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Past work in recently deglaciated soils demonstrates that microbial communities undergo shifts prior to 
plant colonization. To date, most studies have focused on relatively ‘long’ chronosequences with the ability 
to sample plant-free sites over at least 50 years o f development. However, some recently deglaciated soils 
feature rapid plant colonization and questions remain about the relative rate o f change in the microbial 
community in the unvegetated soils of these chronosequences. Thus, we investigated the forelands of the 
Mendenhall Glacier near Juneau, AK, USA, where plants rapidly establish. We collected unvegetated 
samples representing soils that had been ice-free for 0, 1, 4, and 8 years. Total nitrogen (N) ranged from  
0.00-0.14 mg/g soil, soil organic carbon pools ranged from 0.6-2.3 mg/g soil, and both decreased in con
centration between the 0 and 4 yr soils. Biologically available phosphorus (P) and pH underwent similar 
dynamics. However, both pH and available P increased in the 8 yr soils. Nitrogen fixation was nearly un
detectable in the most recently exposed soils, and increased in the 8 yr soils to -5  ng N fixed/cm /h, a 
trend that was matched by the activity o f the soil N-cycling enzymes urease and p-l,4-N-acetyl-glucosa- 
minidase. 16S rRNA gene clone libraries revealed no significant differences between the 0 and 8 yr soils; 
however, 8 yr soils featured the presence of cyanobacteria, a division wholly absent from the 0 yr soils. 
Taken together, our results suggest that microbes are consuming allochtonous organic matter sources in 
the most recently exposed soils. Once this carbon source is depleted, a competitive advantage may he ceded 
to microbes not reliant on in situ nutrient sources.
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Succession is a fundam ental ecological process defined as a 
directional change in the species composition of communities 
through tim e (Krebs, 2001). Prim ary succession occurs in 
newly deposited o r exposed soils, such as those form ed by 
volcanic eruptions (e.g., del M oral et a l ,  1995) and glacial 
re trea t (e.g., C rocker and D ickson, 1957). In  general, these 
soils are extrem ely nu trien t poor, w ith little to  no nitrogen 
(N), organic carbon (C), o r available phosphorus (P). As 
succession proceeds, interactions betw een this oligotrophic 
substrate and the climatic and biotic com ponents o f the 
ecosystem result in predictable changes in soil fertility, which 
are reflected in a variety o f ecosystem processes ranging 
from  n e t prim ary production  to  nu trien t lim itation. Prim ary 
succession has been  well described for p lan t com m unities 
(e.g., C hapin et a l ,  1994; V itousek, 2004) and, although the 
actual b io ta vary from  site to site, nu trien t d3mamics appear 
to  explain som e consistent shifts in  the functional charac
teristics and life history strategies o f plants across geo
graphically, climatically, and geologically disparate prim ary
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succession sequences.
B efore plants colonize newly exposed substrate, however, 

m icrobes may perform  im portan t functions critical to  initial 
soil developm ent and nu trien t accum ulation (N em ergut et 
a l,  2007; Jones et a l ,  2008). Studies o f post-glacial chrono
sequences have confirmed that microbial biomass and activity 
increase w ith soil age in  unvegeta ted  soils (O htonen  et a l,  
1999; Sigler and Zeyer, 2002; Tscherko et a l ,  2004). M ore
over, shifts in  the m icrobial com m unity structure have been  
observed over relatively rapid  (< 1 0  years) tim e fram es in 
these p lant-free sites (Sigler et a l ,  2002; Sigler and Zeyer, 
2002; N em ergut et a l ,  2007; N oll and W ellinger, 2008).

M olecular gene surveys, microscopy, and process m easu
rem ents have been  used to  reveal the types of microbes tha t 
colonize these unvegetated  soils and to generate  h3q)otheses 
about the relationship betw een structure and function during 
succession. For example, over an —80 year chronosequence 
at the Puca G lacier, Peru, m icrobial activity, and diversity 
increased in as few as four years. H ere, relatives o f N-fixing 
cyanobacteria w ere abundant and coincided w ith increases 
in soil N  pools and N  fixation rates (N em ergut et a l ,  2007; 
Schmidt et a l,  2008). Likewise, Kastovska et a l  (2005) found 
th a t Nostoc, an N-fixing cyanobacterium , was abundant in
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recently deglaciated soils and D ue et al. (2009) dem onstrated 
the im portance of N  fixation in the forelands o f the D am m a 
glacier. O ther studies have shown th a t the activities o f en- 
z jm es involved in  phosphorus and carbon cycling also u n 
dergo significant shifts over unvegetated  soil age gradients 
(Tscherko et a l ,  2004; Schm idt et a l ,  2008). Together, these 
studies show that active microbial communities quickly estab
lish on  barren  substrates, and th a t they perform  a diversity 
o f biogeochem ical functions p rio r to  the establishm ent o f 
plants o r visible soil crusts.

To date, m ost studies o f unvegeta ted  soils have focused
on relatively ‘long’ chronosequences w ith extended p ioneer 
stages characterized by scattered  grasses (Tscherko et a l,  
2005; H am m erli et a l ,  2007), and the ability to  sam ple 
p lant-free sites over at least 50 years o f developm ent
(Tscherko et a l ,  2004; Nicol et a l ,  2005; N em ergut et a l,
2007). However, som e recently  deglaciated soils feature  
rapid  p lan t colonization; thus, questions rem ain  about the 
relative ra te  o f change in the structure and function o f the 
m icrobial com m unity in  these sites. For example, the low- 
elevation M endenhall Glacier, n ear Juneau , AK, is located 
in a perhum id  environm ent (A lexander and B urt, 1996). 
This climate, in  com bination w ith the close proximity o f a 
m ature  spruce forest, greatly expedites p lan t establishm ent. 
Seedlings are scattered in soils as young as 1 year, and alder 
and spruce are well established in soils w ithin 38 years o f 
their em ergence from  beneath  the glacier (A lexander and 
Burt, 1996). H ere, the foreland features sculpted bedrock 
w ith small (0 .5~5  m^) pockets o f soil, w hich are nearly en 
tirely colonized by plants within ~ 12  years. Thus, to examine 
if and how m icrobial com m unities change p rio r to  p lan t es
tablishm ent, we selected unvegeta ted  soils from  four tran s
ects (0, 1, 4, and 8 years post-deglaciation) and exam ined 
elem ent pools, m icrobial activity, and m icrobial com m unity 
com position. We h3q)othesized th a t there  w ould be signifi
cant functional and phylogenetic shifts in the soil community 
betw een the m ost recently  exposed and 8 yx soils. We p re 
dicted th a t changes in m easures o f elem ental fluxes (e.g., N 
fixation, soil enzyme activities) w ould correspond w ith shifts 
in m icrobial com m unity com position.

M aterials and M ethods 

Site description
Juneau, A laska has a m ean  annual tem pera tu re  of betw een 
4.4 and 6.1°C and m ean  annual precip ita tion  at the M en
denhall fo reland is estim ated to  be >2,500 m m  (A lexander 
and B urt, 1996). The M endenhall G lacier is one of the 
m ore than  40 large valley glaciers draining the 3800 km^ 
Juneau  Icefield, which m antles the no rthern  C oast R ange 
in sou theastern  A laska. The M endenhall G lacier is ~ 2 2  km  
long and flows from  1,600 m above sea level (m asl) to  20 
masl at its term inus (M otyka et a l ,  2003). The glacier has 
been  retreating  since the end of the Little Ice Age, and has 
moved 3 km  during the last century. The eastern  portion  of 
the glacier term inates in  M endenhall Lake, while the lateral 
portions o f the term inus are grounded on a bedrock outcrop 
w here soils consist o f unconsolidated  glacial till deposits. 
B oth coarse and fine fractions are p redom inately  (> 7 5 % ) 
granitic (B urt and A lexander, 1996). The soils along the

chronosequence are classified as shallow Entisols and the 
texture of the < 2  mm size fraction averages approxim ately 
39% sand, 47%  silt, and  14% clay (C. Cleveland, unpub 
lished data). The first vascular colonizers are Epilobium lati- 
fo lium  and Equisetum  variegatum (C rocker and Dickson, 
1957). O ur site surveys reveal th a t approxim ately 0% , 1%, 
2% , and 5%  o f the to tal area and approxim ately 0% , 5%, 
25%, and 50%  o f the a rea  of soil pockets are vegeta ted  at 
0, 1, 4, and 8 years post-deglaciation, respectively. Lichens 
and cyanobacterial crusts are rare  features o f the unvege
ta ted  landscape.

Sampling scheme and collection method
Samples w ere collected in early June of 2006 from  sites 
ranging from  one m onth (~ 1  m from  the glacier terminus) to 
8 yr (~ 220  m from  the glacier face) ice-free. A t each loca
tion  (0, 1, 4, and 8 yr ice-free), a to ta l o f five replicate 
sam ples ( ~ l -2 m  apart) w ere collected along transects p a r
alleling the glacier term inus (0 yr: 58.435837 N, 134.554673 
W, 1 yr: 58.435532 N, 134.554415 W, 4 yr: 58.433402 N, 
134.55317 W, 8 yr: 58.433413 N, 134.554346 W ). A long each 
transect, sam pling locations w ere random ly selected. U nve
getated  soil (top  10 cm) was aseptically sam pled into sterile 
tubes and transported  to  the lab on  ice. Soils w ere stored  
at -20°C (for enzyme activity and biogeochem ical analysis) 
and -80°C (for m olecular phylogenetic analysis).

Soil organic carhon, total nitrogen, and pH analyses
Soils w ere sieved to  2 m m  and ground to  a fine powder. 
Inorganic C was rem oved as described in  N em ergut et al. 
(2007). A pproxim ately 45 mg o f dried soil w ere packaged 
into tin  capsules and % C and N by mass w ere m easured 
using a Carlo E rba com bustion-reduction elem ental analyzer 
(C E  E lantech, USA). Five replicates w ere analyzed for 
each transect, and two analytical replicates w ere m easured 
for each sam ple. Soil pH  was determ ined as described by 
N em ergut et al. (2007).

Soil availahle P analysis
The biologically available P fraction (the sum  o f the resin- 
and b icarbonate-extractable P pools o f the H edley fractio
nation) was extracted using the methods described by Tiessen 
and M oir (1993). Five replicates w ere analyzed for each 
transect, and th ree  analytical replicates w ere m easured  for 
each sam ple. Extracts w ere analyzed using the m olybdate 
ascorbic acid m ethod  (Kuo, 1996) w ith an A lpkem  au to 
analyzer (Q I Analytical, USA).

Enzyme assays
The activities o f eight extracellular enzymes [P-D-l,4-cello- 
biosidase (CBD ), a-glucosidase (A G), p-glucosidase (BG), 
P-xylosidase (BX YL), leucine am ino peptidase (LA P), acid 
phosphatase (PH OS), p-l,4-N-acetyl-glucosaminidase (NAG), 
and urease] w ere assayed for each sam ple using the p roce
dures outlined by Saiya-Cork et a l  (2002) and 50 pi o f 200 
pM  substrate. Assay plates w ere incubated in  the dark  at 
14°C for 18~20 h (W eintraub et a l ,  2007; King et a l ,  2008; 
N em ergut et a l ,  2008), the m inim um  am ount o f tim e nece
ssary to  observe enzyme activity in  cold-adapted  soils. F luo
rescence and absorbance w ere m easured  using a Synergy
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H T  M ulti-D etection  M icroplate R eader (B iotek, USA). 

Nitrogen fixation
The acetylene reduction  assay (H ardy et a l ,  1968) was p e r
form ed in the field w ith a m ethod  m odified from  Belnap 
(1996) described in R eed  et a l  (2007). Ten soil cores w ere 
taken  along each of the transects, for a to tal o f 40 samples. 
R ates o f acetylene reduction  w ere converted into rates of 
N  fixation using a 3:1 acetylene reductioniN  fixation con
version factor (H ardy et a l ,  1968).

Statistics
Soil biogeochem ical param eters, N  fixation rates and en- 
z jm e activities w ere com pared using one-way ANOVAs and 
Tukey’s post-hoc  analysis w ith SPSS 11.0.4 (Chicago, IL, 
USA). N on-norm al data  w ere In-transform ed p rio r to  s ta t
istical analysis. F or all data, significance was assigned at 
a=0.05.

Molecular phylogenetic analysis
Two replicates (ou t o f five) from  the 0 and 8 yr soils w ere 
pooled  for D N A  extraction in two batches, resulting in four 
to tal extractions (OA, OB, 8A, 8B). D N A  was extracted 
from  soil sam ples as described in N em ergut et a l  (2007).

A pproxim ately 30 ng o f D N A  w ere am plified w ith the 
prim ers 27f and 1492r (Lane, 1991). The reaction  mixtures 
consisted o f 10 pM each prim er, 200 pM  dNTPs, 1.25 U  of 
Tag D N A  pol3m era se  (Prom ega, U SA) in Tag D N A  poly
m erase buffer (Prom ega). A fter an initial denaturation  step 
at 94°C for 1 min, 30 cycles o f 94°C for 1 min, 53±5°C  for 
30 sec and 72°C for 2.5 m in w ith a term inal 10 m in ex
tension a t 72°C w ere perform ed. Purified PC R  products 
w ere ligated into the vector T O PO  2.1 (Invitrogen, USA) 
and transform ed into Escherichia coli following the m anu
fac tu rer’s instructions. 16S rR N A  genes w ere sequenced as 
described by N em ergut et a l  (2007).

Sequences w ere edited  in Sequencher 4.1 (G ene Codes 
Co., USA), aligned using the N AST aligner available from  
the G reengenes web interface (D eSantis et a l ,  2006), and 
subjected to  BLAST searches (A ltschul et a l ,  1990). 16S 
rR N A  gene sequences w ere then  subjected to  chim era 
check in M allard (A shelford et a l ,  2006) and B ellerophon 
(H uber et a l ,  2004) using the default param eters. Phyloge
netic identity was assigned using bo th  BLAST m atches and 
the H ugenholz taxonom y of closely re la ted  genes available 
in the G reengenes database. We used D O T U R  (Schloss 
and H andelsm an, 2005), employing the fu rther neighbor se
quence assignm ent m ethod  and a precision level o f 100 to
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Fig. 1. Soil characteristics along th e  chronosequence. G raphs show changes in organic carbon (A ), to tal n itrogen  (B), available phosphorus 
(C ), and  p H  (D ). T h e  x-axis shows tim e since degiaciation  in years. D ifferen t le tte rs ind icate  values th a t a re  significantly d ifferen t from  
one an o th e r (A N O V A , P < 0 .0 5 ). E rro r  bars show standard  erro r.



676 Sattin  et al. J. M icrobiol.

l O . O

"5 7 .5 -
"su 

C  ^
a  5 .0 -

S z
W)  ̂^

Z  ,a, 2 .5 -

0.0

S o il age (years)

Fig. 2. N itrogen fixation ra tes  along th e  chronosequence. T he 
x-axis shows tim e since degiaciation  in years. D ifferen t le tte rs in 
d icate  values th a t a re  significantly d ifferen t from  o n e  ano ther 
(ANOVA, P < 0 .0 5 ). E rro r bars show standard  error.

designate sequences to operational taxonom ic units (O TU s), 
defined as sequences at least 3% different from  all others. 
A  phylogenetic tree  for the B urkholderiales group of the 
P-Proteobacteria was constructed  in  PAUP 4.0b (Swofford, 
2001) w ith close relatives selected from  the G reengenes da
tabase using b o th  the distance and parsim ony optim ality 
criteria and boo tstrap  analysis (100 replicates). Sequences 
w ere deposited in G enB ank w ith the accession num bers 
G Q396801-GQ397099.

Results

Soil chemical and functional parameters
Four sites w ere sam pled, corresponding to  soil ranging from 
0—8 yx ice-free. Pools o f organic C, to tal N, and available 
P in the soils at the M endenhall G lacier fo reland w ere low 
relative to  o ther, m ore developed soils (Fig. 1). Levels of 
organic C varied from  0.6—2.3 mg/g soil, to ta l N  from  
0.00—0.14 mg/g soil, and available (resin  and bicarbonate 
extractable) P from  1.4—2.5 pg/g soil. O rganic C, to tal N, 
and available P pools w ere all lowest in the 4 yr soils, val
ues th a t w ere significantly lower than  the 0 yr soils. P pools 
in the 8 yr soils w ere significantly h igher than  in the 4 yr 
soils (Fig. 1). Soil p H  decreased significantly from  8.8 to 
7.8 in  the first four years, and increased significantly to  8.9 
in the 8 yr soils (Fig. 1).

Functional attributes o f soil m icrobial com m unities over 
the chronosequence w ere also examined. N itrogen fixation 
was nearly undetec tab le  in the m ost recently exposed soils,

and increased in the 8 yx soils to —5 ng N  fixed/cm /h (Fig. 
2). E ight soil enzymes w ere also assayed. CBD and B XY L 
activities were very low, and showed no significant differences 
over the chronosequence (data no t shown). Enzjm es involved 
in the decom position of p lan t m aterial, including A G  and 
BG, w ere active in these recently exposed, unvegetated soils; 
however, no significant differences w ere observed betw een 
transects (ANOVA, L’>0.05) (Table 1). Likewise, LAP and 
PH O S, two enzymes involved in  N and P cycling, respec
tively, displayed activity; however, due to the extremely high 
variance am ong replicates these enzymes revealed no signi
ficant changes along the chronosequence (Table 1). The ac
tivities o f NAG, which catalyzes a reaction involved in chitin 
and peptidoglycan degradation, and urease, which cleaves 
urea into amm onium and CO2, showed significant differences 
betw een transects, and displayed the highest activity in  the 
8 yr soils (Table 1).

16S rRNA gene clone libraries
We constructed two replicate 16S rR N A  gene clone libraries 
from  the m ost recently  exposed (0 yr) and longest exposed 
(8 3t )  soils (OA, OB, 8A, 8B, respectively). A long each tran 
sect, two clone libraries w ere constructed, each consisting of 
soils bulked from  two sam pling locations. For each library, 
approxim ately 10 sequences w ere identified as putative chi
m eras and w ere rem oved from  subsequent analyses. A  total 
of 480 sequences (0A =134, 0B=136, 8A=109, 8B=101) were 
obtained  from  these two soils, w ith 299 O TU s th a t w ere at 
least 3%  different from  all o th er sequences. R arefaction  
analysis (Schloss and H andelsm an, 2005) suggested th a t the 
diversity o f all libraries was no t adequately  cap tured  a t the 
species level (i.e., 3%  difference, data no t shown). However, 
recen t analyses suggest th a t the num ber o f clones analyzed 
here is sufficient to  generate consistent microbial community 
com parisons (Ley et a l ,  2008).

The sequences ob tained  rep resen ted  19 bacterial divi
sions and p ro teobacterial subdivisions (Table 2). E ach clone 
library contained sequences from  13 to  17 divisions o r sub
divisions, values which did no t vary notably betw een rep li
cates o r betw een transects. p-P roteobacteria was the m ost 
com m on clade represented  in  all libraries, comprising —30% 
of sequences in the 0 yr libraries, and —20% of sequences 
in 8 3T libraries. Five clades (fi-Proteobacteria, Actinobacteria, 
a-Proteobacteria, Bacteroidetes, and y-Proteobacteria) w ere 
highly rep resen ted  in all sam ples, and jointly  com prised at 
least 60% of the sequences in all libraries. Some differences 
w ere apparen t in the less highly rep resen ted  divisions. For 
example, sequences re la ted  to  candidate divisions T M 6 and 
SC3, the Firmicutes, and Nitrospirae w ere generally rep re 

Table 1. Activity o f  enzym es along the  chronosequence

Soil age (yr) A G BG LA P P H O S N A G U rease

0 0.04 (0.025) 0.66 (0.138) 3.20 (0.602) 1.67 (0.654) 0.07 (0.034) a,b 0.00 (0.000) a
1 0.10 (0.040) 0.40 (0.149) 3.05 (0.761) 1.80 (0.863) 0.00 (0.000) a 23.69 (15.953) a,b
4 0.01 (0.006) 0.18 (0.060) 3.11 (0.336) 1.45 (0.303) 0.01 (0.008) a 4.24 (4.244) a,b

8 0.08 (0.043) 0.43 (0.146) 5.57 (1.393) 4.57 (1.765) 0.40 (0.200) b 87.96 (39.38) b
Values are expressed as nmol product/h/g soil with the exception of urease, which is expressed in pmol product/h/g soil. Numbers in parentheses are standard 
errors. Abbreviations: AG, a-glucosidase; BG, [3-glucosidase; LAP, leucine amino peptidase; PHOS, acid phosphatase; and NAG, [3-1,4-N-acetyl-glucosaminidase. 
Different letters indicate values that are significantly different from one another (ANOVA, P<0.05).
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Table 2. R elative abundance  o f 16S rR N A  gene phyiotypes in clone libraries from  differen t soils. N um bers show p ercen tage  o f clones from  
each g roup in each library

Division o r subdivision OA OB 8A 8B

A cidobacteria 7 4 15 3
A ctinobacteria 16 17 18 10
a-P ro teobac te ria 11 21 13 16
B actero idetes 10 18 6 10
|3-Proteobacteria 34 30 22 18
C hiorobi 1 1

Chioroflexi 4 1 9
C yanobacteria 4 8
y-Pro teobacteria 1 1

Firm icutes 1 1
y-Pro teobacteria 9 4 4 13

G em m atim onadetes 1 8 3
N itrosp irae 1 1 1

C and ida te  D ivision OPIO 1 1 3 3
Pianctom ycetes 1 1 3 1

C and ida te  D ivision SC3 1

C and ida te  D ivision TM6 1 1

C and ida te  D ivision TM 7 2 2
V errucom icrobia 1 1 2 2

sented  by a single sequence and no t consistently detec ted  
in all libraries.

Qualitatively, OA and OB appeared  to  harbor sim ilar line
ages o f bacteria. 8A  and 8B also featured  m any o f the 
sam e sequences as in the 0 yr soils, bu t contained 4 ~ 8 %  of 
sequences th a t w ere re la ted  to the cyanobacteria, a division 
no t detec ted  in  the 0 yx soils. The m icrobial com m unities 
in the 8 yr soils showed m ore variation  betw een replicate 
libraries th an  was apparen t in the OA and OB soils. For ex
ample, 18% of the sequences in the 8A  clone library w ere 
re la ted  to  the A ctinobacteria, while only 10% o f sequences 
in the 8B library fell into this division. Additionally, se
quences re la ted  to  the Acidobacteria com prised 15% o f the 
8A  library, bu t m ade up  only 3% of the sequences from  8B.

We used two statistical tools to  examine differences b e 
tw een 16S rR N A  gene clone libraries: U niFrac (L ozupone 
et a l ,  2006) and phylogenetic character m apping (P test) 
(M artin, 2002). W hen  corrected  for m ultiple com parisons, 
no libraries w ere significantly d ifferent using e ither m etric 
(data  no t shown). As no differences w ere observed betw een 
the 0 and 8 yr soils, the in term ediate soils w ere no t exam 
ined for m icrobial com m unity com position.

Discussion

M ost previous studies o f soil m icrobial com m unity succe
ssion in  recently deglaciated environm ents have focused 
sam pling over the first ~  100-1- years o f soil developm ent 
(Schipper et a l ,  2001; Sigler et a l ,  2002; Tscherko et a l,  
2003; Nicol et a l ,  2005; D eiglm ayr et a l ,  2006; K andeler et 
a l,  2006; A llison et a l ,  2007). A t the M endenhall G lacier 
foreland, we focused our sam pling over the first eight years 
o f exposure to  examine the changes in unvegetated  soils 
prior to  p lan t colonization. D espite this relatively short tim e 
fram e, we observed changes in the elem ental pools, pH ,

and m icrobial activity (Fig. 1 and 2, Table 1). As has been 
docum ented in o th er deglaciated systems (Schipper et a l,  
2001; Tscherko et a l ,  2003; N em ergut et a l ,  2007) organic 
C, to tal N, and available P w ere 10 to 100 times lower than  
pools in m ore developed soils, w hich typically range in o r
ganic C con ten t from  6 to  120 mg/g, to tal N  con ten t from  
0.5 to  17 mg/g (C leveland and Liptzin, 2007) and available 
P content from  5 to  125 pg/g (Cross and Schlesinger, 1995). 
Soil p H  averaged 8.5, a value 1~ 3  units higher than  o ther 
recently deglaciated systems (Schipper et a l ,  2001; Tscherko 
et a l ,  2003; N em ergut et a l ,  2007). Enz3m e  activity rates 
w ere 1~3  orders o f m agnitude lower than  o ther, vegetated, 
cold-adapted  soil m icrobial com m unities (W eintraub et a l,  
2007; N em ergut et a l ,  2008) bu t w ere com parable to  the 
low end of activities m easured in o ther unvegetated, recently 
deglaciated systems (Tscherko et a l ,  2003; King et a l ,  2008; 
Schm idt et a l ,  2008).

A  gradual increase in soil C, N, and available P pools o f 
newly exposed soils has been  shown in m ultiple early suc- 
cessional environm ents, bo th  before and after p lan t inva
sion (Schipper et a l,  2001; Sigler et a l,  2002; Schmidt et a l,
2008). However, these studies focused on examining soils 
over m uch longer tim e scales than  the sam ples in the cur
ren t study. O ur w ork supports a d ifferent p a tte rn  in soil b i
ogeochem ical param eters over the first 8 years o f soil deve
lopm ent at the M endenhall G lacier (Fig. 1). C, N, and P 
pools first decreased to nearly undetec tab le  levels over the 
first four years. A  sim ilar decrease in soil C, N, and P 
pools has also been  shown in the first 20~ 30  years o f suc
cession at the Odenwinkel and R otm oos glaciers (Tscherko 
et a l ,  2003). pH  displayed a sim ilar pa ttern ; however, we 
also observed a significant increase in  soil p H  in the 8 yr 
soil (Fig. 1). This is an  unusual characteristic o f recently 
deglaciated landscapes, which typically feature  a steady de
crease in pH  (but see H am m erli et a l ,  2007). The reasons
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for the observed dynamics in p H  are unknow n, bu t may re 
flect cation deposition from  m arine salts (W hite et a l,  1996) 
u rease activity (C hin and G orin, 1966), o r heterogeneity  in 
the underl3dng bedrock.

The pools o f organic C, to tal N, and available P in the 
0 yx soils indicate tha t a source o f organic m atter is available 
in the new substrate im m ediately following degiaciation at 
the M endenhall G lacier (Fig. 1). Additionally, the activity of 
enz3Tnes involved in the decom position o f cellulose (Table
1) in  the m ost recently  exposed soils supports that, while 
these soils appear barren , som e p lan t m ateria l may be 
p resent. Indeed, small pieces o f w ood are scattered  around  
the forelands o f the M endenhall Glacier, presum ably derived 
from  beneath  the glacier as they are m ost abundant near 
the term inus. This and o ther carbon in  these deglaciated 
soils could provide a source of organic m aterial following 
the first few years o f soil exposure, as has been  shown in 
o ther ecosystems (H odkinson et a l ,  2001; B ardgett et a l,  
2007). Interestingly, C, N, and P pools all declined signifi
cantly in  the in term ediate  soils (Fig. 1). Likewise, although 
an  ANO VA  for all four sites was no t significant, a t-test re 
vealed a significant decrease in  the activity o f B G  betw een 
the 0 and 4 yr soils (Table 1, p= 0 .01). B G  is involved in 
cellulose degradation, and this pa tte rn  m ay reflect the m e
tabolism  of this organic m atter over the first few years fol
lowing degiaciation. I t is im portan t to  note, however, tha t 
o ther scenarios could cause the observed patterns in soil 
nu trien t pools, including variable ra tes in allochtonous o r
ganic m atter deposition along the chronosequence o r spatial 
variation  in the organic m atte r con ten t o f glaciated soils.

Sequences re la ted  to the B urkholderiales clade o f the 
P -Proteobacteria w ere abundant in libraries from  the 0 yr 
and the 8 yr soils (Table 2 and Fig. 3). Organism s from  
w ithin this clade have been  shown to be abundant in  o ther 
early prim ary successional environm ents (N em ergut et al., 
2007; Noll and Wellinger, 2008). However, o ther studies have 
found sequences th a t cluster w ithin the Comamonadaceae, 
while the sequences from this study appear to  fall outside the 
four described families w ithin the Burkholderiales (Fig. 3).

W hile differences in the m icrobial com m unity com posi
tion  w ere no t found to be significant (data  no t shown), cya
nobacteria  w ere absent in  the m ost recently  exposed soils 
bu t were p resent in the 8 yr soils (Table 2). These organisms 
are re la ted  to  m em bers o f the o rders N ostocales and Oscil- 
latoriales, known N-fixers (Bergm an et a l,  1997). The em er
gence o f cyanobacteria coincides w ith an increase in N fixa
tion  activity: from  —0.5 ng N  fixed/cm^/h in  the m ost re 
cently exposed soils, to  —5.3 ng N fixed/cm^/h at 8 yr (Fig.
2). Thus, although presen t in  low relative abundance, the 
cyanobacteria in our soils may be functionally im portan t as 
in o th er early successional, unvegeta ted  sites (K astovska et 
a l,  2005; N em ergut et a l ,  2007; D ue et a l ,  2009). In  addi
tion to autotrophs, we found a few sequences re la ted  to 
hetero trophic  N-fixing organism s in  ou r libraries, including 
relatives o f the genus Zoogloea, a p-Proteobacterium  (Xie 
and Yokota, 2006). The roles o f hetero troph ic  and auto- 
trophic N-fixers in  this ecosystem are unknow n and o ther 
prelim inary results reveal complex dynamics. F or example, 
N  fixation rates in the M endenhall soils w ere no t sig
nificantly higher w hen incubations w ere exposed to  light

(N em ergut and Sattin, unpublished data). A  n ifH  gene survey 
could m ore directly answer questions about the organisms 
involved in n itrogen fixation in  this system.

The d3Tiamics o f P availability appear to  partially  m irror 
C and N  pools in this system, undergoing a significant de
crease betw een 0 and 4 yr; however, P pools also increased 
significantly betw een 4 and 8 yr (Fig. 1). Phosphorus is an 
im portan t regulator o f N  fixation owing to  the high ATP 
requirem ent o f this process (Sprent and Raven, 1985). This 
increase in P availability in the 8 yx soil may be im portan t 
in fueling N-fixing organisms. Likewise, although no t signi
ficant, phosphatase activity increased nearly three-fold in the 
8 yr soil, suggesting an increase in P supply along the chro
nosequence (Table 1). Thus, he tero trophs p resen t in  the 
m ost recently exposed soils m ay exhaust available C and N, 
ceding a com petitive advantage to  diazotrophic auto trophs 
(Table 2) whose activity is fueled th rough  an increase in 
available P. Together, these shifts may then  lead  to  general 
increases in N cycling in  the 8 yr soils, as evidenced by the 
higher ra tes o f NAG, urease and N  fixation activity (Table 
1 and Fig. 2).

Several caveats are w orth  m entioning for the p ro p er in 
te rp re ta tion  of these data  and for com parison w ith o ther 
studies. Overall, the chronosequence a t the M endenhall 
G lacier is highly heterogeneous and is characterized  by 
pockets o f fine and coarse soils and a great deal o f exposed 
bedrock. The abundance and size o f p lan t seedlings as well 
as the presence of visible soil crusts may also play im portant 
roles in structuring soil m icrobial com m unity com position 
and activity. In  sam pling, patches w ith seedlings and crusts 
w ere avoided, yet it is difficult to  know if and how this h e t
erogeneity may have affected our results. Indeed, many soil 
param eters w ere highly variable along the chronosequence 
(Table 1 and Fig. 1 and 2), likely a consequence of this 
heterogeneity. Additionally, it is w orth  noting tha t this study 
represents a single po in t in tim e, and soil m icrobial com 
m unities are known to undergo rapid  shifts in bo th  struc
tu re  and function (N em ergut et a l ,  2005; Schm idt et a l,  
2007). Likewise, we only com pared the com m unity com po
sition in  the 0 and 8 yr soils. A lthough it is reasonable to 
believe th a t these soils should be the m ost d ifferent based 
on tim e since exposure, enzyme activities, and the observed 
dynamics in  the soil elem ental pools along the chronose
quence, it is unknow n if the com m unities in the 1 and 4 yr 
soils may be significantly different. Finally, because of the 
highly com pressed chronosequence a t the M endenhall, it is 
difficult to  directly com pare successional processes in  this 
system with o ther unvegetated soils tha t feature slower p lan t 
colonization. Thus, it is possible th a t a d ifferent sam pling 
approach in o th er glacial forelands w ould reveal pa tterns 
sim ilar to  w hat we observed at the M endenhall Glacier.

A s in m ore extrem e environm ents, degiaciation processes 
a t the M endenhall G lacier have led to  the exposure o f see
mingly barren  soil. However, this low-elevation, tem perate, 
m aritim e glacier presents different environm ental conditions 
than  those in high arctic and alpine environm ents, leading 
to  rapid  p lan t colonization. In  sum mary, if these soils rep 
resen t a true  chronosequence, there  appear to  be two func
tional halves to  the unvegetated post-glacial chronosequence 
in fron t o f the M endenhall Glacier. M icrobial activity in



680 Sattin  et al. J. M icrobiol.

the first half, betw een 0 and 4 yr o f soil exposure, appears 
to  be driven by the presence of ‘ancient’ o r allochtonous 
organic m atte r (H odkinson et a l ,  2002). O nce this carbon 
source is depleted, a com petitive advantage may be ceded 
to microbes no t reliant on in situ nu trien t sources. Thus, we 
see a small relative, b u t enorm ous absolute increase in  16S 
rR N A  gene sequences re la ted  to  pho toau to trophic  N-fixing 
cyanobacteria. The presence o f these organism s coincides 
w ith replenished soil P pools, and increases in  indicators o f 
N  cycling. A lternatively, as few m echanism s could explain 
the increase in  pH  betw een the 4 and 8 yr soils, this may 
no t rep resen t a true  chronosequence, and may suggest tha t 
the 8 yr soil followed a trajectory distinct from  the o ther 
transects. The repeated  sam pling o f the sam e transects over 
several years will be necessary to  resolve these two explana
tions for the observed patterns in  the structure and func
tion  of the m icrobial community.
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