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Global climate change has accelerated the pace of glacial retreat in high-latitude and high-elevation
environments, exposing lands that remain devoid of vegetation for many years. The exposure of ‘new’ soil
is particularly apparent at high elevations (5000 metres above sea level) in the Peruvian Andes, where
extreme environmental conditions hinder plant colonization. Nonetheless, these seemingly barren soils
contain a diverse microbial community; yet the biogeochemical role of micro-organisms at these extreme
elevations remains unknown. Using biogeochemical and molecular techniques, we investigated the
biological community structure and ecosystem functioning of the pre-plant stages of primary succession in
soils along a high-Andean chronosequence. We found that recently glaciated soils were colonized by a
diverse community of cyanobacteria during the first 4-5 years following glacial retreat. This significant
increase in cyanobacterial diversity corresponded with equally dramatic increases in soil stability,
heterotrophic microbial biomass, soil enzyme activity and the presence and abundance of photosynthetic
and photoprotective pigments. Furthermore, we found that soil nitrogen-fixation rates increased almost
two orders of magnitude during the first 4-5 years of succession, many years before the establishment of
mosses, lichens or vascular plants. Carbon analyses (pyrolysis-gas chromatography/mass spectroscopy) of
soil organic matter suggested that soil carbon along the chronosequence was of microbial origin. This
indicates that inputs of nutrients and organic matter during early ecosystem development at these sites are
dominated by microbial carbon and nitrogen fixation. Overall, our results indicate that photosynthetic and
nitrogen-fixing bacteria play important roles in acquiring nutrients and facilitating ecological succession in
soils near some of the highest elevation receding glaciers on the Earth.
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1. INTRODUCTION

Ecological research conducted along deglaciated chrono-
sequences has been pivotal in advancing our understanding
of primary succession and ecosystem development. These
studies employ space-for-time substitutions, such that
distance from a receding glacier is used as a proxy for soil
age, with older, more developed soils being further from
the glacier’s edge. The majority of these studies have
focused on plant succession (Bormann & Sidle 1990;
Matthews 1992; Chapin ez al. 1994) and, while vegetation
succession can be stochastic across different environments,
research has demonstrated some consistent patterns of
plant-mediated changes to ecosystem functioning such as
nitrogen (N) fixation (Walker & del Moral 2003). For
example, plant communities dominated by N-fixing
species are common early in the primary succession of
newly deglaciated soils in Glacier Bay, Alaska (Reiners
et al. 1971). These N-fixing plants increase soil N pools
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and N-cycling rates (Bormann & Sidle 1990; Chapin
et al. 1994) and affect soil development (Crocker &
Major 1955). Such plant-driven changes to soil N cycling
have significant effects on ecosystem functioning and
on the establishment of subsequent plant communities
(Chapin ez al. 1994).

By contrast, the earliest pre-plant stages of primary
succession have received little study, despite the fact that
this stage of succession can last for many years in high-
latitude and high-elevation environments (Hodkinson
et al. 2003; Sigler & Zeyer 2004). However, with the
application of modern molecular approaches, it is
becoming clear that microbes rapidly colonize deglaciated
soils long before vascular plants or lichens appear
(Jumpponen 2003; Tscherko et al. 2003; Nicol et al.
2005; Bardgett et al. 2007). Yet we know little about the
ecological or biogeochemical importance of these early
colonists, or of the biological activity occurring within
these seemingly barren soils. It is possible that micro-
organisms follow predictable patterns of succession in
particular ecosystems, and that microbial succession may
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play important roles in ecosystem development. Alter-
natively, it has been suggested that early microbial
inhabitants of proglacial lands are mostly dormant
(Jumpponen 2003), and that fluxes of nutrients and
organic matter in these systems originate from aeolian
inputs (Swan 1992; Hodkinson et al. 2002) or from
ancient carbon (C) pools (Bardgett ez al. 2007). However,
our preliminary studies (Nemergut ez al. 2007) indicated
that C and N pools increased over the first 20 years of
succession (significantly for N, but not for C), suggesting
that these elements were being replenished and hinting at
a role for N and C fixation within these soils.

Global climate change has hastened both the rate
and extent of glacial melting in high-latitude and high-
elevation environments (Barnett et al. 2005; Barry 2006).
This is particularly true in high-elevation sites (5000
m.a.s.l.) in the Andes (Mark & Seltzer 2005; Bradley
et al. 2006), where extreme aridity, low atmospheric
partial pressures, low temperatures and high ultraviolet
radiation hinder rapid plant colonization. These ostensibly
barren sites contain diverse microbial communities
(Nemergut er al. 2007) and thus offer a rare opportunity
to investigate how life becomes established and develops in
some of the most extreme terrestrial environments on
Earth. In this paper, we describe the co-development of
microbial communities and microbial biogeochemical
processes in recently deglaciated soils in the high Andes
of Peru. Repeated visits to the same receding glacier
combined with isochrones of glacier termini from aerial
photos allowed us to investigate a soil chronosequence
devoid of plant life. We show that these seemingly barren
soils rapidly developed a diverse photosynthetic and
N-fixing microbial community many years before the
development of lichens, mosses or plants, and that this
community contributes substantially to the biogeochemi-
cal cycles of this system, even during the first 4-5 years
following deglaciation.

2. MATERIAL AND METHODS

(a) Study site and ice recession analysis

The terminus (elevation 5000 m.a.s.l. in 2005) of the Puca
Glacier lies in the Laguna Sibinacocha Basin, in the
Cordillera Vilcanota of the Peruvian Andes (figure 1). This
basin was heavily glaciated during the Little Ice Age (LIA),
resulting in a still-visible boundary above which there are no
lichens (Seimon ez al. 2007). Soils inside the LIA boundary
are undeveloped glacial till with very low organic C and N
contents (approx. 0.1 and 0.01%, respectively) and high
quartz and calcite contents (Nemergut ez al. 2007). Our early
successional sites (0—4 years uncovered) are all at least 1 km
inside the LIA boundary and therefore have probably been
ice-covered for at least the last 700 years. More detailed
descriptions of the overall study area have been published
elsewhere (Nemergut er al. 2007; Seimon et al. 2007;
Schmidt er al. 2008). The age of the youngest sampling
sites was determined by ground observations of glacial extent
in 2001, 2003 and 2005, and by aerial photos taken in 2003
and 2005 (Seimon ez al. 2007). The 4-year-old sites were at
the glacial forefront in 2001 and had been uncovered from 4
to 5 years when sampled. Likewise, the 1-year-old sites had
been uncovered from 1 to 1.5 years when sampled, and the
0-year-old sites were just being uncovered when sampled.
The approximate yearly rate of glacial retreat during this
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Figure 1. Photograph of the Puca Glacier taken in March
2005 from a distance of approximately 8 km. Lake Sibina-
cocha (4900 m.a.s.l.) is in the foreground and the glacier
terminus is at an elevation of 5000 m. The highest peak on the
horizon is Nevado Chumpe (6106 m.a.s.l.).

study period (2000—2005) was 20 myr~!. The age of the
oldest sampling sites was determined to be approximately 79
years old by comparing GPS positions with pre-established
isolines for glacial coverage in 1931, 1962, 1980 and 2005, as
estimated from aerial photographs (Seimon ez al. 2007).
From 1931 to 1961 the glacier receded at a rate of
approximately 14 m yr~'. The 79-year-old sites were located
77 m beyond the 1931 isoline and, assuming the same
recession rate of 14 m yr™?, this site was last covered in 1926.

(b) Sample collection and transport

Three sets of samples were collected along the chrono-
sequence to analyse microbial community composition and
activity. The first set was used for microbiological analyses: at
the appropriate distance from the glacier, four soil samples
from four randomly selected locations (but all at the same
distance from the glacier) were collected from the top 2 cm
using sterilized trowels. Soils were placed into sterile 15 ml
centrifuge tubes, sealed and kept frozen throughout their
return to the US for analysis. The second set of samples was
used for N-fixation rate analysis. Eight locations were
randomly selected at each distance from the glacier and
soils were collected to a 2 cm depth using 2.43 cm diameter,
55 ml clear acrylic tubes. Samples were analysed using the
acetylene reduction assay in the field, transferred into sterile
plastic bags and kept frozen throughout their return to the US
for analysis. These samples were also used for pigment
analyses. The third set of samples was used for all other
chemical analyses. Ten randomly selected locations at each
distance from the glacier were chosen and, using a 2.54 cm
soil corer, samples were collected to a depth of 10 cm.
Samples were placed in sterile plastic bags and kept frozen
throughout their return to the US. All sample analyses were
conducted upon return to the laboratory and all samples were
kept frozen at all times between collection and analysis.

(¢) Microbiological analyses

Heterotrophic microbial biomass was estimated using the
substrate-induced growth response approach described by
Lipson er al. (1999). This approach was modified for
estimating the very low levels of biomass in these soils
by using low concentrations of the substrate glutamate
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(50 pg C g dry soil ™ 1) and incubating for longer time periods
(Ley ez al. 2004).

Two replicate bacterial clone libraries were constructed
for each of the 0- and 4-year-old soils with PCR primers
515F and 1492R using methods as previously described
(Nemergut ez al. 2007). Cyanobacteria made up 12 per cent
of all clones (n=139) in O-year-old soils and 31 per cent
of clones (n=144) in 4-year-old soils. Sequence alignments
were subjected to Bayesian phylogenetic analysis
(Huelsenbeck et al. 2001) using the GTR+gamma model
of evolution with 1000 000 generations. Closely related
sequences from ARB and BLAST searches were used as
reference taxa. Support values for each node of the tree
greater than 50 per cent are shown (distance/parsimony). The
tree was rooted with Rhodobacter sp. HTCC515 (AY584573)
and Sphingomonas oligophenolica (AB018439).

(d) Pigment extraction and high-pevformance liquid
chromatography analyses

Photosynthetic and photoprotective pigment extraction was
carried out as described by Bowker er al. (2002). For
extracted samples, quantitative and qualitative pigment
analyses were performed as described by Karsten er al.
(1998) with the following modifications. Pigments were
separated on a Waters high-performance liquid chromato-
graphy (HPLC) system with a Symmetry C;g column (3.9 X
150 mm; Waters Corporation, Milford, MA, USA). For each
sample, 100 pl of the acetone-pigment solution were injected
by the autosampler into the HPLC system and the elution
lasted for 23 min. Pigments were identified using known
standards by comparative retention times and characteristic
absorption maxima obtained from photodiode array and
fluorescence detectors.

(e) Nitrogen-fixation measurements

Rates of N fixation in the field were estimated using a
modified acetylene reduction assay (Belnap 1996). Soil
samples were collected at all sites (eight spatially separate
replicates per distance from the glacier) as 2 cm deep intact
cores in 2.43 cm diameter, 55 ml clear acrylic tubes. After
collection, samples were sealed, injected (through lids fitted
with septa) with enough acetylene (generated from calcium
carbide) to create a 10 per cent headspace concentration by
volume, vented to the atmosphere, and left to incubate in the
field for 18 hours in the shade during daylight (12.00 to
18.00, solar time, 19 March 2005) and night time
(18.00-06.00). Headspaces were sampled the next morning
(20 March 2005) at 06.00. Because we were interested in
in situ rates of N fixation, sample moisture content was
not manipulated and samples were incubated at the field
sites. After incubation, sample headspaces were mixed, sub-
sampled, injected into Vacutainer tubes (Becton, Dickinson
and Co., Franklin Lakes, NJ, USA) and were returned to the
laboratory for immediate gas analysis. Ethylene concen-
trations were measured using a Shimadzu 14-A Gas
Chromatograph (Shimadzu Corporation, Kyoto, Japan)
equipped with a flame ionization detector (330°C) and a
Poropak N column (110°C; Supelco, Bellefonte, PA, USA).
Parallel acetylene blanks (no soil) were collected during the
field incubation and used to assess background levels of
ethylene. Controls for ethylene production in the absence of
acetylene and for ethylene consumption were also determined
and were consistently undetectable.
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Using a series of ethylene standards, rates of acetylene
reduction were calculated using the units of nanomoles of
acetylene reduced per gram dry mass of sample per hour of
incubation. However, to facilitate comparison with other
estimates and to put N-fixation rates in an ecosystem N-cycle
context, rates of acetylene reduction were converted to area-
based rates of N fixation. To convert rates to kg N fixed
ha~!yr~!, we (i) applied the theoretical conversion factor of
three moles of acetylene reduced for every mole of N fixed
(Hardy er al. 1968), (ii) used the surface area of the collection
tubes and (iii) assumed N fixation would occur for 10 hours
per day. This is an estimate of N fixation calculated from a
single analysis and, because free-living N-fixation rates
probably vary on seasonal scales (Reed ez al. 2007), should
not be considered a true annual rate.

(f) Soil nitrogen assays

Total soil N concentrations were measured on ground,
oven-dried soils (four spatial replicates of 0—10 cm depth
per distance from the glacier) using a Carlo Erba EA 1110
elemental analyser (CE Elantech, Lakewood, NJ, USA).
Extractable inorganic soil N concentrations (NH; and
NOj ) were determined by extracting 10 g of fresh soil with
50 ml of 2 M KCI for 18 hours and then filtering samples
(Robertson er al. 1999). Samples were analysed color-
imetrically using an Alpkem autoanalyser (OI Analytical,
College Station, TX, USA).

(g) Pyrolysis-gas chromatographylmass spectroscopy
We examined the chemical structure of soils and cyanobac-
terial cultures using pyrolysis-gas chromatography/mass
spectroscopy (Pyr-GC/MS; Gleixner et al. 2002; Grandy &
Neff 2008). Samples were pyrolysed (10s) in a GSG
Analytical Pyromat Curie-Point pyrolyser (Brechbuhler
Scientific, Houston, TX, USA) using a ferromagnetic tube
with a Curie-point of 590°C. The pyrolysis products were
transferred online to a Trace GC gas chromatograph
(ThermoQuest Trace GC, Thermo Finnigan, Waltham,
MA, USA). The interface temperature was set to 250°C
with a split injection (split ratio 50: 1, helium flow rate
1.0 ml min~"). Pyrolysis products were separated on a BPX 5
column (60 mX0.25 mm, film thickness 0.25 um; SGE
Analytical Science, Austin, TX, USA) using a temperature
programme of 40°C for 5 min, 5°C min ' to 270°C followed
by a jump (30°C min~ ") to a final temperature of 300°C. The
column outlet was coupled to a Thermo Polaris-Q ion-trap
mass spectrometer operated at 70 eV in the EI mode. The
transfer line was heated to 270°C and the source temperature
was held at 200°C. Pyrolysis products were subsequently
identified by comparison with reference spectra after
deconvolution and extraction using AMDIS v. 2.64, and
then compared with National Institute of Standards and
Technology mass spectral libraries and published literature.

(h) Enzyme assays

Enzyme assays were conducted (=5, 6 and 6 for soil ages
0, 4 and 79 years, respectively) on soils that had been
collected in the field and kept frozen during transport, and
samples were analysed two weeks after collection. The
procedures were as previously described (Weintraub ez al.
2007), but with a higher soil: buffer ratio and longer
incubation times to increase the sensitivity of the assays.
Soil slurries were prepared by shaking 2 g of soil in 125 ml of
50 mM sodium bicarbonate buffer, pH 8.5 (a typical pH
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for these soils). The slurries were continuously stirred using
a magnetic stir plate while 200 pl aliquots were pipetted
into 96-well microplates. For each sample, 16 replicate wells
were created. These enzyme assays were fluorometric, and
were set up in black 96-well microplates. We added 50 pl
of 200 mM of the appropriate substrate solution to each
sample well. Blank wells were created with 50 pl of buffer and
200 wl of sample slurry. Negative control wells were created
with 50 ul of the substrate solution and 200 ul of buffer.
Quench standards were created with 50 pl of fluorescence
standard (10 mM 4-methylumbelliferone, or 7-amino-
4-methylcoumarin in the case of leucine aminopeptidase)
and 200 pl of the sample slurry. Reference standards were
created with 50 pl of standard and 200 pl of buffer. The assay
plates were incubated in the dark at 13°C for up to 24 h. At
the end of the incubation, 10 ul aliquots of 1.0 M NaOH
were added to each well to raise the pH, as 4-methylumbelli-
ferone and 7-amino-4-methylcoumarin fluoresce more
strongly at higher pH. Fluorescence was measured using a
Bio-Tek microplate fluorometer (Bio-Tek Instruments, Inc.)
with 365 nm excitation and 460 nm emission filters. After
correcting for quenching and for the negative controls,
enzyme activities were expressed as nmol g dry soil ! h™ L.

(i) Soil stability analyses

To assess the relationship between soil age and soil resistance
to erosion, a Torvane Shear Measurement Device (ELE
International, Loveland, CO, USA) was used. A Torvane is
suggested as the most effective instrument for assessing the
resistance of soil to detachment by run-off and erosion
(Zimbone et al. 1996), and this technique uses a hand-held
vane shear device for rapid determination of shear strength in
soils. Briefly, one component of the Torvane has plastic
blades that are placed into the surface (top 0.5 cm) of the soil,
and the device is twisted such that the soil must resist the
movement of the blades. These blades work in conjunction
with a meter that measures the soil’s resistance and gives a

shear strength value in the units kg cm ™ 2.

() Statistics

To statistically compare the cyanobacterial community in the
0- and 4-year-old soils we used the Phylo-test (P-test) as
previously described (Martin 2002; Schadt et al. 2003). We
determined the posterior probability distribution of trees
using Bayesian analysis. For each of the Bayesian trees, site
was optimized on the tree as a discrete character using
parsimony, and the covariation between phylogeny and site
was determined as the number of changes between sites
needed to explain the observed distribution of cyanobacteria.
The significance of the covariation was established by
determining the expected number of changes under the null
hypothesis that the communities do not covary with
phylogeny. The null expectation was estimated by assuming
that the identity of sequences across communities remains
fixed and that the relationships among sequences are random.
If the observed number of transitions from one community to
another is less than 95 per cent of the values generated from
randomized data, then microbial composition differs signi-
ficantly between the two communities.

All other data were tested for homoscedasticity (Levene’s
test for equal variances) and normality (SPSS, Chicago, IL,
USA); when data did not meet these assumptions, they were
In-transformed prior to statistical analysis. Differences along
the chronosequence were tested with one-way analyses of
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variances (ANOVAs): for each ecosystem property or rate of a
process, an ANOVA was performed using distance from the
glacier as the independent factor. To examine finer-scale
variation within the chronosequence, multiple comparisons
for each ANOVA were performed using Tukey’s post hoc
analyses. Enzyme data were analysed using one-way multi-
variate analysis of variance (MANOVA; Data DESK version
6.1, Data Descriptions, Inc., Ithaca, NY, USA) with distance
from the glacier as the factor. Multiple comparisons for each
MANOVA were performed using LLSD post hoc analyses. For
all data, significance was determined at «=0.05.

3. RESULTS

Analysis of 16S rDNA sequences from soil genomic DNA
libraries revealed marked shifts in the microbial commu-
nity during the first 4 years of succession following glacier
retreat (figure 2a). Statistical comparison of the cyano-
bacterial communities using the Phylo-test (Martin 2002;
Schadt et al. 2003) revealed that the 0- and 4-year-old
cyanobacterial communities were significantly different in
both diversity and abundance (p<0.001; figure 2a).
Additionally, an increase in the concentration of pigments
involved in bacterial photosynthesis and photoprotection
mirrored the increase in cyanobacterial diversity in the
4-year-old site, providing further evidence that cyano-
bacteria are abundant in these seemingly barren soils
(figure 2b). In addition to the pigments shown in figure 25,
two other cyanobacterial pigments (chlorophyll 4 and
echinenone) went from undetectable levels to 0.60+0.32
and 0.0940.06 pug g dry soil !, respectively, during the
first 4 years of succession. Plastid sequences from diatoms
were also detected in our 16S libraries increasing from
approximately 4 per cent relative abundance to 12 per cent
over the first 4 years of succession. Although the diversity
of diatoms was too low to apply the Phylo-test, the diatom
phylotypes in the 0-year-old soils were not related to any
known diatoms, whereas those in the 4-year-old soils were
98 per cent related to Nitzschia frustulum, a known
Antarctic diatom (Kawecka & Olech 1993). Soil surface
stability also increased significantly (F5 ;6=4.6,p=0.017)
along the chronosequence, even during the first 4 years of
succession (figure 2¢).

Rates of soil N fixation varied significantly (I3 3,=
5.2, p=0.005) along the chronosequence (figure 3a).
There was a significant increase in N fixation from
the low rates at the 0- and 1-year-old sites (0.80 and
0.81 pgm~2h~!, respectively) to rates that were
approximately two orders of magnitude higher in the
4-year-old sites (37 pgm ™ 2>h~!); rates then declined
to half that value (although not significantly) in the
79-year-old sites (18 ug m~ 2 h ™ !; figure 3a). Activity of
three key microbial enzymes increased along the
chronosequence, although only phosphatase increased
significantly during the first 4 years of succession (I; ;4=
8.8, p=0.04; figure 3b).

Concentrations of both total and inorganic soil
N increased continuously along the chronosequence.
Total soil N increased from almost undetectable levels
in the 0- and 1-year-old soils to 600 pg g dry soil "' in the
79-year-old soils (figure 3a). Inorganic N concentrations
followed the same pattern (F5,;,=11.2, p<0.001) with
the lowest concentrations present at the 0- and 1-year-old
sites (0.8 and 0 pg NH g dry soil ", respectively, and 0.6
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Figure 2. (@) Phylogenetic tree of cyanobacterial sequences from 0-year-old soils (green rectangles) and 4-year-old soils (blue
rectangles) compared with known cyanobacterial sequences. The relative length of the rectangle symbolizes the number of
sequences of each phylotype. There was a significant change (»>0.001) in cyanobacterial diversity between the 0- and 4 year
samples as determined by the Phylo-test (Martin 2002; Schadt ez al. 2003). () Chlorophyll a (grey bars) and Scytonemin (black
bars) pigment concentrations during the first 79 years following deglaciation (n=8 per soil age). Data shown are means+1 s.e.
and differing lower-case letters represent significant differences (p<0.05) in a given pigment concentration at different points
along the chronosequence (as determined by one-way ANOVAs and Tukey’s post hoc analyses). Both chlorophyll a and
Scytonemin concentrations were significantly higher in the 4-year-old soils than in the 0- or 1-year-old soils. (¢) Means+ 1 s.e. of
soil stability measurements (=4 for 0- and 1-year-old soil and »= 6 for 4- and 79-year-old soils) of soils of varying ages along
the chronosequence. Different letters on bars of the same variable indicate significant differences (»<0.05) determined from

one-way ANOVA and Tukey’s post hoc analysis.

and 0.4 pg NOj3 g dry soil™!, respectively), higher
concentrations in the 4-year-old soil (2.1 ug NHj g
dry soil " 'and 0.6 ug NO3 g dry soil '), and the highest
concentrations found at the 79-year-old soil (4.9 ug
NH, g dry soil ! and 10.3 pg NOj3 g dry soil ™ ).

We used Pyr-GC/MS to follow changes in soil organic
matter chemistry and to help determine the sources of C
for the microbial community. These analyses suggested
the presence of only 10 pyrolysis products in 1-year-old
soils (figure 4b), despite modification of our methods to
detect low C concentrations. By contrast, in the 4-year-old
sites we found 17 compounds, all of which indicated
a strong microbial signature (table 1), including pentade-
canoic acid methyl ester. We also analysed several cultured
cyanobacteria that had been detected in our clone libraries
of the 4-year-old soil (figure 2a), and we found that
pentadecanoic acid methyl ester was the second most
abundant compound originating from these organisms.
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4. DISCUSSION

The study of newly developing soils, such as those recently
uncovered by glaciers, indicates that heterotrophic organ-
isms play an active role in the biogeochemical cycles of
young soils (e.g. Sigler & Zeyer 2004; Bardgett et al.
2007). Yet, in poorly developed mineral soils, levels of soil
C increased or remained constant over the first 20 years of
primary succession both in our previous studies
(Nemergut et al. 2007) and in the study of Bardgett
et al. (2007). Thus, although ancient soil C may help fuel
the initial stages of succession in recently deglaciated soils,
there must be significant inputs of C to keep soil C levels
from declining over time. There is evidence to suggest that
aeolian inputs of organic matter constitute one source of
new C to high-latitude (Hodkinson ez al. 2002) and high-
altitude soils (Swan 1992), and other work suggests that
cyanobacteria are important to C and N inputs very early
in succession (reviewed by Hodkinson ez al. 2003).
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Figure 4. Mass spectra for a cyanobacterium ((a) Microcoleus vaginatus PCC 9802) and for soils of differing ages ((b) 1, (¢) 4 and
(d) 79 years old). Differences among spectra show the increasing diversity of compounds with time since deglaciation and how
microbial succession influences the molecular characteristics of soils. Pentadecanoic acid (position 46.19/46.20) was found in

both the cyanobacterial cultures and all of the soils tested.

Given the high aeolian pollen inputs to the Quelccaya
ice cap near our sites (Reese & Liu 2003) and our
preliminary evidence for cyanobacterial colonization of
our sites, it is likely that both aeolian deposition and
cyanobacterial activity contribute to C and N accumu-
lation at our sites. In the present study, we focused on
understanding cyanobacterial establishment and C and N
cycling during the earliest stages of succession at a very
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remote, high-elevation and pristine site in the Andes of
Southern Peru.

Our soil genomic DNA analyses demonstrated the
presence of cyanobacterial sequences even in the youngest
soils sampled and revealed a significant increase in the
diversity of cyanobacteria during the first 4 years of
succession following glacier retreat. The types of cyano-
bacteria detected along the chronosequence followed a
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Table 1. Pyr-GC/MS products detected in soils along the
chronosequence of the Puca Glacier. (Cyanobacterial
products were determined by comparing the pyrolysis
products of cyanobacterial isolates from arid soils (Nostoc
punctiforme ATCC 29133 and Microcoleus vaginarus PCC
9802) and soils from the Puca Glacier chronosequence.
Results highlight the progression of molecular chemical
diversity and the  sizu development of microbial commu-
nities followed by plant colonization along the gradient.)

plant bio- cyano-
sample number of  microbial markers bacterial
origin compounds lipids (%) (%) products
1 year 10 14.3 0 slight
4 years 17 91.8 0 yes
79 years 41 62.4 5.5 yes

pattern indicating a transition from ice-dwelling cyano-
bacteria (remnants of cryoconite communities in the
surface of the glacier ice) to biological soil crust-like
forms over the initial years of succession. For example,
only three distinct cyanobacterial phylotypes in two major
groups were present in the youngest soils and these were
related to cyanobacteria from ice-bound microbial com-
munities in the Dry Valleys of Antarctica (LB3 sequences
from Priscu ez al. 1998 in figure 2a). By contrast, after 4
years the soils harboured a diverse assemblage of
cyanobacteria comprising 20 unique phylotypes in 13
major groups (figure 2a). Some of the phylotypes in the
4-year-old soils fell into previously unknown clades, but
many were related to N-fixing species (e.g. Anabaena
and Nostoc spp.; Vincent 2000) and to species typically
found in desert soil crust communities (e.g. Microcoleus
vagimatus; Garcia-Pichel er al. 2001).

In addition, an increase in the abundance of pigments
involved in bacterial photosynthesis and photoprotection
(Cockell & Knowland 1999) mirrored the increase in
cyanobacterial diversity in the 4-year-old soils. Measured
pigment concentrations were lower in these high-elevation
soils than for other ecosystems (Bowker er al. 2002).
Nevertheless, the increased abundance and diversity of
cyanobacterial pigments provided corroborating evidence
for the development of a diverse photosynthetic commu-
nity during these earliest stages of succession. Work in
Antarctica and the High Arctic has also suggested an
important role for cyanobacteria in recently ice-covered
barren soils (Wynn-Williams 1990; Kastovska ez al. 2005;
Breen & Lévesque 2006), but our work is the first to
document the rapid establishment of these versatile
organisms in such high-elevation soils.

Our results also indicate that the early successional
cyanobacterial community is supporting a broad array
of important ecosystem processes. Research in deserts
(de Caire er al. 1997), the High Arctic (reviewed in
Hodkinson ez al. 2003) and Antarctica (reviewed in Wynn-
Williams 2000) has shown that cyanobacteria may
increase soil stability. Many cyanobacteria produce exo-
polysaccharides that adhere to soil particles, thus enhancing
soil aggregate stability and reducing soil losses from
erosion (de Caire ez al. 1997). We found that soil stability
increased along the chronosequence, paralleling the
increase in cyanobacterial diversity and pigment abun-
dance: soil shear strength was nearly doubled in the oldest
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soil relative to the youngest (figure 2¢). Thus, an impor-
tant role of cyanobacteria (and possibly other microbes
including diatoms) in primary succession in extreme
environments may be to hold the soil in place. A decrease
in soil loss via erosion would allow for the long-term
pedogenesis of the extant soil, as well as for a facilitation
of the succession of other organisms.

Furthermore, we observed large increases in rates of N
fixation between the 1- and 4-year-old soils (figure 3a).
Nitrogen-fixation rates in the 4-year-old soils were similar
to values reported for well-developed cryptobiotic crusts
in low-elevation ecosystems (Cleveland ez al. 1999) and to
rates in more well-developed, crust-dominated soils at our
oldest site (79-year-old soils in figure 3a). Other studies
have found biological soil crusts fixing N in young soils
(Vitousek 1994; Bliss & Gold 1999), yet to our knowledge
these are the first findings of soil N fixation occurring in
such recently glaciated soils at high altitudes. These
unexpectedly high N-fixation rates indicated the potential
for significant microbial N inputs to these soils many years
before the establishment of N-fixing lichens or plants.
Indeed, total soil N pools increased from almost
undetectable levels in the 0- and 1-year-old soils to
significantly higher levels in older soils along the gradient
(figure 3b). Taken together, these results suggest that
N-fixing cyanobacteria (and possibly other unidentified
taxa) are active in these soils only 4 years after glacier
retreat, and that their activity may drive observed increases
in soil N pools.

It is noteworthy that there was high microsite variation
in rates of N fixation in both the 4- and 79-year-old soils
(note error bars in figure 3a) resulting in a non-significant
difference between these soil ages. Such microsite
variation has been noted in other studies (e.g. Reed ez al.
2007) and in the present case it is probably due to the
heterogeneity of crust distribution at the 79-year-old site
and the variability in cyanobacterial colonization in the
4-year-old soils. Nonetheless, there is the suggestion that
rates of soil N fixation may peak early in this successional
sequence, and this is reminiscent of the unimodal pattern
of N fixation that occurs during primary plant succession,
where N-fixing plants colonize newly deglaciated soil, soil
N values increase and the N-fixing organisms are
displaced, and N-fixation rates subsequently decline
(Matthews 1992; Chapin et al. 1994). Although more
data are needed to elucidate this pattern, it is interesting to
consider that primary succession may actually sustain two
distinct waves of N fixation: a first wave driven by
microbial N demand and a second wave driven by plant
N demand.

The activity of common microbial enzymes—such as
protease, phosphatase and cellulase—increased continu-
ously over the course of succession, reaching a maximum
in the 79-year-old soil (figure 3b6). The increase in the
activity of these enzymes suggests that microbial popu-
lations are increasingly accessing organic matter as a
source of C and nutrients. Our molecular, pigment and
N-fixation rate data suggest that a significant portion of
the organic matter may be provided by a diverse
cyanobacterial community. The analysis of specific soil
enzymes provided further insight into the changing
sources of C for the developing microbial community
along the soil chronosequence. In contrast to N-fixation
rates and phosphatase activity, microbial enzymes
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involved in plant-derived organic matter decomposition
were almost undetectable in both the 0- and 4-year-old
soils (cellulase in figure 3b6), but were very active in the
79-year-old soils (4.74+2.0 nmol g~ ' h™'). These results
were validated in a broader sampling of enzyme activities
in widely separated plantless soils (z=21) near our site,
where King er al. (2008) were also unable to detect
cellulase activity. The lack of cellulase activity in the
4-year-old soils suggests that heterotrophic microbes in
these soils may not be dependent on aeolian inputs of
plant organic matter, but may be relying on microbially
derived C sources.

To further elucidate possible relationships between
cyanobacteria and C dynamics in these soils we used Pyr-
GC/MS, a high-resolution means for identifying the
molecular components of soil C compounds (Gleixner
et al. 2002; Grandy & Neff 2008). These analyses
suggested the presence of only 10 pyrolysis products in
the 1-year-old soils, despite modification of our methods
to detect low C concentrations (figure 4). By contrast, in
the 4-year-old soils we found 17 compounds that
indicated a strong microbial signature (table 1), including
pentadecanoic acid methyl ester. The increase in complex-
ity of the soil organic matter during the first 4 years after
glacial retreat is suggestive of new inputs of organic
compounds into these soils, and the fact that the C
compounds found were associated with cyanobacterial
biomass further suggested the possibility that inputs are
dominated by cyanobacteria. For example, we assayed
cultured representatives of cyanobacterial species abun-
dant in the 4-year-old soils and found that pentadecanoic
acid methyl ester was the second most abundant
compound from these cultures (figure 4).

In addition, the 4-year-old soils showed no evidence
of allochthonous plant material or any plant-breakdown
biomarkers (e.g. furfural, furfural 5-methyl, furan 2,5-
dimethyl, methylguaiacol or ethylguaiacol) that would
indicate plant decomposition pathways (Grandy & Neff
2008). However, by 79 years the soils were qualitatively
similar to a typical well-developed soil, containing plant-
derived lignin biomarkers including methylguaiacol and
ethylguaiacol. Thus, our enzyme and Pyr-GC/MS results
suggest that allochthonous inputs of plant-derived sub-
strates do not become detectable until later in ecosystem
development, suggesting that cyanobacterial photo-
synthesis may be the dominant source of soil C during
the earliest stages (0—4 years) of system development.

Overall, our results indicate that a phylogenetically
diverse and functioning photosynthetic microbial com-
munity develops in the first 4 years following deglaciation
at some of the highest elevation (5000 m.a.s.l.) receding
glaciers on Earth. Previous work suggested that ecosystem
energy and nutrient demands at such extreme sites would
be met mainly via allochthonous (e.g. aeolian) inputs of
organic matter (Swan 1992; Hodkinson er al. 2002) or
ancient organic matter (Bardgett er al. 2007). While
heterotrophic communities are active in these newly
uncovered soils (and probably use some aeolian and
ancient C), the pattern in Pyr-GC/MS products,
N-fixation rates and soil N contents seen in the soils
correspond with the development of a diverse cyano-
bacterial community. Thus, these results support a model
of early ecosystem development for recently deglaciated
soils in which cyanobacteria play a critical role in
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biogeochemical cycling. Yet the importance of these initial
stages of primary succession in affecting subsequent plant
establishment remains to be seen, and more work is
needed to fully understand how microbial communities
become established and are supported during the earliest
stages of ecosystem development.
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supported by a grant from the National Geographic Society
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