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Landscape history and contemporary environmental drivers of microbial community structure 

and function 

 

Adam Edward Altrichter 

 

ABSTRACT 

 

Recent work in microbial ecology has focused on elucidating controls over biogeographic 

patterns and connecting microbial community composition to ecosystem function.  My objective 

was to investigate the relative influences of landscape legacies and contemporary environmental 

factors on the distribution of soil microbial communities and their contribution to ecosystem 

processes across a glacial till sequence in Taylor Valley, Antarctica. Within each till unit, I 

sampled from dry areas and areas with visible evidence of recent surface water movement 

generated by seasonal melting of ephemeral snow packs and hillslope ground ice. Using T-RFLP 

16S rRNA gene profiles of microbial communities, I analyzed the contribution of till and 

environmental factors to community similarity, and assessed the functional potential of the 

microbial community using extracellular enzyme activity assays. Microbial communities were 

influenced by geochemical differences among both tills and local environments, but especially 

organized by variables associated with water availability as the first axis of an NMDS ordination 

was strongly related to shifts in soil moisture content. CCA revealed that tills explained only 

3.4% of the variability in community similarity among sites, while geochemical variables 

explained 18.5%. Extracellular enzyme activity was correlated with relevant geochemical 

variables reflecting the influence of nutrient limitation on microbial activity. In addition, enzyme 

activity was related to changes in community similarity, particularly in wet environments with a 

partial Mantel correlation of 0.32. These results demonstrate how landscape history and 

environmental conditions can shape the functional potential of a microbial community mediated 

through shifts in microbial community composition.
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INTRODUCTION 

 

Biologists have been studying the biogeography of plant and animal species since Von 

Humboldt in the 19
th

 century (Billings 1985), but until recent developments in molecular 

techniques, the biogeography of microorganisms has been limited to culture-based studies, which 

were unable to isolate and enumerate the majority of microbial diversity in natural environments 

(Tiedje et al. 1999, Martiny et al. 2006). In fact, early descriptions of microbial communities 

rejected the notion that microbial taxa exhibited biogeographic patterns and that instead local 

environmental conditions determined which organisms among a common species pool of 

universally dispersed taxa could survive and contribute to community composition in a given 

environment (i.e. Baas Becking, 1934).  After a decade of work using molecular approaches to 

evaluate the Baas Becking hypothesis in a variety of environments and across a range of spatial 

scales, many studies have clearly shown that microorganisms, especially bacterial communities, 

do exhibit biogeographic patterns. For example, studies describing species-area relationships and 

distance-decay relationships for community similarity (Horner-Devine et al. 2004, Green and 

Bohannan 2006) demonstrate that microbial communities exhibit non-random biogeographic 

patterns. Studies from a variety of ecosystems support the assertion that microbial communities 

exhibit patterns of spatial distribution that are correlated with environmental gradients such as 

salinity (Casamayor et al. 2002, Crump et al. 2004), pH (Fierer and Jackson 2006), water column 

depth (Ovreas et al. 1997), latitude (Staddon and Trevors 1998), and land use history (Buckley 

and Schmidt 2003). 

Current research efforts in microbial ecology are now focused on elucidating the 

physical, biological, or geochemical controls underlying these observed spatial patterns in 

microbial communities, and the potential influence of microbial community composition on 

ecosystem functioning.  Biogeographic and more recent metacommunity approaches in ecology 

have distinguished between historic and contemporary drivers of community assembly and 

composition. For example, Baas Becking’s hypothesis explicitly rules out the role that dispersal 

or historic barriers and conditions may contribute to contemporary community dynamics for 

microorganisms, focusing instead on the role of contemporary environmental conditions: 

“everything is everywhere, but the environment selects” (Baas Becking 1934). Alternatively, 

historical conditions separating species and/or populations or imparting lasting legacies on 
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contemporary environments also potentially influence community composition and diversity 

(Martiny et al. 2006).  Based upon these competing models describing microbial biogeography, 

Martiny et al. (2006) posited four alternative hypotheses explaining the spatial distribution of 

microbial communities: 1) microbial taxa have global dispersal capabilities and exhibit random 

distribution; 2) microorganisms have ubiquitous distribution, but composition of microbial 

communities is driven by contemporary environmental conditions (“Baas Becking hypothesis”, 

Baas Becking 1934); 3) historical legacies control the distribution of microorganisms; or 4) 

environmental conditions and legacies both work to influence microbial spatial variation (Fig. 1 

a-d, respectively).  These hypotheses can be restated as two questions: do microbial communities 

exhibit spatial variation, and if so, is this variability controlled by contemporary conditions, 

historical events, or both? 

Previous work has shown that historical conditions and contemporary environments can 

influence microbial biogeography (Whitaker et al. 2003, Green et al. 2004, Horner-Devine et al. 

2004, Yannarell and Triplett 2005, Takacs-Vesbach et al. 2008).  At spatial scales between 10-

3000 km both historical and environmental influences are likely to be evident (Martiny et al. 

2006). For example, Yannarell and Triplett (2005) found that differences in lake microbial 

communities were explained by regional separation (approximately 250 km) as well as 

environmental gradients of pH and Secchi depth.   However this is not always the case, as 

Takacs-Vesbach et al. (2008) found that historical caldera formations in Yellowstone explained 

the biogeographic pattern in thermal spring microbial community composition to a greater extent 

than contemporary environmental factors such as geochemistry among sites approximately 100 

km apart. 

Understanding microbial community assembly has broader relevance beyond extending 

biogeographic theory to microorganisms. These studies also have the potential to address the 

influence of microbial diversity and composition on ecological processes, such as nutrient 

cycling, which is linked to microbial taxa that facilitate key biogeochemical processes (Schimel 

1995, Bell et al. 2005, Reed and Martiny 2007, Strickland et al. 2009).  For example, Strickland 

et al. (2009) reported that decomposition rates of leaf litter is strongly influenced by the source 

microbial community used to inoculate leaves at the start of the study. Thus, given the variation 

in microbial communities and the influence community structure can have on function, 
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understanding the factors influencing the biogeography of microbial communities can also 

elucidate the role they play in ecosystem function. 

My objective was to investigate the relative influences of historic and contemporary 

environmental variation on the composition of soil microbial communities and their contribution 

to ecosystem processes by using a combination of molecular and soil enzyme activity 

approaches.  I conducted this work in the McMurdo Dry Valleys of Antarctica where the harsh 

physical conditions, dynamic climate, and heterogeneous surface contribute to significant 

variation in soil properties, water availability, and biological communities over multiple scales 

(Gooseff et al. 2003, Barrett et al. 2004, Esposito et al. 2006, Poage et al. 2008, Levy et al. 

2011).  The McMurdo Dry Valleys have a well-documented glacial history (Denton et al. 1989, 

Hall and Denton 2000) that has an important influence on soil chemistry and soil biotic 

communities (Freckman and Virginia 1997, Burkins et al. 2000, Barrett et al. 2007, Bockheim 

2008). Thus, glacial tills can be considered a historical legacy, while local scale patterns in soil 

hydrology (e.g. snow and subsurface ice melt) are a contemporary environmental influence on 

biological communities. 

 

Site Description: Taylor Valley Glacial History and Contemporary Environments 

 

The McMurdo Dry Valleys have been part of the Long Term Ecological Research 

network since 1993 and have been a site for ongoing ecological research for decades.  The Dry 

Valleys are extreme polar deserts within the Transantarctic Mountain range and are one of the 

driest systems on earth, receiving less than 10 cm of precipitation annually (Fountain et al. 

1999).  Mean annual air temperatures range from -16° C to -21° C (Fountain et al. 1999, Doran 

2002).  The extremely low precipitation and freezing air temperatures create an environment 

where water is the most limiting factor to biological processes (Kennedy 1993).  Biota are further 

exposed to frequent freeze-thaw cycles and elongated light-dark cycles, which limit biological 

activity and productivity (Fountain et al. 1999, Treonis et al. 1999). 

The Dry Valleys are shaped largely by past climate conditions, which have regulated 

primary physical conditions such as glacial extent and lake levels (Priscu 1995, Lyons et al. 

2000, Barrett et al. 2007).  These legacies play a particularly important role dictating 

contemporary ecosystem properties such as organic matter content and quality and nutrient levels 



4 
 

and limitation (Priscu 1995, Fountain et al. 1999, Burkins et al. 2000, Barrett et al. 2007, 2009, 

2010, Bate et al. 2008).  Taylor Valley has been one of the most intensively studied valleys in the 

region and has a well-documented glacial history with distinct tills deposited during glacial 

advance and retreat (Denton et al. 1989, Hall and Denton 2000, Higgins et al. 2000a, Bockheim 

et al. 2008) (Fig. 2).   

Taylor Valley is oriented in a SW-NE direction having been predominantly shaped by the 

Taylor Glacier, an outlet glacier from the East Antarctic Ice sheet, and attained its present day 

form prior to around 3.5 mya (Denton et al. 1971, Bockheim et al. 2008).  The valley mouth 

opens into the McMurdo Sound of the Ross Sea.  Several dry-bed alpine glaciers flow down 

from the Asgard Range to the north and the Kukri Hills to the south (Fountain et al. 1999, 

Bockheim et al. 2008). 

Three forms of glacial activity have shaped Taylor Valley: advances of the Taylor 

Glacier, advances from the Ross Embayment, and advances of alpine glaciers down from higher 

elevations (Bockheim et al. 2008) (Fig. 2).  The Taylor Glacier has advanced four times into 

Taylor Valley (down-valley) with the earliest three reaching the mouth of the valley (Denton et 

al. 1971, 1989, Higgins et al. 2000a, 2000b, Bockheim et al. 2008) (Fig. 2, Table 1).  The Ross 

Sea ice sheet advanced westward (up-valley) around 23 kya and acted as an ice dam to form 

glacial Lake Washburn, inundating valley floor sediments possibly up to 222 m elevation during 

the last glacial maximum (Hall and Denton 2000).  Around 12-12.5 kya the Ross Sea ice shelf 

receded from the mouth of Taylor Valley and lake levels declined (Hall and Denton 2000).   The 

major tills of Taylor Valley were formed by the Taylor Glacier and Ross Sea ice shelf advances, 

although alpine glaciers appear to have advanced multiple times in the past largely in concert 

with Taylor Glacier (Higgins et al. 2000a) (Fig. 2).  This arrangement of glaciers forms a 

complex history of glacial tills and landscape disturbances.  Although these have been shown to 

influence soil chemistry and invertebrate communities (e.g. Courtright et al. 2001, Barrett et al. 

2004, Poage et al. 2008), the influence of glacial tills on the distribution of microbial 

communities remains unknown. 

In addition, glacial tills exhibit unique soil geochemistry and nutrient availability 

according to their geographic position and surface exposure age (Bockheim 1997, Michalski et 

al. 2005, Barrett et al. 2007) (Table 1).  Dry Valley soils are classified as Gelisols with 70% 

classified as dry permafrost (anhyturbels) due to the lack of soil water to allow for cryoturbation, 
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17% containing salt-enriched horizons, and 36% having salt pans (Bockheim 1997, 2002).  Soils 

are course-grained, greater than 90% sand, but often highly variable due to the local glacial and 

lacustrine history (Bockheim 1997, Burkins et al. 2000).  Soil chemistry is strongly correlated 

with soil age as influenced by the deposition of aerosols and surface accumulation of soluble 

salts (Bockheim 1997).  In coastal areas, Na
+
 and Cl

-
 dominate soil salts, while further inland 

Na
+
 and NO3

-
 dominate, and intermediate soils are enriched in Na

+
 and SO4

-
 (Bockheim 1997, 

2002).  Soils are dominated by NO3
-
 at higher elevations and nearer the polar plateau, where long 

term accumulation of dry deposition is possible under xerous and ultraxerous conditions 

(Bockheim 1997, 2002, Michalski et al. 2005). Phosphorus availability is determined by clast 

composition of the parent material (Blecker et al. 2006, Bate et al. 2008).  Soils across a range of 

ages from 70 ky to 8 My do not appear to vary significantly in their total P concentration, 

indicating soil age might not be the most important variable determining P cycling and 

availability (Bate et al. 2008).  Instead, the initial P content of the parent material is a likely 

primary driver in contemporary P pools.  For example, soils in the Lake Fryxell basin have 

higher P availability due to the higher content of basalt in the Ross Sea tills even though the 

basin is also associated with greater weathering due a more benign microclimate and enhanced 

liquid water availability (Bate et al. 2008). Biotic variables such as chlorophyll a and 

invertebrate abundance also vary among glacial tills in Taylor Valley (Barrett et al. 2004). Sites 

within this valley have some of the lowest concentrations of soil organic matter in the world 

(Burkins et al. 2000). Biology is not only limited by physical factors such as temperature and 

precipitation but also through a paucity of organic matter and nutrient availability. In addition, 

the stoichiometric conditions of the soil environment are often outside the constraints for 

balanced growth (Barrett et al. 2007). 

In the contemporary Dry Valley environment, the largest source of liquid water is derived 

from glacial melt streams from the alpine glaciers that flow down to the valley floor in three 

terminal lake basins; Fryxell, Hoare, and Bonney (from east to west).  These streams only flow 

for 4-12 weeks during the austral summer when temperatures and radiation are high enough to 

melt the glacier surface (Fountain et al. 1999).  However, streams and lakes supply only a small 

fraction of the expansive arid soil environments with water because of their limited spatial 

extent.  Instead, seasonal snowfall and ground ice are the two main sources of water available to 

the arid soils.  Recent studies have shown that although the loss of water due to sublimation may 
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rapidly decrease the size of snow patches, which accumulate in shallow depressions throughout 

the landscape, they do significantly influence the soil moisture , geochemistry, and metazoan 

communities (Gooseff et al. 2003).  Flowpaths are visible down gradient from many snow packs, 

with the largest packs contributing significantly more to water flow (e.g. Lyons et al. 2005). 

Meltwater flowpaths are characterized as ephemeral subsurface meltwater flowpaths 

originating from either ground ice or larger snow packs (Harris et al. 2007).  These flowpaths are 

often visible as dark, wet streaks down gradient from large snow packs, but often moisture is 

only evident 5-10 cm below the surface (Levy et al. 2011).  Meltwater flowpaths generally have 

higher total dissolved solids and ion concentrations compared to glacial melt streams (Lyons et 

al. 2005, Harris et al. 2007) and total solute mass delivered to lakes by flowpaths may equal or 

exceed stream inputs (Levy et al. 2011).  Furthermore, some of these meltwater flowpaths 

demonstrate unique solute concentrations and ratios that point to unique origins and weathering 

processes occurring in subsurface soils (Lyons et al. 2005, Harris et al. 2007).  Taylor Valley is 

underlain by permafrost, similar to the other McMurdo Dry Valley soils, where 42% contain dry 

permafrost within 1 meter of the active layer and ice-cemented permafrost is found in drifts near 

the coast and in alpine drifts in Taylor Valley (Bockheim 2002).  Given its ubiquitous 

distribution, meltwater flowpaths derived from ground ice melt may be an important source of 

soil moisture. Because of these limitations to soil water and their unique geochemical 

characteristics, meltwater flowpaths might provide an environmental control on microbial 

community composition. 
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METHODS 

 

Sampling Description 

 

To characterize soil bacterial communities I collected samples from the top 10 

centimeters of soil with ethanol sterilized scoops and gloves. Samples were split into two 

subsamples: bulk soil for geochemical analysis and a subsample for molecular analysis of the 

microbial community preserved with sucrose-lysis buffer (SLB; 20 mM EDTA, 400 mM NaCl, 

0.75 M sucrose, 50 mM Tris-HCl, pH 9) (Mitchell and Takacs-Vesbach 2008).  I sampled in 

triplicate from 24 sites in the 4 major tills of Taylor Valley: 6 sites in Ross, 8 sites in Taylor II, 4 

sites in Taylor III, and 6 sites in Taylor IV.  Half of the sites within each till were sampled from 

within visible flowpaths of seasonal meltwater from snow packs or ground ice and the other half 

were sampled from areas that were not visibly wetted and were likely to be continuously dry 

from year to year. Dry sites tended to be at the tops of small topographic rises where snow was 

unlikely to accumulate and were not down gradient from other sources of meltwater. Bulk soil 

samples were stored at -20° C and SLB preserved soils for microbial community analysis were 

stored at -80° C and shipped back to Virginia Tech for further analyses.  

 

Geochemical Analyses 

 

 Each soil sample was analyzed for gravimetric water content and oven dry weight 

equivalence by mass loss after 24 hours at 105° C (Barrett et al. 2004). I measured soil pH and 

electrical conductivity (EC) by soil: deionized water dilutions of 1:2 and 1:5, respectively (Nkem 

et al. 2006a). I determined soil organic carbon (SOC) and total nitrogen (TN) on dried, ground, 

and acidified sub-samples on an Elantech NC Soil Analyzer (Barrett et al. 2009). Inorganic 

nitrogen fractions, NH4-N and NO3-N, were determined on a sub-sample extracted in 2.0 M KCl 

and analyzed on a Lachat QuickChem autoanalyzer (Barrett et al. 2002). Total inorganic nitrogen 

(TIN) was calculated as the sum of NH4-N and NO3-N concentrations. Bioavailable phosphorus 

was determined through extraction in 0.5 M NaHCO3 (pH 8.5) shaken for 30 minutes on an 

orbital shaker, acidified, and run on a Lachat QuickChem autoanalyzer (Cross and Schlesinger 

2001, Bate et al. 2008). Microbial biomass was analyzed on subsamples incubated for 5 days in a 
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chloroform atmosphere chamber, then the chloroform labile carbon was extracted in 0.5 M 

K2SO4 and measured on an OI Analytical TOC Analyzer (Cheng and Virginia 1993). 

 

Microbial Community Analyses 

 

I extracted soil DNA using a modification of the CTAB procedure (Mitchell and Takacs-

Vesbach 2008). Briefly, 0.7 g of SLB-preserved soil was added to 2 volumes of 1% CTAB 

buffer (1% CTAB, 0.75 M NaCl, 50 mM Tris pH 8, 10 mM EDTA), Lysozyme (final 

concentration 1 µg mL
-1

), and Proteinase K (final concentration 200 µg mL
-1

) and incubated at 

60 C for 30 minutes. 10% SDS was added (final concentration 4%) and incubated at 60 C for 

another 30 minutes. Samples were then bead beat with 0.75 g of 0.1 mm Zirconia/Silica beads 

for 30 seconds, extracted once with phenol/chloroform/isoamyl alcohol (25:24:1), extracted once 

with chloroform, then precipitated with 0.1 volumes of 3 M NaOAC and 2 volumes 95% ethanol 

overnight at -20 C, and finally washed again with 70% ethanol. 

Microbial communities were assessed using the microbial community fingerprint method 

based upon terminal restriction fragment length polymorphism (T-RFLP). This method allowed 

us to compare microbial community structure and diversity across many samples efficiently and 

with high reproducibility (Liu et al. 1997, Osborn et al. 2000). Briefly, T-RFLP involves PCR 

amplification between two highly conserved primer-attaching regions of DNA, with variability 

between primer locations indicative of taxa identity. The amplified DNA is tagged with a 

fluorescent molecule on one end of the amplicon, subjected to restriction enzyme digestion, and 

then run through a capillary sequencer to obtain a peak height and number of peaks for each 

segment of fluoroprobe-attached DNA. I amplified16S rRNA genes using 8F with fluorescent 

molecule 6-FAM modification (5’ 6FAM-AGA GTT TGA TCM TGG CTC AG 3’) and 519R 

primers (5′ CCG CGG CKG CTG GCA C 3’) (IDT Inc., Coralville, IA). Each PCR reaction 

contained 0.2 µM each primer, 200 µM each dNTP, 2.5 m M MgCl2, 1 unit Taq polymerase 

(Promega Corp., Fitchburg, WI), 1x Taq buffer, and 2 µL of 1:100 diluted template DNA. The 

low and highly variable microbial biomass of this system prevented standardization of DNA 

quantity across all PCR reactions, however upon analysis by NanoDrop spectrophotometer to 

determine quality (260:280 nm ratio) of extracted DNA, there was no significant influence of 

environments or tills (p = 0.241) and there was a non-significant regression (p = 0.113) 
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predicting T-RFLP richness from extracted DNA concentration. PCR reaction protocol began 

with 2 minutes hot start at 95° C, then 30 cycles each of 95° C for 30 seconds, 58° C for 30 

seconds, and 72° C for 1 minute, followed by a final extension at 72° C for 10 min. I was unable 

to amplify 4 samples apparently due to high salinity levels, which prevented quality DNA 

extraction, therefore the sample set was reduced to 68 samples. 

Restriction enzyme digestions were run with 200 ng of amplified DNA with HaeIII (New 

England BioLabs, Ipswich, MA) for 3 hours at 37° C followed by heat inactivation. Each sample 

was run with four replicates on an ABI 3130xl capillary sequencer. Samples were cleaned using 

GenScript QuickClean II PCR Extraction Kit after initial amplification and prior to running on 

capillary sequencer. 

 

Extracellular Enzyme Activity Assays 

 

 Assays to determine potential soil enzyme activity were carried out on each sample with 

a method optimized for the low OM content of Antarctic soils as described by Zeglin et al. 

(2009). I assayed a total of 4 hydrolytic soil enzymes: 2 carbon acquiring enzymes, α-

glucosidase (AG, EC 3.2.1.20; using 4-Methylumbelliferyl (MUB)-α-D-glucopyranoside, CAS 

17833-43-1) and β-glucosidase (BG, EC 3.2.1.21; using 4-MUB-β-D-glucopyranoside, CAS 

18997-57-4); one nitrogen acquiring enzyme, leucyl aminopeptidase (LAP, EC 3.4.11.1; using 

L-Leucine-7-amido-4-methylcoumarin hydrochloride, CAS 62480-44-8); and one phosphorus 

acquiring enzyme, alkaline phosphatase (AP, EC 3.1.3.1 ; using 4-MUB-phosphate, CAS 3368-

04-5). Assays were completed with three replicate samples containing 0.5 g of soil, with 700 µL 

of substrate solution (200 µM) and 700 µL of 50 mM NaHCO3 buffer (pH 8.2). Each sample for 

each enzyme was run with a negative control (0.5 g soil and 1400 µL of 50 mM NaHCO3 buffer) 

and also a quenched standard (0.5 g soil, 700 µL of 50 mM NaHCO3 buffer, and 700 µL of 10 

µM standard) to correct for background fluorescence and sample-specific inhibition. AG, BG, 

and AP all used 4-MUB (CAS 90-33-5) standard, and LAP used 7-amino-4-methylcoumarin 

(CAS 26093-31-2) standard. I standardized all activity levels to nmol h
-1

 g
-1

 OM, assuming a 

correction of 1.9 from soil carbon to organic matter (OM) for surface soils (Broadbent 1953, 

Nelson and Sommers 1982). I compared relative nutrient limitation by calculating ratios of 
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BG:LAP, BG:AP, and LAP:AP enzyme activity to represent C:N, C:P, and N:P requirements of 

the microbes. 

 

Statistics and Data Analysis 

 

 All geochemical and enzyme activity data were log-transformed (except for pH) to 

improve normality of the data and z-score standardized prior to statistical analysis (Legendre and 

Legendre 1998). Soil geochemistry and enzyme activity was compared among environments 

(wet and dry) and till category using a two-way ANOVA, and I compared means with a post-hoc 

Tukey’s HSD in JMP 9.0 (SAS Institute Inc.). I used multiple linear regressions to predict 

enzyme activity from soil characteristics (water content, pH, EC, TOC, TN, NO3-N, NH4-N, and 

microbial biomass) using a forward selection method in JMP 9.0 (SAS Institute Inc.). 

I used GeneMarker (SoftGenetics, LLC) software to obtain profiles generated by the 

capillary sequencer from each sample excluding those peaks below 25 fluorescence units (FU). 

Standardization of total profile FU was done among replicates and across all samples according 

to methods described by Dunbar et al. (2001) in order to adjust for variation in DNA quantity 

analyzed. Community similarity matrices were derived using the Bray-Curtis dissimilarity 

metric, a commonly used metric to compare microbial communities (Legendre and Legendre 

1998, Horner-Devine et al. 2004, Yannarell and Triplett 2005, Fierer et al. 2007, Smith et al. 

2010). Microbial communities were first visualized using an unconstrained non-metric 

multidimensional scaling (NMDS) ordination of community similarity, where more similar 

communities are closer in ordination space. I performed a permutational multivariate analysis of 

variance using distance matrices (ADONIS) to assess the contribution of environment and till 

categories to generating community similarity. 

I applied canonical correspondence analysis (CCA) to further assess how till categories or 

specific environmental variables influenced community structure. Using CCA I was able to 

identify linear combinations of geochemical explanatory variables explaining variability in the 

multivariate community response (Legendre and Legendre 1998). CCA partitions total variance 

(inertia) into proportions explained by constraining variables with unadjusted proportions 

(equivalent to R
2
) (Borcard et al. 2011). Using three successive CCAs, I was able to partition 

variance in community composition due to geochemical variables or till factor as described in 
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Borcard et al. (2011). I used a partial CCA to confirm the unadjusted variance partitioning 

calculated from the three separate CCA with glacial till category as a covariable. The 

explanatory variables that described the most influential T-RFLP gradients were selected using 

forward selection for each CCA separately (Borcard et al. 2011). 

I further applied partial Mantel tests to compare the influence of geochemistry, 

geographic distance, and till factor on the composition of microbial communities because the tills 

are not randomly distributed in space, and geographic distance alone can indicate potentially 

genetically isolated and distinct communities (Horner-Devine et al. 2004, Martiny et al. 2006). 

The microbial community similarity matrix was calculated using the Bray-Curtis dissimilarity 

metric and geographic distance calculated based on Euclidean distance between sites (Legendre 

and Legendre 1998, Borcard et al. 2011). Environmental similarity was based on Euclidean 

distance of a select set of environmental variables, chosen to maximize the correlation with the 

community composition response (Clarke and Ainsworth 1993, Horner-Devine et al. 2004). In 

order to assess the influence of glacial tills, I coded these as dummy variables for each site 

(Legendre and Legendre 1998, Borcard et al. 2011). 

Partial Mantel tests were also used to test the influence of community composition on 

enzyme activity of all four enzymes while controlling for the effect of site geochemistry and vice 

versa. Environmental variables were selected similar to above and enzyme activity similarity was 

calculated as Euclidean distance. All statistics were calculated in R with the “vegan” package 

using the following functions: “metaMDS” for NMDS ordination, “adonis” for analysis of 

variance using distance matrices “cca” for CCA and partial CCA, “ordistep” for CCA variable 

selection, and “anova” for permutational tests of CCA significance, “mantel” for partial Mantel 

tests, and “bioenv” for environmental variable selection for partial Mantel tests (Borcard et al. 

2011, Oksanen et al. 2011). 
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RESULTS 

 

Edaphic Characteristics 

 

 All soil geochemistry varied significantly across the four different glacial tills, with the 

exception of nitrate and TIN (Table 2). Phosphate levels varied across till categories (F = 12.91, 

p < 0.0001) with significantly higher concentration in the Ross till (1.33 mg PO4 kg
-1

 dry soil) 

compared to all other tills (0.51 mg PO4 kg
-1

 dry soil, p < 0.0001). SOC and TN were 

significantly influenced by till category (F = 11.86, p < 0.0001; F = 16.46, p < 0.0001, 

respectively) with significantly higher concentrations found in Taylor IV (0.53 g C kg
-1

 dry soil, 

0.07 g N kg
-1

 dry soil, respectively) compared to all other tills (0.41 g C kg
-1

 dry soil, 0.05 g N 

kg
-1

 dry soil, respectively). Microbial biomass was significantly influenced by till (F = 7.96, p = 

0.0001) with the lowest values occurring in the Taylor II till (2.18 mg microbial biomass C kg
-1

 

dry soil) compared to all other tills, which averaged 4.18 mg microbial biomass C kg
-1

 dry soil. 

Ammonium levels were significantly different among tills (F = 3.29, p = 0.027), however the 

data did not follow a normal distribution, and the range of ammonium values was greatest in 

Taylor IV samples (0.056-2.14, mean = 0.23 mg N kg
-1

 dry soil) and much less variable in all 

other tills (0.032-0.49, mean = 0.093 mg N kg
-1

 dry soil). Soil pH and electrical conductivity 

differed significantly among tills (F = 50.60, p < 0.0001; F = 10.84, p < 0.0001, respectively) and 

were both highest in Taylor II (8.98 and 183.43 uS cm
-1

, respectively) and lowest in Taylor IV 

(7.85 and 53.16 uS cm
-1

, respectively). Water also significantly varied among tills (F = 5.93, p = 

0.0013), reflecting a bimodal distribution, consistent with the selection of wet and dry sites. 

Contemporary environmental variation (i.e. wet or dry sites) contributed to variation in 

physical soil variables: soil water content (F = 743.54, p < 0.0001), pH (F = 157.29, p < 0.0001), 

electrical conductivity (F = 105.80, p < 0.0001) and ammonium (F = 6.91, p = 0.0109), but no 

other geochemical parameters (Table 3). Percent soil moisture ranged nearly an order of 

magnitude within environmental categories: dry sites ranged from 0.19-1.66% and wet sites from 

2.03-19.03%. 
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Microbial Community Structure 

 

 Bacterial OTU richness was not significantly different among tills but did vary between 

wet (mean = 70.66) and dry (mean = 58.42) environments (F = 26.01, p < 0.0001) with overall 

average richness of 64.72 across all sites (Table 3). Shannon diversity was also different among 

environments (F = 31.65, p < 0.0001) with a significant interaction between till and environment 

(F = 3.90, p = 0.013). NMDS ordination of microbial community similarity (stress = 0.204) 

showed that communities clustered by environment with overlapping confidence intervals among 

tills (Fig. 3). Both till and environment explained significant (p < 0.001) portions of the variation 

in community similarity (Table 4; F = 3.79, r
2
 = 0.12; F = 12.96, r

2
 = 0.14, respectively).  

 I used a sequence of CCA to examine relationships among community structure (T-RFLP 

profile similarity) and soil properties to assess how till categories and/or specific environmental 

variables influenced community structure (Fig. 4, Table 5). The first CCA model was significant 

(p = 0.001) and included water, pH, microbial biomass, phosphate, ammonium, nitrate, and 

electrical conductivity, and explained 48.9% of the explained T-RFLP-environment relationship 

in the first two axes (Fig. 4, Table 5). The second CCA model was significant (p = 0.001) and 

included only till category in the explanatory data matrix, explaining 75.3% of the model-

explained T-RFLP-environment relationship in the first two axes. The third CCA model was 

significant (p = 0.001) and included pH, NH4, NO3, PO4, EC and Till category, explaining 44.8% 

of the model-explained T-RFLP-environment relationship in the first two axes. Tills were 

responsible for only 3.4% of the total inertia (variance in community composition), while 

geochemical variables explained 18.5% of the variability. These results were confirmed with the 

partial CCA showing that soil properties were the main explanatory variables driving observed 

variation in microbial community structure, regardless of whether these soil properties varied 

with till or wet/dry environments (Fig. 4, Table 5). 

Environmental similarity was calculated using only water, electrical conductivity, and pH 

to maximize the correlation between community composition and geochemical variables. Partial 

Mantel tests demonstrated community similarity was most strongly related to environmental 

similarity when controlled for geographic distance (r = 0.55, p = 0.0001) and till category (r = 

0.55, p = 0.0001) (Table 7). However, it was also significantly correlated to geographic distance 

when controlled for environmental similarity (r = 0.090, p = 0.0005). Community similarity was 
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significantly, albeit weakly, related to till category when controlled for geographic distance (r = 

0.068, p = 0.0038) or environmental similarity (r = 0.087, p = 0.0038). Differences among wet 

and dry sites were apparent as geographic distance and till were strongly related to wet site 

community similarity (r = 0.41, p = 0.0001; r = 0.322, p = 0.0001, respectively), but dry sites 

were not (0.075, p = 0.031; r = 0.036, p = 0.164, respectively). 

 

Extracellular Enzyme Activity 

 

 Enzyme activity of AG, BG, and AP differed only among till categories while LAP 

activity differed only by hydrologic condition (Table 6). I ran multiple linear regressions on 

edaphic characteristics to determine which edaphic variables best described the activity of each 

enzyme (Table 8). All models were significant. The AG model (adj. r
2
 = 0.36, p < 0.0001) 

included NH4 (t = 4.17, p < 0.0001), PO4 (t = -3.86, p = 0.0003), and EC (t = 2.66, p = 0.0099). 

The BG model (adj. r
2
 = 0.34, p < 0.0001) included NH4 (t = 2.26, p = 0.0274), NO3 (t = 2.36, p 

= 0.0213), PO4 (t = -3.39, p = 0.0012), and microbial biomass (t = 3.02, p = 0.0037). The LAP 

model (adj. r
2
 = 0.58, p = < 0.0001) includes TOC (t = -5.47, p < 0.0001), microbial biomass (t = 

5.12, p < 0.0001), and water (t = -7.15, p < 0.0001). The AP model (adj. r
2
 = 0.60, p < 0.0001) 

included NH4 (t = 3.78, p = 0.0003), PO4 (t = -3.93, p = 0.0002), microbial biomass (t = 2.73, p = 

0.0082), pH (t = -4.07, p = 0.0001), and water (t = -3.73, p = 0.0004). 

 Environmental similarity was calculated using water, microbial biomass, PO4, and NH4 to 

maximize the correlation between community composition and geochemical variables. Overall 

enzyme activity of each site was evaluated for a relationship between community similarity and 

environmental similarity using partial Mantel tests (Table 7). Overall enzyme activity was 

significantly related to both environment (r = 0.14, p = 0.0001) and community similarity (r = 

0.1302, p = 0.0078). Dissimilarity among wet sites communities increased with distance (r = 

0.41, p = 0.0001) as well as among dry sites, but with a much weaker relationship in dry sites (r 

= 0.08, p = 0.0313). 
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DISCUSSION 

 

Microbial Community Structure 

 

Microbial community structure was influenced by both historical factors (i.e. glacial till 

sequence) and contemporary environmental conditions (i.e. wet vs. dry) as illustrated by NMDS 

ordination and ADONIS analysis (Fig 3, Table 4). However, CCA revealed that environmental 

factors contributed to a larger proportion of the variability in community composition than till 

category (Table 5). Partial CCA (controlling for till effect) revealed only a slight change in the 

community composition arrangement, enhancing the separation of wet and dry sites, and 

demonstrating that the geochemical differences among tills were driving variation in microbial 

communities (Fig. 4 c, d). Environmental and till categories each explained a similar amount of 

variability in community composition (Table 4). This suggests that including environmental 

variables that differed among tills as well as local environments was important to accounting for 

observed variation in community composition. Partial Mantel tests show that environmental 

variables explain a much higher portion of the variability in composition than simple till category 

alone (Fig 4, Table 7). These three analyses suggest that contemporary environments and glacial 

history are significant influences on microbial community composition, however contemporary 

environmental factors, especially those associated with water availability, are driving more of the 

observed variability. Although many of the geochemical variables were associated with till 

category (Table 2), microbial populations are selected largely based on these contemporary 

environmental differences.  

These data demonstrate the need to understand the role of not only the environmental 

drivers of community composition, but also the controlling factors, for example geological 

legacies versus contemporary hydrological processes. At local scales (< 1 km), previous studies 

have found environmental factors to be the significant driver of microbial community 

composition, whereas at regional scales ( > 10,000 km) historical separation by geographic 

distance has a more significant influence (Martiny et al. 2006). Studies carried out at 

intermediate scales (10-3000 km) are the most likely to show a significant effect of both history 

and contemporary environment (Martiny et al. 2006). Taylor Valley is only about 30 km long 

and sampling sites are, at the greatest distance, about 21.5 km apart, putting this study at the low 
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end of the “intermediate” scaling. This may predict a greater importance of contemporary 

environmental factors, even given the pronounced differences in till chemistry (Burkins et al. 

2000, Bockheim et al. 2008, Bate et al. 2008).  However, investigations of invertebrate and 

microbial communities made at considerably broader scales in Victoria Land, Antarctica, have 

come to similar conclusions about the importance of local environmental drivers of soil 

communities (Barrett et al. 2006).   

 The harsh physical environment of the McMurdo Dry Valleys likely contributed to the 

differences in community composition in my study. In both ordination techniques, the first axis 

was related to water content of the soil indicating that the presence of water and the geochemical 

transformations associated with the rehydration and movement of solutes provide the majority of 

this environmental filter. Wet sites exhibited higher richness and diversity, and partial Mantel 

tests show that among wet sites, spatial proximity is a strong predictor of community similarity 

(Table 7, r = 0.41, p = 0.0001) while community similarity did not vary with geographic distance 

in dry sites (r = 0.07, p = 0.0313), suggesting increased homogeneity among dry surfaces relative 

to wet environments.  Topographic position may help explain this pattern: wet sites considered in 

this study are located in topographic depressions as compared to dry sites typically located at the 

top of rises in the landscape. Flowpath depressions provide sheltered areas for snow, sediment, 

and biota to accumulate during winter high wind events, while dry sites were located on top of 

small rises, which are subject to wind-scour and aeolian movement of soils and associated 

organisms (Gooseff et al. 2003, Nkem et al. 2006b, Levy et al. 2011, Sabacka et al. 2012). The 

snow and sediment accumulation each winter could provide a cap on the previous years’ biota 

and prevent dispersal during the winter season when most of the sediment and snow is 

transported (Nylen 2004). Analogous to microbial systems, plant dispersal studies have 

documented the effects of topography on seed dispersal, showing that seeds dispersed from 

hilltops disperse much further than seeds released from the bottom of hills (Katul and Poggi 

2012). The apparent homogeneity among dry sites could be related to the topographic position of 

these sites which facilitates broader connectivity in the valley, while wet sites are more isolated. 

Additionally, till sequence is significantly related to the community similarity of wet sites, when 

corrected for geographic distance, but is not significant for dry sites (Table 7). That is, wet sites 

within the same till were more similar than dry sites within the same till, suggesting a different 

trajectory of community development in wet and dry soils. Wet sites may not be as well 
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connected across the landscape and thus allow for unique community dynamics in a particular 

site over time, especially considering that these are more favorable sites for biotic activity and 

reproduction compared to dry sites.  Zeglin et al. (2011) also found that bacterial communities 

from dry sediments from distant regions within Wright Valley of the McMurdo Dry Valleys 

were more similar to each other than to local communities from within wetted stream margins. 

That study suggested a dispersal mechanism by which species from aquatic and terrestrial 

environments have different source pools. I hypothesize that in my sites the species pools are not 

necessarily different but rather topographic position affects the connectivity among landscape 

positions and drives the observed community similarity patterns.   

Zhou et al. (2002) proposed that water availability can also drive spatial isolation of soils 

through eliminating competition as a driver of composition. That is, in wetter soils or during 

periods of episodic increased in moisture (i.e. rainfall or in active meltwater flowpaths), soil 

particles are connected via saturated pores and the exchange of nutrients and biota is facilitated 

allowing for well adapted species to successfully reproduce. The biogeochemical differences 

among our tills could drive differentiation and selection of communities in wet sites as these 

environmental factors may become more important with active populations constrained by 

resource competition. While in dry soils the particles are isolated and allow for more species to 

exist and increased probability of successful colonization because of reduced competition, 

however their population size will remain low as resources are scarce and not evenly distributed. 

TFRLP only reflects more abundant bacterial populations, and the elevated richness of wet sites 

could be a consequence of more suitable habitat and thus greater abundances of many 

populations in wet sites and not representative of true diversity. 

Arid soil surfaces of the McMurdo Dry Valleys, which are unlikely to receive seasonal 

wetting from meltwater flowpaths, have been predicted to be repositories for DNA that has 

collected over time from cosmopolitan organisms but are possibly not active, analogous to a 

“seed bank” (Takacs-Vesbach et al. 2010, Lennon and Jones 2011). Theoretically, if dry sites 

represented the collective “seed bank” for all species within a till of Taylor Valley, the species 

richness would be greatest in dry sites and wet sites would simply be representative of a subset 

of species from this pool. Furthermore, dry sites with soil moisture <2% have been found to have 

20-80% of nematodes in a dehydrated, ametabolic state (i.e. anhydrobiosis) and bacterial 

dormancy may follow similar patterns (Treonis and Wall 2005). Taxonomic assessments of 
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composition through “deep sequencing” methods may be necessary to elucidate patterns of total 

diversity. Future work should examine the composition of both active and dormant communities 

through DNA and RNA analyses to examine the importance of dormant individuals to 

maintaining diversity in these soils  

 

Ecosystem Function 

 

 Inorganic N and P and microbial biomass were the most significant factors in 

determining enzyme activity (Table 8). Ammonium was the most common geochemical 

predictor of enzyme activity for the following variables AG, BG, AP, BG:LAP, LAP:AP, 

BG:AG. Elevated ammonium levels in the Dry Valleys are indicative of biological activity 

because ammonium deposition in the region is low (Claridge and Campbell 1987), and therefore 

accumulation of ammonium must be due to mineralization of organic N (Barrett et al. 2002). The 

relationship between ammonium and LAP:AP and BG:AG was negative and to be expected 

because both enzymes in the denominator had a stronger positive response to ammonium than 

the numerator. It is therefore not surprising that microbial activity tracks ammonium 

concentration well for most enzymes. It is surprising, however, that LAP activity is not predicted 

by any nitrogen parameter because as an amino acid degrading enzyme LAP should contribute to 

N acquisition for microbes. LAP was instead most strongly correlated with SOC, microbial 

biomass, and soil water content, although LAP and SOC were negatively related. Zeglin et al. 

(2009) also found a negative LAP-SOM relationship and other physical parameters of the soil 

were included in the best model of LAP activity. In a global scale meta-analysis, Sinsabaugh et 

al. (2008) found that LAP activity was strongly pH dependent, indicating at the biochemical 

level, the enzyme is much more efficient at higher pH. This study’s sites are high in pH, similar 

to other desert environments (Virginia and Wall 1999), but LAP is still strongly predicted by pH 

of the soil (Fig. 5). pH may not appear as a predictor of LAP in the multiple linear regression 

model because water content is included in the model and there is a strong water-pH dependence 

in the data. 

 Enzyme activity is an indicator of nutrient deficiency of the microbial community and 

therefore higher levels should be related to greater associated nutrient demand (Caldwell 2005, 

Sinsabaugh et al. 2008). Phosphate followed patterns similar to previous studies establishing 
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significantly higher levels in the Ross till compared to all other tills (Table 2;  Blecker et al. 

2006, Bate et al. 2008). These differences are largely driven by parent material of the tills and 

not necessarily related to weathering and biotic transformation of phosphorus predicted by 

classical P availability models over geologic time (i.e. Walker and Syers 1976; Bate et al. 2008). 

AP activity was negatively related to phosphate availability in the multiple linear regression and 

demonstrated a significant power relationship (Fig 6), indicating greater P deficiency in older 

tills (Table 2) and in agreement with previous work (Zeglin et al. 2009). Despite differences in 

TN and ammonium among tills, LAP activity was only significantly influenced by 

environmental category, likely due to the physical variable differences between wet and dry sites 

(Table 3). 

 SOC is limiting in the Dry Valleys (Burkins et al. 2000) yet was not a predictor for either 

BG or AG activity. This could be due to the long term stabilization of enzymes on soil particles, 

which would cause the assay to not represent contemporary biological activity (Caldwell 2005, 

Stursova and Sinsabaugh 2008). However, the ratio of BG:AG should provide an indicator of 

available carbon quality, with higher AG reflecting greater abundance of storage polysaccharides 

and higher BG reflecting greater abundance of structural carbon (Sinsabaugh et al. 2010). There 

is a significant relationship between SOC levels and BG:AG ratio (Fig. 7) and given that higher 

levels of SOC in Taylor Valley are coincident with more recalcitrant legacy carbon (Burkins et 

al. 2000, Barrett et al. 2005), the elevated BG:AG activity suggests changes in carbon quality 

affect microbial activity. 

 

Community Structure and Function 

 

 Contemporary environmental conditions along with community structure were 

significantly related to enzymatic metrics of ecosystem functioning. Partial Mantel tests revealed 

significant relationships and similar r values describing the influence of pH, electrical 

conductivity and water content on extracellular enzyme activity (Table 7). This suggests that 

both environment and community variables are important in determining potential enzyme 

activity of these soils. However, when dry sites were examined separately, community similarity 

did not predict similarity in enzymatic function, while in wet sites there was a significant 

relationship. These extracellular enzymes are broadly utilized across microbial taxa and therefore 
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may not be sensitive to compositional differences (Schimel 1995). However, I show that even 

these broad processes are related to composition of soil communities as indicated by T-RFLP 

profiles. T-RFLP characterizes the most abundant organisms present and which are most likely 

to contribute to these broad functions. Dry sites do not appear to reflect currently active 

microbial populations and may indicate the presence of enzyme stabilized on the soil surface 

(Stursova and Sinsabaugh 2008). The characterization of active and dormant populations in these 

different environments could further help illustrate the importance of each subset to ecosystem 

functions. 

Connecting community composition to ecological functions such as enzyme activity, 

respiration, decomposition, and nitrogen cycling has been demonstrated by many previous 

studies (Cavigelli and Robertson 2000, Waldrop et al. 2001, Bell et al. 2005, Reed and Martiny 

2007, Strickland et al. 2009, Boucher and Debroas 2009). For example, Boucher and Debroas 

(2009) demonstrated that specific T-RFLP fragments were associated with changes in enzyme 

activity, indicating that composition and population shifts in the community were related to 

changes in enzyme activity. However, Allison et al. (2007) found that the shift to more fungal 

dominated soils in the older soils of a chronosequence was not enough to compensate for nutrient 

limitation as exhibited by a negative relationship between enzyme activity and nutrient 

availability. Similarly in this study, enzyme activity analysis did not show that shifts in 

community composition were associated with changes in nutrient limitation. This study’s 

connection between microbial community structure and ecosystem functioning is especially 

notable because they link broad ecological processes that are mediated by broad taxonomic 

groups of microbes, which theoretically may be less sensitive to shifts in composition (Schimel 

1995).  My data demonstrate that spatial variation in microbial communities, which are largely 

controlled by geochemical variation from historical legacies and contemporary processes, 

influence broad ecosystem functions. 
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CONCLUSIONS 

 

 The ultimate drivers of biogeography are processes including colonization, extinction, 

and speciation (Martiny et al. 2006), and this study demonstrates the potential for these processes 

to occur in microbial communities across sites separated by glacial history and fine-scale spatial 

variation due to topographic effects. Microbial community composition was significantly 

influenced by both till history and contemporary environmental conditions associated with 

geochemical differences among sites. However, environmental variables explained more 

variability in community similarity. Due to the well-documented dispersal of snow, sediment, 

and soil mesofauna during katabatic wind events it is unlikely that communities are assembled 

from multiple source pools. Instead, we propose that the major community shifts are due to the 

different topographic positions of wet and dry sites influencing the connectivity of microbial 

communities throughout Taylor Valley. Recent studies within the McMurdo Dry Valleys Long-

Term Ecological Research project have sought to emphasize the potential importance of 

connectivity in desert ecosystems and this study contributes to these findings. Enzyme activity 

assays revealed nutrient limitation consistent with observed spatial patterns of ammonium and 

phosphate availability. The ratio of carbon acquiring enzymes reflected expected shifts in carbon 

quality associated with SOC availability. Environmental factors as well as microbial community 

composition had a significant influence on the overall enzyme activity among wet sites only, 

indicating the presence of currently active microbes. Together the environmental conditions and 

microbial community structure are influencing ecosystem functioning in these polar desert soils. 

Further analysis using “deep sequencing” methods may be necessary to fully elucidate patterns 

of biogeography associated with rare and low biomass bacterial taxa. In addition, I recommend 

that future studies examine the community structure of both active and inactive populations to 

understand how dormancy influences biogeography, reflects source pools, and relates to 

microbially-mediated functions. 
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FIGURES 

 
Figure 1. Theoretical community similarity ordinations from alternative hypotheses of microbial biogeography 

drivers as described by Martiny et al. (2006). White/grey circles represent sites with different environmental 

conditions; letters represent communities in historically separated sites. Panel a) displays random distribution of 

communities where there are no limits to species dispersal, b) Baas Becking’s “everything is everywhere but the 

environment selects,” c) only historical legacies drive community divergence, d) both historical legacy and 

contemporary environments select for the present communities. 

  

A B 

C D 
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Figure 2. Major till units within Taylor Valley, Antarctica. Dots denote general sampling locations. Modified from 

Bockheim et al. (2008). 
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Figure 3. NMDS ordination of community similarity. Means plotted with 95% confidence intervals. Circle, Ross till; 

square, Taylor II, triangle, Taylor III; diamond, Taylor IV. Filled symbols are wet sites, open are dry sites. 
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Figure 4. CCA of community similarity constrained by geochemical variables and/or till category. Points represent 

T-RFLP profiles and symbols indicate till (shape) or environment (color). Arrows represent geochemical variables 

showing the direction of increase in each variable and the length indicating the degree of correlation with the axes. 

a) is constrained by geochemical variables only. (b) is constrained by till factors, only 3 tills are displayed because 

factors are converted to dummy variables and only three dummy variables are needed to explain 4 levels of the till 

factor. (c) is constrained by both till factors and geochemical variables. (d) is a partial CCA constrained by 

geochemical variables while controlling for till factor. 

a 

d c 

b 
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Figure 5. LAP activity regression as predicted by soil pH levels.  
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Figure 6. AP activity regression as predicted by soil phosphate concentrations.
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Figure 7. BG:AG activity ratio regression as predicted by SOC concentrations.  
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TABLES 
 

 

Table 1.  Taylor Valley, Antarctica glacial drift characteristics. Adapted from Bockheim et al. (2008). 
 

1
 Weathering stages (reflects age of material based on boulder weathering and soil morphology; originally from 

Campbell and Claridge 1975) 

1: fresh boulders; minimal horizon development; very shallow ice-cement; moderate patterned ground 

development 

2: some boulder disintegration; weak horizon development; shallow ice-cement; strong patterned ground 

development 

3: boulders with distinct rounding, some cavernous weathering and ventifacts; distinct horizon 

development; moderately deep soil depth 

4: boulders reduced by ventifaction, crumbling; strongly developed cavernous weathering; very distinct soil 

horizons; deep soil profiles 

5: few boulders; well developed desert pavement with extensive crumbling, rounding; very distinct soil 

horizons; deep soil profiles 

6: weathered and crumbled bedrock; very distinct soil horizon development; shallow to deep profiles 
2
 Salt stages (reflects soil age and related to electrical conductivity; Bockheim 1990, 2002) 

 0: no visible salts; <0.6 dS m
-1

 

 1: salt coatings on bottom of stones; 0.6-5.0 dS m
-1

 

 2: salt flecks 1-2 mm in diameter covering <20% of area of a horizon; 5.0-18 dS m
-1

 

 3: salt flecks 1-2 mm in diameter covering >20% of area of a horizon; 18-25 dS m
-1

 

 4: weakly cemented salt pan; 25-40 dS m
-1

 

 5: strongly cemented salt pan; 40-60 dS m
-1

 

 6: indurated salt pan; 60-100+ dS m
-1

 
3
 THt = Typic Haploturbel;  TAt = Typic Anhyturbl;  TAo = Typic Anhyorthel;  SAo = Salic Anhyorthel 

  

Drift Unit 
Approx. 

Age 

Depth to Ice Cement 

(cm) 

Weathering 

Stage
1
 

Salt Stage
2
 Soil subgroup

3
 

Ross Sea 12.4-23.8 ky 34 1.6 1.1 THt 

Taylor II 113-120 ky >45 2.1 1.2 Tao-Tat 

Taylor III 208-375 ky >85 2.7 2.0 Tao 

Taylor IVa 1.6-2.1 My >44 4.2 3.4 Tao-Sao 

Taylor IVb 2.7-3.5 My >46 4.0 2.8 TAo 
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Table 2. Means ±SE of soil characteristics for each glacial till unit. Different letters indicate a significant difference among tills.

 Ross  Taylor II  Taylor III  Taylor IV 

SOC 

(g C kg
-1

 dry soil) 
0.38 ±0.03

b
  0.30 ±0.03

b
 

 
0.40 ±0.04

b
 

 
0.53 ±0.04

a
 

TN 

(g N kg
-1

 dry soil) 
0.05 ±0.004

b
  0.04 ±0.003

c
 

 
0.05 ±0.004

bc
 

 
0.07 ±0.006

a
 

NH4-N 

(mg N kg
-1

 dry soil) 
0.077 ±0.009

b
  0.097 ±0.019

ab
 

 
0.109 ±0.036

ab
 

 
0.288 ±0.119

a
 

NO3-N 

(mg N kg
-1

 dry soil) 
0.732 ±0.541  0.813 ±0.342 

 
0.283 ±0.045 

 
0.11 ±0.23 

TIN 

(mg N kg
-1

 dry soil) 
0.81 ±0.541  0.91 ±0.351 

 

0.392 ±0.061 

 

0.398 ±0.12 

PO4 

(mg PO4 kg
-1

 dry soil) 
1.334 ±0.179

a
  0.576 ±0.08

b
 

 
0.417 ±0.05

b
 

 
0.501 ±0.081

b
 

Microbial Biomass 

(mg C kg
-1

 dry soil) 
3.612 ±0.399

a
  2.179 ±0.279

b
 

 
3.388 ±0.503

ab
 

 
5.243 ±0.075

a
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Table 3. Means ±SE of soil edaphic characteristics, richness, and Shannon diversity (H’) for wet and dry environmental categories within each glacial till unit. 

(*) indicates a significant difference between wet and dry sites within a given till (one-way ANOVA within tills, *p < 0.05, **p < 0.01, p < 0.001, ****p 

<0.0001).

 Ross  Taylor II 
 

Taylor III 
 

Taylor IV 

 Dry Wet  Dry Wet 
 

Dry Wet 
 

Dry Wet 

Water 

(%) 
0.903 ±0.183 13.022 ±1.614****  0.370 ±0.050 8.046 ±0.870**** 

 
0.348 ±0.066 9.807 ±1.210**** 

 
0.549 ±0.066 13.611 ±0.935**** 

pH 9.36 ±0.11 7.99 ±0.17****  9.29 ±0.13 8.70 ±0.04*** 
 

8.45 ±0.13 7.30 ±0.05**** 
 

8.38 ±0.10 7.32 ±0.12**** 

EC 

(µS cm
-1

) 
379.9 ±96.5 23.03 ±5.42****  295.4 ±147.6 81.6 ±10.7* 

 
126.2 ±25.3 16.73 ±0.81**** 

 
89.7 ±20.7 16.67 ±2.63**** 

Richness 55.1 ±4.0 67.7 ±3.8*  58.2 ±2.5 78.6 ±2.4****  60.0 ±2.6 67.7 ±2.6  60.6 ±3.2 65.9 ±3.2 

Diversity (H’) 3.44 ±0.08 3.78 ±0.08**  3.50 ±0.05 3.91 ±0.05****  3.62 ±0.04 3.71 ±0.04  3.57 ±0.05 3.68 ± 0.05 
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Table 4. Influence of till and environmental categories from ADONIS. df, degrees of freedom; SS, sums of squares; 

MS, mean  square. Tests are carried out with 9,999 permutations. 

Factor df SS MS F Model R
2
 p 

Till 3 2.252 0.751 3.793 0.118 0.0001 

Environment 1 2.565 2.565 12.962 0.135 0.0001 

Till x Environment 3 2.341 0.780 3.944 0.123 0.0001 

Residuals 60 11.874 0.198  0.624  

Total 67 19.032   1.000  
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Table 5. Influence of geochemical variables and till category from CCA. Constraining environmental variables were 

chosen using forward selection process. Σλi is the sum of constraining canonical eigenvalues. Total inertia is the sum 

of all eigenvalues (Σλi/Total Inertia is the proportion of T-RFLP profiles explained by constraining variables). T-

RFLP-evn (%) is the percent of the T-RFLP-env relationship (Σλi) explained by the first two CCA axes. * indicates 

the variable partialled out. 

Model Constraining Variables Σλi Total Inertia 

T-RFLP-env 

(%) 

Geochemical pH, NH4, water, NO3, PO4, EC, microbial biomass 1.270 5.434 48.9 

Till Till 0.451 5.434 75.3 

Geochemical and 

Till 

pH, NH4, water, NO3, PO4, EC, microbial biomass, 

Till 
1.542 5.434 41.7 

Partial 
pH, NH4, water, NO3, PO4, EC, microbial biomass 

(Till*) 
1.087 5.434 51.8 
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Table 6. Means ±SE of enzyme activity and enzyme ratios across tills. Alpha-glucosidase activity (AG, nmol h
-1

 g
-1

 

OM); beta-glucosidase activity (BG, nmol h
-1

 g
-1

 OM); leucyl-aminopeptidase activity (LAP, nmol h
-1

 g
-1

 OM); 

alkaline phosphatase activity (AP, nmol h
-1

 g
-1

 OM). Letters indicate significant difference of means among tills (p <  

0.05). 

 Ross Taylor II Taylor III Taylor IV 

AG 742 ±53
b
 1686 ± 267

a
 1860 ± 273

a
 1781 ± 355

a
 

BG 842 ±79
a
 1435 ± 197

ab
 1853 ± 273

b
 1993 ± 243

b
 

LAP 63753 ±7176 67366 ± 10625 62982 ± 10574 50263 ± 3695 

AP 5194 ±485
a
 6482 ± 598

a
 13321 ± 1844

b
 15298 ± 2231

b
 

BG:LAP 0.015 ±0.002
c
 0.029 ± 0.004

bc
 0.036 ± 0.008

ab
 0.046 ± 0.007

a
 

BG:AP 0.178 ± 0.021
ab

 0.218 ± 0.023
a
 0.145 ± 0.016

ab
 0.147 ± 0.014

b
 

LAP:AP 12.75 ± 1.27
a
 10.34 ± 1.28

a
 4.97 ± 0.6

b
 4.59 ± 0.66

b
 

BG:AG 1.14 ± 0.06
ab

 0.9 ± 0.04
c
 1.02 ± 0.04b

c
 1.3 ± 0.08

a
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Table 7. Partial Mantel testing the influence of the geochemical environment, geographic distance, and till age on 

community similarity and extracellular enzyme activity (EEA). Pearson’s r and p values after 9,999 permutations. 

*indicates significant effect (p < 0.05). “NA” indicates a Mantel test between the two other matrices. 
1
 indicates 

environmental similarity including variables pH, EC, and water content. 
2
 indicates environmental similarity 

including variables water, microbial biomass, PO4, and NH4. 
3
 indicates environmental similarity including all 

geochemical variables. 

 
  

Response Effect of: Controlled for: r p 

Community Environment
1
 Distance 0.5509 0.0001* 

Community Environment
1
 Till 0.5544 0.0001* 

Community Distance Environment
1
 0.08992 0.0005* 

Community Till Distance 0.06786 0.0038* 

Community Till Environment
1
 0.08683 0.0004* 

Dry Site Community Distance Environment
1
 0.07527 0.0313* 

Dry Site Community Till Distance 0.03608 0.1638 

Wet Site Community Distance Environment
1
 0.4053 0.0001* 

Wet Site Community Till Distance 0.322 0.0001* 

EEA Environment
2
 Community 0.14 0.0001* 

EEA Community Environment
2
 0.1302 0.0078* 

Dry Site EEA Community Environment
2
 0.09502 0.1136 

Dry Site EEA Environment
2
 Community 0.07825 0.1611 

Wet Site EEA Community Environment
2
 0.3195 0.0001* 

Wet Site EEA Environment
2
 Community 0.4057 0.0007* 

Environment
3
 Distance ---- 0.1904 0.0001* 
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Table 8. Multiple linear regression results for enzyme assays and enzyme ratios. Alpha-glucosidase activity (AG, 

nmol h
-1

 g
-1

 OM); beta-glucosidase activity (BG, nmol h
-1

 g
-1

 OM); leucyl-aminopeptidase activity (LAP, nmol h
-1

 g
-

1
 OM); alkaline phosphatase activity (AP, nmol h

-1
 g

-1
 OM).  

Enzyme Adj. R2 Model p-value Variable t-value p-value 

      

AG 0.358 < 0.0001 NH4 4.17 <0.0001 

PO4 -3.86 0.0003 

EC 2.66 0.0099 

      

BG 0.342 <0.0001 NH4 2.26 0.0274 

NO3 2.36 0.0213 

PO4 -3.39 0.0012 

Microbial biomass 3.02 0.0037 

      

LAP 0.579 <0.0001 SOC -5.47 <0.0001 

Microbial biomass 5.12 <0.0001 

Water content -7.15 <0.0001 

      

AP 0.604 <0.0001 NH4 3.78 0.0003 

PO4 -3.93 0.0002 

Microbial biomass 2.73 0.0082 

pH -4.07 0.0001 

Water content -3.73 0.0004 

      

BG:LAP 0.423 <0.0001 NH4 4.13 0.0001 

pH -3.60 0.0006 

      

BG:AP 0.168 0.0003 EC 3.81 0.0003 

      

LAP:AP 0.619 <0.0001 SOC -2.64 0.0103 

NH4 -3.16 0.0024 

PO4 2.38 0.0205 

pH 5.83 <0.0001 

      

BG:AG 0.518 <0.0001 TN 8.31 <0.0001 

NH4 -2.99 0.0039 
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