 

part of the Wright Valley in an area known as the Labyrinth. Pond and stream mats, soils 

and lake ice sediments were collected throughout the length of the Garwood Valley. Ad-

ditional samples used in the analysis were mat samples from Ross Island, Bratina Island 

and Marie Byrd Land, all located outside of the MDV.  

 
Physical and Chemical Characteristics 
 

pH of samples of soils, glacier ice sediments, cryoconite sediments, lake ice sed-

iments and aeolian sediments was measured in a slurry made by dissolving 2.5 g of sedi-

ment in 10 ml of deionized water (DI) using a calibrated Beckman “PSI 10” meter. Water 

content (MAHANEY et al. 2004) was measured on subsamples of sediments and mats 

dried at 105 °C for 24 h and reported as the percent difference between dry weight and 

wet weight. Total organic matter content (OM) was determined in all samples as the dif-

ference between dry weight (dw) of samples and weight of samples after combustion at 

550° for 4 h. Particulate organic carbon (PC) and particulate nitrogen (PN) were deter-

mined using a Thermo Finnigan Flash 112 EA elemental analyzer and expressed as mg of 

PC or PN per g of dw. Inorganic carbon was removed from samples by 12 hour exposi-

tion to concentrated HCl fumes prior to the elemental analysis. Total particulate phospho-

rus was determined on combusted (550ºC for 4 h) and non-combusted samples extracted 

in 1N HCl following SAUNDERS and WILLIAM’S (1955) as modified by WALKER and 

ADAMS (1958) and OLSEN and SOMMERS (1982). Organic particulate phosphorus fraction 

(PP) was estimated as the difference between phosphorus extracted before and after the 

removal of organic matter by combustion. Molar PC:PN and PN:PP ratios were calculat-
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ed and used as indicators of biological activity across the ecosystem (STERNER and ELSER 

2002). It is important to note that these elemental ratios we measured represent both liv-

ing and detrital material, the latter of which may confound actual cellular ratios. 

 
Pigment Analysis: Spectral Fluorescence 
 

A spectrofluorometer (FluoroProbe, bbe Moldaenke, Kiel, Germany) was used to 

estimate the relative concentration of various assessory pigments and chlorophyll-a. The 

instrument uses five light emitting diodes (LEDs) for fluorescence excitation (450 nm, 

525 nm, 570 nm, 590 nm and 610 nm), while fluorometric emission is measured at 680 

nm. This excitation/emission configuration allows estimation of the chlorophyll-a con-

centrations of four different functional groups of phototrophs based on their assessory 

pigments. According to the manufacturer these assessory pigments most closely represent 

the groups Chlorophyceae, Cyanophyceae, Bacillariophyceae and Cryptophyceae, respec-

tively (MORENO-OSTOS et al. 2006).  

  Before fluorescence analysis, 0.5 g of mats or 5 g of sediments/soils were placed in 

sterile polypropylene Falcon® tubes with 40 ml of filtered deionized (DI) water and ~2 g 

of boiling stones. Vials were vortexed vigorously for 120 s under low light and then 

stored in the dark at 4ºC for 16 hours. The macerated sample (20 ml) was poured into a 

glass cuvette and placed in the transmission window of the instrument for analysis. Con-

centrations of different photosynthetic groups in µg l-1 were converted to µg g-1 dw of 

sample. Concentrations in melted cryoconite were converted to µg g-1 of ice assuming an 

ice density of 0.92 g ml-1. 
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 A Redundancy Analysis, RDA, was performed using CANOCO program (TER 

BRAAK and ŠMILAUER 2002) to relate the concentrations of different photosynthetic 

groups to their habitat, location and physical and chemical characteristics of their obser-

vation. Relative diversities of each photosynthetic group were analyzed using Ward’s hi-

erarchical clustering, which was conducted with the pvclust package (SUZUKI and 

SHIMODAIRA 2006) in statistical program R (R DEVELOPMENT CORE TEAM 2009). As the 

node values in the cluster analysis Approximately Unbiased p-values (AU) were used. 

The p-values were calculated via multi-scale bootstrap resampling for each cluster; val-

ues larger than 95 indicate that the cluster is significantly supported by the analysis 

(SUZUKI and SHIMODAIRA 2006).  

 
Pigment Analysis: Spectrophotometry and HPLC  
 
 Samples for pigment analysis (~0.5 g of mats and ~5 g of lake ice sediment, aeolian 

sediment, glacier sediment, cryoconite or soils) were placed into sterile polypropylene 

Falcon® tubes (50 ml), to which 10 ml of 90% acetone was added. The samples were vor-

texed vigorously for 120 s and stored in the dark at 4ºC for 16 hours to extract the pig-

ments. Pigment spectra between 350-800 nm were obtained using an Ocean Optics 

USB4000 Miniature Fiber Optic Spectrophotometer. Absorbance measured at 750 nm 

was subtracted from all measurements to correct for turbidity within the sample. Chloro-

phylls a, b and c (RITCHIE 2008); total carotenoids, scytonemin (GARCIA-PICHEL and 

CASTENHOLZ 1991) and myxoxanthophyll (SWAIN 1985) were computed from each scan 

and represented as µg pigment g-1 sample. Accessory pigment concentrations were nor-

malized to total chlorophyll-a of the samples and were subjected to Ward’s hierarchical 
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clustering using the pvclust package (SUZUKI and SHIMODAIRA 2006) in R (R DEVELOP-

MENT CORE TEAM 2009) to study the differences in the community composition of photo-

synthetic microorganisms across MDV habitats.  

 The 90% acetone extracts of 30 samples were selected (3-4 samples from each hab-

itat: aeolian material, soils, lake ice and stream mats, lake ice sediment, glacier sediment, 

cryoconite ice and cryoconite sediment) for High Performance Liquid Chromatography 

(HPLC). Pigment separation was carried out at the University of Hawaii on a Varian 

9012 HPLC system using a method described by BIDIGARE et al. (2005). Pigments were 

separated on a reverse-phase Waters Spherisorb® 5-µm ODS-2 (4.6 x 250 mm2) C18 col-

umn with a corresponding guard cartridge (7.5 x 4.6 mm2) and a Timberline column 

heater (26 ºC) (WRIGHT et al. 1991; BIDIGARE et al. 2005). Individual pigments were 

transferred to dual wavelength UV/VIS spectrometer (SpectraSYSTEM Thermo Separa-

tion Products UV2000 with FL2000 detectors) for characterization. Pigment identifica-

tions were based on absorbance spectra, co-chromatography with standards, and relative 

retention times. Peak identity was determined by comparing retention times with a chlo-

rophyll a standard and representative culture extracts. Spectra-Physics WOWs software 

was used to calculate peak areas (MANTOURA and LLEWELLYN 1983; WRIGHT et al. 

1991; RII et al. 2008).  

 
Light Microscopy of Microbial Mats 
 
 Microbial mat samples were viewed under the light microscope to estimate the rela-

tive distribution of dominant algal and cyanobacterial genera. A small section of each mi-

crobial mat sample was pressed through a 23-gauge needle to form a homogenous sam-
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ple. These samples were viewed at 1000x magnification under oil immersion on a Nikon 

Labophot microscope and relative abundances of various algal and cyanobaterial genera 

were estimated along five random slide transects for each sample (SUTHERLAND and 

HAWES 2009). The cyanobacterial and algal genera were identified according to taxo-

nomic characteristics outlined by others (TATON et al. 2003; BROADY and KIBBLEWHITE 

2004; KOMÁREK and ANAGNOSTIDIS 2005; TATON et al. 2006b). The diacritical morpho-

logical traits used for cyanobacterial taxa were: cell shape and width; width and length of 

intercalary cells; presence or absence of sheets, calyptra and constriction at the cross 

wall; number of trichomes per filament; and presence or absence of heterocysts (COMTE 

et al. 2007). 

 
Denaturating Gradient Gel Electrophoresis (DGGE) 
 
 DNA was isolated from ~0.5 g of mat samples or ~1-5 g of lake ice sediment, aeo-

lian sediment, glacier sediment, cryoconite or soils using MoBio PowerSoil® and 

PowerMax® Soil DNA Isolation Kits following the manufacture’s instructions. Two sep-

arate PCR reactions were carried out for each sample: one with universal bacterial primes 

and one with cyanobacterial-specific primers. A 193-bp long fragment of the 16S rRNA 

gene was amplified using universal bacterial primers 341F-GC clamp and 534R 

(MUYZER et al. 1993) and a section of the internal transcribed spacer (rRNA-ITS) be-

tween the 16S and 23S rRNA genes, was amplified using cyanobacterial-specific pri-

mers: GC-CSIF and ULR (JANSE et al. 2003). The cyanobacterial-specific CSIF primer 

used to amplify the desired PCR product, corresponded to a sequence at the end of the 

16S rRNA gene, that is supposedly highly conservative among all phylogenetic groups of 
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cyanobacteria (JANSE et al. 2003). The PCR reactions were started with a 2.75 min incu-

bation at 94°C, which was followed by 30 cycles of 45 s at 94ºC, 45 s at 60°C. The reac-

tion was concluded with an elongation step of 1.5 min at 72°C.  

The DGGE was carried out using a DCode™ system (Bio-Rad). The amplified 

PCR products were separated based on the decrease of electrophoretic mobility of a par-

tially melted double-stranded DNA molecule in polyacrilamide gels containing a linear 

40% to 60% denaturant gradient (mixture of urea and formamide). The pH of the Tris-

acetate EDTA buffer (TAE) was adjusted to 7.4 and electrophoresis was performed for 

16 h at 60 V and 60°C. The result of each DGGE reaction was a pattern of bands on the 

gel, for which the number of bands were interpreted to correspond with the number of 

predominant microbial members (bacteria or cyanobacteria) within the community 

(MUYZER et al. 1993; MUYZER and SMALLA 1998). Samples were clustered based on the 

banding patterns to explore similarities in microbial community composition among dif-

ferent habitats using Ward’s cluster analysis as described above for pigment diversity.  

 
Results 

 
 

Physical and Chemical Characteristics  
 
 Soils, lake ice sediments, glacier sediment and aeolian material all contained <1% 

total organic matter (OM) per unit dry weight (dw) (Table 4.1). The cryoconite sediment 

had on average 2-3 times more dry weight OM, PC, PN and PP relative to the soils, aeo-

lian material and lake ice sediment or glacier surface sediment. The lake ice and stream 

mats had on average 2-3 orders of magnitude higher concentrations of PC, PN and PP of 
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the mats compared to soils, lake ice sediments and glacier ice sediments. The pH of all 

the soils, aeolian material and lake ice, glacier and cyroconite sediments were slightly al-

kaline and varied between 7.8 for glacier and lake ice sediments to 8.8 for soils and aeoli-

an material. The PC, PN and PP concentrations were highly variable across habitats and 

within individual samples of the same habitat (Table 4.1). Aeolian material had on aver-

age the lowest concentrations of PC (0.12 mg g-1 dw), PN (8.36 x 10-3 mg-1 g dw) and PP 

(2.14 x 10-3 mg g-1 dw). Highest contents of PC (170.79 mg g-1 dw), PN (11.48 mg g-1 

dw) and PP (0.38 mg g-1 dw) were measured in lake ice mats.  

 Elemental stoichiometry (PC:PN and PN:PP) is commonly used as an ecosystem 

characteristic to determine the physiological state of the organisms within the environ-

ment (STERNER and ELSER 2002). The molar PC:PN ratios for the soils, aeolian material 

and glacier, lake ice and cryoconite sediments ranged between 8:1 to 14:1. The molar 

PN:PP ratios ranged from 0.7:1 for the aeolian, lake ice and glacier sediments to 2:1 for 

the cryoconite sediment (Table 4.1). The molar PC:PN ratios for the lake ice and stream 

mats were 14:1 and the molar PN:PP ratios for the lake ice mats (22:1) and stream mats 

(11:1) were in the range of ratios typical for optimal growth (REDFIELD 1934).  

 
Pigment analysis: Spectral Fluorescence 
 

Spectral fluorescence revealed that chlorophyll-a was present in all soil, aeolian 

material, lake ice sediment, and glacier sediment, cryoconite and lake ice and stream mat 

samples. In 82% of the samples, cyanobacteria accounted for >90% of the total chloro-

phyll-a. Chlorophyll-a concentrations in soils, aeolian material, lake ice, glacier and cry-

oconite sediments and glacier ice were relatively low (<0.1 µg g-1 dw for all samples) 



 
 

94 

(Table 4.2). Conversely, stream and lake mats contained 1-2 orders of magnitude more 

chlorophyll-a per unit weight than samples from other environments, but the amount var-

ied greatly among mats from different habitats and locations (Table 4.2).  

 
Table 4.1. Mean values (± standard deviations; n= 8-20 for each habitat) for pH; total or-
ganic matter content (OM); particulate organic carbon (PC), nitrogen (PN) and phospho-
rus (PP); and PC:PN and PN:PP molar ratios for the habitats studied. Redfield ratios are 
PC:PN = 6.6 and PN:PP = 16 (REDFIELD 1958). N/A = not analyzed.  
 
 pH OM 

(% dw) 

PC 

(mg C g-1 dw) 

    

Lake ice mats N/A 26.80±17.77 170.79±94.91 

Stream mats N/A 13.54±6.85 132.61±105.91 

Cryoconite sed. 8.10±0.24 1.04±0.98 0.57±0.36 

Glacier sed. 7.86±0.41 0.71±0.61 0.45±0.29 

Lake-ice sed. 7.84±0.30 0.41±0.32 0.37±0.30 

Soils 8.75±0.24 0.54±0.29 0.28±0.15 

Aeolian sed. 8.6±0.2 0.25±0.06 0.12±0.05 

 

 PN 

(mg N g-1 dw) 

PP 

(mg P g-1 dw) 

PC:PN 

(mol:mol) 

PN:PP 

(mol:mol) 

     

Lake ice mats 11.48±6.03 0.38±0.11 13.81±7.19 19.79±12.61 

Stream mats 8.19±5.65 0.35±0.26 13.69±7.56 18.55±15.28 

Cryoconite sed. 0.082±0.06 0.034±0.01 8.42±3.08 2.33±0.76 

Glacier sed. 0.059±0.01 0.01±0.01 10.32±2.87 0.71±0.41 

Lake-ice sed. 0.02±0.01 0.01±0.01 12.81±2.30 0.65±0.37 

Soils 0.03±0.02 0.02±0.02 14.79±0.47 1.07±1.03 

Aeolian sed. 8.36 10-3±0.003 2.14 10-3±0.03 10.24±3.59 0.72±0.65 
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Table 4.2. Mean values (± standard deviations; n=8-20 for each habitat) for the abun-
dance of photosynthetic microorganisms in each habitat (µg chlorophyll-a per dry weight 
of sample). All abundances are normalized to the dry weight of the mat or soil sample 
collected. ND=not detected. 

 
Habitats Cyanobacteria 

(µg g-1) 

Mixed algae 

(µg g-1) 

Diatom algae 

(µg g-1) 

Green algae 

(µg g-1) 

Total Chl 

(µg g-1) 

      

Lake ice mats 7.233±13.840 0.896±3.505 0.032±0.071 0.016±0.054 8.177±16.936 

Stream mats 2.469±3.3315 0.285±0.894 0.044±0.144 0.069±0.170 2.867±3.973 

Cryoconite sediment 0.047±0.025 0.001±0.010 0.006±0.008 0.002±0.003 0.060±0.032 

Cryoconite ice 0.032±0.056 0.008±0.019 0.001±0.001 0.001±0.002 0.042±0.074 

Glacier sediment 0.017±0.010 ND 0.001±0.001 0.002±0.002 0.020±0.012 

Lake-ice sediment 0.015±0.003 ND ND ND 0.016±0.003 

Soils 0.026±0.018 ND ND ND 0.027±0.018 

Aeolian sediment 0.039±0.018 ND ND 0.002±0.002 0.041±0.020 

 

 Besides cyanobacteria, pigments characteristic for eukaryotic microalgae (crypto-

phytes, chlorophytes and diatom algae) were also detected in many of our samples (Fig. 

4.2). In most of the habitats, all eukaryotic microalgae combined accounted for <20% of 

the total chlorophyll-a based biomass with respect to cyanobacteria. The only exception 

was the cryoconite ice habitat, where non-cyanophytes accounted for 43% of the total bi-

omass (Fig. 4.2). Spectrofluorescence analysis revealed that cryptophytes were present in 

50% of the lake mat and stream mat samples, 30% of cryoconite sediment and ice sam-

ples. They were not detected in any of the soil, aeolian, lake ice or glacier ice sediments. 

Cryptophytes accounted for 1-10% of the phototrophic biomass in mat samples from the 

MDV but were more common (20-25% of the total biomass) in mat samples from Marie 

Byrd Land and Ross Island, both located outside of the MDV. Cryptophytes are small 

flagellate algae that contribute to many freshwater and marine phytoplankton communi-
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ties. Past studies in the MDV reported cryptophytes from the lake water column (CATHEY 

et al. 1981; LIZOTTE et al. 1996; MORGAN-KISS et al. 2006; LIZOTTE 2008) but no ac-

count has been made of cryptophytes occupying other habitats in the MDV’s, and we also 

did not observe cryptophyte species in the lake ice or stream mats by light microscopy 

(see below). The cryptophyte photosynthetic apparatus consists of chlorophylls a and c 

(same as diatoms), and the phycobilliproteins phycoerythrin and phycocyanin (same as 

cyanobacteria) (DOUST et al. 2006). BARRINGTON and GHADOUANI, (2008) suggested that 

the ‘cryptophytes’, group characterized by the FluoroProbe might be detecting certain 

species of diatoms and phycoerythrin-rich cyanobacteria in addition to cryptophytes. 

Thus, hereafter, we refer to cryptophytes’ as ‘mixed algae’. 

 

 

Figure 4.2. Relative concentrations (%) of different photosynthetic groups determined by 
whole cell spectral fluorometry of accessory pigment composition. 
 

Aeolian 

Cryoconite Cryoconite Ice 

Lake Ice 
Sediment 

Soil Glacier 
sediment 

Lake Ice Mats Streams Mats 

Cyanobacteria Diatom algae Green algae ‘Mixed Group’ 
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Hierarchical clustering based on the relative abundances (in % of total variability) 

of the different photosynthetic groups in different MDV habitats revealed that the cry-

oconite ice and sediment formed a distinct cluster separated from all the other habitats 

(Fig. 4.3A). Soil and aeolian material clustered together and the branching was supported 

by 99% AU p-values. This was the only significant cluster at α=0.05.  

Redundancy Analysis, RDA was performed to relate the concentrations of differ-

ent photosynthetic groups (identified by spectral fluorescence as µg of cyanobacteria, 

diatom algae, green algae and mixed algae per g of dw) to their habitat (lake-ice mats, 

stream mats, aeolian sediment, lake ice sediment, glacier ice sediment, cryoconite and 

soil), location (Taylor, Wright and Garwood Valleys; Ross Island and Marie Byrd Land) 

and physical and chemical characteristics (OM, PC, PN, PP) of their observation (Fig. 

4.4A). The model explained 68.9% of the variation in the different response variables. 

These statistical results infer that higher concentrations of cyanobacteria (and total chlo-

rophyll) are related to higher concentrations of PN and PC (both p=0.002) and to a lesser 

degree (p=0.012) by higher concentration of OM and PP. The sample most different from 

others was from Marie Byrd Land and was characterized by high concentrations of mixed 

algae. The Taylor, Garwood and Wright Valleys clustered in the ordination diagram to-

gether, as did the soil, aeolian, lake ice sediment, glacier sediment and cryoconite habi-

tats. Another RDA was performed to relate the distribution of only the lake ice and 

stream mat samples to their location, habitat and concentrations of water content (WC), 

OM, PC, PN, PP and C:N and N:P ratios. The model explained 75.3% of the variability 

(Fig. 4.4B). PC (p=0.004) and PN (p=0.004) and lower C:N ratios were most closely re-
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lated to higher concentration of cyanobacteria. The Marie Byrd Land samples were sig-

nificantly different from samples from other locations (p=0.006). The position of the ar-

rows in the ordination diagrams showed that green algae and diatom algae were present 

in samples with higher water content.  

 
Pigment Analysis: Spectrophotometry and HPLC  
 

Concentrations of total carotenoids, chlorophylls-a, b, c, scytonemin and myxo-

xanthophyll were calculated from absorption spectra in 90% acetone extracts. With the 

spectral photometry method we detected the presence of pigments only in 77% samples 

of lake ice sediment, 23% samples of glacier sediment, 83% of cryoconites and 29% 

samples of soils. We did not detect any pigments in the samples of aeolian material.   

Concentrations of chlorophylls-b and c varied across the habitats (Table 4.3). Chl-

b:Chl-a ratios ranged from 0.4 for lake ice mats to 1.5 for lake ice sediment. Chl-c:Chl-a 

was also lowest in lake ice mats (0.8) and highest in lake ice sediment (2.4). The alkaloid 

scytonemin, a cyanobacterial-specific protective pigment, was only detected in 32% of 

the samples (Table 4.3). These samples were primarily lake and stream mats followed by 

a cryoconite sediment. Mat samples collected in a dry state had particularly high concen-

trations of scytonemin (Fig. 4.5A). Most of these dry mat samples were from lake ice and 

stream mats from Fryxell and Hoare basins and cryoconites from Commonwealth glacier 

(Fig. 4.5B). Scytonemin was only detected in samples from the lower Taylor Valley. To-

tal Car:Chl-a ratios ranged from 0.2-0.4 and varied little across locations or habitats (Ta-

ble 4.3). The highest Car:Chl-a ratios occurred in Fryxell and Hoare lake ice mats (0.7-

0.9). The mean myxoxanthophyll:Chl-a ratios for studied habitats ranging from 0.04 for 
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soils to 0.17 for lake ice sediments (Table 4.3). The absolute highest myxoxantho-

phyll:Chl-a ratios (0.45) were measured in a sample of Wright Valley pond mats. 

 
Figure 4.3. Ward’s hierarchical clustering with single linkage Euclidean distances show-
ing similarities among different MDV habitats based on A) distribution of different pho-
tosynthetic groups (cyanobacteria, diatom algae, green algae and mixed algae in µg g-1 
dw) determined using whole cell spectral fluorometry, B) pigment distribution (µg g-1 
dw) determined by High Performance Liquid Chromatography (HPLC). The node values 
represent Approximately Unbiased (AU) p values (left) and Bootstrap Probability (BP) 
values (right). 
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Table 4.3. Mean concentrations of chlorophylls b and c and total carotenoids (Car), 
scytonemin (Scy) and myxoxanthophyll (Myx) for each habitat. Concentrations were 
analyzed by spectrophotometry in 90% acetone extracts and normalized to chlorophyll-a 
concentrations. ND=no pigments detected. 

 
Habitats Ch b/Chl a Chl c/Chl a Car/Chl a Scyt/Chl a Myx/Chl a 

      

Lake ice mats 0.44 0.75 0.34 0.07 0.17 

Stream mats 0.67 0.90 0.20 0.10 0.07 

Cryoconite sediment 0.63 0.87 0.22 0.03 0.07 

Glacier sediment 1.27 1.71 0.30 0.10 0.06 

Lake ice sediment 1.46 2.40 0.40 ND 0.07 

Soils 0.90 1.75 0.27 ND 0.04 

Aeolian sediment ND ND ND ND ND 

 
 

 

A 
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Figure 4.4. A) Redundancy Analysis (RDA) constructed with the program CANOCO re-
lating the concentrations of different photosynthetic groups (µg g-1 dw) – dotted arrows 
(cyanobacteria, diatom algae, green algae and mixed algae) to their habitat - circles (lake 
ice mats, stream mats, aeolian sediment, lake ice sediment, glacier ice, glacier ice sedi-
ment, cryoconite and soil), location - triangles (Taylor, Wright and Garwood Valleys; 
Ross Island and Marie Byrd Land) and physical and chemical characteristics – solid ar-
rows (OM, PC, PN and PP) of their observation (grey X-marks). B) (next page) Redun-
dancy Analysis (RDA) constructed with CANOCO relating the concentrations (µg asses-
sory pigment g-1) of different photosynthetic groups – dotted arrows (cyanobacteria, dia-
tom algae, green algae and mixed algae) to their habitat – black circles (lake ice mats, 
stream mats), location - triangles (Taylor, Wright and Garwood Valleys; Ross Island and 
Marie Byrd Land) and physical and chemical characteristics – solid arrows (OM, PC, PN, 
PP, C:N and N:P) of their observation (grey X-marks). Abbreviations: LAKE MAT: lake 
ice mats; STR MAT: stream mats; AEOL: aeolian sediment; LAKE SED: lake ice sedi-
ment; GLAC SED: glacier sediment; CRYOC SED: cryoconite sediment; SOIL: soil; TV: 
Taylor Valley; WRV: Wright Valley; GAR: Garwood Valley; ROS: Ross Island; MBL: 
Marie Byrd Land; OM: organic matter; PC: particulate organic carbon; PN: particulate 
organic nitrogen; and PP: particulate organic phosphorus. 
 

B 



 
 

102 

Photosynthetic chlorophylls (chl-a, b and c) and photoprotective pigments (fuco-

xanthin, diadinoxanthin, diatoxanthin, lutein, zeaxanthin, canthaxanthin and β-carotene) 

were identified using HPLC (Table 4.4). We were unable to detect alloxanthin, peridinin, 

prasiloxanthin, and violaxanthin in any of our samples. Samples of aeolian material con-

tained only chlorophyll a; no other pigments were detected. Soils samples also contained 

besides chlorophyll-a the pigment canthaxanthin. Fucoxanthin, diadinoxanthin and dia-

toxanthin, all typical for diatom algae, were detected only in samples of cryoconite ice 

and sediments and glacier sediments. Chl-b:Chl-a and Chl-c:Chl-a determined by HPLC 

were 1-2 orders of magnitude lower than when calculated with trichromatic equations 

(Tables 4.3 and 4.4). Chlorophyll-c was only detected in samples of cryoconite sedi-

ments. Ward’s hierarchical analysis based on pigment concentrations determined by 

HPLC divided habitats into cluster pattern very similar to that determined by spectrofluo-

rometry (Fig. 4.3B). Cryoconite ice and cryoconite sediment formed a distinct cluster that 

was different from all other habitats (AU=96%). Glacier sediment and lake ice sediment 

formed another distinct cluster (AU=98%). The last cluster was formed from two sub-

clusters containing i) lake ice and stream mats (AU=91%) and ii) soil and aeolian materi-

al (AU=70%). 

 
Light Microscopy 
 
 Cyanobacteria comprised approximately 66% (77% for lake ice mats and 71% for 

stream mats) of the photosynthetic microbial cells identifiable under the light microscope. 

The remainder of the cells belonged to species of pennate diatoms and green algae. The 

cyanobacteria were dominated by members of the order Oscillatoriales with the major 



 
 

103 

genera being Phormidium and Leptolyngbya, which were observed in 82% of our sam-

ples. The heterocystous N2-fixing Nostoc, from the order Nostocales, was present in 36% 

of the samples collected. The most abundant diatom genus was Navicula sp. Other com-

mon diatom algae genera included Muelleria, Diadesmis, Nitzschia, Luticola, Hantzschia 

and Pinnularia. The most common genera of green algae were Chlorococcum, Tre-

bouxia, and Prasiola.  

 
Table 4.4. Mean concentrations of different photosynthetic and photoprotective pigments 
for each habitat analysed by High Performance Liquid Chromatography (HPLC). Pig-
ment concentrations were normalized to chlorophyll-a (in µg g-1 dw). Pigments: chloro-
phylls b and c, fucoxanthin (fucox), diadinoxanthin (diadin), diatoxanthin (diato), lutein, 
zeaxanthin (zeax), canthaxanthin (canth) and β−carotene (β−carot). ND=not detected. 

 
Habitats Chl b Chl c fucox diadin diato lutein zeax canth β-carot 

Lake ice mats 0.04 ND ND ND ND 0.01 0.03 0.07 0.10 

Stream mats 0.01 ND ND ND ND 0.01 0.02 0.05 0.08 

Cryoconite sediment 0.05 0.09 0.27 0.10 0.05 0.04 0.03 0.06 0.04 

Cryoconite ice 0.08 ND 0.14 ND ND 0.07 0.12 0.10 ND 

Glacier sediment 0.12 ND 0.02 0.02 0.02 0.04 ND 0.07 0.02 

Lake ice sediment 0.19 ND ND ND ND 0.05 ND 0.04 0.02 

Soils ND ND ND ND ND ND ND 0.07 ND 

Aeolian sediment ND ND ND ND ND ND ND ND ND 
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Figure 4.5. Concentration of the pigment scytonemin (normalized to chlorophyll-a) plot-
ted versus: A) Water content, and B) location of the each sample. The latter is a vertical 
box plot. The boundary of the box closest to zero indicates the 25th percentile, a line 
within the box marks the median, and the boundary of the box farthest from zero indi-
cates the 75th percentile of the median. Lines below and above the boxes mark outliers. 
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A Redundancy analysis, RDA, was performed to relate the distribution of differ-

ent cyanobacterial and algal groups (Synechococcales, Oscillatoriales, Nostocales, Bacil-

lariophyceae, Chlorophyceae, Trebouxiophyceae and Zygnematophyceae) found in the 

mat samples to their habitat (stream or lake), location, environmental characteristics 

(WC, PC, PN, PP, C:N, N:P) and pigment distribution (total carotenoids, scytonemin and 

myxoxanthophyll) determined by spectrophotometry. The RDA model (Fig. 4.6) ex-

plained 64.2% of the variation within the samples and revealed that diatom algae and 

green algae were significantly more common (p=0.004) in moist mats (with higher con-

centration of WC) rather than dry ones and in mats with higher concentrations of PN 

(p=0.046). Diatom algae were more common in stream mats than lake mats (p=0.022). 

The highest proportion of cyanobacteria occurred in the Fryxell basin (p=0.008) of Tay-

lor Valley. Mats collected from Ross Island had significantly (p=0.048) higher concentra-

tions of diatom and green algae compared to the MDV locations.  

 
Denaturating Gradient Gel Electrophoresis (DGGE) 
 

DGGE of the 16S rRNA gene revealed a total of 85 different phylotypes across 

sampling sites. The most diverse were samples of Wright Valley lake ice mats that con-

tained 25 different phylotypes. Wards’ hierarchical analysis revealed that Wright Valley 

lake ice and stream mats were different (AU=78%) from all other samples (Fig. 4.7). 

Samples of Fryxell aeolian material and Fryxell lake-ice sediments grouped together in a 

significant cluster (AU >95%). The only other significant cluster in the analysis con-

tained samples of glacier sediment, cryoconite sediment and cryoconite ice, all from Tay-

lor Glacier. It is evident from the clustering pattern that habitat type plays a role in the 
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composition of the microbial communities: samples of glacier habitats clustered together 

in the dendrogram, so did samples of many lake-ice mats. Our statistical analysis also re-

vealed that location was related to microbial distribution as shown where samples from 

different habitats but the same location clustered together (Fig. 4.7).  

The cyanobacterial-specific CSIF primer used to amplify the desired PCR product 

only produced a PCR product from ~60% of our samples, predominantly those collected 

from Taylor Valley. The samples clustered according to habitat type providing evidence 

of the important effect of in situ environmental variables on the distribution of cyanobac-

teria across the Taylor Valley (Fig. 4.8). The location of the sample within the Taylor 

Valley showed relatively little relationship to the distribution of cyanobacterial phylo-

types. We only used samples from which DNA was successfully amplified with the CSIF 

primer and therefore our data might be underestimating the actual cyanobacterial diversi-

ty in the MDV.  

 
Discussion 

 
 

Physical and Chemical Characteristics 
 

The C:N:P ratios from most of the environments sampled in our study are not typ-

ical for optimal microbial growth indicating that biological growth and metabolism are 

limited in the MDV soils, aeolian material, lake ice and glacier sediments by the physical 

environment, and the stoichiometry of these environments is predominantly influenced 

by geochemical processes such as weathering and aeolian deposition (BARRETT et al. 

2007). The cryoconite sediment had molar N:P ratios most closely related to those repre-
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senting the Redfield ratio, but they were still too low (3:1) to suggest extensive biological 

activity and microbial growth (ELSER et al. 2003). Since the cryoconites were collected 

during early spring, when they were frozen solid, bulk metabolic activity is unlikely 

(BAGSHAW et al. 2007). The cryoconites in the MDV often remain ice sealed and closed 

to the atmosphere for several months to several years, which can affect the biogeochemis-

try within these systems (TRANTER et al. 2004; FOUNTAIN et al. 2008). As a consequence, 

heterotrophic and photoautotrophic activity by biota in the ice-sealed cryoconites is cou-

pled with weak chemical buffering which can lead to pH values ranging from 8 to11 

(BAGSHAW et al. 2007). The pH typical for open cryoconite from other Antarctic or Arc-

tic and Alpine regions is 4-6 (STIBAL et al. 2006; HODSON et al. 2008).  

 
Cyanobacteria: Light Microscopy and Spectral Fluorescence 
 

Light microscopy, spectrofluorometric and spectrophotometric analysis, and mo-

lecular fingerprinting revealed that cyanobacteria were present in virtually all soils, lake 

ice sediments, glacier surfaces, aeolian material and in stream and lake ice mats within 

the MDV. Previous research also reported cyanobacteria living as epiphytes on mosses, 

in stream waters, as plankton in lakes and ponds and living in or on rocks (SPAULDING et 

al. 1994; ALFINITO et al. 1998; MCKNIGHT et al. 1999; DE LA TORRE et al. 2003; TATON 

et al. 2003; MCKNIGHT et al. 2004; WOOD et al. 2008). Cyanobacteria are remarkably 

successful in colonizing polar environments because of their high tolerance to freezing 

and desiccation, which enables them to recover rapidly in the presence of liquid water 

(VINCENT and HOWARD-WILLIAMS 1989; MCKNIGHT et al. 1999; ŠABACKÁ and ELSTER 

2006). Together with the phytoplankton of the MDV lakes, which is mostly composed of 
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eukaryotic algae (ROBERTS et al. 2004; MORGAN-KISS et al. 2006), cyanobacteria provide 

an important source of new organic carbon to the MDV environment (WOOD et al. 2008). 

A primary difference is that the cyanobacterial mats can be easily dispersed by wind, rel-

ative to the phytoplankton that live beneath the permanent lake ice cover of the lakes. The 

lake ice and stream mats were predominantly composed of cyanobacteria from the Order 

Oscillatoriales, particularly the genera Phormidium and Leptolyngbya. The ubiquitous 

presence of these simple filamentous types of cyanobacteria has been well documented 

from many freshwater and terrestrial habitats across the polar regions (VINCENT 2002; 

ZAKHIA et al. 2008). 

 
Eukaryotic Algae: Light Microscopy and Spectral Fluorescence 
 
 Eukaryotic algae were not as ubiquitously distributed across the MDV landscape 

as cyanobacteria. They were more abundant in habitats with a relatively consistent supply 

of liquid water such as the melted cryoconite ice (42.8% of total biomass) or sediment 

(20.3% of total biomass) and wetted stream mats (10.8% of total biomass) and were less 

abundant in soils (1.9% of total biomass) and aeolian sediment (3.6% of total biomass). 

All eukaryotic algae observed under the light microscope belonged either to the Class 

Bacillariophyceae (diatom algae) or the Division Chlorophyta (green algae). Redundancy 

analysis revealed that higher concentrations of photosynthetic pigments typical for dia-

tom and green algae were associated with higher concentrations of liquid water and mac-

ronutrients (N and P).  
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Figure 4.6. Redundancy Analysis (RDA) relating the presence of different cyanobacterial 
and algal groups – dotted arrows (cyanobacteria, diatom algae, green algae and mixed al-
gae) to their habitat - circles (lake ice mats, stream mats), location - triangles (Fryxell, 
Hoare, Bonney and Marr Ponds - Taylor Valley; Wright Valley; and Ross Island), physi-
cal and chemical characteristics – solid arrows (WC, PC, PN, PP, C:N and N:P) and pig-
ment concentrations – grey dashed arrows (total carotenoids, scytonemin and myxoxan-
thophyll) of their observation. Abbreviations: Synech: Synechococcales (coccoid cyano-
bacteria); Oscillat: Oscillatoriales (simple filamentous cyanobacteria); Nostoc: Nosto-
cales (filamentous cyanobacteria with akinetes and heterocysts); Bacillar: Bacillari-
ophyceae (diatoms); Chlorophyc: Chlorophyceae; Treboux: Trebouxiophyceae; Zygne-
ma: Zygnematohpyceae (desmids and Zygnematales); LAKE: lake ice mats; STREAM: 
stream mats; FRX: Fryxell basin; HOR: Hoare basin; BON: Bonney basin; MAR: Marr 
Ponds; WRV: Wright Valley; ROS: Ross Island; WC: water content; PC: particulate or-
ganic carbon; PN: particulate organic nitrogen; PP: particulate organic phosphorus; Car: 
total carotenoids; Scyt: scytonemin; Myx: myxoxanthophyll. 
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Figure 4.7. Ward’s cluster analysis based on the distribution of prokaryotic microorgan-
isms in the MDV characterized by Denaturating Gradient Gel Electrophoresis (DGGE) of 
the partial 16 S rRNA gene. Node values in the dendrogram represent Approximately 
Unbiased (AU) p values. Abbreviations: FRX: Fryxell basin; HOR: Hoare basin; BON: 
Bonney basin; WV: Wright Valley; RI: Ross Island; COM: Commonwealth Glacier; 
CAN: Canada Glacier; TAY: Taylor Glacier; Lake Mat: lake ice mats; Str Mat: stream 
mats; Aeol: aeolian material; Lake Sed: lake ice sediment; Glac Sed: glacier sediment; 
Cyoc: cryoconite sediment; Gl Ice: cryoconite ice. 
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Figure 4.8. Cluster analysis with Euclidean distance based on the distribution of cyano-
bacteria in the MDV, characterized by Denaturating Gradient Gel Electrophoresis 
(DGGE) of the partial 16S-ITS-23S rRNA gene. Abbreviations: FRX: Fryxell basin; 
HOR: Hoare basin; BON: Bonney basin; WV: Wright Valley; RI: Ross Island; COM: 
Commonwealth Glacier; CAN: Canada Glacier; TAY: Taylor Glacier; Lake Mat: lake ice 
mats; Str Mat: stream mats; Aeol: aeolian material; Lake Sed: lake ice sediment; Glac 
Sed: glacier sediment; Cyoc: cryoconite sediment; Gl Ice: cryoconite ice. 
 

Diatom pigments such as fucoxanthin and diadinoxanthin (JEFFREY and VESK 

1997; LEAVITT and HODGSON 2001) were found in all studied habitats but soils. They 

were most abundant in cryoconite ice (33.9% of total biomass of photosynthetic microor-

ganisms) and cryoconite sediments (9.9%). Living diatom algae were observed under the 

light microscope inside the cyanobacterial mats, particularly those found in streams. Pre-

vious findings also reported diatoms living in streambeds with stable stone pavement or 

in the lake phytoplankton (MCKNIGHT et al. 1999; ESPOSITO et al. 2008). Many of the di-
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atom species (24 out of 40 species) found in the MDV are considered Antarctic endemics 

(SPAULDING et al. 1997; ESPOSITO et al. 2006).  

Pigments typical of green algae, such as chlorophyll-b and lutein (JEFFREY and 

VESK 1997; LEAVITT and HODGSON 2001) were found in all habitats sampled. They were 

more abundant in cryoconite ice (8.9% of total biomass of photosynthetic microorgan-

isms), cryoconite sediment (5.5%), glacier sediment (6.9%) and less in soils (1.9%) and 

aeolian sediment (3.4%). Soils in the MDV are generally devoid of any visible algal 

growth but soil crusts consisting of water-stable, surface soil aggregates held together by 

algae can occasionally be found across the landscape (WALL 2005; 2007; COLACEVICH et 

al. 2009). Cavacini (2001) reported nearly 30 species of green algae in soils in northern 

Victoria Land that lacked any visible microalgal crust cover. The morphospecies of green 

algae that occurred within the lake ice and stream mats belonged to the classes Chloro-

phyceae, Trebouxiophyceae, Zygnematophyceae and Charophyceae. The most abundant 

genera were Chroococcum, Trebouxia and Prasiola.  

 
Pigment Distribution: Spectrophotometry and HPLC 
 

In order to photosynthesize, Antarctic cyanobacteria often live in environments 

exposed to high levels of UV radiation, which can have biologically deleterious effects 

(COLACEVICH et al. 2009; DARTNELL et al. 2010). Antarctic cyanobacteria withstand high 

doses of UV radiation through the production of photoprotective pigments. The cyano-

bacterial mats are usually vertically structured and distinct layers contain different pig-

ments (VARNALI et al. 2009). Typically, the upper layers serve as a protection against the 

UV radiation, while the lower layers are responsible for photosynthesis (QUESADA et al. 
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1998; SUTHERLAND and HAWES 2009). Generally, high light intensity promotes synthesis 

of scytonemin but other stress factors, such as higher temperature and salt concentration 

promote synthesis of this pigment as well (DILLON et al. 2002; VINCENT et al. 2004). The 

dehydrated lake-ice and stream mats (WC <10%) had on average 7.1 more µg 

scytonemin g-1 dw then wetter mats (WC >10%). The dehydrated are likely to be subject-

ed to more stresses and higher UV concentrations than mats submerged in waters 

(SUTHERLAND and HAWES 2009). Scytonemin is not produced by all cyanobacterial taxa, 

being primarily associated with ensheathed cyanobacteria such as Scytonema, Nostoc, 

Gloeocapsa, Callothrix or Microcoleus (GARCIA-PICHEL and CASTENHOLZ 1991; JORGE-

VILLAR et al. 2007; SOULE et al. 2007). We did not find any significant relationship 

(p=0.18) between the presence of scytonemin and presence of specific cyanobacterial 

genera in our samples using Monte Carlo permutation test in the Redundancy Analysis 

(RDA).  

Carotenoids, along with chlorophylls, are the most abundant pigments found in 

nature, serving as light- harvesting pigments covering a region of the visible spectrum not 

accessible by chlorophyll-a, as well as protecting against excessive UV light (COLYER et 

al. 2005). The most abundant cyanobacterial carotenoids are ß-carotene, lutein, zeaxan-

thin and myxoxanthophyll (PATTANAIK et al. 2007). Myxoxanthophyll is a xanthophyll 

glycoside found specifically in cyanobacteria (WHITTON and POTTS 2000). Its function is 

not well known but it likely protects the structure and function of the photosynthetic ap-

paratus of cyanobacterial cells (DOMONKOS et al. 2009). Higher total carotenoids to chlo-

rophyll-a ratios are generally associated with high-intensity light environments. Typical 
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values for Arctic and Antarctic mats range from 0.6 to 0.8 (QUESADA et al. 1998; 

QUESADA et al. 1999). The lake ice mats (0.07-0.89) and stream mats (0.08-0.34) in the 

MDV had Car:Chl-a ratios lower than these values indicating that there may be signifi-

cant shading within the MDV mat assemblages, which could result in lower carotenoid 

and higher chlorophyll-a levels per cell.  

HPLC measurements revealed 1-2 orders of magnitude lower concentrations of 

chlorophylls-b and c in our samples than when we calculated these concentrations using 

trichromatic equations (JEFFREY and HUMPHREY 1975; MARKER et al. 1980; RITCHIE 

2008). It is likely that certain compounds in the natural samples were interfering with the 

spectrophotometric absorption at the wavelengths corresponding to chlorophylls-b and c 

maxima. For instance, scytonemin-red, scytonemin’s decomposition product, has a large 

tail extending in the infrared region, which has maxima around 384, 470 and 610 nm 

(VINCENT et al. 2004) and could have interfered with our readings of chlorophylls-b and 

c.  

The variation in the distribution of photosynthetic microbial groups across the 

MDV habitats could partly be explained by physico-chemical variables such as water 

content and concentrations of carbon and nitrogen, which is in accordance with works on 

soil algal and cyanobacterial communities from Victoria Land (COLACEVICH et al. 2009). 

The cluster analyses based on spectral fluorescence and HPLC gave nearly identical re-

sults indicating good accordance between these two techniques The data showed differ-

ences across habitats but did not provide evidence for different community composition 

across different locations. We assume that it is primarily because the analysis of pigments 
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provides a good proxy for coarse-resolution community structure of the main algal 

groups but it likely lacks resolution beyond that level.  

 
Molecular Diversity: DGGE 
 

Denaturating Gradient Gel Electrophoresis (DGGE) of partial 16S rRNA se-

quences revealed differences in bacterial (prokaryotic) community composition among 

different habitats and locations in the MDV. The results strengthen our notion that pro-

karyotes are not randomly distributed across the MDV landscape but that composition of 

the microbial communities changes with different habitats and locations. Cluster analysis 

of the DGGE banding pattern revealed that microbial communities occupying aeolian 

material were most closely related to those inhabiting soils and lake ice sediments. Poten-

tial differences in bacterial composition between Taylor and Wright Valley lake mats 

were also detected, although they were not significant (ΑU<95%). The two valleys are 

perpendicular to each other and separated by the ~20 km wide Asgard Mountains, which 

reach 1800 m.a.s.l. in elevation. The wind patterns in Taylor and Wright Valley strongly 

favors aeolian transport parallel to the valley orientation (LANCASTER 2002) and the As-

gard Range may form a wind barrier that prevents notable material exchange between 

valleys (SPEIRS et al. 2010). This apparent isolation between valleys implies that in addi-

tion to habitat character and resources competition, geographical barriers also structure 

the distribution of microorganisms across the MDV landscape. Geographical isolation is 

an important, but generally overlooked, aspect of microbial evolution, which has been 

previously shown to play an important role in the global distribution of cyanobacteria 
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among hotspring environments (PAPKE et al. 2003) and desert ecosystems (BAHL et al. 

2011).  

We used the DGGE of the ITS region amplified by cyanobacterial-specific pri-

mers to study distribution patterns among cyanobacteria (JANSE et al. 2003), which gave 

us higher taxonomical resolution than if we had used only the 16S rRNA sequence analy-

sis (ITEMAN et al. 2000; PAPKE et al. 2003; TATON et al. 2006b). The distributions of var-

ious cyanobacterial taxa appear to be controlled by habitat type and did not change with 

different locations throughout the Taylor Valley. The contemporary environmental condi-

tions in each habitat presumably provide unique selective pressures for specific cyano-

bacterial taxa. No notable differences in cyanobacterial community composition occurred 

among the different valleys, which is due in large part to the fact that we were unable to 

obtain high quality PCR products for many non-Taylor Valley samples.  

 
Spatial Distribution of Microorganisms in the MDV 
 

Understanding the relationship between microbial biodiversity and ecosystem 

function is critical for understanding the global effects of environmental change (ADAMS 

et al. 2006). Our data lead us to contend that the distribution of microorganisms in the 

MDV is not random, but is primarily controlled by the selective pressure of contemporary 

environmental variations. Similar microbial assemblages often inhabited habitats with 

similar water content, pH and PC, PN and PP existing within the same lake basin, such as 

lake ice sediments and glacier sediments or soils and aeolian material.  

There is an ongoing debate between scientists as to whether microorganisms show 

any distinct dispersal patterns (MARTINY et al. 2006; FONTANETO and BRODIE 2009) or 
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whether ‘everything is everywhere’ (BEIJERINCK 1913; BAAS-BECKING 1934). The hy-

pothesis that free-living microorganisms are more or less ubiquitous and do not form any 

geographically or spatially isolated populations (FENCHEL and FINLAY 2004b) has been 

challenged recently as new evidence has revealed a high degree of cryptic diversity, re-

stricted dispersal and phylogeographic patterns in a variety of microscopic organisms, in-

cluding both prokaryotes and eukaryotes (e.g. MARTINY et al. 2006; GREEN et al. 2008). 

Abiotic factors, such as the presence of liquid water, energy source and macronutrients 

play a crucial role in the distribution of different microorganisms across the MDV land-

scape. Consequently, as proposed by Baas-Becking (1934) in the second more challeng-

ing part of his hypothesis, ‘the environments selects’, is indeed partly responsible for spa-

tial variation in the microbial diversity we measured within the MDV.  

All of the habitats and associated organic matter we studied are subjected to wind 

erosion (see CHAPTER 2). The lake ice sediments, glacier sediments, and soils contain 

very similar pigment and microbial community composition and stoichiometric ratios as 

the airborne material implying that wind plays an important role in the redistribution of 

organic matter and microbial assemblages across these MDV habitats.  
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Abstract 
 
 

How diversity scales with space is one of the fundamental questions of ecology 

and although microorganisms comprise much of world’s biomass and play critical roles 

in ecosystem processes and functioning, their spatial diversification patterns are largely 

unknown. Cold Antarctic deserts, such as the McMurdo Dry Valleys (MDV), provide 

model systems for understanding microbial dynamics as they offer pristine environments 

with a relative lack of confounding effects of higher trophic levels. Cyanobacteria are 

present in nearly all the diverse niches located across the MDV landscape and thus repre-

sent suitable model organisms for the investigation of microbial distribution patterns 

across the MDV. We investigated the spatial scaling of cyanobacterial diversity in Taylor 

Valley, one of the largest MDV valleys, by the construction of 16S rRNA clone libraries 

and High Performance Liquid Chromatography (HPLC) pigment analysis. The diversity 

of cyanobacteria in the Taylor Valley is remarkably rich; we have identified 80 opera-

tional taxonomic units (OTUs, defined at 98% 16S rRNA sequence similarity) living 

within soils, glacier sediment, lake ice sediment, lake ice mats, stream mats and wind-

born (aeolian) material. The lower-valley mineral soils were the most diverse in terms of 

the number of different cyanobacterial OTUs (H’=2.85), while upper-valley mats con-

tained the least OTUs (H’=1.25). Our data revealed that geographical distance plays an 

important role in the distribution patterns of cyanobacteria across the Taylor Valley; 

samples of habitats that were located closer to each other in the valley had more similar 

cyanobacterial community composition compared to habitats located further down or up 

the valley. We concluded that cyanobacteria are transported from inland upper parts of 
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the Taylor Valley down-valley towards the coast primarily by high-energy winter föhn 

winds, which is reflected in the deceasing cyanobacterial community richness along this 

axis as the habitats in the upper parts of the valley are being weathered out while the lo-

cations in the lower parts of the valley receive new cyanobacterial propagules periodical-

ly.  

 
Introduction 

 
 

Cold Antarctic deserts, such as the McMurdo Dry Valleys (MDV), provide model 

systems for understanding microbial dynamics because they offer pristine environments 

with a relative lack of confounding effects of higher trophic levels (BAHL et al. 2011). 

The Antarctic continent has been largely isolated from other continents for more than 10 

million years (LAWVER and GAHAGAN 2003; CLARKE et al. 2005), and many scientists 

believe that this isolation should result in a high degree of endemism within Antarctic bi-

ota (CHOWN and CONVEY 2006; ROGERS 2007; VYVERMAN et al. 2010). Despite the pris-

tine nature and relatively low trophic complexity of the ice-free regions of Antarctica, we 

know little about species number, habitat preferences and how the ecosystems will re-

spond to climate change (CONVEY et al. 2009a; VERLEYEN et al. 2010). 

Cyanobacteria are known to be one of the most widespread, morphologically dis-

tinct, and abundant prokaryotes (WHITTON and POTTS 2000). They successfully inhabit 

many Arctic and Antarctic habitats because they can adapt to the stressful conditions in 

these regions such as frequent freeze–thaw cycles, prolonged dormancy, growth at con-

tinuously low temperatures and extremely high solar irradiance (ŠABACKÁ and ELSTER 
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2006; ZAKHIA et al. 2008; SUTHERLAND and HAWES 2009). Noteworthy, most cyanobac-

teria isolated from polar environments are not true psychrophiles, but rather psychrotoler-

ant organisms that can survive cold temperatures, but grow much better at temperatures 

above 20 ºC (TANG and VINCENT 1999; NADEAU and CASTENHOLZ 2000). Their psy-

chrotolerant nature has led many scientists to believe that they have originated in temper-

ate climates (JUNGBLUT et al. 2010). Cyanobacteria often have simple morphologies and 

therefore use of molecular methods is necessary to capture their diversity (KUMARI et al. 

2009; NAMSARAEV et al. 2010). Several authors found evidence for a large-degree of en-

demism among Antarctic cyanobacteria (GIBSON et al. 2006; TATON et al. 2006b; 

KOMÁREK and KOMÁREK 2010; VERLEYEN et al. 2010) while others have shown that the-

se phylotypes are distributed globally (JUNGBLUT et al. 2010; NAMSARAEV et al. 2010).  

The McMurdo Dry Valleys (MDV), located in the Southern Victoria Land, repre-

sent the largest area on the Antarctic continent that has been ice-free for much of the past 

13.6 Myr (SUGDEN and DENTON 2004). The landscape of the MDV is characterized by 

presence of vast areas of exposed soils, glaciers, ephemeral streams and perennially ice-

covered lakes (e.g. DORAN et al. 2010). Microorganisms occupy habitats that exist within 

these landscape units, but higher plants or animals are non-existent (CARY et al. 2010). 

Microbes that survive in these valleys are subject to extreme conditions including low 

temperatures, desiccation, a strong bimodal solar cycle, and dramatic physical and chem-

ical gradients such as high salt concentrations and low carbon and nutrient supply 

(BARRETT et al. 2006a). Despite the cold and arid conditions, recent molecular findings 

revealed that the MDV ecosystems contain more diverse community assemblages than 
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previously thought (AISLABIE et al. 2008; CARY et al. 2010; BIELEWICZ et al. 2011). 

Equally abundant and phylogeneticaly diverse microbial communities have recently been 

found in the extremely arid environments of the Himalayas and South America (KING et 

al. 2010; SCHMIDT et al. 2010; LACAP et al. 2011).  

The photosynthetic cyanobacteria are present in virtually all MDV habitats and 

locations measured to date (BROADY and KIBBLEWHITE 2004; BROADY 2005, see 

CHAPTER 4). Their biomass is most conspicuous in glacial streams and lake margins 

where they often produce thick cohesive mats (TATON et al. 2006b). These mats are ver-

tically structured with distinct layers containing different pigments, which confer re-

sistance against the effects of UV radiation and photo-oxidation in the continuous bright 

light regime, which characterizes the polar summer (HAWES and SCHWARZ 2001; SUTH-

ERLAND and HAWES 2009). The mat communities accumulate high standing stocks of or-

ganic carbon, which can be as high as 1431 g C m-2 (MOORHEAD et al. 2003). These 

communities are perennially persistent through the long Antarctic winter in a freeze-dried 

state and resume metabolizing rapidly with the return of solar radiation and meltwater in 

summer (HAWES et al. 1992; VINCENT et al. 1993). They are also the dominant photo-

trophs found in endolithic (OMELON 2008; SCHMIDT et al. 2010) and hypolithic commu-

nities (COWAN et al. 2010; COWAN et al. 2011). Cyanobacteria significantly contribute to 

in situ net primary productivity in soils, lakes, streams and on glaciers in the MDV during 

the austral summer when liquid water is available throughout the ecosystem (BARRETT et 

al. 2006a). Edaphic cyanobacteria occupying MDV soils comprise <5% of the soil diver-

sity (NIEDERBERGER et al. 2008; CARY et al. 2010), but play an important role in soil 
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ecosystem functioning either as an active biological component or as a nutrient source. 

They are likely derived from lake and stream mats and transported into the soils via wind 

(WOOD et al. 2008). Winds are strong and persistent in the MDV and are responsible for 

redistribution of large amounts of abiotic and biotic particles across the valley landscape 

and likely play an important role in the distribution of cyanobacteria and other microor-

ganisms across the MDV (see CHAPTER 2). 

 To obtain the solar radiation required for photosynthesis, cyanobacteria often oc-

cupy environments exposed to high levels of UV radiation, which causes long-term dam-

age of DNA and proteins through photosensitized oxidation (QUESADA et al. 1998; 

SOULE et al. 2007). In order to mitigate the damage, they produce photoprotective pig-

ments such as scytonemin that can screen and capture more than 90% of the UV radia-

tion, or carotenoids that can quench excited oxygen radicals (DILLON et al. 2002; JORGE-

VILLAR et al. 2007). The production of secondary pigments largely depends on environ-

mental conditions other than solar radiation, such as temperature, salinity and species 

composition (COLACEVICH et al. 2009).  

Despite their ecological importance and abundance in the MDV, cyanobacterial 

taxonomy, ecology and distribution patterns are scarcely known (TATON et al. 2003; 

TATON et al. 2006b; WOOD et al. 2008; NAMSARAEV et al. 2010). Most of the research 

has been focused on cyanobacterial diversity within a singular habitat or location; large-

scale community cyanobacterial studies have been limited by logistical constraints and 

the time consuming nature of the work (WOOD et al. 2008). The aim of our study was to 

describe genotypic diversity of cyanobacteria from various habitats across the Taylor 
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Valley landscape using 16S rRNA gene sequence clone libraries. Environmental charac-

teristics and pigment distribution were used to identify parameters that might be driving 

cyanobacterial diversity and distribution within Taylor Valley. Our phylogenetic analysis 

also compared Taylor Valley cyanobacterial diversity with previously described cyano-

bacteria from other polar regions.  

 
Methods 

 
 
Study Area 
 

The McMurdo Dry Valleys (MDV) are located in Southern Victoria Land in East-

ern Antarctica (Fig. 5.1). The Ross Sea bounds the valleys to the east and the east Antarc-

tic ice sheet to the west. The average annual temperature is -17°C and mean annual pre-

cipitation is below 50 mm y-1 water equivalent (FOUNTAIN et al. 2009). The valleys have 

been largely ice-free since at least the mid Miocene (LEWIS et al. 2008) and more than 

95% of the valley-bottom area is underlain by permafrost (BURKINS et al. 2001). Other 

landscape units include perennially frozen lakes, ephemeral streams and glaciers. Taylor 

Valley (77°S, 163°E), the primary site of our research, is a steep-walled coastal valley ex-

tending 33 km from the Taylor Glacier to the Ross sea coastline in a SW-NE direction 

(FOUNTAIN et al. 1999). It has three closed drainage basins containing, in NE to SW or-

der, Lakes Fryxell, Hoare and Bonney (LYONS et al. 2000). During the austral summer, 

melt from the surrounding glaciers supplies water to ephemeral streams which carry nu-

trients into these lakes, while moistening the areas of nearby soils (DORAN et al. 2010). 

Winds are strong (up to 40 m s-1) and persistent in the Taylor Valley (NYLEN et al. 2004) 
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and redistribute large quantities of soils and lake ice and glacier ice sediment during win-

ter föhn gusts in a SW-NE direction (see CHAPTER 2). 

 
Sampling and Environmental Characteristics 
 

Nine samples representing the obvious cyanobacterial habitats (lake ice mats, 

stream mats, soils, lake ice sediment, glacier ice sediment and wind-blown material) were 

collected from different parts of the Taylor Valley during the austral summers of 2006-

2007 (Fig. 5.1, Table 5.1). Samples were collected into sterile WhirlPack® bags using 

sterile spatulas and wearing clean laboratory gloves to avoid sample contamination. 

Wind-blown material was collected from aeolian sediment traps that had been deposited 

in the Fryxell and Hoare basins (LANCASTER 2002; NKEM et al. 2006, Šabacká et al, in 

revision). Samples were frozen (-20°C) immediately and kept in the dark at -20°C during 

shipment to Montana State University.  

Thawed (4ºC in the dark) soil, aeolian, glacier and lake ice sediment samples were 

size-fractioned into three size classes: coarse/medium sand (>250 µm); fine sand (63-250 

µm); and silt and clay (<63 µm) using soil sieves. Gravimetric moisture (WC – water 

content) was determined from the mass loss at 105ºC after 48 h. Organic matter content 

(OM) was determined as the difference between dry weight (dw) and weight of samples 

combusted at 550°C for 4 h. Particulate organic carbon (PC) and particulate organic ni-

trogen (PN) were determined for each size fraction using a Thermo Finnigan Flash 112 

EA elemental analyzer and expressed as mg of PC or PN per g of dry weight. Sediments 

were fumed overnight over concentrated HCl before analysis to remove inorganic carbon. 

Total particulate phosphorus was determined on combusted (550ºC for 4 h) and noncom-
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busted samples extracted in 1N HCl following SAUNDERS and WILLIAMS (1955) as modi-

fied by WALKER and ADAMS (1958) and OLSEN and SOMMERS (1982). Organic particu-

late phosphorus was estimated as the difference between phosphorus extracted before and 

after the destruction of organic matter by combustion. 

 

 

Figure 5.1. Map of Taylor Valley with marked sampling sites: 1 and 10: Lake Fryxell 
Mat; 12: Fryxell Basin Soil; 14: Fryxell Aeolian Sediment; 23: Hoare Aeolian Sediment; 
35: Hoare Lake Sediment; 50: Bonney Stream Mats; 85: Canada Glacier Sediment; 89: 
Marr Pond Mats. Map prepared by Brad Herried, Polar Geospatial Center 2.4 m Quick-
Bird imagery ©DigitalGlobe, Inc. Provided by NGA commercial imagery program. 
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Clone Libraries and Sequencing 
 

DNA was extracted from ~0.5 g of each mat sample or ~1-5 g of soils, aeolian, 

glacier or lake ice sediment (silt/clay fraction size only) using MoBio PowerSoil® and 

PowerMax® Soil DNA Isolation Kits following the manufacture’s instructions. A 1183 

bp-long portion of the 16S rRNA and Internal Transcribed Spacer (ITS) were amplified 

using cyanobacterial-specific PCR primers: 16S359F (5'-GGG GAA TTT TCC GCA 

ATG GG-3') and 23S30R (5'-CTT CGC CTC TGT GTG CCT AGG T-3') (TATON et al. 

2003; TATON et al. 2006a). The PCR reactions were started with a 2.75 min incubation at 

94°C, which was followed by 30 cycles of 45 s at 94ºC, 45 s at 60°C and 45 s at 72ºC. 

The reaction was concluded with an elongation step of 1.5 min at 72°C.  

Cloning of the PCR product was carried out with a TOPO TA cloning kit (Invi-

trogen, BV, Breda, The Netherlands). PCR products were ligated into the PCR 2.1 vector 

and transformed into chemically competent E. coli (supplied with the kit) according to 

the manufacturer’s instructions. Putative positive colonies of E. coli carrying the cloned 

PCR product (identified by their inability to hydrolyze X-Gal) were randomly picked 

from the plates and resuspended in 0.5 ml of LB medium and 0.5 ml of sterile 80% glyc-

erol. Glycerol stocks were frozen at -80ºC and sent for purification and sequencing to 

Functional Biosciences Inc., Madison, USA.  

 
Sequence Processing 
 

DNA sequences were cut between the end of the pUC plasmid and the 5’ end of 

the amplification primer, then again 500 bp down stream of the primer. This yielded a 

500 bp fragment of the 16S rRNA sequence corresponding to E. coli position 380-880. 
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The forward primer corresponded to the position 387 on the Escherichia coli 16S rRNA 

gene sequence and the reverse primer corresponded to position 1492. These sequences 

were conservatively cut at 500 bp downstream of the forward primer, as Functional Bio-

science (Madison, WI) considers a phred quality score of >20 to have a less than 1% 

chance of error. All our sequences had phred quality scores of >40. These sequences were 

then compared to the NCBI database using an in-house Python program, which also al-

lowed for organization and selection of related organisms. Chimera sequences were 

checked using chimera check and bellerophon in the program mothur version 1.17 

(SCHLOSS et al. 2009). Sequences were compared to the NCBI database using an in house 

program (Python), which also allowed for organization and selection of related organ-

isms.  

Phylogenetic and molecular evolutionary analyses of the 16S rRNA gene and ITS 

region were conducted using MEGA version 4.0.2 (TAMURA et al. 2007).  Sequence 

alignments were completed using ClustalW in MEGA and run using the default set-

tings. The phylogenetic tree was constructed using a Bayesian method.  First, a BEAUti 

file (BEAUti v1.6.1, DRUMMOND and RAMBAUT 2007) was generated with all settings 

run at default except for an HKY substitution model, a Gamma site heterogeneity model, 

and 10 million chain length. Next, the BEAUti file was run in the program BEAST 

(BEAST v1.6.1, DRUMMOND and RAMBAUT 2007). Finally, the BEAST file was used in 

the Tree Annotator program (Tree Annotator v1.6.1, DRUMMOND and RAMBAUT 2007) 

with the Burnin set to 2000 and all other settings at default, which produced a readable 

tree file for FigTree (v1.3.1). 
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Clustering Sequences into Operational Taxonomic Units  
 

Cyanobacterial taxonomy is complicated as it is using nomenclature based on 

both Botanical (ICBN) and Bacteriological coding (ICNB) (OREN 2004; KOMÁREK 

2010). There is no universal species definition for cyanobacteria (WARD 2006a; WARD 

2006b; WARD et al. 2008). The 16S rRNA sequences we obtained were therefore 

grouped into Operational Taxonomic Units (OTUs) or phylotypes using mothur software 

(SCHLOSS et al. 2009). An OTU was defined as a group of sequences that exhibit more 

than 98% similarity to each other, which is equal to 1 genetic species under the rules of 

the Bacteriological code (STACKEBRANDT and GOEBEL 1994). A representative sequence 

for each OTU was determined by mothur software as the sequence that has the minimum 

distance from all other sequences within the same OTU (SCHLOSS et al. 2009). α and 

β diversity indexes (Shannon-Weaver and Bray-Curtis, respectively) and rarefaction 

curves were also computed for each sample using mothur. Coverage index was calculated 

as C = (1-n/N) x 100, where n is the number of OTUs composed of a single clone and N 

is the total number of clones (TATON et al. 2003). Close relatives and phylogenetic affili-

ation of the obtained sequences were determined by using the BLAST search program at 

the NCBI web site (http://blast.ncbi.nlm.nih.gov) to query the non-redundant/nucleotide 

(nr/nt) database. OTUs were assigned taxonomical names based on the closest GenBank 

cultured relative. Bray-Curtis index (BRAY and CURTIS 1957) was used to compute a ma-

trix of pairwise similarities between cyanobacterial communities. This matrix was corre-

lated a matrix of pairwise geographical distances between samples by conducting Mantel 
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test with Monte Carlo permutation test (9999 permutations) in the program R with pack-

age ade4 (DRAY and DUFOUR 2007; R DEVELOPMENT CORE TEAM 2009).  

OTUs were further divided into three groups: “novel”, “cold-adapted” and “Ant-

arctic”. OTUs were characterized as novel, when they exhibited less than 98% similarity 

to any known GenBank sequences. Cold-adapted OTUs were characterized as those that 

exhibited ≥98% 16S rRNA similarity with GenBank sequences from Arctic, Antarctic or 

Alpine environments, but not with sequences from temperate or tropical regions. Antarc-

tic OTUs were characterized as those that exhibited ≥98% 16S rRNA similarity with 

GenBank sequences only from Antarctica and not from any other region.  

A Newick-fomatted tree file describing similarities in the community composition 

among samples was created using the UPGMA algorithm in the program mothur. 

Weighted and normalized Fast UniFrac analysis was run using the resulting tree and the 

sequences annotated by environmental type (habitat and location). The analysis took 

abundances of different OTUs into account using Unifrac Significance test. The UniFrac 

algorithm provided an estimate of the overall phylogenetic distance among the samples. 

(LOZUPONE and KNIGHT 2005; LOZUPONE et al. 2006; HAMADY et al. 2010; LOZUPONE et 

al. 2011).  

 
HPLC Pigment Analysis 
 

Concentrations of various photosynthetic and photoprotective pigments were 

measured in extracts of 90% acetone. During the extraction, vials with samples were 

shaded from light exposure and were kept on ice at all times. A known weight of material 

(~0.5 g of mats and ~5 g of soils, aeolian material, lake ice and glacier sediment) was 
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placed into sterile polypropylene Falcon® tube (50 ml), to which 10 ml of 90% acetone 

was added. The samples were vortexed vigorously for 120 s and stored in the dark and at 

4ºC for 16 hours to extract pigments. Vials were centrifuged and the supernatant was 

transferred to cryovials and frozen at -80ºC. High Performance Liquid Chromatography 

(HPLC) analysis of pigment content was carried out at the University of Hawaii on a 

Varian 9012 HPLC system using method described by Bidigare (BIDIGARE et al. 2005). 

Pigments were separated on a reverse-phase Waters Spherisorb® 5-µm ODS-2 (4.6 x 250 

mm2) C18 column with a corresponding guard cartridge (7.5 x 4.6 mm2) and a Timber-

line column heater (26 ºC) (WRIGHT et al. 1991; BIDIGARE et al. 2005). Individual pig-

ments were transferred to dual wavelength UV/VIS spectrometer (SpectraSYSTEM 

Thermo Separation Products UV2000 with FL2000 detectors) for characterization. Pig-

ment identifications were based on absorbance spectra, co-chromatography with stand-

ards, and relative retention times. Peak identity was determined by comparing retention 

times with a chlorophyll a standard and representative culture extracts. Spectra-Physics 

WOWs software was used to calculate peak areas (MANTOURA and LLEWELLYN 1983; 

WRIGHT et al. 1991; RII et al. 2008).  

 Concentrations of different pigments were normalized to chlorophyll a and subject-

ed to Ward’s hierarchical clustering using the pvclust package (SUZUKI and SHIMODAIRA 

2006) in R (R DEVELOPMENT CORE TEAM 2009). For each cluster in hierarchical cluster-

ing, As the node values in the cluster analysis Approximately Unbiased p-values (AU) 

were used. The p-values were calculated via multi-scale bootstrap resampling for each 

cluster; values larger than 95 indicate that the cluster is significantly supported by the 
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analysis (SUZUKI and SHIMODAIRA 2006). A Redundancy Analysis, RDA, was performed 

using the program CANOCO program to relate abundances of different cyanobacterial 

genera (based on OTU frequencies) to pigment concentrations and environmental charac-

teristics (habitat and location) of their observation (TER BRAAK and ŠMILAUER 2002). 

 
Results 

 
 
Physical and Chemical Characteristics 
 

Samples of soil, aeolian sediment and lake ice and glacier sediment were com-

posed mostly of abiotic particles and contained little (<1% per unit dw) organic matter 

(Table 5.1). Samples of microbial mats consisted mostly of organic material (12-45 % 

dw). The only exception was the Bonney stream mats, which contained only 1.34 % of 

OM. Water content varied greatly among the samples (0.15-54.81%) and was influenced 

by the specific location, from which the given sample was collected. Samples of aeolian 

sediment, lake ice sediment and soil contained similar amounts of PC (0.11-0.45% dw), 

PN (0.01-0.02% dw) and PP (<0.001-0.01% dw). The glacier sediment sample was 

slightly richer in organic material content, which contained 1.27% dw PC, 0.16% dw PN 

and 0.09% dw PP. Lake ice and pond mats had on average 2-3 orders of magnitude more 

PC, PN and PP per unit dw compared to all the other habitats (PC= 9.69-36.59% dw, 

PN=0.65-1.96% dw and PP=0.01-0.05% dw).  

 
Cyanobacterial Diversity 
 

A total of 251 clones were sequenced from the 9 Taylor Valley habitats. We were 

able to obtain only 9 high-quality sequences for sample 1 (Fryxell Lake Mats 1), which 
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covered only 33% of the total cyanobacterial diversity (Table 5.2); hence we did not in-

clude this sample in our detailed statistical analysis. The 251 clones corresponded to 80 

unique OTUs defined at a 0.02 distance cutoff (98% 16S rRNA sequence similarity). 

Rarefaction curves revealed that >96% of the OTU’s were accounted for by our cloning 

efforts for the Fryxell aeolian sediment (sample 14) and Bonney stream mat (sample 50) 

samples (Fig. 5.2, Table 5.2). Rarefaction analysis for all other samples indicated that 66-

93% of the population was sampled (Table 5.2). 

The largest number of OTUs (20) was found in soils from the Fryxell basin (sam-

ple 12; Table 5.2). A large number of OTUs (19) was also identified in sample of mats 

from Lake Fryxell and aeolian material from the Lake Hoare basin. The Fryxell lake 

mats, Bonney stream mats and Marr Pond mats all had fewer than 10 OTUs. The Shan-

non-Weaver diversity index (H’) varied from 1.3 to 2.9 among the samples (Table 5.2). 

The highest diversity was observed in samples of Fryxell soil (H’=2.85), Fryxell lake 

mats (H’=2.78) and Hoare aeolian material (H’=2.66). The lowest diversity (H’=1.25) 

was observed in sample of Bonney stream mats, which contained only 5 OTUs, all be-

longing to the order Oscillatoriales (Table 5.3). The two most diverse samples (12 and 

10) had also the highest percentage of OTUs that were unique for the given sample (65 

and 63% respectively). Conversely, Fryxell aeolian sediment had only 1 unique OTU out 

of 15 whereas the remainder of the samples had 33-50% unique OTUs (Table 5.2). Out of 

all 80 OTUs only 1 OTU, corresponding to Phormidium sp., was observed across all hab-

itats (lake and stream mats, glacier and lake ice sediment, soils and aeolian material). 
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Table 5.1. Sample location, habitat, WC (water content), OM (organic matter content), 
PC (particulate organic carbon), PN (particulate nitrogen) and PP (particulate organic 
phosphorus and measures of α diversity for Taylor Valley samples.  
 

ID Location &  

Habitat 

WC 

(%) 

OM 

(% dw) 

PC 

(% dw) 

PN 

(% dw) 

PP 

(% dw) 

1 Fryxell Lake mats 10.67 38.81 20.53 1.29 0.04 

10 Fryxell Lake mats 9.85 44.54 36.59 1.96 0.05 

12 Fryxell soil 0.74 0.88 0.05 <0.01 <0.01 

14 Fryxell aeolian sed. 0.15 0.45 0.02 <0.01 <0.01 

23 Hoare aeolian sed. 0.15 0.23 0.11 <0.01 <0.01 

35 Hoare Lake sed. 13.68 0.24 0.13 <0.01 <0.01 

50 Bonney stream mats 5.41 1.34 0.51 0.04 0.02 

85 Canada glac. sed. 1.79 0.33 0.13 0.02 0.01 

89 Marr pond mats 54.81 11.98 9.69 0.65 0.07 

 

Unifrac cluster analysis based on the weighed abundances of OTUs grouped sam-

ples into two distinct clusters (Jackknife values >99%). The first cluster contains all three 

samples from Fryxell basin and a sample of Marr Pond Mats. The second cluster con-

tained samples of Bonney stream mats and a subcluster consisting of glacier sediment, 

aeolian sediment and lake ice sediment from Hoare basin (Fig. 5.3).  

Bray-Curtis dissimilarity index (BCij), varied from 0.74 to 1.0 between samples, 

where 1 means that the two samples shared no OTUs (Fig. 5.4). The highest similarity 

was between Hoare Lake Sediment and Canada Glacier Sediment (BCij = 0.74), and 

Fryxell soil and Fryxell aeolian material (BCij = 0.76). Mantel statistic (p = 0.0002) pro-

vided evidence for correlation between similarity of cyanobacterial community composi-

tion and geographical distance (Fig. 5.4).  
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Figure 5.2. Rarefaction curves describing the dependence of discovering novel OTUs as a 
function of sampling effort for OTUs defined at 0.02 distance cutoff. Legend represents 
the sample numbers (see Table 5.1 for details). 

 
Cyanobacterial Taxonomy 
 

20% of the sequences obtained from the clone libraries had <98% 16S rRNA sim-

ilarity to public gene database libraries, suggesting the presence of as yet uncharacterized 

cyanobacteria. 72% of the clones (60% of all identified OTUs) belonged to the cyanobac-

terial order Oscillatoriales, 14% of clones (17% of OTUs) belonged to the order Nosto-

cales and 14% of clones (23% of OTUs) belonged to the order Chroococcales (Table 

5.3). No OTUs were related to the order Stigonematales. The OTUs corresponded to 13 

known cyanobacterial genera, 3 OTUs belonged to an unclassified genus from the order 

Chroococclaes. The most frequent phylotypes were Phormidium (47% of clones) and 
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Leptolyngbya (20% of clones), both belonging to the order Oscillatoriales. Phormidium 

sequences were identified in all samples and Leptolyngbya sequences were identified in 

all samples with the exception of Canada glacier sediment (Fig. 5.5a). Other common 

genera were Anabaena (8%), Chamaesiphon (8%), Nostoc (5%) and Chroococcidiopsis 

(4%).  

Many of the OTUs shared the same closest cultured GenBank representative (Ap-

pendix C Table C1) and also clustered together in the Bayesian tree (Appendix C Fig. 

C1). For simplified visualization we grouped the 80 OTUs into 22 distinct clusters based 

on taxonomical similarity and position in the tree, and named them based on the closest 

GenBank cultured representative (Table 5.4, Fig. 5.5B). These clusters provide taxonom-

ical resolution above the genus level but are likely composed of more than 1 cyanobacte-

rial phylotype. The most abundant (35 clones each) were clusters XIII (Phormidium sp.) 

and cluster XVII (Phormidium pristleyi). Clusters VI (Cf. Chroococcales), XI (Phor-

midium murrayi), XII (Geitlerinema sp.), XVI (Nodularia sphaerocarpa), XX (Microco-

leus steenstrupii) XXI (Crinalium magnum) and XXII (Nostoc sp.) were each present in a 

single sample only, while other clusters could be found in samples from different habitats 

and locations (Fig. 5.5b). 

Many (75%) of the OTUs could be characterized as cold-adapted because they 

corresponded to GenBank sequences (98% similarity threshold) that originated from Arc-

tic, Antarctic or alpine environments. Only 4 OTUs could be characterized as ‘truly’ Ant-

arctic because they corresponded to no GenBank sequences from other than Antarctic re-

gions at the 98% similarity threshold. 16% of OTUs had 99-100% sequence similarity to 



 
 

139 

GenBank sequences from the McMurdo Dry Valleys. Among these were sequences from 

lake mats from Taylor Valley, lake ice from Victoria Valley, lake mats from Miers Val-

ley, surface rock mats from McKelvey Valley and river sediment from Wright Valley 

(TATON et al. 2003; MOSIER et al. 2007; WOOD et al. 2008; POINTING et al. 2010). From 

the 22 OTU taxonomical clusters, 18 (82%) could be considered cold-adapted (Table 

5.4).  

 

Table 5.2. Measures of α diversity for Taylor Valley samples. An OTU was defined at 
98% similarity using average neighbor algorithm. OTU signifies the number of OTUs 
observed, H’ characterizes Shannon-Weaver diversity index and C characterizes coverage 
index. 
 

ID Location & Habitat No. of clones OTUs H’ Unique (%)  C (%) 

1 Fryxell lake mats 9 8 2.04 87.50 33.33 

10 Fryxell lake mats 28 19 2.78 63.16 71.43 

12 Fryxell soil 29 20 2.85 65.00 65.52 

14 Fryxell aeolian sed. 32 15 2.23 6.67 96.88 

23 Hoare aeolian sed. 39 19 2.66 35.00 82.93 

35 Hoare lake sed. 21 10 2.07 50.00 76.19 

50 Bonney stream mats 30 5 1.25 40.00 96.67 

85 Canada Glac. sed. 31 13 2.19 38.46 90.32 

89 Marr Pond mats 30 9 1.52 33.33 93.33 
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Figure 5.3. Cluster analysis of the eight sample sites as reported using the 16S rRNA 
gene. The scale bar represents Unifrac units, in which a distance of 0 signifies that the 
two environments are identical and a distance of 1 represents the two environments con-
tain mutually exclusive lineages. The tree was developed from an environment distance 
matrix, which was calculated using Unifrac, normalized abundance weights, and the Un-
weighted Pair Group Method with Arithmetic Mean (UPGMA). Nodes are supported by 
Jackknife values such that, ▲ = >99%,  = 70-90% and  = 50-70% 
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Figure 5.4. Distance-decay relationships in the 8 Taylor Valley samples. Pairwise dissimi-
larities (8x8 matrix) using Bray-Curtis index are plotted as a function of the distance be-
tween the samples (another 8x8 matrix).  
 
HPLC Pigment Analysis 
 

Nine photosynthetic and photoprotective pigments were identified using HPLC. 

Pigments that were not detected in any of the samples were chlorophyll c, diatoxanthin, 

diadinoxanthin, peridinin, prasiloxanthin, violaxanthin and alloxanthin (Table 5.5), which 

are often present in samples containing diatoms. Chlorophyll-b was measured in samples 

from all habitats except for soils and aeolian material. The least diverse samples with re-

spect to pigment distribution were samples of Fryxell soil and Hoare aeolian material that 

contained only chlorophyll a and canthaxanthin. Fryxell aeolian material contained those 

r = 0.9164 
p = 0.0002 
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same two pigments as well as traces of β-carotene. Neoxanthin and violaxantin were pre-

sent only in sample of Hoare Lake sediment. Fucoxanthin was present only in sample of 

Canada glacier sediment. Total carotenoids/chlorophyll-a ratios were very low for sam-

ples of Fryxell and Hoare aeolian material (0.003 and 0.001) as well as the Fryxell soils 

(0.068). The other five samples had Car/Chl-a ratios between 0.111 and 0.208. 

 The hierarchical clustering based on the concentration of the pigments normalized 

to chlorophyll a, grouped samples into three clusters (Fig. 5.6). The first cluster contained 

Hoare Lake sediment and Canada glacier sediment samples, all three mat samples 

grouped in the second cluster (AU=97%), whereas the two samples of the aeolian materi-

al, which had very similar pigment composition (AU=98%) with a sample of Fryxell 

soils, grouped in the last cluster. A redundancy ordination diagram shows graphical dis-

play of cyanobacterial genera and pigments distribution within different habitats and lo-

cations in Taylor Valley (Fig. 5.7). Neither concentrations of PC, PN nor PP provided 

plausible explanation for distribution of different cyanobacterial genera across the Taylor 

Valley landscape. 

 
Discussion 

 
 

Cold deserts, such as the McMurdo Dry Valleys (MDV), are excellent model sys-

tems for large-scale microbial studies, as they offer fairly pristine environments with 

many environmental stressors and a relative lack of confounding effects from higher or-

ganisms (BAHL et al. 2011). The unparalleled combination of extreme cold and desicca-

tion, high soil salinity, low nutrient levels, a highly bimodal solar cycle, and physical in-
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stability caused by strong down-valley winds and variable glacial melt cycles originally 

led scientists to label the MDVs as one of the least diverse ecosystems in the world 

(PRISCU 1999). However, recent molecular studies of isolated microbial populations have 

revealed that microbial biodiversity within the MDV landscape units is higher than ini-

tially expected (CARY et al. 2010; POINTING et al. 2010; BIELEWICZ et al. 2011). Despite 

extensive research over the last twenty years on organisms in specific habitats, the mac-

roecology (i.e., BROWN 1995) of the MDV remains largely unknown. We know little 

about the number of species, where they are, or how they influence ecosystem processes 

such as nutrient cycling, carbon flux, decomposition or hydrology (WALL 2005; ADAMS 

et al. 2006). Rising global temperatures (IPCC 2007; MONAGHAN et al. 2008; WALSH 

2009), recovery of Antarctic ozone depletion (KORHONEN et al. 2010) and subsequent 

changes in synoptic scale circulation patterns over the Antarctic (SPEIRS et al. 2010) are 

threatening to forever change this unique ecosystem (WALL 2007; DORAN et al. 2008). 

Table 5.3. Distribution of clones (%) across the different taxonomical orders of cyanobac-
teria (Chroococcales, Oscillatoriales and Nostocales). 

 
ID Location & Habitat Chroococcales Oscillatoriales Nostocales 

1 Fryxell Lake mats 0.0 55.6 44.4 

10 Fryxell Lake mats 7.1 78.6 14.3 

12 Fryxell soil 37.9 58.6 3.4 

14 Fryxell aeolian sed. 3.1 90.6 6.3 

23 Hoare aeolian sed. 20.5 41.0 38.5 

35 Hoare Lake sed. 14.3 85.7 0.0 

50 Bonney stream mats 0.0 100.0 0.0 

85 Canada glac. sed. 29.0 41.9 29.0 

89 Marr pond mats 0.0 100.0 0.0 
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Table 5.4. Characterization of cyanobacterial clusters. References: 1MOSIER et al. 2007; 
2TATON et al. 2003; 3POINTING et al. 2010; 4WOOD et al. 2008. 

 
No. Closest relative Geographical  

distribution 
Known MDV habitats 

I Leptolyngbya ant-
arctica  Arctic, Antarctic 

Fryxell lake mats, Fryxell aeolian 

II Leptolyngbya sp.  

Antarctic 

Fryxell lake mats, Fryxell soil, Fryxell ae-
olian, Hoare aeolian, Hoare lake sed., 
Lake Vida ice cover1 

III Phormidium sp.  
Alpine, Antarctic 

Fryxell lake mats, Fryxell aeolian, Hoare 
aeolian, Hoare lake sed., Canada sed. 

IV Leptolyngbya frigida Alpine, Arctic Fryxell lake mats, Fryxell soil 
V Phormidium pristleyi  Alpine, Arctic, 

Antarctic 
Hoare aeolian, Hoare lake sed., Canada 
sed. 

VI Cf. Chroococcales. ND Fryxell soil 
VII Leptolyngbya ant-

arctica  Antarctic 
Fryxell lake mats2, Fryxell soil, Marr Pond 
mats 

VIII Leptolyngbya sp.  
Antarctic 

Fryxell soil, Fryxell aeolian, Hoare aeoli-
an, Canada sed., Onyx River sed. 

IX Anabaena sp. 
Alpine, Antarctic 

Hoare aeolian, Canada sed., McKelvey 
Valley rock mats3 

X Phormidium sp.  MDV Fryxell lake mats, Bonney stream mats 
XI Phormidium murrayi Antarctic Marr pond mats 
XII Geitlerinema sp. Antarctic Fryxell lake mats 
XIII Phormidium sp.  Alpine, Arctic, 

Antarctic, Temper-
ate 

Fryxell lake mats, Fryxell aeolian, Fryxell 
soil Hoare aeolian, Canada sed., Marr 
pond mats 

XIV Chroococcidiopsis 
sp. Temperate 

Fryxell lake mats, Fryxell soil, Hoare aeo-
lian 

XV Nostoc sp.  
Arctic, Antarctic 

Fryxell lake mats, Fryxell soil, Fryxell ae-
olian, Hoare aeolian 

XVI Nodularia sphaero-
carpa Temperate 

Hoare aeolian 

XVII Phormidium pristleyi  

MDV 

Fryxell lake mats, Fryxell aeolian, Hoare 
aeolian, Hoare lake sed., Bonney stream 
mats, Onyx River sed., Lake Miers mats4 

XVIII Chamaesiphon sub-
globosus Alpine, Arctic 

Fryxell aeolian, Hoare aeolian, Hoare lake 
sed., Canada sed. 

XIX Limnothrix redekei 
MDV 

Fryxell lake mats2, Hoare lake sed., Bon-
ney stream mats, Lake Vida ice cover1 

XX Microcoleus steen-
strupii Antarctic 

Hoare aeolian 

XXI Crinalium magnum Alpine Hoare aeolian  
XXII Nostoc sp. Antarctic Fryxell lake mats 
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Figure 5.5. Relative distribution (in % of clones) of different cyanobacterial genera (A) 
and OTU categories (B) within the Taylor Valley samples.  

A 

B 
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Table 5.5. Distribution of different photosynthetic and photoprotective pigments normal-
ized to chlorophyll-a.   

 
 FRX 

lake mat 

FRX 

soil 

FRX 

aeol. 

HOR 

aeol. 

HOR 

lake sed. 

BON 

str. mat 

CAN 

glac. sed 

Marr 

pond mat 

fucox ND ND ND ND ND ND 0.022 ND 

neox ND ND ND ND 0.016 ND ND ND 

violax ND ND ND ND 0.01 ND ND ND 

lutein ND ND ND ND 0.053 ND 0.037 0.005 

zeax 0.035 ND ND ND ND 0.004 ND 0.016 

canthn 0.073 0.068 0.002 0.001 0.041 0.080 0.070 0.108 

Chl-b ND ND ND ND 0.187 ND 0.122 ND 

B-car 0.053 ND 0.001 ND 0.017 0.083 0.018 0.079 

Tot Car 0.161 0.068 0.003 0.001 0.111 0.167 0.147 0.208 

 

Cyanobacteria are present in nearly all MDV habitats and play a crucial role in 

many ecosystem processes (BARRETT et al. 2006a) but the environmental factors or evo-

lutionary and ecological events that shaped their distribution across the landscape are 

largely unknown (ZAKHIA et al. 2008). Our previous work has shown that strong down-

valley winds are important in the distribution of organisms across the MDV landscape 

(see CHAPTERS 2 and 4) and our present study describes the molecular diversity of cya-

nobacteria and its relationship to aeolian transport in the Taylor Valley. 
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Figure 5.6. Ward’s hierarchical clustering based on the normalized concentrations of dif-
ferent photosynthetic and protective pigments. Node values represent Approximately Un-
biased (AU) p-values calculated via multiscale bootstrap resampling (SUZUKI and 
SHIMODAIRA 2006). Values >95 are significant at α=0.05. 
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Figure 5.7.  Redundancy Analysis, RDA, relating the abundances of different cyanobacte-
rial genera (grey dotted arrows) to their habitat – black triangle (lake ice mats, stream 
mats, aeolian sediment, lake ice sediment, glacier ice sediment, and soil), location – open 
circles (Fryxell, Hoare and Bonney), pigment concentrations (solid black arrows) and wa-
ter content (dashed black arrow). The model explained 100% of the variability among the 
samples. The direction of the arrows in the ordination diagram indicates the direction of 
maximum change in each variable. The length of the arrow indicates how much the gene-
ra distribution changes along that explanatory variable. Abbreviations: lake mat: lake ice 
mats; str mat: stream mats; aeolian: aeolian sediment; lake sed: lake-ice sediment; glac 
sed: glacier sediment; FRX: Fryxell basin; HOR: Hoare basin; BON: Bonney basin; and 
WC: water content. 
 

Cyanobacterial Diversity in Taylor Valley 
 

Comparison of 16S rRNA phylogeny among samples from different habitats and 

locations enabled us to spatially compare cyanobacterial communities across the Taylor 

Valley. Our data revealed that at least 5-20 cyanobacterial phylotypes (defined at 98% 

genetic similarity) exist within Taylor Valley lake ice mats, stream mats, glacier ice and 

lake ice sediment and aeolian material. Because we only recovered 65-97% of the diver-
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sity the actual numbers of cyanobacterial phylotypes living within these habitats are like-

ly higher. Rarefaction analyses of clone libraries from other studies indicate that to date 

most Antarctic microbial habitats and regions remain under-sampled (VYVERMAN et al. 

2010). We identified a total of 80 OTUs from the nine Taylor Valley samples. Based on a 

recent review of GenBank sequences, there are 42 cyanobacterial phylotypes known from 

Antarctica (NAMSARAEV et al. 2010). Although our definition of an OTU differed slightly 

from that used by Namsaraev et al. (2010) (98% compared to 97.5% genetic similarity 

threshold), our results demonstrate that the MDV region harbors one of the richest and 

most diverse cyanobacterial communities in Antarctica. The Antarctic coastal regions be-

tween the latitudes 70º-80º, which includes the MDVs, are supposedly the richest in 

terms of bacterial and cyanobacterial diversity (YERGEAU et al. 2007; NAMSARAEV et al. 

2010), although that might be partly due to the fact that it is where most Antarctic sta-

tions are situated and most extensive research has been conducted.  

Oscillatoriales were the most abundant group of cyanobacteria (60% of species) 

in the Taylor Valley and were found in all habitats and locations, particularly in the lake 

ice and stream mats (55.6-100% of all phylotypes). The ubiquity of these simple, fila-

mentous types of cyanobacteria has been well documented from many freshwater and ter-

restrial habitats across the polar regions (ZAKHIA et al. 2008; JUNGBLUT et al. 2010). All 

of the Oscillatoriales OTUs corresponded to previously known sequences indicating that 

their diversity within Antarctica is either low or quite well explored. On the contrary, 

61% of the Chroococcales OTUs did not match any known sequences at the 98% genetic 

similarity threshold. These cyanobacteria were virtually missing from the mats and were 
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mostly found in soils and glacier and lake ice sediment. The microbial diversity within 

mat habitats has received much more scientific attention and their diversity is well known 

compared to lake ice, glacier sediments and soils (JUNGBLUT et al. 2010; VYVERMAN et 

al. 2010). Our data showed that soils, glacier ice and lake ice sediments harbor rich and 

yet undiscovered cyanobacterial communities.  

 
Cyanobacterial Diversity across the Taylor Valley Landscape Units 
 

The cyanobacterial community composition varied greatly between the samples 

(Bray-Curits index=0.74-1.0), as they were mostly (>60%) composed of species that 

were not found in other habitats and locations. The only exceptions were samples of aeo-

lian material from both Fryxell and Hoare basin, which were mostly composed of cyano-

bacterial phylotypes that could be found in all the other habitats. Only 1 cyanobacterial 

OTU, a representative of the genus Phormidium, was found across all habitats.  

The high degree of similarity we now show among cyanobacteria from the Fryxell 

aeolian material and nearby soils as well as Lake Hoare ice sediment and glacier sedi-

ment from adjacent Canada glacier, corroborates the conclusions of ŠABACKÁ et al. (in 

revision, see CHAPTER 2) that these habitats are linked via wind dispersal. Aeolian sedi-

ment in the Taylor Valley is primarily transported from upper parts of the valley (SW) 

towards the coast (NE) via strong southwesterly föhn winds and only rarely in the oppo-

site direction (see CHAPTER 2). This is supported by cluster analysis, in that the more NE 

samples within the valley were sub-clusters of the Bonney stream mats suggesting the 

Bonney stream mats are seeding the NE samples with similar organisms. As these habi-

tats are being weathered out by the föhn winds, the cyanobacterial diversity also decreas-
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es from inland (H=1.25-1.52) towards the coast (H=2.04-2.85) as does the soil PC and 

PN content (FRITSEN et al. 2000). The dissimilarities between samples increased with ge-

ographical distance in accordance with the distance-decay theorem (MORLON et al. 2008; 

BELL 2010).  

The particulate organic C:N:P ratios in a majority of soils in the Taylor Valley are 

not indicative of optimal growth suggesting that soil microorganisms are not actively 

growing or that detrital material imparts a strong influence on the elemental ratios. Soil 

cyanobacteria may be using strategies similar to soil nematodes to disperse (NKEM et al. 

2006) and as the high-energy winter föhn winds uplift the soils and associated cyanobac-

teria are deposited on the surface of the ice-covered lakes, reactivating in melt-water 

pockets as the sediment slowly melts through the ice during the summer (DORE and 

PRISCU 2001). Eventually the sediment migrates through ice cracks (JEPSEN et al. 2010) 

and the accompanying cyanobacteria are introduced into the lake ecosystem and may par-

tially substitute losses during the lift off and escape of the benthic cyanobacterial mats 

(PARKER et al. 1982). The aeolian material also gets deposited onto the surface of glaci-

ers in the form of loose glacier sediment. The sediment melts through the ice due to the 

lower albedo compared to the adjacent ice, eventually forming water-filled cryoconite 

holes with sediment at the bottom (FOUNTAIN et al. 2004). Our results indicate that the 

diversity seen in the cryoconite is sourced by aeolian sediment blown in from the föhn 

winds, because similarity in samples 23 and 85 (Figs. 5.3 and 5.4, Table 5.3) show that 

the location of Hoare aeolian sediment (SW of the Canada Glacier sediment sample) may 

be the seed of the Canada Glacier sediment sample. Finally, the selection pressures in a 
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cryoconite hole will differ from surficial glacier sediments; therefore suggesting the cry-

oconite community is a subset of glacial sediments transported to that location by the 

prevailing föhn winds (FOREMAN et al. 2007).  

The Mantel and UniFrac analysis of the community composition similarities 

showed strong influence of geographical distance and grouped samples based primarily 

on their location. The analysis of pigment community composition grouped samples pri-

marily based on habitat similarities (Figs. 5.3 and 5.6). Besides being a taxonomic trait 

pigments also reflect phenotypic attributes and acclimation to specific conditions in given 

habitat. The analysis of pigment distribution provided a comparison of community com-

position on the level of phylogenetic groups of photosynthetic microorganisms but it 

lacks resolution beyond that classification. The soils and aeolian material were inhabited 

by diverse cyanobacterial communities (>20 OTUs) but based on the pigment analysis we 

can assume that they were not populated with eukaryotic algae. On the contrary, the mi-

crobial mats and glacier and lake ice sediments contained pigments typical for diatom 

and green algae, which are more abundant in the MDV environments with higher concen-

trations of liquid water and nutrients (see CHAPTER 3).  

17% of the Taylor Valley cyanobacteria sequences were highly similar (99-100%) 

to GenBank sequences from nearby MDV Valleys, such as Miers, Wright, Victoria and 

McKelvey. Wood et al., (2008) estimated the richness of Miers Valley mineral soils to be 

<15 cyanobacterial phylotypes, which is lower than the cyanobacterial phylotypes we 

identified (~30) for the Taylor Valley mineral soils. As our results indicate, we sampled 

soils at the NE end of Lake Fryxell in Taylor Valley and these soils contain the highest 
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diversity. In our previous investigations (see CHAPTER 3), we saw different microbial 

community composition and pigment patterns in Wright and Garwood Valleys compared 

to Taylor Valley. Present-day material exchange between the MDV valleys via wind is 

possible but relatively unlikely owing to the predominant wind patterns (SPEIRS et al. 

2008a; LANCASTER et al. 2010). While our findings corroborate the notion of wind-

controlled cyanobacterial distribution and diversity within the Taylor Valley, the disper-

sal of microorganisms across the MDV is more likely a consequence of legacy of the an-

cient evolutionary history during the landscape formation of the dry valleys area 

(SUGDEN et al. 1995; MARCHANT and HEAD 2007).  
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CHAPTER 6  
 

CONCLUSIONS 

 
Cold deserts, such as the McMurdo Dry Valleys (MDV) provide good model sys-

tems for large-scale microbiological and ecological studies, as they offer reasonably pris-

tine environments with many environmental stressors and a relative lack of confounding 

effects from higher organisms (BAHL et al. 2011). The unprecedented combination of 

subzero temperatures, desiccation, high soil salinity, low nutrient levels, a highly bimodal 

solar cycle, and physical instability caused by strong winds and variable glacial melt cy-

cles originally led scientists to label the MDVs as one of the least diverse ecosystems in 

the world (PRISCU 1999). However, newer molecular studies provide sufficient evidence 

that the MDV microbial life is much more abundant and diverse than would have been 

expected in an ecosystem with such inhospitable environmental conditions (CARY et al. 

2010). These microbial communities are part of micro-ecosystems that exist within all 

MDV landscape units: glaciers, lakes, streams and soils. Owing to sub-zero temperatures 

and unavailability of liquid water, the micro-ecosystems are largely disconnected from 

each other throughout most of the year except for the summer, when liquid water is avail-

able and flows from glaciers via streams into the lakes, while moistening the areas of 

nearby soils.  

Wind transport as opposed to fluvial transport, is in theory neither constrained to 

the stream channels (spatially) nor limited to the summer season (temporarily). Winds 

play an important role as a climatological and geomorphic agent in the MDV but their 
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role on the biological connectivity among the MDV landscape units is poorly understood. 

The goal of this study was to investigate the role of wind on the ecology of microbial 

communities living within the MDV landscape units.  

 
H2: Sediment in the MDV is primarily transported by strong down-valley winds - AC-

CEPTED 

Similar to other desert ecosystems, strong winds are a very common feature in the 

McMurdo Dry Valleys, Antarctica and play an important role as a geomorphic agent 

(GILLIES et al. 2009) and soil dispersant (LANCASTER 2002; LANCASTER et al. 2010). Ae-

olian erosion is particularly effective in the MDVs due to the absence of plant cover and 

due to the high density of cold air, which increases the drag force on particles (ATKINS 

and DUNBAR 2009). Our data show that the movement of wind-driven sediment in Taylor 

Valley, one of the largest of the MDVs, is controlled largely by high wind speeds (≥20 m 

s-1) and wind direction parallel to the valley orientation (NE up-valley or SW down-

valley). Although, both down-valley föhn winds and up-valley sea-breezes can reach 

wind-speeds over 20 m s-1 more than 95% of the aeolian material is transported via the 

south-westerly föhns, flowing from the Taylor Glacier toward the Ross Sea coast. The 

sediment transport occurs mostly during the austral winter when föhn winds are strongest 

(up to 40 m s-1) and most frequent (typically 25-70% of all winter wind events).  

 Most of the sediment entrainment occurred at 20 cm above the ground surface and 

has a character of intermittent saltation (STOUT and ZOBECK 1997; STOUT 2003; LAN-

CASTER et al. 2010). The highest aeolian flux was observed in the mid-valley area near 

Lake Hoare and lowest in the upper parts of the valley around Lake Bonney. Our data on 
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the predominant direction of the sediment transport in the Taylor Valley provide a rea-

sonable explanation to why majority of aeolian sediment on the surface of Canada Glaci-

er is concentrated on its south-western side (LYONS et al. 2003); when föhn winds are 

blowing from south-west reach the edge of Canada Glacier, they loose speed causing the 

particles to fall down. Ventifacts, stones shaped by the erosive action of windblown par-

ticles, in the Fryxell basin have been abraded by sediment being blown from SW direc-

tion (GILLIES et al. 2009) further strengthening our conclusion that the strong down-

valley föhn winds are the primary force responsible for the redistribution of sediment 

across the Taylor Valley landscape.  

 
H3: Microorganisms in the McMurdo Dry Valleys are randomly distributed across land-

scapes - ACCEPTED 

Cyanobacteria were the dominant form of photosynthetic microorganisms in soils, 

glacier ice sediment, lake ice sediment, cryoconite sediment, airborne material, lake ice 

mats and stream mats. Eukaryotic algae from the orders Chlorophyceae and Bacillari-

ophyceae were more abundant in habitats with a relatively consistent supply of liquid wa-

ter such as the melted cryoconite ice or sediment) and wetted stream mats and were less 

abundant in soils and aeolian sediment.  

The diversity of cyanobacteria in the Taylor Valley is remarkably rich; we have 

identified 80 operational taxonomic units (OTUs, defined at 98% 16S rRNA sequence 

similarity) living within the valley habitats. The lower-valley mineral soils around Lake 

Fryxell were the most diverse in terms of the number of different cyanobacterial OTUs, 

while upper-valley mats from the Lake Bonney area contained the least OTUs. The cya-
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nobacterial community composition varied greatly between the samples (Bray-Curits in-

dex=0.74-1.0), as they were mostly (>60%) composed of OTUs that were not found 

elsewhere. Exceptions were samples of aeolian material from Fryxell and Hoare basins, 

which were mostly composed of cyanobacterial OTUs that could be found in other habi-

tats and locations.  

Our data revealed that geographical distance plays an important role in the distri-

bution patterns of cyanobacteria across the Taylor Valley; samples of habitats that were 

located closer to each other in the valley had more similar cyanobacterial community 

composition compared to habitats located further down or up the valley. We concluded 

that cyanobacteria are transported from inland upper parts of the Taylor Valley down-

valley towards the coast primarily by high-energy winter föhn winds, which is reflected 

in the deceasing cyanobacterial community richness along this axis as the habitats in the 

upper parts of the valley are being weathered out while the locations in the lower parts of 

the valley receive new cyanobacterial propagules periodically.  

 Microbial community (bacteria, cyanobacteria and microscopic algae) changes 

across environmental gradients (i.e. habitats) as well as across different locations and thus 

we can safely conclude that the spatial distribution of microorganisms is not random but 

rather reflects the influence of contemporary environmental variation and the legacies of 

historical events. 

 
H4: Biodiversity in all landscape units (glaciers, lakes, streams and soils) is connected 

via aeolian processes – ACCEPTED  
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 The high-energy winter föhn winds mobilize the soils and glacier ice and lake ice 

sediments, and deposit them across the landscape. Part of the sediment is deposited onto 

the surface of the perennially ice-covered lakes and in the summer can fall through cracks 

and channels in the ice and settles through the water column to the bottom of the lakes 

where it eventually is becomes incorporated into lake sediments (DORE and PRISCU 2001; 

JEPSEN et al. 2010). Nutrients leached from the sediment can be taken up by planktonic 

and benthic microbial communities and accompanying microorganism are introduced in-

to the lake ecosystem. The wind blown soils are also deposited onto the surface of glaci-

ers in the form of loose glacier sediment. The sediment melts into the ice due to the lower 

albedo compared to the adjacent ice, eventually forming water-filled cryoconite holes 

with sediment at the bottom (FOUNTAIN et al. 2004). The cryoconites holes are typically 

regions of high microbial activity during the austral summer when filled with liquid water 

(FOREMAN et al. 2007) and our results indicate that the cyanobacterial diversity seen in 

the cryoconite is sourced by aeolian sediment blown from the föhn winds.  

 
H5: Input of organic C, N and P into the lakes from aeolian sources is equivalent to that 

from streams during low-flow years - ACCEPTED WITH CAVEATS 

BARRETT et al. (2007) calculated that C, N and P input from aeolian material to 

the Taylor Valley ice-covered lakes is roughly equivalent to input from streams during 

low-flow years (BARRETT et al. 2007). It has also been assumed that the organic matter 

contained within the aeolian material may potentially be a large source of carbon, nitro-

gen and phosphorus for the phytoplankton and bacterial communities that live within the-

se lakes (PRISCU et al. 1998; DORE and PRISCU 2001; TAKACS et al. 2001) because the 
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additional nutrient input could stimulate productivity of the lake bacterial and phyto-

plankton communities substituting  the nutrients lost during the lift off and escape of the 

benthic cyanobacterial mats (PRISCU 1995; DORE and PRISCU 2001). If true, future 

changes in fluvial and aeolian fluxes due to the climate change would likely have an af-

fect on the productivity of the lakes.  

Estimates of aeolian and fluvial input of carbon, nitrogen and phosphorus into the 

four Taylor Valley lakes (Fryxell, Hoare, East Lobe and West Lobe Lake Bonney) made 

for the last decade, showed that the C, N and P loading varies extensively between years 

and lake basins depending on the frequency of strong föhn winds (≥20 m s-1). In the 

Fryxell basin the average C, N and P, as suggested by BARRETT et al. (2007), is roughly 

equivalent to stream input during low flow years. The aeolian deposition of wind-driven 

sediment onto the lake ice surface is most prominent in the Lake Hoare basin, where the 

aeolian input of carbon and nitrogen to the lake exceeded that from streams every year 

except for 2001 and 2006. Taylor Valley is narrower at the Lake Hoare basin and intru-

sion of the Canada Glacier into Lake Hoare alters the wind pattern and reduces near sur-

face wind speeds, causing the larger particles to fall out. Further down valley, in the Lake 

Fryxell basin, the valley widens and the aeolian material can be deposited over a much 

larger area. In East Lobe and West Lobe Lake Bonney, the aeolian deposition is on aver-

age 15 times lower than in Fryxell and Hoare basins and thus the aeolian loading of C, N 

and P never exceeded that from streams. In conclusion, we can accept our hypothesis for 

Fryxell basin but not for the other three basins.  
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However, in East Lobe Lake Bonney, carbon from fluvial and aeolian sources is 

likely not very important for the lake communities, because it only provides a fraction 

(<2%) of carbon that is produced within the lake by phytoplankton communities. The 

bacterioplankton communities in East Lobe Lake Bonney are likely not dependent on the 

aeolian and fluvial sources of carbon and even if the fluvial and aeolian input were to in-

crease dramatically due to climate changes, the bacterial productivity will likely not be 

affected. The importance of exogenous carbon (and nitrogen and phosphorus) might be 

higher in Fryxell and Hoare but we do not have a dataset with which to test this hypothe-

sis.  

 
H10: Wind is an important vector behind ecosystem connectivity and is responsible for 

redistribution of organic matter and microorganisms across regional and spatial scales. 

 Winds are strong and persistent in the McMurdo Dry Valleys, and play an im-

portant role in redistribution of inorganic and organic material across the ecosystem. The 

aeolian material is transported primarily by down valley winter föhn winds. The frequen-

cy of sediment movement is highest up-valley in the Lake Bonney basin, from where sed-

iment is moved parallel to the valley orientation towards the coast and may eventually be 

deposited in the down-valley reaches of the Hoare and Fryxell basins. The aeolian depo-

sition is greatest onto Lake Hoare, where the C, N and P input from aeolian sediment ex-

ceed the C, N and P derived from stream waters nearly every year.   

All of the habitats and associated organic matter we studied are subjected to wind 

erosion. The lake ice sediments, glacier sediments, and soils contain very similar pigment 

and microbial community composition and stoichiometric ratios as the airborne material 
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implying that wind plays a role in the redistribution of organic matter and microbial as-

semblages across these MDV habitats.  

There is an ongoing debate between scientists as to whether microorganisms show 

any distinct dispersal patterns (MARTINY et al. 2006; FONTANETO and BRODIE 2009) or 

whether ‘everything is everywhere’ (BEIJERINCK 1913; BAAS-BECKING 1934). The hy-

pothesis that free-living microorganisms are more or less ubiquitous and do not form any 

geographically or spatially isolated populations (FENCHEL and FINLAY 2004b) has been 

challenged recently as new evidence has revealed a high degree of cryptic diversity, re-

stricted dispersal and phylogeographic patterns in a variety of microscopic organisms, in-

cluding both prokaryotes and eukaryotes (e.g. MARTINY et al. 2006; GREEN et al. 2008). 

Abiotic factors, such as the presence of liquid water, energy source and macronutrients 

play a crucial role in the distribution of different microorganisms across the MDV land-

scape. Consequently, as proposed by Baas-Becking (1934) in the second more challeng-

ing part of his hypothesis, ‘the environments selects’, is indeed partly responsible for spa-

tial variation in the microbial diversity we measured within the MDV. Understanding the 

relationship between microbial biodiversity and ecosystem function is critical for under-

standing the global effects of environmental change (ADAMS et al. 2006). Our data lead 

us to contend that the distribution of microorganisms in the MDV is not random, but is 

primarily controlled by the selective pressure of contemporary environmental variations.  

Global and Antarctic average annual temperatures are expected to rise in the next 

century (IPCC 2007; MONAGHAN et al. 2008; WALSH 2009) and such changes will likely 

affect the prevalence and intensity of warm and dry föhn winds in the MDV area. Future 
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climate change in MDV will increase the frequency of summer warming and winter föhn 

winds, which will lead to changes in connectivity between glaciers, streams and soils by 

altering hydrology and the aeolian movement of sediment, organic matter and biota alter-

ing the distribution of biota across the landscape. 

 In conclusion, wind transports sediment with associated organic matter, which in-

cludes viable microorganism, across the landscape and thus connects the MDV landscape 

units. Winds also notably influence physical, chemical and biological characteristics of 

the Taylor Valley but more research is necessary to comprehend the ecological signifi-

cance of aeolian transport on the microbial communities.  
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APPENDIX A 
 

ADDITIONAL DATA FOR CHAPTER 2 
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Figure A1 a) aeolian sediment trap mounted onto the soil surface approximately 30 cm 
above the soil surface; b) aeolian sediment trap containing marbles - view from the top; 
c) detail of wind-blown sediment collected from the aeolian trap; d) aeolian sediment un-
der FEM microscope; e) meteorological station near lake Fryxell; f) sensor installed at 
100 cm above the ground; g) detail of the H11B sediment flux erosion sensor (photo 
courtesy of www.sensit.com) 
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APPENDIX B 
 

ADDITIONAL DATA FOR CHAPTER 3 
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Figure B1. Particulate organic carbon (PC) budget for East Lobe Lake Bonney 2004-05 
growing season.  
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OTU Sample ID (nr. 
of clones) 

Closest GenBank relative (% 
similarity) 

Closest GenBank cultured rela-
tive (% similarity) 

 Cluster 

1 10(1), 14 (1), 
23(1), 50 (10) 

Uncultured bacterium 
EU869654.1 (100%) 

Phormidium pristleyi 
AY493582.1 (91%) 

MDV XVII 

2 14 (1), 23(1), 
35(3), 50(14) 

Uncultured bacterium 
EU869654.1 (100%) 

Phormidium pristleyi 
AY493582.1 (91%) 

MDV XVII 

3 50(3) Uncultured bacterium 
EU263679.1 (100%) 

Leptolyngbya sp. FJ933259.1 
(93%) 

Alpine XVII 

4 50(1) Uncultured Antarctic cyano-
bacterium AY151731.1 (99%) 

Phormidium sp. AB510147.1 
(93%) 

MDV X 

5 35(1), 50(2) Uncultured bacterium 
DQ521509.1 (100%) 

Limnothrix redekei AJ580007.1 
(98%) 

MDV XIX 

6 14(1), 23(2), 
35(3), 85(6) 

Uncultured bacterium 
EU978639.1 (99%) 

Chamaesiphon subglobosus 
AY170472.1 (98%) 

Alpine XVIII 

7 35(3), 85(1) Phormidium pristleyi 
AY493581.1 (100%) 

Phormidium pristleyi 
AY493581.1 (100%) 

Antarctic V 

8 85(3) Phormidium pristleyi 
AY493620.1 (100%) 

Phormidium pristleyi 
AY493620.1 (100%) 

Antarctic VIII 

9 85(1) Uncultured bacterium 
FJ849316.1 (96%) 

Chamaesiphon subglobosus 
AY170472.1 (96%) 

Arctic XVIII 

10 23(4), 85(60 Uncultured bacterium 
HM332728.1 (99%) 

Anabaena sp. EF568891.1 
(93%) 

Alpine IX 

11 14(2), 23(2), 
35(2), 85(5) 

Uncultured cyanobacterium 
GQ324968.1 (100%) 

Phormidium sp. GQ859651.1 
(99%) 

Alpine III 

12 23(1), 85(2) Uncultured bacterium 
FJ490320.1 (100%) 

Anabaena sp. EF568891.1 
(93%) 

MDV IX 

13 85(2) Uncultured cyanobacterium 
GQ324968.1 (100%) 

Phormidium sp. GQ859651.1 
(99%) 

Alpine III 

14 85(1) Uncultured bacterium 
EU978639.1 (97%) 

Chamaesiphon subglobosus 
AY170472.1 (97%) 

Alpine XVIII 

15 85(1) Uncultured bacterium 
EU978639.1 (99%) 

Chamaesiphon subglobosus 
AY170472.1 (98%) 

Alpine XVIII 

16 14(1), 85(1), 
89(1) 

Uncultured bacterium  
EU9263742.1 (100%) 

Phormidium sp. AF263336.1 
(100%) 

Alpine XIII 

17 23(1), 85(1) Phormidium pristleyi 
AY493581.1 (100%) 

Phormidium pristleyi 
AY493581.1 (100%) 

Antarctic V 

18 23(4), 85(1) Uncultured bacterium 
FJ490320.1 (100%) 

Anabaena sp. EF568891.1 
(93%) 

MDV IX 

19 1(1), 14(4), 
89(2) 

Tychonema tenue GQ324973.1 
(100%) 

Tychonema tenue GQ324973.1 
(100%) 

Alpine XIII 

20 14(1), 89(1) Uncultured bacterium 
EU869664.1 (100%) 

Phormidium autumnale 
DQ493873.2 (100%) 

MDV XIII 

21 12(1), 14(12), 
23(1), 89(4) 

Phormidium sp. AB094351.2 
(100%) 

Phormidium sp. AB094351.2 
(100%) 

Alpine XIII 

22 14(1) Uncultured cyanobacterium 
DQ181742.1 (99%) 

Cf. Leptolyngbya sp. 
DQ431004.1 (94%) 

Antarctic II 

23 10(2), 12(1), 
14(2), 23(1) 

Uncultured Nostoc sp. 
AM940880.1 (100%) 

Nostoc flagelliforme 
EU178143.1 (100%) 
 

Arctic XV 
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OTU Sample ID (nr. 

of clones) 
Closest GenBank relative (% 

similarity) 
Closest GenBank cultured rela-

tive (% similarity) 
 Cluster 

      
24 12(4), 14(1) Uncultured cyanobacterium 

DQ181689.1 (100%) 
Leptolyngbya fragillis 
AM398794.1 (100%) 

Antarctic VIII 

25 12(1), 14(1) Uncultured soil bacterium 
HM131966.1 (100%) 

Phormidium cf. amoenum 
EU196643.1 (100%) 

Temperate XIII 

26 10(2), 12(1), 
14(2), 23(2), 
35(1) 

Uncultured cyanobacterium 
DQ181742.1 (100%) 

Cf. Leptolyngbya sp. 
DQ431004.1 (94%) 

Antarctic II 

27 10(1), 14(1) Uncultured cyanobacterium 
GQ324968.1 (99%) 

Phormidium sp. GQ859651.1 
(99%) 

Alpine III 

28 10(1), 14(1) Uncultured cyanobacterium 
DQ181705.1 (100%) 

Leptolyngbya antarctica 
AY493607.1 (99%) 

Antarctic I 

29 10(5) Uncultured Antarctic cyano-
bacterium AY151728.1 (100%) 

Cf. Leptolyngbya sp. 
DQ431004.1 (95%) 

MDV II 

30 10(1) Uncultured bacterium 
EU263742.1 (100%) 

Phormidium sp. AF263336.1 
(100%) 

Alpine XIII 

31 10(1) Geitlerinema sp. GU935348.1 
(99%) 

Geitlerinema sp. GU935348.1 
(99%) 

Antarctic XII 

32 1(1) Uncultured cyanobacterium 
FN811239.1 (95%) 

Nostoc sp. AY333641.1 (95%) Antarctic XV 

33 1(1) Uncultured cyanobacterium 
FJ977150.1 (100%) 

Leptolyngbya antarctica 
AY493607.1 (99%) 

Arctic I 

34 10(1) Uncultured cyanobacterium 
AM940642.1 (100%) 

Leptolyngbya frigida 
AY493576.1 (98%) 

Arctic IV 

35 1(2) Nostoc sp. AY493593.1 
(100%) 

Nostoc sp. AY493593.1 
(100%) 

Antarctic XV 

36 1(1) Phormidium autumnale 
DQ493873.2 (99%) 

Phormidium autumnale 
DQ493873.2 (99%) 

Arctic XIII 

37 10(2) Uncultured Antarctic cyano-
bacterium AY151723.1 (100%) 

Geitlerinema sp. (99%) MDV XII 

38 10(3) Uncultured bacterium 
HM357111.1 (99%) 

Leptolyngbya frigida 
AY493576.1 (99%) 

 IV 

39 10(1) Chroococcidiopsis sp. 
AJ344557.1 (92%) 

Chroococcidiopsis sp. 
AJ344557.1 (92%) 

Temperate XIV 

40 10(1), 12(1), 
89(2) 

Leptolyngbya antarctica 
AY493607.1 (100%) 

Leptolyngbya antarctica 
AY493607.1 (100%) 

Antarctic VII 

41 10(1) Uncultured cyanobacterium 
DQ181705.1 (99%) 

Leptolyngbya antarctica 
AY493607.1 (99%) 

Antarctic I 

42 10(1) Phormidium cf. amoenum 
EU196636.1 (99%) 

Phormidium cf. amoenum 
EU196636.1 (99%) 

Antarctic XIII 

43 10(1) Uncultured cyanobacterium 
FN811239.1 (99%) 

Nostoc sp. EF536024.1 (99%) Antarctic XV 

44 10(1) Chroococcidiopsis sp. 
AJ344557.1 (92%) 

Chroococcidiopsis sp. 
AJ344557.1 (92%) 

Temperate XIV 

45 10(1) Uncultured cyanobacterium 
DQ181769.1 (92%) 

Nostoc indistinguenda 
AY579896.1 (86%) 

Antarctic XXII 

46 1(1) Uncultured cyanobacterium 
FJ977150.1 (100%) 

Leptolyngbya antarctica 
AY493607.1 (99%) 

Arctic I 
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OTU Sample ID (nr. 
of clones) 

Closest GenBank relative (% 
similarity) 

Closest GenBank cultured rela-
tive (% similarity) 

 Cluster 

      
47 1(1) Lyngbya sp. DQ264199.1 

(98%) 
Lyngbya sp. DQ264199.1 
(98%) 

MDV X 

48 10(1), 89(1) Leptolyngbya antarctica 
AY493589.1 (99%) 

Leptolyngbya antarctica 
AY493589.1 (99%) 

Antarctic VII 

49 1(1) Uncultured Nostoc sp. 
EU359045.1 (100%) 

Nostoc sp. AY493593.1 (99%) Antarctic XV 

50 12(2) Pseudendoclonium akinetum 
chloroplast AY835431.1 (94%) 

Pseudendoclonium akinetum 
chloroplast AY835431.1 (94%) 

 VI 

51 12(1) Uncultured bacterium 
FJ790541.1 (98%) 

Leptolyngbya sp. AY239605.1 
(97%) 

Alpine IV 

52 12(3), 23(3) Uncultured cyanobacterium 
DQ181689.1 (100%) 

Leptolyngbya fragillis 
AM398794.1 (100%) 

Antarctic VIII 

53 12(3) Chroococcidiopsis sp. 
AJ344557.1 (94%) 

Chroococcidiopsis sp. 
AJ344557.1 (94%) 

Temperate XIV 

54 12(1) Chroococcidiopsis sp. 
AJ344557.1 (94%) 

Chroococcidiopsis sp. 
AJ344557.1 (94%) 

Temperate XIV 

55 12(1) Pseudendoclonium akinetum 
chloroplast AY835431.1 (94%) 

Pseudendoclonium akinetum 
chloroplast AY835431.1 (94%) 

 VI 

56 12(1) Pseudendoclonium akinetum 
chloroplast AY835431.1 (93%) 

Pseudendoclonium akinetum 
chloroplast AY835431.1 (93%) 

 VI 

57 12(1) Chroococcidiopsis sp. 
AJ344557.1 (93%) 

Chroococcidiopsis sp. 
AJ344557.1 (93%) 

Temperate XIV 

58 12(1) Uncultured cyanobacterium 
DQ181689.1 (99%) 

Leptolyngbya fragillis 
AM398794.1 (98%) 

Antarctic VIII 

59 12(2) Uncultured cyanobacterium 
DQ181689.1 (100%) 

Leptolyngbya fragillis 
AM398794.1 (99%) 

Antarctic VIII 

60 12(1) Uncultured cyanobacterium 
DQ181689.1 (99%) 

Leptolyngbya fragillis 
AM398794.1 (99%) 

Antarctic VIII 

61 12(1) Chroococcidiopsis sp. 
AJ344557.1 (93%) 

Chroococcidiopsis sp. 
AJ344557.1 (93%) 

Temperate XIV 

62 12(1) Chroococcidiopsis sp. 
AJ344557.1 (93%) 

Chroococcidiopsis sp. 
AJ344557.1 (93%) 

Temperate XIV 

63 12(1) Uncultured cyanobacterium 
DQ181689.1 (99%) 

Leptolyngbya fragillis 
AM398794.1 (99%) 

Antarctic VIII 

64 23(1) Uncultured bacterium 
FJ490320.1 (100%) 

Anabaena sp. EF568891.1 
(93%) 

MDV IX 

65 23(1) Uncultured bacterium 
AB569630.1 (99%) 

Anabaena sp. EF568891.1 
(94%) 

Alpine IX 

66 23(1) Nodularia sphaerocarpa 
AJ781151.1 (100%) 

Nodularia sphaerocarpa 
AJ781151.1 (100%) 

Temperate XVI 

67 23(1) Uncultured Nostoc sp. 
AM940880.1 (99%) 

Nostoc flagelliforme 
EU178143.1 (99%) 

Arctic XV 

68 23(1) Chroococcidiopsis sp. 
AJ344557.1 (93%) 

Chroococcidiopsis sp. 
AJ344557.1 (93%) 

Temperate XIV 

69 23(1), 35(8) Phormidium pristleyi 
AY493580.1 (100%) 

Phormidium pristleyi 
AY493580.1 (100%) 

Antarctic V 
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71 23(2) Nodularia sphaerocarpa 

AJ781151.1 (100%) 
Nodularia sphaerocarpa 
AJ781151.1 (100%) 

Temperate XVI 

72 23(2) Uncultured bacterium 
EU978650.1 (99%) 

Chamaesiphon subglobosus 
AY170472.1 (97%) 

Alpine XVIII 

73 23(1) Uncultured cyanobacterium 
AM940913.1 (98%) 

Phormidium pristleyi  
AY493581.1 (98%) 

Arctic V 

74 23(1) Uncultured cyanobacterium 
GQ324968.1 (99%) 

Phormidium sp. GQ859651.1 
(97%) 

Alpine III 

75 23(1) Uncultured Antarctic cyano-
bacterium AY151733.1 (98%) 

Phormidium sp. GQ859651.1 
(97%) 

MDV III 

76 23(3) Uncultured bacterium 
FJ849289.1 (99%) 

Chamaesiphon subglobosus 
AY170472.1 (98%) 

Arctic XVIII 

77 23(1) Uncultured bacterium 
AB569630.1 (97%) 

Microcoleus steenstrupii 
AJ871986.1 (92%) 

Alpine XX 

78 23(1) Crinalium magnum 
AB115965.1 (99%) 

Crinalium magnum 
AB115965.1 (99%) 

Alpine XXI 

79 89(17) Phormidium murrayi 
AY493627.1 (100%) 

Phormidium murrayi 
AY493627.1 (100%) 

Antarctic XI 

80 89(1) Phormidium murrayi 
AY493627.1 (100%) 

Phormidium murrayi 
AY493627.1 (100%) 

Antarctic XI 

81 89(1) Phormidium murrayi 
AY493627.1 (100%) 

Phormidium murrayi 
AY493627.1 (100%) 

Antarctic XI 

 
 

 


