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A B S T R A C T

Plants d irectly  in terac t w ith  th e  soii m icrobiai com m unity  th ro u g h  iitte r inputs and roo t exudates, and 
these  in teractions m ay be particuiariy  im p o rtan t in n u tr ie n t poor soiis th a t typicaiiy characterize eariy  
ecosystem  deveiopm ent. However, iittie is know n regarding how  p ian t—m icrobe in teractions m ay actuaiiy 
drive ecosystem  processes in eariy  succession, a perspective th is s tudy  heips to  define. W e investigated 
how  soii m icrobiai com m unities deveiop and in terac t w ith  th e  es tab iishm en t o f  th e  first p ian ts in the  
recentiy  exposed soiis o f  th e  M endenhaii Giacier forefieid n ear Juneau, AK, USA. W e sam pied soiis from  
u n d e r tw o  d ifferent p ian t species (aider, Alnus sinuata  and  spruce, Picea sitchensis) and  from  unvegetated  
areas; aii sam pies w ere  coiiected aiong a singie soii tran sec t th a t had been  exposed for 6 years. The 
presence o r absence o f vegetation  as w eii as th e  type o f  p ian t (i.e., a ider vs. spruce) stru c tu red  th e  soii 
m icrobiai com m unity. F urtherm ore, asym biotic n itrogen  (N) fixation rates, w hich  w ere  g rea te r in vege
ta ted  soiis, corre ia ted  w ith  differences in bacteriai com m unity  com position. A ithough soii m icrobiai 
com m unity  com position  varied  w ith  vegeta tion  type, soii n u tr ie n t and  carbon (C) poois d id n o t corre ia te 
w ith  bacteriai com m unity  com position. M oreover, pH did n o t significantiy vary  by vegetation  type, y e t it 
w as th e  oniy soii p a ram e te r  th a t corre ia ted  w ith  bacteriai com m unity  com position. V egetation type 
expiained m ore o f  th e  variation  in bacteriai com m unity  com position  th an  pH, suggesting th a t p ian t 
acidification o f  soiis oniy  partiy  expiains th e  observed shifts in bacteriai com m unities. P iant specific 
differences in bacteriai com m unity  structu re  m ay aiso reiate to th e  chem icai com position  o f  iitte r and  root 
exudates. Our research  reveais d ifferences in th e  bacteriai com m unity  com position  o f vegeta ted  soiis, and 
how  such differences m ay p rom ote  shifts in fundam enta i biogeochem icai processes, such as rates of 
asym biotic N fixation, in eariy  stages o f p rim ary  succession w here  iow N avaiiabiiity m ay iim it bacteriai 
and p ian t g row th  and thus constrain  ecosystem  deveiopm ent. As such, th is suggests th a t p ia n t—soii 
m icrobe in teractions in them seives m ay drive processes th a t shape th e  trajecto ry  o f  p rim ary  succession.

© 2011 Eisevier Ltd. Aii rights reserved.

1. Introduction

Studies o f  p lan t func tional g roups, p lan t sp ec ies—species in te r
actions an d  soil d e v e lo p m en t have b e en  c en tra l In advancing  th e  
ecological th e o ry  o f p rim ary  succession  (C onnell an d  Slatyer, 1977; 
M atthew s, 1992; C hapin e t  al,, 1994; Crew s e t al,, 1995), How ever, 
as all o f th e se  p h e n o m e n a  can  involve b e lo w g ro u n d  m icrobial
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co m m u n itie s  (W ardle, 20 0 4 ; Van Der H eljden  e t  al., 2008 ; B ennett, 
2 0 1 0 ), re ce n t a tte n tio n  has focused o n  u n d e rs tan d in g  m icrobial 
c o m m u n ity  succession  In en v iro n m en ts  u n d e rg o in g  p rim ary  
succession . W hile  It Is o ften  im plied  th a t  p rim ary  succession  b eg ins 
w ith  p lan t e s tab lish m en t (C hapin  e t  al,, 1994), a  n a scen t b o d y  o f 
resea rch  has sh o w n  th e  im p o rtan ce  o f  m icrobial succession  across 
post-g lacial ch ro n o seq u en ces th a t  occu r w ell befo re  p lan t co lon i
zation  (N em erg u t e t  al,, 2007; Schm id t e t  al,, 2008),

A fter deg lacla tlon  an d  p rio r to  p lan t colonization, m icrobial 
co m m unities rapid ly  colonize recen tly  exposed  substra tes, c a ta 
lyzing th e  earlie st stages o f  soil d ev e lo p m en t an d  biogeochem icai 
cycling (N em ergu t e t  al,, 2007), For exam ple, stud ies In th e  em erg ing
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landscape  n e a r th e  receding Puca Glacier in th e  Cordillera V llcanota 
o f  so u th eas t Peru found  Increases In th e  relative ab u n d an ce  o f cya- 
nobacterla l phylotypes w ith  soli age. Increases In th ese  phylo types — 
closely re la ted  to  k n o w n  n ltrogen-fixers — corresp o n d ed  w ith  th e  
accretion  o f soli n itrogen  (N) pools In unveg eta ted  soils (N em ergut 
e t  al., 2007). Schm idt e t al. (2008) observed  soli stabilization  In th e  
sam e site co n co m itan t w ith  Increases In cyanobacterla l d iversity  and  
p ig m en t con cen tra tio n s In o ld er soils. As such, m icrobial coloniza
tio n  o f  deg lacla ted  soils, beg inn ing  even  In u n v eg eta ted  po rtio n s o f 
th e  chronosequence, rep re sen ts  a  critical first step  In se ttin g  th e  
ecological, b iogeochem icai, an d  pedologlcal trajec tories o f devel
op ing  ecosystem s.

W hile  m icrobial succession In th e  m o st recen tly  exposed, u n v e 
g e ta ted  soils o f  deg lacla ted  ch ronosequences Is a n  Im p o rtan t factor In 
early  ecosystem  developm en t, p lan t co lon ization  d ram atically  a lte rs 
soli m icrobial co m m u n ity  com position  an d  function. Plants d irectly  
Im pact m icrobial co m m unities In m any  ways. Including th ro u g h  th e  
provision o f  carbon  (C) Inputs In th e  form  o f  b o th  roo t ex u d ates  and  
Utter (G rayston e t  al., 1998; B ardgett an d  W alker, 2004; B ardgett e t  al., 
2005). A v arie ty  o f s tud ies have exam in ed  shifts In m icrobial 
co m m u n ity  s tru c tu re  an d  activ ity  Into an d  across v eg eta ted  po rtions 
o f  succession (Sigler e t  al., 2002; Noll and  W elllnger, 2008; Schtitte 
e t  al., 2009, 2010), b u t on ly  a subset have d irectly  evaluated  
p lan t—m icrobe In teractions (Schlm el e t al., 1998; Flerer e t  al., 2001). 
In recen tly  deg lacla ted  landscapes, such  stud ies exam in ing  p lan t 
effects have Illum inated  shifts In th e  relative ab u n d an ce  o f bacteria  
an d  fungi. Increases In m icrobial m etabolic  function, a lte ra tio n s In 
bacteria l co m m u n ity  struc tu re , and  changes In p lan t Influence w ith  
m ore  advanced  successlonal stages (O h tonen  e t  al., 1999; Tscherko 
e t  al., 2004, 2005; E dw ards e t al., 2006; M lnlacl e t al., 2007).

In ligh t o f  m o u n tin g  ev id en ce  th a t  confirm s th e  Im p o rtan ce  o f 
p la n t—m icrobe In terac tio n s In sh ap in g  p lan t c o m m u n ity  dynam ics 
(R eynolds e t  al., 2003 ; Kardol e t  al., 2007 ; Bever e t  al., 2010), 
eva lu a tin g  th e  actu al interaction  b e tw e e n  soli m icrobes a n d  p lan ts 
m ay  serve  as a n  edify ing  ap p ro ach  to  u n d e rs ta n d in g  eco sy stem  
d e v e lo p m en t In p rim ary  succession. T hough  p rev ious s tu d ies  have 
rev ea led  b ro ad -sca le  sh ifts In m icrob ial c o m m u n ity  s tru c tu re  an d  
activ ity  In re la tio n  to  p lan t succession , a  gap  rem a in s In u n d e r
s tan d in g  h o w  th e  In terac tio n  b e tw e e n  m icrobes an d  p lan ts 
co n n ec ts  to  eco sy stem  p ro cesses th a t  sh ap e  th e  tra jec to ry  o f 
p rim ary  succession . For exam ple , as p lan ts  a n d  m icrobes In recen tly  
deg lac la ted  soils m u st to le ra te  s tro n g  ab io tic  stre sso rs  Including 
In ten se  n u tr ie n t lim ita tion , p la n t—m icrobe  In terac tio n s m ay  help  
a llev ia te  such  constra in ts . Low N availability  stro n g ly  lim its p lan t 
g ro w th  In m an y  early  p rim ary  successlonal ecosystem s, th u s  N 
Inpu ts v ia N fixation  stro n g ly  Influence early  successlonal m icrobial 
a n d  p lan t c o m m u n ity  dy n am ics (M atthew s, 1992; C hapin  e t  al., 
1994; E dw ards e t  al., 20 0 6 ; B rankatschk  e t  al., 2010). R ecent w o rk  
In th e  early  successlonal soils o f  th e  D am m a G lacier found  th a t 
free-liv ing  ni/H  gen e  ab u n d an c e  p eak ed  w ith  th e  p re sen ce  o f  th e  
first p lan t p a tch es  (B rankatschk  e t  al., 2010). A lthough  sym bio tic  
N -fixers a re  th o u g h t to  have th e  g re a te s t Im pact on  N availability  
for p lan ts  In y o u n g  soils, th is  suggests th a t  ecologically  Im p o rtan t 
In teractio n s b e tw e e n  Initial p lan t colonizers, bac te ria l c o m m u n ity  
s tru c tu re , an d  asy m bio tic  (I.e., free-liv ing) N fixation  m ay  occur a t 
th e  In te rsec tio n  o f th e  u n v e g e ta te d  a n d  v e g e ta te d  landscapes.

H ow ever, th e  ro les o f b io tic  a n d  ab io tic  facto rs In s tru c tu rin g  
m icrobial co m m u n ity  co m p o sitio n  an d  fu n c tio n  d u rin g  early  p lan t 
co lo n iza tio n  a re  poorly  u n d e rs to o d  In th e se  d ev e lop ing  ecosys
tem s. Thus, In th is  study, w e  focused o n  p la n t—m icrobe In teractions 
a t  th is  tran s itio n a l e n v iro n m en t w ith in  a  deg lac la ted  forefield  to  
u n d e rs ta n d  h o w  Initial p lan t—m icrobe  In teractio n s m ay  actually  
d rive  eco sy stem  p rocess ra tes  a n d  th e re fo re  su b seq u e n t succession. 
W e exam in ed ; 1) If (an d  ho w ) early  p lan t co lon izers u n iq u ely  a lte r  
b ac teria l c o m m u n ity  s tru c tu re  a n d  ra te s  o f  N fixation; 2) th e

re la tive  Influence o f b io tic  (e.g., p lan t) an d  soli chem ical p a ram ete rs  
o n  m icrobial co m m u n ity  co m position ; a n d  3) th e  re la tio n sh ip  
b e tw e e n  asy m bio tic  N -fixatlon  ra te s  an d  b acteria l co m m u n ity  
stru c tu re .

2. Research materials and methods

2.1. S tudy site and sam pling

W e ex am ined  soils o f th e  M endenhall G lacier forefield w h e re  w e 
assessed  bacteria l co m m u n ity  stru c tu re  an d  asym biotic  N fixation 
along w ith  soli chem ical p aram eters. Sam ples w ere  collected w ith in  
a  single tran sec t o f  6 -year-old soils w h e re  alder, a  sym biotic  N-fixer, 
an d  n o n -n o d u la ted  sp ruce  co-occur In largely u n v eg eta ted  soils. 
Our s tu d y  took  place In O ctober 200 9  a t th e  M endenhall Glacier, 
a  low  elevation, h lg h -la tltu d e  g lacier n ea r Juneau , Alaska (58.356° 
N, -1 3 4 .527° W ). The g lacier ex ten d s  over 22  km , e n d in g  20  m  above 
sea level a t  Its te rm inus, w h e re  sam pling  took  place (M otyka e t al., 
2003; Sattln  e t  al., 2009). The glacial forefield w as fo rm ed  from  an  
ongoing deg lacla tlon  e v en t th a t has b een  occurring  since th e  Little 
Ice Age. Solis are  classified as Entlsols form ing In p redo m in an tly  
g ran itic  tills (B urt an d  Alexander, 1996). In th e  yo u n g est sites (< 15  
years) th e  < 2  m m  size fraction soils are  loam s (Sattln  e t  al., 2009). 
The site receives a n  e s tim a ted  m ean  an n u al p recip ita tion  of 
> 2 5 0 0  m m  an d  th e  m ean  an n u al te m p e ra tu re  In Ju n eau  varies 
b e tw ee n  4  an d  6  °C (Burt an d  Alexander, 1996).

W e sam p led  th re e  soli types, h e rea fte r re ferred  to  as ‘vegeta tio n  
ty p es’ — unveg eta ted , an d  b e n e a th  sp ru ce  a n d  a ld e r seedlings. 
Avoiding roots, e ig h t rep licates o f v eg e ta ted  surface (0 —5 cm ) soli 
sam ples w e re  asep tlcally  co llected  from  locations u n d e r  th e  c row n 
a n d  n e a r th e  tru n k  base  o f  b o th  a ld e r a n d  spruce  seed lings th a t w ere  
~  0 .3—0.7 m  tall. Paired sam ples, excluding all v isib le roots, w ere  
u sed  for th e  ace ty lene  red u ctio n  assay  to  e s tim a te  N -fixatlon rates. 
This sam pling  p ro ced u re  w as rep ea ted  for u n v eg eta ted  soils w ith in  
th e  sam e tran sec t. All se lec ted  soli sam pling  p o in ts  w e re  free o f 
lichens, biological c rusts a n d /o r  any  o th e r  v eg e ta tio n  w ith in  
a  ~  0.75 m  radius. Solis sam p led  for DNA a n d  chem ical analysis w ere  
tran sp o rte d  to  th e  lab o ra to ry  In ju n e a u  on  Ice an d  sieved to  4  m m  a t 
th e  tim e  o f  collection. One se t o f soli su bsam ples w as Im m ediately  
ex trac ted  In KCl to  d e te rm in e  Inorganic  N pools (W eaver e t  al., 1994), 
a n d  th e  rem ain in g  soli w as tran sp o rte d  on  Ice to  Boulder, CO, USA. 
Subsam ples for DNA analysis w e re  k ep t a t  - 8 0  °C an d  sam ples 
for fu rth e r b iogeochem icai analysis w e re  s to red  a t 4  °C.

2.2. Soil chemical param eters

Soli ex trac tab le  a m m o n iu m  (NH:f) a n d  n itra te  (NO3 ), O lsen 
(b ica rb o n ate ) p h o sp h o ro u s  (P), pH, % o rg an ic  carb o n  (C), to ta l d is 
solved N an d  C, an d  m icrobial b iom ass C an d  N w e re  m easu red  on 
e ach  soli sam ple. NH4 —N an d  NO3 —N w e re  m easu red  follow ing 
ex trac tio n s o f fresh  soli w ith  2 M KCl o ver 18 h  (W eaver e t  al., 1994), 
a n d  w e re  analyzed  co lo rlm etrlca lly  o n  an  A lpkem  au to an a ly se r 
(01 Analytical, College S tations, TX, USA). O lsen P ex trac tio n s w ere  
p e rfo rm ed  on  dried , g ro u n d  soils a t  th e  U niversity  o f M inneso ta  
R esearch A nalytical Laboratory. Briefly, 1 g o f soli w as sh ak en  In 
2 0  mL o f 0.5 M NaHC0 3  (pH  8.5) for 30  m ln  an d  filtra tes 
w e re  ana ly zed  using  m o ly b d a te-b lu e /asco rb lc  acid  (W atan ab e  an d  
Olsen, 1965) on  a  PC 9 0 0  p ro b e  c o lo rim ete r  (B rinkm an Instru m en ts , 
W estbury , NY). S tandard  m e th o d s  as d esc rib ed  by N em erg u t e t  al. 
(2 0 0 7 ) w e re  em p lo y ed  to  m ea su re  soli pH an d  p e rce n t soli 
m oistu re .

For to ta l o rg an ic  C analysis, c a rb o n a te  rem oval w as first p e r
fo rm ed  o n  soils to  rem o v e  Inorgan ic  C as p e r N em erg u t e t  al. 
(2007). Sam ples o f ~ 5 0  m g dried , g ro u n d  soils w e re  packed  Into 
t in  capsu les, an d  %C an d  %N w e re  d e te rm in e d  using  a  T herm o
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Finnigan EA 1112 Series Flash E lem ental A nalyzer; (T herm o Fisher 
Scientific, Inc., W altham , M assachuse tts , USA) (M atejovic, 1997). 
0.5 M K2 SO4  ex trac tio n s w e re  co m p le ted  o n  soils before  an d  a fte r 
ch lo ro fo rm  fum igation  Q enkinson  an d  Pow lson, 1976; Brookes 
e t  al., 1985) to  assess ch lo ro fo rm  labile  C in eva lu a tio n  o f  m ic ro 
bial C as w ell as to ta l ex trac tab le  C a n d  N in p re -fu m ig atio n  soils. 
E xtracts w e re  an alyzed  o n  a h igh  te m p e ra tu re  co m b u stio n  to ta l CN 
an aly zer (S h im adzu  TOCvcpn, Kyoto, Japan). M icrobial ch lo ro fo rm  
labile C calcu la tions a re  re p o rte d  as re la tive  va lues a n d  w e re  n o t 
co rrec ted  for ex trac tio n  efficiency.

2.3. DNA extractions and 454  pyrosequencing

Mo Bio PowerSoil™  DNA Isolation kits w e re  u sed  according to  th e  
m an u fac tu re r’s pro toco ls for bu lk  DNA ex tractio n s (M o Bio f^abora- 
tories. Inc., Carlsbad, CA). PCR -am plification o f bacteria l 16S rRNA 
genes from  th e  genom ic  DNA o f  th e  24  soil sam ples w as con d u cted  
u sing  a h ighly  conserved  un iversal bacteria l p rim er se t as described  
by  H am ady e t al. (2008). The 27F (S'-CTATGC GCCTTGCCAGCCCGCT- 
CAGTCAGAGTTTGATCCTGGCrCAG-3') an d  338R fusion p rim ers (5 '-  
COTArCGCCrCCCrCGCGCCATCAGNNNNNNNNNNNNCATGCrGCCTC 
CCGTAGGAGT-3') w e re  em ployed. F o reach  sam ple  th is  fusion p rim er 
Included a  6  bp  a d a p te r  (CTATGC/CTATGC) to  u tilize T itan ium  
chem istry , th e  454  A/B prim er, a  un ique, e rro r-co rrec tin g  barcode  
(d en o ted  NNNNNNNNNNNN), an d  th e  16S rRNA prim er. PCR reac 
tio n s for each  sam ple  w ere  pe rfo rm ed  in trip lica te  w ith  2 pL o f 1 ;1 
m ix tu re  o f  sterile  w a te r  an d  genom ic  DNA, 1 pL o f th e  fo rw ard  p rim er 
a t 30  pM, 2 pL o f th e  reverse  p rim er a t  15 pM, 1 pL o f  25  m M  MgCl2 , 
9 p L o f sterile  H2 O, an d  10 p L o f5  Prim e HotM asterM lx(5PRfM E, Inc. 
G aithersburg , MD). PCR reac tion  cond itions follow ed th e  pro toco l o f 
Flerer e t  al. (2008). The th re e  PCR reac tion  p ro d u c ts  p e r sam ple  
w ere  poo led  and  th e n  c leaned  using  Mo Bio U ltraC lean-htp  
PCR C lean-up kits (M o Bio Laboratories, Inc., Carlsbad, CA), acco rd 
ing to  th e  m an u fac tu re r’s protocol. 16S rRNA gene  am pllcons w ere  
sen t to  th e  E nvironm enta l G enom ics Core Facility (E ngencore) a t 
U niversity  o f  South C arolina for 454  Life Sciences GS FIX T itan ium  
pyrosequencing.

2.4. qPCR

Q u an tita tiv e  PCR w as u sed  to  e s tim a te  th e  re la tive  a b u n d an ce  
o f rRNA gen es o f  bac teria  (16S) a n d  fungi (ITS-5.8S) as w ell as th e  
n itro g en ase  red u c tase  gene, nifH. W e u se d  th e  fungal p rim ers  
ITSl (TCCGTAGGTGAACCFGCGG) a n d  5.8S (CGCFGCGTTCTTCATCG), 
th e  b acteria l p rim ers  E ub338f (ACFCCFACGGGAGGCAGCAG) and  
E ub518r (ATTACCGCGGCFGCTGG) (F lerer e t  al., 20 0 5 ) a n d  th e  
b ac teria l nifH  p rim e rs  P o ll (TGCGAYCCSAARGCBGACTC) an d  PolR 
(ATBGCCATCATYTCRCCGGA) (Poly e t  al., 2001). R eactions w e re  
assem b led  u sin g  th e  A gilent Brilliant II SYBR G reen QPCR M aster 
M ix (A gilent Technologies, San ta  Clara, CA, USA) an d  each  c o n 
ta in e d  ~  10—30  ng o f  g enom ic  DNA. All reac tio n s w e re  pe rfo rm ed  
in tr ip lica te  an d  a  s ta n d a rd  cu rv e  w as ru n  o n  each  plate. A m plifi
cations w e re  p e rfo rm ed  using  a  S tra tag en e  M x3005P  QPCR 
m ach in e  (A gilent Technologies, San ta  Clara, CA, USA) an d  d a ta  w e re  
an alyzed  u sing  th e  m an u fa c tu re r’s M xPro softw are.

2.5. Nitrogen fixa tion  assay

N itrogen-fixation  ra te s  w e re  a ssessed  using  th e  ace ty len e  
red u ctio n  assay  (H ardy  e t  al., 1968), w ith  th e  specifications 
desc rib ed  by  Reed e t  al. (2010) as m odified  from  B elnap (1996). 
In cubations las ted  for 23.75 h  o ver b o th  d a rk  an d  ligh t hours, b u t 
o u t o f d irec t su n lig h t (2 0 ;0 0  Oct. 7 th  to  19;45 Oct. 8 th )  in ju n e a u , 
AK. 8  m l  o f each  h ead sp ace  w e re  sam p led  a n d  in jec ted  in to  p re 
ev acu ated  v acu ta ln e r tubes, a n d  tra n sp o rte d  to  Boulder, CO, USA for

gas analysis, w h ich  o ccurred  th re e  days a f te r  h ead sp ace  collection . 
Gas ch ro m a to g rap h y  analysis w as co m p le ted  on  a S h im adzu  14- 
A Gas C h ro m ato g rap h  (S h im adzu  C orporations, Kyoto, Japan) 
em ploy ing  a  flam e io n iza tio n  d e te c to r  (330  °C) an d  Poropak  N 
co lu m n  (110 °C; Supelco, Bellefonte, PA, USA). E thy lene s tan d ard s  
u sed  to  c o n stru c t a  s ta n d a rd  cu rve  w e re  first In jec ted  in to  v acu 
ta ln e r  tu b es  a n d  a llow ed  to  in cu b a te  for th e  sam e a m o u n t o f  tim e  
as sam p les to  acco u n t for m in o r gas leakage o v er th e  tra n sp o r t and  
processing  tim e  as w ell as possib le  e th y len e  co n ta m in a tio n  from  
v acu ta ln e r s to p p ers. A cety lene b lanks (no  soil) a n d  con tro ls  (soil 
an d  no ace ty len e) w e re  a lso analyzed  an d  w e re  co n sis ten tly  
u n d e te c ta b le  beyond  e th y len e  p ro d u c tio n  from  v acu ta ln e r s to p 
pers, w h ich  w as su b tra c ted  o u t o f  th e  calcu la tions. The stan d ard  
cu rve  co n stru c ted  from  1 0  an d  1 0 0  p p m  e th y len e  s ta n d a rd s  w as 
u sed  to  calcu la te  sam p le  co n cen tra tio n s , w h ich  w e re  th e n  c o n 
v e rte d  in to  ngN fixed/cm ^/h  (Reed e t  al., 2007, 2010).

2.6. Pyrosequence and statistical analysis

W e filtered pyrosequencing  d a ta  using  th e  follow ing quality  check 
p a ram e te rs ; a  m in im u m  sequence leng th  o f 200  to  a  m ax im um  o f 400  
base  pairs, a  m ax im um  o f 5 hom opolym ers, a  m in im u m  quality  score 
o f  25, an d  a  m ax im um  o f am biguous bases an d  p rim er m ism atches o f 
0  using  th e  QIIME softw are  package (Caporaso e t al., 2010). One 
u n v egeta ted  sam ple  w as no t sequenced  an d  th u s  o m itted  from  
fu rth er analysis. Data w ere  denoised  in QIIME using  Denolser, w hich  
analyzes flow gram  d a ta  to  c luste r sim ilar reads in o rd e r to rem ove 
po ten tially  e rro n eo u s sequences (R eeder an d  Knight, 2010). 
Sequences w ere  th e n  c luste red  based  o n  rep resen ta tive  operational 
taxonom ic u n its  (OTUs) using  UCLUST (Caporaso e t al., 2010; Edgar, 
2010). OTUs w ere  assigned a taxonom ic identification  using  Basic 
Local A lignm ent Search Tool (BLAST) (Altschul e t al., 1990) m eth o d  
w ith  th e  SILVA (Pruesse e t  al., 2007) database. Sequence a lignm en ts 
w ere  m ade  using  th e  NAST a lgorithm  (DeSantis e t al., 2006a) against 
th e  G reenG enes d a tab ase  (DeSantis e t  al., 2006b). Using add itional 
d o w n stream  tools in QIIME, a  phytogeny w as bu ilt w ith  th e  FastTree 
a lgorithm  (Price e t al., 2009), and  a pairw ise  b e ta  d iversity  d istance 
m atrix  am o n g  all sam ples w as also gen era ted  based  on  th e  w eigh ted  
UnlFrac phylogenetic  d istance  m etric  (Lozupone e t al., 2 0 0 6 ,2 0 0 7 ). A 
principal coord ina te  analysis (PCoA) o rd ination  w as gen era ted  based 
o n  th is UnlFrac b e ta  d iversity  m atrix  in QIIME.

E n v iro n m en ta l v ariab les a n d  b acteria l tax a  re la tive  a b u n d an ces  
a t th e  phyla  level w e re  checked  for n o rm ality  a n d  h o m o sced as- 
ticity. N -fixatlon  ra te s  an d  qPCR d a ta  w e re  tog tran sfo rm ed  to  
ach ieve a n o rm al d is trib u tio n . To ex am in e  re la tio n sh ip s b e tw ee n  
overall bac te ria l co m m u n ity  co m p o sitio n  a n d  n o rm alized  e n v i
ro n m en ta l variables. P rim er v 6  (C larke an d  Gorley, 20 0 6 ) sta tistica l 
so ftw are  w as u sed  to  p e rfo rm  M antel-like  RELATE te s ts  and  
d e te rm in e  co rre la tio n s b e tw e e n  c o m m u n ity  co m p o sitio n  — based  
o n  th e  w e ig h ted  UnlFrac p h y logenetic  d issim ila rity  m atrix  — an d  all 
en v iro n m en ta l v ariab les an d  n itro g en  fixation. N on-param etrlc , 
p e rm u ta tlo n a l ANOVA (PERMANOVA) w as u sed  to  te s t  d ifferences 
in c o m m u n ity  co m p o sitio n  b e tw e e n  each  v eg e ta tio n  ty p e  (i.e., 
spruce, a ld e r a n d  u n v eg eta ted ). The s ta tistica l c o m p u tin g  language, 
R, (R D ev elo p m en t Core Team, 2009), w as u sed  to  te s t  o n e -w ay  
analysis o f v a riance  (ANOVA) o f en v iro n m en ta l v ariab les and  
b acteria l tax a  re la tive  a b u n d an ces  to  ex am in e  d ifferences in th e se  
v ariab les a m o n g  th e  th re e  d iffe ren t v eg e ta tio n  types. Pearson  
p ro d u c t m o m e n t c o rre la tio n  coefficien ts w e re  calcu la ted  am o n g  all 
en v iro n m en ta l variables, an d  S p ea rm an ’s ran k  co rre la tio n s w e re  
calcu la ted  for re la tive  ab u n d an c e  o f b ac teria l tax a  a n d  variab les 
c o rre la ted  w ith  d ifferences in co m m u n ity  s tru c tu re  in R.

U sing th e  v eg an  package in R (O ksanen  e t  al., 2010), Principal 
C om ponen ts A nalysis (PCA) w as em p lo y ed  to  fu r th e r  ex am in e  th e  
v a ria tio n  in en v iro n m en ta l p a ram e te rs  am o n g  sam ples. E uclidean
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d is tan ce  am o n g  sam p les w as calcu la ted  b ased  o n  pH, n itra te , to ta l 
d isso lved  C an d  N, p e rcen t C, an d  O lsen P. E xtractab le  N H j—N w as 
rem o v ed  from  PCA analysis as it s tro n g ly  covarles w ith  O lsen P an d  
ex trac tab le  o rg an ic  C, w h ich  w e re  Included. V ariance p a rtitio n in g  
id en tified  th e  a m o u n t o f v a ria tio n  in b ac teria l co m m u n ity  s tru c 
tu re , as m easu red  b y  th e  w e ig h ted  UnlFrac m etric , th a t  cou ld  be 
a ttr ib u te d  to  v eg e ta tio n  ty p e  an d  pH; th e se  v ariab les ex p la in ed  
a  s ta tistica lly  sign ifican t a m o u n t o f  v a ria tio n  in b acteria l c o m m u 
n ity  stru c tu re . H ere, w e  u sed  th e  ad o n is  fu n c tio n  in th e  vegan  
package o f  R (O ksanen  e t  al., 2010), to  p e rfo rm  a p e rm u ta tlo n a l 
ANOVA b ased  o n  th e  w e ig h ted  UnlFrac d issim ilarity . The adon is 
fu n c tio n  is ad v an tag eo u s in d e te rm in in g  ex p la in ed  v e rsu s residual 
v a ria tio n  as b o th  c o n tin u o u s  (pH ) an d  categorical (v eg eta tio n  ty p e) 
v ariab les can  be in c luded  in  th e  p ro p o sed  e x p lan a to ry  m odel.

2.7. Accession num bers

S equence d a ta  have b een  d ep o site d  in th e  MG-RAST d a tab ase  
u n d e r  ID# 4471523.3.

3. Results

3.1. M icrobial co m m unity  structure

P C I  « o »

Fig. 1. Principal coordinates analysis of UniFrac bacterial community distances. Points 
representing bacterial communities are colored by sample type and labeled. The plot 
shows grouping of bacterial communities by sample type. All PERMANOVA contrasts 
between vegetation types show significant differences (P < 0.05). Red =  unvegetated 
soil, blue =  alder soil, green =  spruce soil. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

P yrosequencing  g en era te d  67,924 q u a lity  sh o rt-rea d  16S SSU 
rDNA seq u en ces from  23 soil sam p les p rio r to  q u a lity  check  an d  
deno ising . P re-analysis q u a lity  checks a n d  D enoiser analyses 
(R eeder a n d  Knight, 2010) re su lted  in 15,899 16S rRNA gene  
seq u en ces from  all soil sam p les com bined , o r  on  average  691 ±  99 
seq u en ces p e r  sam ple . M ajor b acteria l tax a  (phy la  and, in th e  case 
o f  P ro teobacteria , sub-phy la) th a t  re p re se n ted  >5% o f c o m m u n ity  
co m p o sitio n  in cluded  A cidobacteria, A ctinobacteria , B actero idetes, 
C yanobacteria, a -P ro teo b acte ria , an d  |3-Proteobacteria  (Table 1). 
The PCoA o rd in a tio n  sh o w ed  a  c lear d iffe ren tia tio n  o f v eg e ta ted  
from  u n v e g e ta te d  com m u n itie s , a n d  c lu s te rin g  o f bacteria l 
c o m m u n ity  c o m p o sitio n  by  v eg e ta tio n  ty p e  (Fig. 1). This suggested  
a  p h y logenetic  d issim ila rity  b e tw e e n  th e  bac teria l c o m m u n ity  
s tru c tu re  o f  v e g e ta te d  soils an d  u n v e g e ta te d  soils as w ell as p lan t 
specific d iffe ren tia tio n  o f soil c o m m u n itie s  (Fig. 1). A p e rm u ta tlo n a l 
ANOVA (PERMANOVA) (C larke a n d  Gorley, 2 0 06) o f th e  w e ig h ted  
UniFrac d issim ila rity  m atrix  in d ica ted  th a t  b acteria l c o m m u n ity

co m p o sitio n  w as sign ifican tly  d iffe ren t b e tw e e n  all v eg e ta tio n  
ty p es  (Table 2).

W e also  ev a lu a ted  b ro ad -sca le  d ifferences in th e  re la tive  
a b u n d an c es  o f b acteria l tax a  in v e g e ta te d  vs. u n v e g e ta te d  soils. 
A m ong all taxa, o n ly  a -p ro teo b ac te ria l a b u n d an ce  varied  signifi
can tly  b e tw e e n  v eg e ta te d  an d  u n v e g e ta te d  soils, w ith  g re a te r  
ab u n d an c e  in v eg e ta te d  soils (W elch Two Sam ple t-te st, t  =  -2 .6 7 , 
P  =  0.02) (Table 1). F u rtherm ore , th e  a -P ro teo b acte ria  o rd e r  Rhi- 
zobiales, w h ich  in itse lf co m p rised  g re a te r  th a n  5% o f bacteria l 
c o m m u n itie s  sam pled , w as significantly  m o re  a b u n d a n t in v eg e
ta te d  soils (W elch Tw o Sam ple t-te st, t  =  3.5, P  =  0 .004) (Table 1). 
O ne-w ay  ANOVA te s ts  u sing  T ukey’s HSD a -p o ste rio ri analysis to  
d e te rm in e  d ifferences in  b acteria l tax a  b e tw e e n  each  o f th e  th ree  
v eg e ta tio n  ty p es  on ly  sh o w ed  a sign ifican t increase  in th e  re la tive  
ab u n d an c e  o f Rhizobiales in  sp ru ce  v e rsu s u n v e g e ta te d  soils 
(P  <  0.05). A lthough  ad d itio n a l c o n tra s ts  su g g ested  som e a d d i
tio n a l v a ria tio n  in m icrobial co m m u n ity  a b u n d an ces  am o n g  th e

Table 1
Relative abundances of bacterial taxa >5% of total com m unity and soil chemical param eters. P-Values are given for t-tests com paring vegetated w ith  unvegetated soils.

Bacterial taxa (% community) Vegetated (Mean ±  SE) Unvegetated Vegetated vs.

Spruce Alder Unvegetated
unvegetated

Acidobacteria 6.897 ± 0 .51 9.23 ±  2.1 10.57 ±  1.3 NS
Actinobacteria 7.995 ±  0.62 10.17 ± 0 .8 7 8.248 ±  1.2 NS
Bacteroidetes 14.95 ±  1.01 11.27 ±  1.6 12.68 ±  0.68 NS
a-Proteobacteria 26.02 ±  0.88 25.34 ±  1.3 22.18 ±  1.1 t = -2 .6798 , p = 0.0195
P-Proteobacteria 20.64 ±0 .011 18.24 ± 0 .61 20.95 ±  1.1 NS
Cyanobacteria 6.055 ±  1.9 7.615 ±  1.4 4.811 ±  1.8 NS
Rhizobiales^ 13.96 ±  0.77* 12.54 ±  0.75*® 10.07 ±  0.72® t =  3.507, p =  0.0037
Soil Parameters
Microbial C (mgC/kg) 97.0 ±  15.6 129.0 ±  25.2 113.5 ±  11.2 NS
pH 7.29 ±  0.02 7.41 ±  0.05 7.41 ±  0.16 NS
n o t  (|tg N/g soil) 3.70 ±  1.40 1.37 ±  0.49 1.39 ±  0.40 NS
%C (% soil mass) 0.30 ±  0.05 0.25 ±  0.02 0.23 ±  0.03 NS
Extract. Org. C (mg/kg soil) 97.7 ±  15.8* 68.3 ±  8.7*® 41.0 ±5.1® t =  3.9001, p =  0.0008
Total Dissolved N (mg/kg soil) 8.6 ±  1.2* 4.8 ±  0.7® 3.9 ±  0.8® t = 2.4897, p =  0.0224
Nlix (ngNlixed/cm^/h) 0.43 ±  0.05*'* 1.69 ±  0.82* 0.23 ±  0.03® t =  3.3192, p =  0.0033
Extractable NH^—N (gg N/g soil) 1.10 ± 0 .21* 0.30 ±  0.04® 0.31 ±  0.04® t =  2.5219, p =  0.0217
Olsen P (ppm) 14.3 ±  1.6* 8.5 ±  1.0® 9.41 ±  0.6® NS
% Moisture 20.5 ±  2.1 20.7 ±  1.9 17.2 ± 0 .9 NS

Letters denote significant differences in pairwise comparisons (p < 0.05). 
“ (also included in a-Proteobacteria).
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Table 2
Results of M antel-like RELATE tests and PERMANOVA tests; all o ther param eters 
tested yielded non-significant results.

Table 4
Variance partitioning, analysis of pairwise dissimilarity.

RELATE tests UniErac phylogenetic com m unity dissimilarity

Rho p

pH 0.195 0.047
Nitrogen

Eixation
0.261 0.04

PERMANOVA Alder vs. Spruce Spruce vs. Unveg Alder vs. Unveg

t = 1.357, p = 0.015 t = 1.6971, p = 0.005 t = 1.4405, p = 0.012

d ifferen t sites, n o n e  rev ea led  any  sign ifican t d ifferences for th e  
b ac teria l tax a  ex am in ed  (Table 1).

The re la tive  ab u n d an c e  o f nifH, bac te ria l 16S rRNA, a n d  fungal 
18S rRNA g en es w e re  co m p ared  for each  o f  th e  soil sam ples. nifH  
g en e  copy n u m b e r w as g re a te r  in v eg e ta ted  soils. Spruce soils 
d isp layed  sign ifican tly  h ig h er re la tive  ab u n d an c es  o f nifH  genes 
v e rsu s u n v e g e ta te d  soils (Tukey’s ftSD tes ts , Table 5), a lth o u g h  nifH  
g en e  re la tive  ab u n d an c e  d id  n o t sign ifican tly  co rre la te  to  m easu red  
n itro g en  fixation  activity. Fungal :bacterial ra tio s w e re  significantly  
h ig h er in b o th  sp ru ce  an d  a ld e r v e rsu s u n v e g e ta te d  soil sam ples 
(Table 5).

3.2. Soil param eters

Again, to  ev a lu a te  b o th  th e  in fluence  o f  v eg e ta tio n  in g en era l 
an d  also  p lan t species effects, soil p ro p e rtie s  w e re  ev a lu a ted  b o th  
b e tw e e n  v eg e ta te d  an d  u n v e g e ta te d  soils, a n d  b e tw e e n  each  o f th e  
th re e  v eg e ta tio n  types. C o n cen tra tio n s o f ex trac tab le  o rg an ic  C, 
to ta l d isso lved  N, N H j, an d  N -fixation  ra te s  w e re  h ig h er in v eg e 
ta te d  th a n  u n v e g e ta te d  soils (W elch  Tw o Sam ple t-te st, P  <  0.05) 
(Table 1), b u t pH w as gen era lly  lo w er in v e g e ta te d  th a n  in u n v e 
g e ta ted  soils (Table 1). Notably, pH w as significantly  negatively  
co rre la ted  w ith  NH:f, to ta l d isso lved  N, ex trac tab le  o rg an ic  C, O lsen 
P, b u t positively  co rre la ted  w ith  m icrobial C (P <  0.05). Spruce bad 
significantly  h ig h er ex trac tab le  o rg an ic  C co m p ared  to  u n v eg e ta ted  
soils (Tukey’s HSD a -p o ste rio ri ANOVA tests , P  <  0.05), a n d  signif
ican tly  h ig h er to ta l d isso lved  N, N H j, a n d  P pools c o m p ared  to  b o th  
u n v e g e ta te d  a n d  a ld e r  soils (Table 1). A lder soils w e re  n o t signifi
can tly  d iffe ren t from  u n v e g e ta te d  soils in any  o f th e  m easu red  
p a ram ete rs . W hile  a  co m p ariso n  o f a sy m bio tic  N -fixation  ra tes  in 
v eg e ta te d  vs. u n v e g e ta te d  soils rev ea led  a  significantly  g re a te r  ra te  
o f  N fixation  in v eg e ta ted  soils (Table 1), a t th e  p lan t species level, 
o n ly  a ld e r soils b ad  sign ifican tly  h ig h er N -fixation  ra tes  th a n  
u n v e g e ta te d  soils d e sp ite  nearly  a  d o u b lin g  o f N -fixation  ra tes  in 
sp ru ce  soils as co m p ared  to  u n v e g e ta te d  soils (a -p o s te rio ri T ukey’s 
HSD, P <  0 .005  Table 1).

The o r ien ta tio n  am o n g  sam ples in en v iro n m en ta l space w as 
fu r th e r  d isce rn ed  by  p rincipal co m p o n e n ts  analysis (Fig. 2). 
Sam ples gen era lly  g ro u p ed  by  v eg e ta tio n  ty p e  across axis 1, w h ich  
desc rib ed  43.5% o f varia tion . Axis 2 desc rib ed  19.4% o f  varia tion .

Table 3
Bacterial taxa (>5% of com m unity) Spearman's rank correlations w ith  pEi.

Bacteriai taxa Rho p-value

Acidobacteria 0.538 0.0081
Actinobacteria 0.134 0.5423
Bacteroidetes -0 .541 0.0077
a-Proteobacteria -0 .383 0.0712
P-Proteobacteria 0.0456 0.8362
Cyanobacteria -0 .0283 0.898
Rhizobiales -0 .393 0.0633

Source of variance Df SS MS F r2 p

pH 1 0.0064624 0.0064624 0.8033155 0.0317 0.548
Vegetation Type 2 0.0474434 0.0237217 2.9487656 0.2327 0.003
pH X Vegetation Type 2 0.0132359 0.006618 0.822657 0.0649 0.589
Residuals 17 0.1367586 0.0080446 0.6707
Total 22 0.2039004

W hile  a ld e r an d  u n v e g e ta te d  soils m o re  c losely  g ro u p ed  accord ing  
to  pH, sp ru ce  w as m ore  in fluenced  by  d ifferences in soil n u tr ie n t 
pools.

3.3. Relationships am ong  bacterial co m m unity  com position and soil 
chem istry

The o n ly  soil chem ica l p a ra m e te r  th a t  w as co rre la ted  w ith  th e  
UniFrac m etric  u sed  to  ex am in e  d ifferences in b acteria l c o m m u n ity  
s tru c tu re  w as pH (RELATE tes t, r  =  0.195, P  =  0.047) (Table 2). 
Likewise, N -fixation  ra te s  w e re  co rre la ted  w ith  b acteria l c o m m u 
n ity  s tru c tu re  (RELATE tes t, r  =  0.261, P  =  0.04) (Table 2). pH 
w as positive ly  co rre la ted  w ith  ac idobacteria l re la tive  a b u n d an ce  
(S p ea rm an ’s: Rho =  0.538, P  <  0.01) a n d  negatively  co rre la ted  w ith  
th e  re la tive  a b u n d an ce  o f B actero idetes ( -0 .5 4 1 , P  <  0.01) (Table 3). 
T here  w ere  no  sign ifican t co rre la tio n s b e tw e e n  th e  re la tive  a b u n 
dan ce  o f b ac teria l tax a  an d  N -fixation  rates.

To d isen tan g le  th e  in te rre la te d  effects o f  pH a n d  v eg e ta tio n  ty p e  
on  b acteria l co m m u n ity  com position , w e  c o n d u c ted  v a riance  p a r
titio n in g  (Table 4). V egeta tion  ty p e  exp la in ed  th e  g re a te s t p ro p o r
tio n  o f  th e  v a ria tio n  (23.27%) in bac teria l c o m m u n ity  stru c tu re . The 
rem ain in g  va riab ility  w as ex p la in ed  b y  pH (3.17%), th e  in te rac tio n  
te rm  (6.49%), a n d  th e  resid u al te rm  (67.07%); how ever, n e ith e r  pH 
n o r in te rac tio n s w e re  sign ifican tly  re la ted  to  v a ria tio n  in c o m m u 
n ity  co m p o sitio n  d esp ite  th e  sign ifican t co rre la tio n  b e tw e e n  pH 
an d  b acteria l co m m u n ity  co m p o sitio n  (P >  0.05). G iven th a t  pH 
w as sign ifican tly  co rre la ted  w ith  b ac teria l c o m m u n ity  s tru c tu re  as 
d e te rm in e d  th ro u g h  th e  M antel-like  RELATE te s t  (Table 2), th e  
va rian ce  p a rtitio n in g  suggests th a t  pH is n o t in d e p e n d e n t from  soil 
v eg e ta tio n  type, w h ich  by  far exp la ins th e  m o st v a ria tio n  in th e  
UniFrac d is tan ces  a m o n g  sam ples. All o th e r  en v iro n m en ta l v a ri
ab les m easu red  in th is  s tu d y  w e re  also  te s te d  as factors in th e  
ad o n is  m odel; how ever, n o n e  o f th e se  en v iro n m en ta l variab les 
w e re  sign ifican tly  re la ted  to  b acteria l co m m u n ity  stru c tu re .

4. Discussion

Past re sea rch  in glacial forefields has sh o w n  th a t  b acteria l 
co m m u n itie s  an d  asso c ia ted  b iogeochem ica i cycling u n d e rg o  
successional changes in u n v e g e ta te d  soils w ell in  advance  o f  p lan t 
co lon ization  (N em erg u t e t  al., 2007 ; Schm idt e t  al., 2008). How ever, 
p lan t co lon ization  im p a rts  significant in fluence o n  th e  successional 
tra jec to ry  o f  th e se  d y n am ic  bac teria l com m u n itie s . O ur resea rch  
ind ica tes th a t  early  co lo n izer p lan ts  sign ifican tly  a lte r  b acteria l 
co m m u n ity  c o m p o sitio n  a t early  successional stages in post-g lacial 
eco sy stem  d ev elo p m en t. O ur s tu d y  n o t on ly  su p p o rts  p a s t findings 
th a t  sh o w  b ro ad -sca le  b ac teria l c o m m u n ity  sh ifts in v e g e ta te d  soils 
(B ardgett an d  W alker, 2004 ; Tscherko e t  al., 2005), b u t also  reveals 
p lan t species effects on  b acteria l c o m m u n itie s  (W estover e t  al., 
1997; G rayston e t  al., 1998). A lthough  m icrobial co m m u n itie s  
u n d e r  b o th  p lan t ty p es  have  h ig h er fu n g a l;b ac teria l ra tio s  th a n  
u n v e g e ta te d  soils, b ac te ria  d o m in a te  th e  m icrobial c o m m u n ity  in 
all o f th e se  soils. N onetheless, th e  o b se rv ed  sh ifts in fu n g ab b ac te - 
rial ra tio s a re  co n g ru en t w ith  p a s t s tu d ies  (B ardgett a n d  W alker, 
2004 ; O h to n en  e t  al., 1999). It is likely th a t  p lan t C inputs,
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Table 5
nifH gene relative abundance and fungabbacterial rRNA copy numbers.

Ratio Spruce Alder Unvegetated

nifH: Bacterial 1.94E-04 ±  7.42E-05'' 1.68E-04 ±  8.13E-05'* 7.00E-05 ±  4.61E-05'*
Fungal: Bacterial 0.0033 ±  5.67E-04* 0.00296 ±  6.95E-04'' 0.000961 ±  2.30E-04'*

Letters denote significant differences in pairwise comparisons (p < 0.05).

especially  m o re  reca lc itran t form s, su p p o rt sap ro p h y tic  fungi. 
F u rth e rm o re , b o th  s tu d ied  p lan ts  a re  k n o w n  to  su p p o rt ectom y- 
corrh lzae . O ur resea rch  d e m o n s tra te s  th a t  p lan ts  m ay  e ith e r 
d irec tly  o r Ind irec tly  d rive  sh ifts In soil b acteria l co m m unities. 
Increasing  th e  re la tive  ab u n d an c e  o f a -P ro teo b acte rla , specifically 
th e  Rhizobiales (Table 1). A dditionally, w e  d e te rm in e d  th a t  soil 
b ac teria l c o m m u n ity  s tru c tu re  Is u n iq u e  to  each  v eg e ta tio n  ty p e  
(Table 2, Fig. 2).

Past s tu d ies  have also sh o w n  th a t  th e  effects o f p lan t co lon iza
tio n  o n  early  successlonal bac te ria l c o m m u n itie s  a re  variable. At 
th e  R otm oosferner G lacier In th e  Otz V alley o f Austria, Tscherko 
e t  al. (2 0 0 5 ) found  no sign ifican t p lan t effect o n  th e  co m p o sitio n  
o r  activ ity  o f  th e  rh lzo sp h ere  m icrobial c o m m u n itie s  In soils less 
th a n  43 y ears  old. H ow ever, th e y  n o ted  th a t  th e re  w as a  s tro n g e r 
v eg e ta tio n  Influence on  b acteria l c o m m u n itie s  In soils o ld e r th a n  
75 y ears  old. This finding w as a ttr ib u te d  to  th e  re la tive  s tre n g th  of 
ab io tic  factors as a  p rim ary  d e te rm in a n t o f m icrob ial co m m u n itie s  
In th e  h a rsh  p io n ee r stage en v iro n m en t. H ow ever, It Is w ell 
k n o w n  th a t  th e  ra te  a n d  p a tte rn s  o f  soil d e v e lo p m en t v a ry  across 
d is tin c t deg lac la ted  lan d scap es based  on  d ifferences In c lim ates 
a n d  availab le  b io ta  (M atth ew s, 1992; W alker a n d  del M oral, 2003). 
A ccounting  for u n iq u e  d e v e lo p m en t o f  d iffe ren t deg lac la ted  en v i
ro n m en ts , Tscherko e t  al. (2005) su g g ested  th a t  ch ro n o seq u en ces 
w ith  re la tive ly  rap id  ra tes  o f p lan t co lo n izatio n  m ay  Ind icate  m ore 
favorable co n d itio n s for p lan ts, w h ich  cou ld  ex p la in  o th e r  findings

PCA of environm ental variables, PC1=43.6%, PC2=19.44%
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Fig. 2. Principal components analysis of sample environmental parameters. Vector 
lengths show the relative contribution of individual parameters to multivariate vari
ation. Multivariate sample points are colored by vegetation type and labeled.

th a t  sh o w  significant v eg e ta tio n  effects In s tru c tu rin g  bacteria l 
c o m m u n itie s  In th e  p io n eerin g  stage o f  eco sy stem  d ev e lo p m en t 
(B ardgett a n d  W alker, 2004 ; E dw ards e t  al., 2006). O ur resea rch  
a lso  su p p o rts  th is  In te rp re ta tio n  by  sh o w in g  early  p lan t co lon izer 
Influence on  b acteria l c o m m u n ity  s tru c tu re  In n ew ly  exp o sed  soils 
th a t  a re  ch arac te rized  b y  qu ick  p lan t co lo n izatio n  (B urt an d  
A lexander, 1996).

W hile  It Is possib le  th a t  p lan ts  co lon ize  u n iq u e  sites w ith  
p re -ex istin g  d ifferences In m icrob ial com m u n itie s , th e  o bserved  
d ifferences In bac teria l c o m m u n ity  com position , fu n g ab b ac te ria l 
ratios, an d  soil p a ram e te rs  p re sen te d  a re  c o n sis ten t w ith  p lan t-  
d e riv ed  effects th a t  have b e en  w idely  d o c u m e n ted  In p rev ious 
stud ies. For exam ple, p lan t-d riv en  e n ric h m e n t o f  a -P ro teobacterla , 
a n d  m o re  specifically  Rhizobiales, a re  also  o b se rv ed  In o th e r  en v i
ro n m en ts  as w ell as ex p e rim e n ta l re sea rch  using  hom o g en ized  
soils o r  rep lica ted , ran d o m ized  block d esig n s to  co n tro l for n a tu ra l 
e n v iro n m en ta l h e te ro g en e ity  (C osta e t  al., 20 0 6 ; H alchar e t  al., 
2008 ; King e t al., 2010).

Not surprisingly, differences In soil ch em istry  also co rresponded  
w ith  veg eta tio n  ty p e  (Fig. 2). A varie ty  o f  o th e r  stud ies across 
o th e r  deg lacla ted  ch ronosequences have sh o w n  th a t  changes In soil 
n u tr ie n ts  an d  C o ften  Im pact bacteria l co m m u n ity  com position  and 
function  (Tscherko e t al., 2004; E dw ards e t  al., 2006). For rh lzosphere  
bacteria l co m m unities In th e  D am m a Glacier forefield, E dw ards e t  al. 
(2006) found th a t  soluble C and  m ineral N w ere  d o m in a n t Influences 
o n  b acteria l c o m m unities across th e  c h ronosequence. W hile  shifts In 
n u trie n t and  C pools over th e  M endenhall ch ronosequence  m ay 
co rresp o n d  to  bacterial co m m u n ity  struc tu re , o u r d a ta  y ielded  no 
corre lations w ith in  th e  various C an d  n u tr ie n t p a ram ete rs  m easu red  
an d  bacteria l co m m u n ity  com position.

This result, how ever, does no t Im ply th a t changes In C an d  N pools 
do  no t Influence bacterial co m m u n ity  com position  w ith in  th e  
sam pled  transect. The s tan d ard  assays w e u sed  to  quantify  to ta l C and 
N m ay have b een  too  general to  u ncover ho w  changes In th e  chem istry  
o f  th ese  pools Influence bacteria l co m m u n ity  structure . For exam ple, 
th e  specific C chem istry  o f  b o th  Utter and  ex u dates m ay  Influence 
Individual tax a  a n d /o r overall m icrobial co m m u n ity  s tru c tu re  (O rw ln 
e t  al., 2006; M eier and  Bowm an, 2008; Eskellnen e t al., 2009). 
U nvegetated  soil bacteria l com m unities could  also  be  Influenced by 
sources o f anc ien t o r  a lloch thonous soil C, d istinc t In com position  
from  p lan t Inputs. Indeed, p revious stud ies have sh o w n  th a t recently  
deglacla ted  soils con ta in  older, an c ien t pools o f soil C (B ardgett e t al., 
2007; Hood e t al., 2009; Sattln  e t al., 2009). Furtherm ore, add itional 
abiotic factors and  u n m easu red  p lan t effects (e.g., shadlng/llght, 
su b stra te  chem istry, tem p era tu re , etc.) m ay  play roles In struc tu ring  
m icrobial co m m unities (H orner-D evlne e t  al., 2004; W eb er and 
Bardgett, 2011). Interestingly, d esp ite  th e  relative sim plicity  o f th e  
s tu d y  system , o u r  research  Indicates th a t  th e  com plex ity  o f th e  
en v ironm en ta l factors th a t  stru c tu re  m icrobial co m m unities In 
recen tly  deglaclated  soils sufficiently m asks observable  differences 
using  standard  soil characte rization  techniques.

O ur resea rch  sh o w ed  th a t  pH w as th e  on ly  m easu red  e n v iro n 
m en ta l v a riab le  th a t  sign ifican tly  co rre la tes  w ith  bacteria l 
c o m m u n ity  s tru c tu re . W hile  pH Is o n e  m ech an ism  th a t  cou ld  drive  
d ifferences In b acteria l c o m m u n ity  stru c tu re . It w as n o t a  signifi
c an t facto r in  th e  ad o n is  m o d el (Table 4). V ariance p a rtitio n in g  
su b seq u en tly  e stab lish ed  th a t  pH Is n o t In d e p en d e n t o f  v eg e ta tio n
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type, b u t ra th e r  is a  v e g e ta tio n -d eriv ed  effect, an d  th a t  v eg e ta tio n  
ty p e  desc rib es th e  h ig h est a m o u n t o f v a ria tio n  in  b ac teria l 
c o m m u n ity  s tru c tu re . Together, th e se  re su lts  su p p o rt th e  n o tio n  
th a t  p lan ts  d rive  d ecreases in p ft (e.g., v ia  l itte r  inpu ts , o rg an ic  acid 
exud atio n , an d  p ro to n  ex tru s io n ) a n d  o th e r  factors to  u n iq u ely  a lte r  
b ac teria l c o m m u n itie s  d u rin g  early  soil co lon ization  a n d  d ev e lo p 
m e n t (C rocker a n d  Major, 1955; M atthew s, 1992; Rengel, 2003). For 
exam ple, Yao e t  al. (2 0 0 0 ) found  v eg e ta te d  tea  o rch ard  an d  fo rest 
soils to  h a rb o r u n iq u e  m icrob ial c o m m u n itie s  on ly  in  p a r t d u e  to  
d ifferences in pH, a ttr ib u tin g  overall d ifferences to  a  h o s t o f  o th e r  
p lan t-d e riv ed  effects includ ing  litte r  an d  ex u d a te  co m p o sitio n  and  
an tim ic ro b ia l p ro p erties .

Even if pH o n ly  ex p la in s a  p o rtio n  o f  th e  p lan t in fluence  on  
m icrobial co m m u n ity  s tru c tu re , o u r  re su lts  a re  im p o rta n t in  th e  
c o n tex t o f  an  increasing  b o d y  o f resea rch  th a t  suggests th a t  soil pH 
m ay  ac t as a  p rim ary  d riv e r o f b acteria l c o m m u n ity  co m p o sitio n  
an d  d iv ers ity  a t  a  v a rie ty  o f  scales. For exam ple, E skellnen e t  al. 
(2009) sh o w ed  s tro n g  co rre la tio n s b e tw e e n  fungab b ac te ria l 
ratios, pH, an d  p lan t functional ty p e  in a lp in e  tu n d ra  soils. In 
a  s tu d y  o f  b acteria l 16S rRNA g en e  d a ta  from  88 sam ples from  N orth  
an d  South  A m erica, Lauber e t  al. (2 0 0 9 ) sh o w ed  th a t  pH ex p la ined  
th e  m o st v a ria tio n  in p h y logenetic  d ifferences in b ac teria l 
c o m m u n itie s  across sam ples. F u rtherm ore , d e sp ite  th e  fact th a t  
A cidobacteria  a re  gen era lly  co n sid ered  acidoph ilic  organ ism s, o u r 
resea rch  sh o w ed  a significant positive  co rre la tio n  b e tw e e n  acid 
o bacteria l re la tive  a b u n d an ce  an d  pH (Table 3). This p rov ides 
fu r th e r  ev id en ce  suggesting  a v ariab le  re sp o n se  w ith in  th e  Acid
o b acteria  p hy lum  to  sh ifts  in pH (Jones e t  al., 2009 ; R am irez e t  al., 
2010). O ur find ings th a t  A cidobacteria  a re  less a b u n d a n t in  m ore  
acidic soils m ay  su g g est th a t  in creased  organ ic  C availab ility  in  th e  
m o re  acidic v eg e ta te d  soils m ay  red u ce  th e  c o m p etitiv e  ad v an tag es 
o f  th is  gen era lly  o ligo troph ic  taxon.

O ur w o rk  also sh o w ed  ev id en ce  for h ig h er N -fixation  ra te s  in 
v eg e ta te d  soils th a t  cou ld  b e  d riv en  b y  d ifferences in soil chem ica l 
p ro p e rtie s  (Table 1) a n d /o r  b acteria l c o m m u n ity  s tru c tu re  in th e se  
soils (Fig. 1). Indeed, o u r  w o rk  co n firm ed  th a t  bac te ria l c o m m u n ity  
s tru c tu re  co rre la ted  w ith  N -fixation  ra te s  (Table 2). W hile  past 
re sea rch  has sh o w n  sh ifts in N m e tab o lism -re la ted  en zy m e  activ ity  
an d  nifH  g en e  ab u n d an c e  a n d  d iv ers ity  across v eg e ta te d  sec tions o f  
deg lac ia ted  ch ro n o seq u en ces (Tscherko e t al., 20 0 4 ; Due e t al., 
2009 ; B rankatschk  e t al., 2010; T dw e e t al., 2010), th is  s tu d y  also 
e stab lish ed  a  d irec t linkage b e tw e e n  v eg e ta tio n -re la te d  sh ifts in 
b ac teria l c o m m u n ity  co m p o sitio n  an d  N -fixation  ra te s  in  a  glacial 
forefield. The lack o f  a  significant co rre la tio n  b e tw e e n  niJH gene  
re la tive  a b u n d an c e  a n d  N -fixation  ra te s  cou ld  in d ica te  th a t  c hanges 
in N -fixation  ra te s  re la te  to  sh ifts in th e  efficiency a n d /o r  c o m m u 
n ity  s tru c tu re  o f N -fixing o rg an ism s ra th e r  th a n  re la tive  a b u n 
d an ces o f  a sym bio tic  N -fixers w ith in  soil bac teria l co m m unities.

Thus, o u r  w o rk  ad d s to  a  bo d y  o f ev id en ce  su p p o rtin g  th e  
im p o rtan ce  o f asym bio tic  N fixation  in th e  eco sy stem  d ev e lo p m en t 
o f  lo w -n u tr ie n t lan d scap es such  as glacial fo reg rounds (P a tra  e t  al., 
2007; Due e t  al., 2009 ; B rankatschk  e t  al., 2010; Sch titte  e t  al., 2010; 
T dw e e t al., 2010). W hile  th e  low  (b u t still m easu rab le ) levels o f  
asym bio tic  N fixation  m ay  have  a  lim ited , in d irec t im p ac t o n  p lan ts, 
th e y  a re  certa in ly  im p o rta n t for m icrobial dynam ics. As asym bio tic  
N -fixers a re  d is tr ib u te d  w id e ly  th ro u g h o u t th e  phy logenetic  tree , it 
is difficult to  sp ecu la te  w h ich  tax a  w e re  respo n sib le  for th e  
in creased  N -fixation ra te s  (B eattie, 2006). It is w o rth  noting , 
how ever, th a t  OTUs re la ted  to  th e  o rd e r  Rhizobiales, k n o w n  N- 
fixers, w e re  sign ifican tly  m o re  a b u n d a n t in v eg e ta ted  soils. Such 
find ings a re  c o n sis ten t w ith  p a s t s tu d ies  th a t  d o c u m e n t increased  
ab u n d an c e  o f Rhizobiales in a sso c ia tion  w ith  v eg e ta tio n  (King e t  al., 
2010). A lthough  typ ically  a ttr ib u te d  to  sym bio tic  N fixation, w o rk  
b y  Buckley e t al. (20 0 7 ) suggests active  N fixation  b y  asy m bio tic  soil 
Rhizobiales. This suggested  re la tio n sh ip  m ay  be  o b scu red  in

co rre la tio n  analysis as o n ly  a sm all su b se t o f  Rhizobiales m ay  fix N 
as free-liv ing  d iazo tro p h s , a n d  overall N fixation  is a ttr ib u ta b le  to  
far m o re  phylogenetically  d isp e rsed  tax a  th a t  a re  likely c o n trib 
u tin g  to  en h an c ed  ra tes  as w ell.

W hile  cyan o b acte ria  co n trib u te  to  N fixation, especially  in 
u n v e g e ta te d  soils o f glacial forefields (Schm idt e t  al., 20 0 8 ; Schtitte  
e t  al., 2009), th e y  m ad e  up  a  re la tively  sm all p ro p o rtio n  o f b acteria l 
co m m u n itie s  a t th e  M en d en h all G lacier (Table 1) (S a ttln  e t  al., 
2009). As p lan ts  colonize  soils, th e  ro le o f au to tro p h ic  cy anobac
te ria  is likely d im in ish ed  w ith  th e  in creas in g  availab ility  o f  p lan t 
c a rb o n  for h e te ro tro p h s . T hus h e te ro tro p h ic  d iazo tro p h s  m ay  
c o n trib u te  m o re  p ro m in e n tly  to  overall N fixation  a fte r  p lan ts  
co lonize y o u n g  landscapes. R ecent re sea rch  has d o c u m e n ted  th e  
h ig h est a b u n d an ce  o f  nifH  g en es across a  g lacial ch ro n o seq u en ce  in 
soils a sso c iated  w ith  early  co lon izer p lan ts  (B rankatschk  e t  al., 
2010; T dw e e t al., 2010). C onsisten t w ith  this, o u r  s tu d y  su p p o rts  
th e  ap p lica tio n  o f a n  ind iv idua listic  p rocess m odel for asym bio tic  N 
fixation  (W alker an d  Chapin, 1987; M atthew s, 1992) w h e re  a sy m 
bio tic  N fixation  is o f  p a rticu la r re levance  in early  ecosystem  
d ev elo p m en t. At th e  p io n ee rin g  s tage  o f succession  w h e n  p lan ts  
colonize, a n  increase  in C in p u ts  cou ld  fu r th e r  a cc en tu a te  N lim i
ta tio n s. As such, h e te ro tro p h ic  N -fixing bac teria  cou ld  gain  
a co m p etitiv e  ad v an tag e  given th e ir  ab ility  to  e scap e  N lim ita tio n s 
w h ile  u tiliz ing  m o re  C -available soils to  fuel th is  en erge tically  
exp en siv e  process. Sim ilar d y nam ics b e tw e e n  C availab ility  and  
h e te ro tro p h ic  N fixation  fu n c tio n  have b een  d o c u m e n ted  in 
deco m p o sin g  litte r  (V itousek a n d  H obbie, 2000).

C onsisten t w ith  th e  resu lts  o f  M lnlacl e t  al. (2007), o u r  s tu d y  
sh o w ed  th a t  p lan t in fluence on  soil b acteria l c o m m u n itie s  is no t 
re stric ted  to  ro o t a d h erin g  soil particles, as is o ften  u sed  to  assess 
m icrobes in  th e  rh lzo sp h ere  e n v iro n m en t (B ardgett a n d  W alker, 
2004 ; Tscherko e t al., 2004 , 2005 ; E dw ards e t  al., 2006). Our 
w o rk  h igh ligh ts th e  n eed  for b e tte r  defin itio n s o f  p lan t zones o f 
influence. O ur re sea rch  fu r th e r  su p p o rts  th e  idea  th a t  ev en  pa tch y  
v eg e ta tio n  can  have a  b ro a d e r  spa tia l im p ac t th a n  th e  im m ed ia te  
roo ting  zo n e  o n  m icrobial co m m u n ity  s tru c tu re  a n d  assoc iated  
b iogeochem istry . Possible m ech an ism s for th is  e x p an d ed  a rea  o f 
in fluence include  ro o t exu d ates , rh izo deposition , litte r  inpu ts , and  
physical a lte ra tio n s  o f  th e  soil en v iro n m en t.

In sum m ary , b y  u sing  a  h ig h -th ro u g h p u t seq u en cin g  ap p ro ach  
o u r  s tu d y  revea ls h o w  th e  tra jec to ry  o f  b acteria l c o m m u n ity  
succession  is in fluenced  by  in itial p lan t co lo n iza tio n  in th e  co n tex t 
o f  p rim ary  succession . Likewise, o u r  w o rk  prov ides in sigh t in to  
ho w  th e se  changes in  m icrobial c o m m u n ity  s tru c tu re  m ay  drive  
func tional sh ifts th a t  in fluence  p lan t c o m m u n ity  d e v e lo p m en t and  
succession  in th e se  tran s itio n a l en v iro n m en ts . This study, co n ce n 
tra tin g  o n  a  crucial s tage  o f  p rim ary  succession , is u n iq u e  in 
es tab lish in g  a  d irec t link  b e tw e e n  v e g e ta tio n -in d u ced  d ifferences 
in overall m icrobial c o m m u n ity  co m p o sitio n  an d  a n  ecologically  
im p o rta n t m icrobial function , ra te s  o f asym bio tic  n itro g en  fixation. 
O ur re sea rch  su g g ests th a t  assess in g  th e  ro le  o f  th e  p la n t—m icrobe 
in te rac tio n  itse lf m ay  be  an  im p o rta n t p e rsp ec tiv e  in u n d e r
stan d in g  eco sy stem  process ra tes  an d  dy n am ics o f p rim ary  
succession.
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