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A B S T R A C T

Little is know n abo u t th e  organism s responsib ie for decom position  in te rrestria i ecosystem s, o r  how  
variations in th e ir  reiative abundance  m ay influence soil carbon  (C) cycling. Here, w e altered  organic 
m a tte r  in situ  by m anipu lating  bo th  litte r and  throughfall inpu ts to tropical rain  forest soils, and th en  
used  qPCR and erro r-corrected  bar-coded pyrosequencing to investigate how  th e  resulting  changes in soil 
chem ical p roperties affected m icrobial com m unity  structu re . The plo t-scale m anipu lations drove 
significant changes in m icrobial com m unity  com position: A cidobacteria w ere  p re sen t in g rea ter relative 
abundance  in litte r rem oval plots th an  in do u b le -litte r plots, w hile A lphaproteobacteria w ere  found in 
h igher relative abundance  in d oub le-litte r and throughfall reduction  plots th an  in contro l o r litter 
rem oval plots, in addition , th e  bacterial:archaeal ratio w as h igher in d oub le-litte r th an  no -litte r plots. The 
relative abundances o f  A ctinobacteria, A lphaproteobacteria  and  G am m aproteobacteria  w ere  positively 
corre la ted  w ith  m icrobial biom ass C and  n itrogen  (N), and  soil N and  C pools, w hile  acidobacterial 
relative abundance  w as negatively corre la ted  w ith  these sam e factors. Bacterial:archaeal ratios w ere 
positively corre la ted  w ith  soil m oisture, to tal soil C and N, ex tractab le am m onium  pools, and  soil C:N 
ratios. Additionally, bacterial:archaeal ratios w ere  positively related  to th e  relative abundance  o f  Acti
nobacteria, G am m aproteobacteria, and  A ctinobacteria, and  negatively corre la ted  to  th e  relative abu n 
dance o f  N itrospira and  Acidobacteria. Together, o u r results support th e  copiotrophic/o ligotrophic m odel 
o f soil he tero troph ic  m icrobes suggested by Fierer e t  al. (2007).

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

O rganic m a tte r  d eco m p o sitio n  is a  fu n d am en ta l eco sy stem  
p rocess an d  a p rim ary  co n tro l o ver te rre s tr ia l c a rb o n  (C) sto rage 
(Schlesinger, 1997). M ultip le  s tu d ies  have sh o w n  th a t  b o th  c lim ate  
a n d  litte r  q u a lity  ex ert s tro n g  co n tro ls  over d eco m p o sitio n  ra tes 
(e.g., M elillo e t  al,, 1982; K irschbaum , 1995; Gholz e t  al,, 2000 ; 
P arto n  e t al,, 2007), H ow ever, soil m ic ro o rg an ism s a re  th e  
p rim ary  ag en ts  o f te rre s tr ia l deco m p o sitio n ; m icrobes deco m p o se  
o rg an ic  m a tte r  to  o b ta in  e n erg y  an d  bu ild  b iom ass, an d  in so doing, 
th e y  re lease  CO2  to  th e  a tm o sp h e re  (S an d e rm an  a n d  A m undson , 
2005 ; H orw ath , 2007), Thus, th e  poten tia l im p o rtan ce  o f m ic ro 
bial c o m m u n ity  co m p o sitio n  in o rgan ic  m a tte r  d eco m p o sitio n  is
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obvious: m icrobes a re  th e  en g in es  th a t  d rive  th e  p rocess (K illham  
a n d  Prosser, 2007), Yet, no  w id e ly  u sed  m o d el o f  d eco m p o sitio n  
includes exp lic it p a ram e te rs  desc rib in g  m icrob ial c o m m u n ity  
co m p o sitio n  (P o tte r  e t  al,, 1993; P arto n  e t  al,, 1994; T h o rn to n  e t  al,, 
2002 ),

in part, th is  lack o f c o n sid e ra tio n  o f  m icrobes m ay  a rise  from  th e  
n o tio n  th a t  b iogeochem ica l p rocesses c o m m o n  to  a b u n d a n t an d  
phy logenetically  d iv erse  fractions o f  th e  m icrob ial com m unity , 
such  as h e te ro tro p h ic  resp ira tio n , m ay  n o t d irec tly  re la te  to  
co m m u n ity  co m p o sitio n  (Schim el, 1995), indeed , s tan d ard  
eco sy stem  m o d els  tre a t th e  m icrob ial c o m m u n ity  as a  “b lack  box”, 
on e  in w h ich  m em b e rs  o f th e  c o m m u n ity  ac t as passive ca ta lysts o f 
d eco m p o sitio n  (see  re fe ren ces in Schim el an d  Gulledge, 1998), The 
im plicit a ssu m p tio n  in th is  ap p ro ach  is th a t  all m em b e rs  o f  th e  
d e co m p o se r c o m m u n ity  re sp o n d  to  chan g es in chem ica l an d  
ab io tic  co n d itio n s in a  s im ilar fashion, a n d /o r  th a t  th e  functional 
re d u n d an c y  o f d eco m p o sin g  o rg an ism s re n d e rs  sh ifts in specific 
tax a  u n im p o rta n t to  d e te rm in in g  ecosy stem -lev e l rates.
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A lternatively, F ierer e t  al. (2007) p ro p o sed  an  ecological c lassi
fication  sch em e for soil b ac teria  th a t  sugg ested  th a t  d ifferen t 
p h y logenetic  g ro u p s m ay  re p re se n t d iffe ren t functional g roups, 
an d  th a t  th e  re la tive  a b u n d an ce  o f  functional g ro u p s varies w ith  C 
availability. Specifically, som e phyla  m ay  b e  co p lo tro p h lc  (e.g., 
P ro teobacterla) an d  re la tive ly  m o re  a b u n d a n t u n d e r  hlgh-C  
cond itions, w h ile  o th e rs  m ay  be  co n sid ered  o llgo troph lc  
(e.g., A cidobacteria). This m o d el Is c o n sis ten t w ith  re ce n t w o rk  
d e m o n s tra tin g  th a t  som e tax a  ex h ib it “ecological co h ere n ce ” a t 
d eep  levels w ith in  th e  bac teria l phy logenetic  t re e  (P h lllppo t e t  al.,
2009). In ad d itio n , a n  a ssu m p tio n  o f th is  m odel Is th a t  d ifferen t 
tax a  p rocess o rg an ic  m a tte r  a t  d iffe ren t ra te s  ev en  u n d e r  sim ilar 
ab io tic  cond itions. Thus, sh ifts In o rg an ic  m a tte r  re so u rces could  
drive  changes In m icrobial co m m u n ity  co m p o sitio n  th a t. In tu rn , 
a re  Im p o rta n t to  u n d e rs ta n d in g  su b seq u e n t p a tte rn s  In d e co m p o 
sition  rates.

To da te , su p p o rt for p h y logenetlcally -based  ecological classifi
ca tio n  sch em es Is m ixed. For exam ple, Sm lt e t  al. (2001) assem b led  
m icrobial co m m u n ity  d a ta  from  m u ltip le  soils an d  sh o w ed  th a t  
h ig h er C soils have la rger P ro teobac terla :A cldobac terla  ratios. 
Likewise, q u a n tita tiv e  PCR (qPCR) analyses on  a  b ro ad  ran g e  o f soil 
ty p es  d e m o n s tra te d  a decline  In ac id o b ac teria l re la tive  a b u n d an ce  
w ith  d ecreases In soil C (F ierer e t  al., 2007). A dditions o f  labile  C to  
soil m icrocosm s have rev ea led  sh ifts In m icrob ial c o m m u n ity  
s tru c tu re  Including a  h ig h er re la tive  ab u n d an c e  o f  P ro teobac terla  
u sing  c lone lib rary  ap p ro ach es  (C leveland e t  al., 2007), qPCR (Fierer 
e t  al., 2 0 07) a n d  stab le  Iso tope p rob ing  (P ad m an ab h an  e t  al., 2003). 
H ow ever, S trickland e t al. (20 0 9 ) a n d  K em m ltt e t  al. (2008) 
o b se rv ed  no re la tio n sh ip  b e tw e e n  m icrobial c o m m u n ity  s tru c tu re  
(as assayed  by  b ac teria l:fu n g al ra tio s a n d  p h o sp h o lip id  fa tty  acids, 
respec tive ly ) an d  C m in era liza tio n  p ro cesses In soil. Thus, th e  
cop io tro p h ic /o lig o tro p h ic  m o d el m ay  d e p en d  on  th e  soil type, th e  
ex p e rim e n ta l ap p ro ach  used , a n d  th e  analysis tech n iq u es 
em ployed .

In th is  study, o u r  overall ob jec tive  w as to  ex am in e  th e  re la 
tio n sh ip  b e tw e e n  o rg an ic  m a tte r  Inpu ts a n d  soil m icrobial 
co m m u n ity  s tru c tu re  u sin g  a  p lo t-sca le  field m an ip u la tio n  In 
a  low land  trop ical ra in  forest. Previous d a ta  from  sh o rt- te rm  
lab o ra to ry  soil In cubations a t  th is  site  rev ea led  th a t  lltter-leach ed  
d isso lved  organ ic  m a tte r  (DOM) a m e n d m e n ts  d rove  rapid  
Increases In soil re sp ira tion . T hese  Increases In CO2  fluxes c o rre 
sp o n d ed  w ith  sh ifts In m icrobial c o m m u n ity  co m p o sitio n  th a t  w e re  
c o n sis ten t w ith  th e  cop io tro p h ic /o lig o tro p h ic  c lassification  m odel. 
Including a n  d ecrease  In th e  p ro teo b ac te rlah ac ld o b ac te rla l ra tio  
(C leveland e t  al., 2007). A dditionally , field m ea su re m e n ts  have 
revea led  sign ifican t seasonal v a ria tio n  In soil re sp ira tio n  In th is  
forest, d riv en  b y  s tro n g  In teractio n s b e tw e e n  lltterfa ll an d  p rec ip 
ita tion . Specifically, h igh  lltterfa ll Inpu ts In th e  d ry  seaso n  fuel large 
early  w e t seaso n  fluxes o f  DOM a n d  h igh  ra te s  o f  soil re sp ira tio n  
(C leveland an d  T ow nsend , 2006 ; C leveland e t al., 2010), suggesting  
th a t  b o th  U tter a n d  p re c ip ita tio n  a re  Im p o rta n t co n tro ls  over 
o rg an ic  m a tte r  Inpu ts to  th is  system . Together, th e se  d a ta  suggest 
th a t  v a ria tio n s In m icrob ial co m m u n ity  co m p o sitio n  cou ld  b e  — at 
least In p a r t — d riv ing  th e  o b se rv ed  v a ria tio n s  In soil re sp ira tio n  
th a t  co rre la te  w ith  ch an g es In C Inputs. H ow ever, th e  e x te n t to  
w h ich  sm all-scale  sh ifts In m icrobial c o m m u n ity  s tru c tu re  and  
fu n c tio n  o b se rv ed  In th e  lab o ra to ry  (e.g., C leveland e t al., 2007) 
re la te  to  th e  ch an g es d o c u m e n ted  In th e  n a tu ra l e n v iro n m en t 
(C leveland an d  T ow nsend , 2006 ; C leveland e t al., 2010) Is u n k n o w n  
(Schim el an d  Gulledge, 1998).

Here, w e  a lte red  b o th  th e  a m o u n t a n d  co n ce n tra tio n  o f o rgan ic  
m a tte r  Inputs to  soils by  m an ip u la tin g  b o th  U tter an d  th ro u g h fa ll In 
a  series o f  ex p erim en ta l p lo ts In a  tro p ical ra in  fo res t site  In 
so u th w e s te rn  Costa Rica. In th is  ecosystem . U tter ad d itio n s and  
rem ovals Increase  o r decrease , respectively , overall o rg an ic  m a tte r

Inputs, w h ile  th ro u g h fa ll red u ctio n s Increased  th e  co n ce n tra tio n  of 
lltte r-leach ed  DOM (C leveland e t  al., 2010). W e analyzed  a  n u m b er 
o f soil chem ical p ro p e rtie s  across th e se  ex p e rim e n ta l p lo ts and  
ex p lo red  h o w  v aria tio n s In soil m o istu re , pH an d  a v a rie ty  o f 
Ind icators o f soil C an d  n itro g en  (N) cycling c o rre la te  w ith  m icrobial 
co m m u n ity  com position .

2. Methods

2.1. Site description, m anipulations and sam pling

The field site  Is a  diverse, low land  tro p ica l ra in  fo rest on  th e  Osa 
Pen insu la  In so u th w e s te rn  C osta Rica. In April 2 0 0 7  w e  In itia ted  
a m an ip u la tio n  In w h ich  U tter Inpu ts w e re  rem o v ed  a t m o n th ly  
In tervals from  te n  ran d o m ly  assigned  3 m  x 3 m  “Utter rem o v a l” 
p lo ts a n d  ad d ed  to  te n  “d o u b le - lltte r” p lots. O ver tw o  y ears w e  
rem oved  9 0 0  ±  50 g m “  ̂y “ '  o f  fine leaf U tter from  U tter rem oval 
p lo ts an d  e s tim a te d  th a t  d o u b le -lltte r  p lo ts  received  to ta l an n u al 
U tter Inputs o f 1179 ±  110 g m “ ^. In S ep tem b er 2 0 0 7  w e  b eg an  
a th ro u g h fa ll m an ip u la tio n ; “th ro u g h fa ll re d u c tio n ” p lo ts w e re  
co n stru c ted  u sin g  p a rtia l th ro u g h fa ll sh ed s ~  1  m  above th e  soil 
surface  on  2.2 m  x 2.2 m  a lu m in u m  fram es. On th e se  fram es w e  
m o u n te d  5 cm  d ia m e te r  PVC p ipe  cu t long itud inally ; p ip es w e re  
a rran g ed  to  red u ce  th ro u g h fa ll to  th e  surface soil b y  50% (for m ore  
de ta ils  o n  th e  th ro u g h fa ll m an ip u la tio n  see  C leveland e t  al., 2010). 
Ten ran d o m ly  se lec ted  p lo ts received  no  m an ip u la tio n  an d  served  
as ex p erim en ta l con tro ls  for b o th  U tter an d  th ro u g h fa ll plots.

D uring  th e  ra iny  seaso n  (April 2 0 0 8 —Jan  20 0 9 ) th e  site  received 
3740 m m  o f  p recip ita tio n , w ith  heav ies t p rec ip ita tio n  b e tw e e n  
A ugust a n d  October. O ver th is  p e rio d  w e  u sed  a  se t o f zero  ten s io n  
ly slm eters to  q u an tify  DOM Inpu ts to  surface  soils (C leveland e t al.,
2010). U nder th e  canopy, th ro u g h fa ll In co n tro l p lo ts  to ta led  
3555 ± 3 3 6  m m  w h ile  th ro u g h fa ll re d u c tio n  p lo ts  received  on ly  
1583 ±  212 m m . Notably, th e  th ro u g h fa ll red u ctio n  d id  n o t signifi
can tly  affect soil m o is tu re  o r to ta l DOC Inputs, b u t ap p ro x im ate ly  
do u b led  th e  co n cen tra tio n  o f  DOC d e liv e red  to  surface  soils 
(C leveland e t  al., 2010). As ex p ec ted , to ta l DOC Inpu ts In th e  U tter 
m an ip u la tio n s w e re  ~40%  a n d  ~130%  o f Inpu ts to  co n tro l p lo ts In 
th e  n o -lltte r  a n d  d o u b le - lltte r  p lots, resp ec tiv e ly  (W led er e t  al., 
u n p u b lish ed  data).

For th e  p re se n t study, soil sam p les w e re  co llected  In th ree  
rep lica te  p lo ts  from  each  ex p e rim e n ta l m an ip u la tio n  an d  con tro l 
p lo ts In Ju n e  an d  O ctober o f 2008 . D uring  each  sam p lin g  even t, soil 
sam p les for th e  soil chem ical an aly ses (0 — 1 0  cm ) w e re  co llected  
using  a  b u lb  corer. Soil sam p les for m icrobial co m m u n ity  analyses 
(0 —5 cm ) w e re  co llected  w ith  an  e th a n o l-c lea n ed  tro w e l from  
th re e  rep lica te  p lo ts  p e r  tre a tm e n t  g e n e ra tin g  a  to ta l o f  24  sam ples. 
All sam p les w e re  tra n sp o rte d  o n  Ice to  th e  lab o ra to ry  a t  th e  
U niversity  o f  C olorado an d  soils for m o lecu la r w o rk  w e re  Im m e
d ia te ly  p laced  a t - 8 0  °C u n til an aly ses w e re  perfo rm ed .

2.2. Soil chemical properties

W ith in  72 h  o f  sam p le  collection , soil sam ples w e re  sieved  to 
4  m m  an d  p rocessed  for soil chem ical analyses. W e ex trac ted  
Inorganic  N using  a  2 M KCl so lu tio n  (18 h  ex traction ). A m m onium  
(N H J) In ex trac ts  w as ana ly zed  co lo rlm etrlca lly  o n  an  A lpkem  
au to an a ly zer (01 A nalytical, College S tation, TX, USA). W e ex trac ted  
m icrobial b io m ass C a n d  N u sin g  th e  ch lo ro fo rm  fu m ig a tio n  te c h 
n ique  w ith  a  0.5 M K2 SO4  so lu tio n  (B rookes e t  al., 1985). Total 
organ ic  C a n d  N In e x tra c ts  w e re  a nalyzed  using  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 lm adzu  TOCvcpn, Kyoto, Japan). 
M icrobial C a n d  N w e re  calcu la ted  as th e  d ifference b e tw e e n  
organ ic  C an d  to ta l N In ch lo ro fo rm  fu m ig a ted  an d  u n fu m lg a ted  
sam p les w ith  a  0.45 co rrec tio n  facto r for e x trac tio n  efficiency
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(V ance e t  al., 1987). W e m ea su re d  g rav im etric  soil m o is tu re  by  
d ry in g  soil su b -sam p les  a t  100 °C for seven  days. O ven-d ried  soils 
w e re  g ro u n d  to  a  fine p o w d e r  (< 0 .2 5  m m ) a n d  analyzed  for to ta l C 
a n d  N using  h igh  te m p e ra tu re  c o m b u s tio n  in a  Carlo Erba co m 
b u s tio n —red u ctio n  e le m en ta l an a ly zer (CE Eiantech, Lakewood, NJ, 
USA). Finally, w e  m ea su re d  soil pH on  a ir-d ried  sam p les in a  2:1 
(m assim ass) w a te r  slurry.

2.3. Q uantitative PCR

Q u an tita tiv e  PCR (qPCR) w as u sed  to  e s tim a te  th e  re ia tive  
ab u n d an c e  o f bac teria l a n d  a rch aea i 16S rRNA gen es in  th e  d iffe ren t 
soil sam ples. DNA w as ex trac ted  from  th e  soils u sin g  th e  Pow erSoii 
DNA ex trac tio n  kit (M o Bio L aboratories inc., Carlsbad, CA, USA) 
follow ing th e  m an u fa c tu re r’s in stru ctio n s. W e u sed  th e  bacteria l 
p rim e rs  EUB338f an d  EUB518r as desc rib ed  by  F ierer e t  ai. (2005) 
a n d  th e  a rch aea i p rim ers  A rch967f (S tahl a n d  A m ann, 1991) an d  
ArchlOOOrMod (GGCCATGCACCWSCFCT) ad ap ted  from  M oissi e t  ai. 
(2003). R eactions w e re  a ssem b led  u sin g  th e  A gilent Briiiiant 11 SYBR 
G reen  qPCR M aster M ix (A gilent Technologies, San ta  Clara, CA, 
USA) a n d  each  co n ta in ed  ~ 2 0 n g  o f g enom ic  DNA. Ail reac tions 
w e re  p e rfo rm ed  in trip lica te  a n d  a  s ta n d a rd  cu rv e  w as ru n  o n  each  
p late . A m plifications w e re  p e rfo rm ed  u sin g  a  S tra tag en e  M X 3005P 
qPCR m ach in e  (A gilent Technologies) an d  d a ta  w e re  a nalyzed  using  
th e  m an u fa c tu re r’s MXPro softw are. To te s t  o u r sam p les for th e  
p re sen ce  o f  inh ib ito rs, w e  ex am in ed  th e  Ct va lues ( th resh o ld  
am plification  d e te c tio n  va lues) for a  d ilu tio n  series o f  o u r  soil 
g en o m ic  DNA ex tracts. No in h ib itio n  w as o b se rv ed  (R^ =  0.98).

2.4. Pyrosequencing

E rro r-co rrec ted  bar-co d ed  py ro seq u en c in g  w as p e rfo rm ed  as 
d e sc rib ed  b y  Fierer e t  ai. (2008). Briefly, soil g enom ic  DNA w as PCR 
am plified  u sin g  th e  p rim ers  5'-GCCTTGCCAGCCCGCfCAGTCA- 
GAGl 1 l GATCCrGGCTCAG-3' (co n ta in in g  th e  bac teria l p rim e r 27F) 
an d
5'GCCrCCCTCGCGCCATCAGNNNNNNNNNNNNCATGCfGCCTCCCGT 
AGGAGT-3' (co n ta in in g  th e  bac teria l p r im e r  338R  a n d  a u n iq u e  
barcode, d e n o te d  NNNNNNNNNNNN). R eaction m ix tu re s  co n sisted  
o f  30  |iM  o f e ach  p rim er, 3 |iL o f  soil g enom ic  DNA, a n d  22.5 |iL of 
P la tin u m  PCR SuperM ix (inv itrogen , Carlsbad, CA, USA); th e rm o 
cycling co n d itio n s fo llow ed Fierer e t  al. (2008). PCRs w e re  pe r
fo rm ed  in trip lica te , po o led  an d  c lean ed  using  th e  U itraC iean-h tp  
PCR C iean-up  kit (M o Bio Laboratories) acco rd ing  to  th e  m an u fac 
tu re r ’s in stru c tio n s. Equal a m o u n ts  o f  am p lico n s from  each  soil 
w e re  u se d  to  c rea te  a  co m p o site  sam ple. Sequencing  w as 
co m p le ted  a t  th e  E nv iro n m en ta l G enom ics Core Facility a t  th e  
U niversity  o f Sou th  Carolina o n  a  Roche FLX 454  pyro seq u en c in g  
m ach ine. D ata w e re  p rocessed  as desc rib ed  by  F ierer e t  al. (2008) 
a n d  H am ady  e t al. (2008). W e o b ta in ed  an  average  o f 1384 
seq u en ces p e r soil (ran g e  o f 1087—2030).

2.5. Data analysis

A rchaeai ibacterial ratios, th e  re ia tive  ab u n d an ces  o f all tax a  an d  
ail soil chem ica l p ro p e rtie s  w e re  te s te d  for n o rm ality  a n d  tra n s 
fo rm ed  as a p p ro p ria te  p rio r to  sta tis tica l tes ts . Specificaiiy, soil C, 
soil N, C:N ratios, N H j pools, pH, b acteria l:a rch aea i ra tio s  an d  
a rch aea i 16S rRNA g en e  re ia tive  ab u n d an c e  w e re  log tran sfo rm ed ; 
th e  squ are  ro o t w as tak e n  o f th e  re ia tive  ab u n d an ces  o f G am 
m ap ro teo b ac te ria , N itrospira, A ctinobacteria  a n d  A cidobacteria. 
R epeated  m easu re s  ANOVAs fo llow ed by  a T ukey’s HSD p o st-h o c  
te s t  w e re  p e rfo rm ed  to  ex am in e  significant d ifferences in th e  soil 
chem ica l p ro p e rtie s  a n d  in  th e  re la tive  ab u n d an c e  o f  b acteria l tax a  
b e tw e e n  tre a tm e n t types.

To te s t  th e  re la tio n sh ip  b e tw e e n  th e  field m an ip u la tio n s  an d  
b acteria l c o m m u n ity  stru c tu re , w e  p e rfo rm ed  a  re p ea te d  m easu re s 
PFRMANOVA (A nderson, 2001; M cArdle an d  A nderson , 2001) in 
PRIMER v 6  (Clarke a n d  W arw ick, 20 0 1 ) u sin g  b o th  a Bray—Curtis 
OTU-based d is tan ce  m etric  (Bray an d  Curtis, 1957) a n d  th e  UniFrac 
d is tan ce  m etric  (L ozupone an d  Knight, 2005). To ex am in e  th e  
re la tio n sh ip  b e tw e e n  en v iro n m en ta l v ariab les a n d  th e  overall 
c o m m u n ity  s tru c tu re . M an tel-like  te s ts  (RELATE function , Clarke 
a n d  W arw ick, 20 0 1 ) w e re  p e rfo rm ed  in PRIMER. S p ea rm an ’s rank  
co rre la tio n  coefficien ts an d  significance va lues w e re  calcu la ted  in R 
(R D ev elo p m en t Core Team, 2010). O ne b ac teria l;a rch aea i ra tio  
v a lue  w as g re a te r  th a n  tw o  s ta n d a rd  d ev ia tio n s above th e  m ean  
a n d  w as d iscard ed  p rio r to  co rre la tio n  tests.

3. Results

Plot-scale th ro u g h fa ll a n d  litte r  m an ip u la tio n s  d ro v e  s ta tis ti
cally  sign ifican t ch an g es in several soil chem ical p ro p e rtie s  (Table 1, 
ANOVA, P < 0 .0 5 ) .  The th ro u g h fa ll re d u c tio n  soils co n ta in ed  
sign ifican tly  m ore  C an d  N th a n  th e  n o -iitte r  plo ts. M icrobial 
b io m ass C an d  N pools a n d  soil C;N ra tio s w e re  lo w er in th e  
n o -iitte r  tre a tm e n t th a n  in th e  d o u b ie - iitte r  t rea tm e n t, w h ile  soil C 
a n d  N co n cen tra tio n s  in th e  d o u b ie - iitte r  tre a tm e n t w e re  signifi
can tly  h ig h er th a n  th o se  in th e  co n tro l an d  n o -iit te r  trea tm e n ts . 
Soil N H J c o n cen tra tio n s  also  v aried  sign ifican tly  across trea tm e n ts ; 
d o u b ie -iitte r  p lo ts  c o n ta in ed  sign ifican tly  h ig h er pools th a n  th e  
co n tro l plots. G rav im etric  soil m o is tu re  w as lo w er in th e  n o -iitte r  
p lo ts  th a n  in ail o th e r  trea tm e n ts . Soil pH sh o w ed  no significant 
t re n d  across tre a tm e n ts  a n d  no p a ram e te rs  d isp layed  significant 
d ifferences b e tw e e n  sam p lin g  d a te s  ( rep e a te d  m easu re s ANOVA, 
P > 0 .0 5 ) .

Field m an ip u la tio n s  also  co rre la ted  w ith  significant d ifferences 
in th e  soil m icrob ial c o m m u n ity  s tru c tu re . qPCR -based analysis o f 
th e  re ia tive  ab u n d an c e  o f b acteria l an d  a rch aea i 16S rRNA genes 
sh o w ed  th a t  th e  b acteria l;a rch aea i ra tio  w as sign ifican tly  h ig h er in 
th e  d o u b ie - iitte r  p lo ts th a n  in  th e  n o -iitte r  tre a tm e n ts  (Table 1, 
ANOVA, P < 0 .0 5 ) .  P y ro seq u en cin g -b ased  analyses o f  bacteria l 
co m m u n ity  co m p o sitio n  u sin g  b o th  OTU-based (Bray a n d  Curtis, 
1957) a n d  th e  p h y logenetically -based  UniFrac (L ozupone an d

Table 1
Soil characteristics for the different treatm ents. Shown are the averages of six replicates; values in parentheses are standard deviations. Significantly different (ANOVA, 
P < 0 .0 5 , Tukey’s HSD post-hoc analysis) groups are denoted w ith  different letters. No seasonally significant patterns in these soil param eters w ere observed. Bacter- 
iaharchaeal =  ratio of bacterial 16S rRNA genes/archaeal 16S rRNA genes.

Soil m oisture
(%)

Microbial biomass 
C(ngC /gsoil)

Microbial biomass 
N (ngN /gsoil)

Soil C (%) Soil N (%) Soil C:N Soil NHJ (ng/g) Soil pH Bacteriabarchaeal

Treatment
Control 
No litter 
Throughfall 

reduction 
Double litter

46.7 (1.6) A 
41.6 (1.2) B 
48.1 (3.1) A

50.9 (3.8) A

1244.4 (377.8) AB 
733.3 (222.2) A

1244.4 (422.2) AB

1422.2 (200.0) B

266.7 (44.4) AB
200.0 (66.7) A
266.7 (44.4) AB

311.1 (44.4) B

5.58 (0.89) ACD 
4.23 (1.15) C 
6.00 (1.36) BD

8.31 (1.48) B

0.47 (0.03) A 
0.37 (0.07) B 
0.49 (0.06) AC

0.59 (0.07) C

11.9(1.79) AB 
11.4(1.49) A
12.1 (1.61) AB

14.1 (1.30) B

9.09(5.41) A 
9.56 (4.34) AB 

12.01 (6.31) AB

20.20 (7.21) B

5.21 (0.44) A 
5.01 (0.13) A 
5.26 (0.31) A

5.25 (0.24) A

31.3 (33.1) AB 
27.7 (30.0) A 
95.2 (82.2) AB

138.9 (64.7) B
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Knight, 2 0 0 5 ) d is tan ce  m etrics  also  revea led  th a t  soils exp o sed  to  
d iffe ren t tre a tm e n ts  h a rb o red  sign ifican tly  d iffe ren t co m m u n itie s  
(PERMANOVA, P <  0.001). R epeated  m easu re s  ANOVA an d  PER- 
MANOVA rev ea led  no effect o f  sam p lin g  d a te  o n  th e  bac teria l to  
a rch aea i ra tio s o r  th e  b ac teria l c o m m u n ity  co m p o sitio n  ( P >  0.05).

To fu r th e r  ex am in e  if ch an g es in specific b ac teria l tax a  d ro v e  th e  
o b se rv ed  re la tio n sh ip s b e tw e e n  co m m u n ity  s tru c tu re  a n d  t r e a t 
m en t, w e  p e rfo rm ed  a n  ANOVA co m p arin g  d ifferences in th e  
re la tive  ab u n d an c e  o f all b acteria l g ro u p s th a t  re p re se n ted  a t  least 
5% (averaged  across all rep lica tes) o f  th e  to ta l b ac teria l c o m m u n ity  
(Fig. 1). As d esc rib ed  above, w e  saw  no sign ifican t effect o f  tim e  on  
co m m u n ity  s tru c tu re , th u s  sam p les co llected  in Ju n e  a n d  O ctober 
from  th e  sam e tre a tm e n t  ty p es  w e re  tre a te d  as rep lica tes in th e  
analyses. The re la tive  ab u n d an c e  o f  A cidobacteria  w as significantly  
h ig h er in th e  n o -litte r  p lo ts  th a n  in th e  th ro u g h fa ll red u c tio n s  and  
th e  d o u b ie -iitte r  plots. By co n trast, th e  re la tive  ab u n d an c e  o f 
A lp h ap ro teo b ac teria  w as sign ifican tly  h ig h er in  th e  d o u b ie -iitte r  
an d  th ro u g h fa ll re d u c tio n  p lo ts th a n  in  th e  co n tro l an d  n o -litte r  
plo ts. The A cidobacteria: P ro teobac terla  ratio , an  in d ica to r o f soil 
n u tr ie n t s ta tu s  (Sm it e t  al., 2001) fo llow ed a p a tte rn  id en tica l to  
ac idobac teria l re la tive  abu n d an ce , a n d  w as h ig h er in  th e  n o -litte r  
p lo ts  th a n  in  th e  th ro u g h fa ll red u c tio n s  a n d  th e  d o u b ie -iitte r  soils 
(ANOVA, P < 0 .0 1 ) .  Relative ab u n d an ces  o f  o th e r  m ajo r tax a  w ere  
n o t sign ifican tly  d iffe ren t b e tw e e n  trea tm e n ts .

Next, w e  ex am in ed  th e  re la tio n sh ip s b e tw e e n  specific en v i
ro n m en ta l v ariab les (lis ted  in Table 1) an d  soil m icrob ial c o m m u 
n ity  s tru c tu re  irresp ec tiv e  o f  t re a tm e n t type. B acteria l:archaeai 
ra tio s w e re  positive ly  co rre la ted  w ith  soil m o istu re , soil C, N and  
NH:f co n cen tra tio n s , a n d  C:N ra tio s (Table 2, S p ea rm an ’s rank  
co rre la tions, P  <  0.05). T hese p a tte rn s  a p p ea red  to  b e  d riv en  by th e  
ab u n d an c e  o f a rch aea i 16S rRNA gen es re la tive  to  th e  to ta l soil 
g enom ic  DNA pool. For exam ple, b acteria l 16S rRNA gen e  re la tive  
ab u n d an c e  sh o w ed  no p a tte rn  w ith  any  o f th e  v a riab les exam in ed  
w h ile  a rch aea i 16S rRNA gen e  re la tive  ab u n d an c e  w as negatively  
co rre la ted  w ith  all five v ariab les (Table 2). A m o re  d e ta iled  analysis 
o f th e  re la tio n sh ip  b e tw e e n  a rch aea i 16S rRNA g en e  re la tive  
ab u n d an c e  an d  th e  en v iro n m en ta l p a ram e te rs  rev ea led  th a t  all 
re la tio n sh ip s d isp layed  lo g arith m ic -sh ap ed  functions (Fig. 2).

The overall bac te ria l c o m m u n ity  co m p o sitio n  w as w eak ly  b u t 
sign ifican tly  c o rre la ted  w ith  m an y  o f  th e  en v iro n m en ta l p a ram e 
te rs  ex am in ed  (Table 3). For th e  p h y logenetically -based  UniFrac

Table 2
Shown are the significant (P < 0 .0 5 ) Spearman's rank correlation coefficients as 
determ ined in R (R Developm ent Core Team, 2010) for relationships betw een soil 
chemical param eters and bacterial and archaeai IBS rRNA genes abundances (as 
determ ined by qPCR). Bacteriabarchaeal =  ratio of bacterial IBS rRNA genes/ 
archaeai IBS rRNA genes. NS =  non significant (P > 0.05).

Bacteriabarchaeal Bacterial 16S rRNA 
genes/pg total DNA

Archaeai 16S rRNA 
genes/pg total DNA

Soil variable 
Moisture 0.64 NS -0 .5 5
C 0.89 NS -0 .7 8
N 0.78 NS -0 .6 4
N U t 0.78 NS -0 .7 4
C:N 0.86 NS -0.81

m etric , to ta l soil N sh o w ed  th e  h ig h est co rre la tio n  w ith  c o m m u n ity  
s tru c tu re  (Rho =  0.35, Table 3). A lthough  w e  d id  n o t see  t re a tm e n t-  
level d ifferences in soil p ft (Table 1), p ft sh o w ed  th e  s tro n g est 
co rre la tio n  w ith  b acteria l c o m m u n ity  s tru c tu re  for th e  OTU-based 
m etric  (Rho =  0.35, Table 3). W e also  ex am in ed  th e  re la tio n sh ip s 
b e tw e e n  en v iro n m en ta l v ariab les a n d  th e  re la tive  ab u n d an c e  of 
d iffe ren t bac teria l tax a  (Table 4). In genera l, co rre la tio n s b e tw e e n  
soil chem ica l ch arac te ris tics  a n d  th e  ab u n d an c es  o f  specific tax a  
w e re  s tro n g e r th a n  re la tio n sh ip s b e tw e e n  th e se  p a ram e te rs  an d  
th e  c o m m u n ity  s tru c tu re  as a  w hole . Specifically, th e  re la tive  
ab u n d an c es  o f A ctinobacteria , A lp h apro teobacteria , a n d  G am 
m ap ro teo b ac te ria  w e re  positive ly  co rre la ted  w ith  m icrobial 
b iom ass C an d  N, soil N an d  soil C pools, w h ile  acidobacteria l 
re la tive  ab u n d an c e  w as n egatively  co rre la ted  w ith  m icrobial 
b iom ass C a n d  N, soil m o istu re , soil C an d  N pools a n d  pfi.

A M an tel-like  te s t  rev ea led  a  sign ifican t re la tio n sh ip  b e tw e e n  
bac teria l:a rch aea i ra tio s  an d  bac teria l c o m m u n ity  co m p o sitio n  
(Rho 0.329 an d  0.247 for OTU-based m etrics  a n d  U niFrac-based 
m etrics, respectively ; P  <  0.01). Thus, w e  also  in v estig a ted  th e  
re la tio n sh ip  b e tw e e n  th e  re la tive  ab u n d an c e  o f  specific bacteria l 
phyla a n d  th e  bac teria l:a rch aea i ratio . The re la tive  ab u n d an c es  o f 
A ctinobacteria , G am m ap ro teo b acteria  a n d  A lp h ap ro teo b ac teria  
w e re  co rre la ted  w ith  h ig h er b acteria l:a rch aea i ra tio s w h ile  N itro 
sp ira  a n d  A cidobacteria  w e re  co rre la ted  w ith  lo w er bacter- 
iah a rch aea l ra tio s (Table 5). Again, th is  a p p ea red  to  be  d riv en  by 
changes in th e  re la tive  ab u n d an c e  o f  A rchaea as b acteria l 16S rRNA
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□ A c id o b a c te r ia
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Fig. 1. Relative abundances of dominant (>5% total abundance) bacterial taxa in treatm ents (n =  6 for each treatm ent) and in all soils combined. Different letters indicate treatm ents 
that are significantly different from one another with regard to the relative abundance of Acidobacteria and Alphaproteobacteria (ANOVA, P < 0.05). No other dominant groups were 
found to be significantly different between treatments.
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Fig. 2. Relationship between archaeai 16S rRNA gene reiative abundance and soil (A) C:N ratios, (B) NHJ pools, (C) C pools, and (D) N pools.

g en e  re la tive  ab u n d an c e  d id  n o t sign ifican tly  c o rre la te  w ith  any 
tax o n o m ic  g ro u p  (Table 5).

To d e te rm in e  if m u ltip le  en v iro n m en ta l va riab les  o r  tax a  could  
p red ic t th e  re ia tive  ab u n d an c e  o f soil m icrobes b e tte r  th a n  single 
variab les, w e  p e rfo rm ed  m u ltip le  lin ea r reg ress io n s w ith  back
w ard s  e lim in a tio n  (H obble  e t  ai., 2 0 06) o n  th e  d a ta  sh o w n  in Tables 
2, 4, a n d  5. W e found  th a t  soil C:N ra tio s an d  N H j pools to g e th e r 
ex p la in ed  a  sign ifican tly  g re a te r  a m o u n t o f  th e  v a ria tio n  in a rchaea i 
IBS rRNA gen e  re ia tive  ab u n d an c e  th a n  any  en v iro n m en ta l variab le  
a lo n e  (Fig. 3A, R^ =  0.72, F -sta tis tic  =  29.23, P <  0.001). Likewise, 
th e  re ia tive  ab u n d an c e  o f th e  G am m ap ro teo b acteria  an d  th e  
N itrosp ira  w e re  b e tte r  p red ic to rs  o f  a rch aea i IBS rRNA gene  
ab u n d an c e  th a n  any  bac teria l tax o n  co n sid ered  in iso lation  (Fig. 3B, 
R^ =  0.68, F -sta tis tic  =  24.19, P <  0.001). Finally, to ta l C a n d  pH 
ex p la in ed  65% o f  th e  v a ria tio n  in ac id obacteria l re ia tive  a b u n d an ce  
(Fig. 4, r2 =  0.65, F -s ta tis tic =  19.06, P <  0.001).

4. Discussion

On average, th e  m icrobial co m m u n ity  co m p o sitio n  in th ese  
soils co n ta in ed  h igh  p ro p o rtio n s  o f  A lp h ap ro teo b ac teria  an d

Table 3
Shown are significant (P < 0.05) Spearman's rank correlation coefficients for the overall 
bacterial community structure and various soil chemical parameters using the RELATE 
test in PRIMER v6 (Clarke and Warwick, 2001). The best correlate of the microbial 
community structure is indicated in bold for each m etric NS =  non significant (P > 0.05).

UniFrac OTU (Bray-Curtis)

Soil variable
Microbial biomass C 0.21 NS
Moisture 0.24 NS
Microbial biomass N 0.18 NS
C 0.24 0.22
N 0.35 0.19
C:N NS 0.21
pH 0.28 035

A cidobacteria  (Fig. 1), phy la  th a t  a re  a b u n d a n t in m an y  o th e r  soils 
(Janssen, 20 0 6 ; Lauber e t  al., 2009). A ctinobacteria , w h ich  a re  also 
typ ically  nu m erica lly  sign ifican t soil o rg an ism s (Janssen, 2006 ; 
Lauber e t  al., 2009), co m p rised  a n  average  o f  on ly  3.0% o f  th e  
co m m u n itie s  th a t  w e  ex am ined . This m ay  be  d u e  to  th e  low  pH o f 
o u r  soils (Table 1), as ac tin o b ac te ria i re ia tive  ab u n d an c e  has b een  
sh o w n  to  positive ly  co rre la te  w ith  soil pH (L auber e t  ai., 2009). 
Taken as a  w ho le , o u r  d a ta  d e m o n s tra te  th a t  m u ltip le  a sp ec ts  o f  soil 
C a n d  N cycling in th is  e n v iro n m en t v a ry  in c o n ce rt w ith  th e  
re ia tive  ab u n d an c e  o f specific phy logenetic  g ro u p s o f  m ic ro o rg an 
ism s includ ing  th e  A rchaea, A cidobacteria, A ctinobacteria , an d  th e  
A lpha- an d  G am m apro teobacteria . O ur d a ta  also  su p p o rt th e  
co p io tro p h /o lig o tro p h  functional c lassification  m o d el p ro p o sed  by  
F ierer e t  al. (2007). in add itio n , w e  found  th a t  a rch aea i;b ac te ria l 
ratios, as w ell as th e  overall bac teria l co m m u n ity  com p o sitio n  
v a ried  by  trea tm e n t.

As expec ted , th e  ad d itio n  o r rem oval o f  l itte r  ch an g ed  a  w id e  
ran g e  o f soil chem ica l p ro p erties ; w ith  th e  ex cep tion  o f N H j pools 
a n d  soil pH, ail v ariab les w e re  sign ifican tly  d iffe ren t b e tw e e n  th e  
n o -iitte r  an d  th e  d o u b ie -iitte r  p lo ts  (Table 1). in te resting ly , in 
th ro u g h fa ll re d u c tio n  p lo ts th e  soil chem ica l ch arac te ris tics  w e 
an alyzed  w e re  sta tis tica lly  in d is tin g u ish ab le  from  th e  d o u b ie -iitte r  
p lots. O th er w o rk  on  th e se  p lo ts  (C leveland e t  ai., 2010; W led er 
e t  ai., u n p u b lish ed  d a ta )  sh o w s th a t  b o th  d o u b le  litte r  an d  
th ro u g h fa ll red u ctio n  m an ip u la tio n s  sign ifican tly  increase  th e  
co n ce n tra tio n  o f  DOM in p u ts  to  surface  soils to  a  sim ilar ex ten t, 
d riv ing  increases in b o th  CO2  an d  N2 O fluxes in b o th  tre a tm e n t 
ty p es  (re ia tiv e  to  con tro ls), in genera l, o f th e  four p lo t ty p es 
co n sid ered  here, litte r  rem oval p lo ts  a p p e a r  to  be  th e  m o st 
resource-poor, w h ile  th e  d o u b ie -iitte r  a n d  th ro u g h fa ll red u ctio n  
p lo ts  a re  sim ilarly  re so u rce -rich  (Table 1).

T hose soil chem ical d ifferences co rre sp o n d e d  w ith  sh ifts in 
bac teria l co m m u n ity  co m p o sitio n  b e tw e e n  tre a tm e n ts . The 
n o -iitte r  p lo ts  h a rb o re d  a g re a te r  re ia tive  ab u n d an c e  o f  Acid
ob acteria  an d  re la tive ly  few er A lp h ap ro teo b ac teria  as w ell as
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Table 4
Shown are significant (P <  0.05) Spearm an's rank correlation coefficients for comparisons of the relative abundance of specific bacterial taxa and soil chemical variables. Soil 
C:N ratios did not yield significant relationships w ith  the relative abundance of any bacterial taxa. Taxa tha t did not show a correlation coefficient g reater than  ±0.60 are not 
shown. NS =  non significant (P > 0.05). Spearman's rank correlation coefficients w ere determ ined in R (R Developm ent Core Team, 2010).

Microbial biomass C Soil m oisture Microbial biomass N SoilN Soil C Soil pH

Taxon (av. relative abundance, range) 
Gam m aproteobacteria (2.1%, 0.2—4.2%) 0.70 0.70 0.54 0.73 0.76 NS
Alphaproteobacteria (28.8%, 16.4—42.6%) 0.52 0.52 0.54 0.72 0.68 NS
Actinobacteria (3.0%, 1.2—6.0%) 0.59 NS 0.65 0.52 0.53 NS
Acidobacteria (26.0%, 14.4—42.6%) -0 .6 0 -0 .6 9 -0 .41 -0 .7 3 -0 .6 6 -0 .6 6

h ig h er A cidobacteria: P ro teo b ac te rla  ra tio s th a n  th e  d o u b ie -iitte r  
p lo ts (Fig. 1), a  p a tte rn  th a t  w as recen tly  d e m o n s tra te d  in a  field- 
scale m an ip u la tio n  o f  C availab ility  u sin g  v eg e ta tio n  rem oval 
(T hom son  e t al., 2010). As th e y  d id  for soil chem ica l p ro p erties , th e  
d o u b ie -iitte r  a n d  th ro u g h fa ll re d u c tio n  p lo ts  g ro u p ed  to g e th e r  in 
te rm s  o f th e  re la tive  ab u n d an c e  o f A cidobacteria  a n d  A lp h ap ro 
teo b ac te ria  an d  A cidobacteria: P ro teo b ac te rla  ratios. The re la tively  
lo w er ab u n d an c e  o f A cidobacteria  in  th e  tw o  m o st re so u rce -rich  
plots, as w ell as th e  h ig h es t ac id obacteria l ab u n d an c es  in  th e  
n o -litte r  p lots, su p p o rts  th e  co p io tro p h ic /o lig o tro p h ic  m o d el o f  
co m m u n ity  effects o n  d eco m p o sitio n  (F ierer e t  al., 2007).

W h en  w e  analyzed  th e  re la tio n sh ip s b e tw e e n  soil chem ica l 
p a ram e te rs  a n d  co m m u n ity  s tru c tu re , w e  found  th a t  m o is tu re  
negatively  co rre la ted  w ith  th e  re la tive  ab u n d an c e  o f  A cidobacteria  
(Table 4). A re ce n t field m an ip u la tio n  o f  soil m o is tu re  rev ea led  th a t  
A cidobacteria  a re  re la tive ly  m o re  a b u n d a n t in d ry  soils th a n  w e t 
soils (C astro e t  al., 2010). C onsisten t w ith  th a t  observation , an  
analysis o f th re e  ac id obacteria l g en o m es revea led  th e  p o ten tia l for 
th e se  o rg an ism s to  p ro d u ce  m olecu les th a t  m o d u la te  d esiccation  
resis tan ce  (W ard  e t al., 2009), w h ich  m ay  offer A cidobacteria  
a  co m p etitiv e  ad v an tag e  in d rie r  en v iro n m en ts .

W e also  sh o w ed  th a t  m icrobial b io m ass C a n d  N, soil C, to ta l N, 
an d  pH all negatively  co rre la ted  w ith  ac id obacteria l re la tive  a b u n 
dance. As m en tio n ed  above, o th e r  s tu d ies  have n o ted  a  negative  
re la tio n sh ip  b e tw e e n  soil o rg an ic  m a tte r  pools a n d  acidobac teria l 
a b u n d an ce  (Sm it e t  al., 2001; F ierer e t  al., 2007). Indeed, in a  p rev ious 
e x p e rim e n t u sin g  soils from  th is  site, w e  obse rv ed  th a t  th e  re la tive  
a b u n d an ce  o f  A cidobacteria  d ec reased  in re sp o n se  to  labile C a d d i
tio n s  in  th e  lab o ra to ry  (C leveland e t  al., 2007). Interestingly , a  pyro- 
seq u en cin g -b ased  g lobal-scale  analysis o f  8 8  d ifferen t soils d id  no t 
reveal a  negative  re la tio n sh ip  b e tw e e n  soil C a n d  acidobac teria l 
re la tive  ab u n d an ce , b u t in stead  revea led  th a t  soil pH w as th e  b es t 
p red ic to r o f  acidobac teria l re la tive  a b u n d an ce  Q ones e t  al., 2009). 
O ur re su lts  d e m o n s tra te  th a t  soil pH an d  C to g e th e r  exp la in ed  m ore  
o f th e  v a ria tio n  in ac idobacteria l re la tive  a b u n d an ce  in th e se  soils 
th a n  any  variab le  co n sid ered  in iso lation  (Fig. 4).

The re la tive  ab u n d an c e  o f  A lp h ap ro teo b ac teria  w as h ig h er in 
th e  th ro u g h fa ll re d u c tio n  a n d  d o u b ie -iitte r  p lo ts (Fig. 1), a  p a tte rn  
th a t  has b e en  n o ted  in o th e r  C-rich soils (Sm it e t  al., 2001; T hom son  
e t al., 2010). In terestingly , 85% o f  th e se  o rg an ism s w e re  re la ted  to  
th e  R hizobiales (an  N -fixing o rd e r o f soil bacteria), su g g estin g  th a t  
chan g es in N fixation  m ay  be  a n  im p o rta n t co n seq u en ce  o f th e

obse rv ed  sh ifts in  c o m m u n ity  s tru c tu re . A lthough  w e  d id  no t 
m easu re  N fixation  d irec tly  in  th is  study, p rev ious re su lts  ind ica te  
th a t  ra te s  a re  su b stan tia lly  h ig h er in  th e  d o u b ie -iitte r  p lo ts  th a n  th e  
co n tro l soils (W. W leder, u n p u b lish ed  da ta). Together, th e se  d a ta  
p rov ide  a m ech an istic  e x p lan a tio n  for th e  obse rv ed  increase  in  N 
pools in th e se  tre a tm e n ts  (Table 1), an d  th e  s tro n g  co rre la tio n  
b e tw e e n  soil N a n d  A lp h ap ro teo b ac teria  (Table 4). For exam ple, 
increases in DOC co n cen tra tio n s  in b o th  th e  th ro u g h fa ll red u ctio n  
an d  d o u b ie -iitte r  p lo ts (C leveland e t  al., 2010; W le d e r e t  al., 
u n p u b lish ed  d a ta ) w o u ld  be p red ic ted  to  in crease  m icrob ial N 
d e m a n d  d u e  to  m icrobial sto ich io m etric  h o m eo s ta sis  (C leveland 
an d  Liptzin, 2007), se lec ting  for a  g re a te r  re la tive  ab u n d an c e  o f 
o rg an ism s th a t  have th e  ab ility  to  fix N (e.g., Rhizobiales).

In a  p rev ious lab o ra to ry  study, ex p e rim e n ta l DOM ad d itio n s 
e lic ited  a n  increase  in  th e  re la tive  ab u n d an c e  o f  G am m ap ro teo 
b ac teria  th a t  co rre la ted  w ith  sign ifican t increases in soil re sp ira 
tion : 24  h  a fte r  C ad d itio n s, G am m ap ro teo b acteria  h ad  increased  
from  u n d e te c ta b le  levels to  co m p rise  over 25% o f th e  c o m m u n ity  
(C leveland e t  al., 2007). In o u r  field ex p erim en t, th e  re la tive  
ab u n d an c e  o f  G am m ap ro teo b acteria  w as a lso positive ly  co rre la ted  
w ith  m u ltip le  m easu re s  o f  soil o rg an ic  m a tte r  dynam ics, includ ing  
soil C, N, a n d  m icrob ial b iom ass (Table 4). A dditionally , G am m ap 
ro teo b acte ria  w e re  sign ifican tly  m o re  a b u n d a n t in th e  th roughfall 
red u ctio n  an d  th e  d o u b ie -iitte r  p lo ts  th a n  in th e  co n tro l an d  
n o -litte r  t re a tm e n ts  (ANOVA, P  <  0.05), b u t th e y  n o n e th e less  
co m p rised  less th a n  5% o f th e  bac teria l c o m m u n ity  in all soils. 
Finally, w e  d id  n o t see  a  sign ifican t re la tio n sh ip  b e tw e e n  b e ta -  
p ro teo b acte ria l re la tive  ab u n d an c e  an d  soil o rgan ic  m a tte r  as w as 
obse rv ed  by  F ierer e t  al. (2007). H ow ever, F ierer e t  al. (2 0 0 7 ) used  
a qPCR-based ap p ro ach  to  ex am in e  ch an g es in c o m m u n ity  
co m p o sitio n  in  re sp o n se  to  C ad d itio n s, w h ich  m ay  n o t be  suffi
c ien tly  sensitive  to  d is tin g u ish  b e tw e e n  G am m a- a n d  B etapro teo- 
bac teria  becau se  o f th e ir  close p h y logenetic  re la tionsh ip .

B acteria l:a rchaea l ra tio s v a ried  b y  a facto r o f 70  across all soils 
an d  tre a tm e n ts  analyzed . It is difficult to  ex am in e  th e  re la tive  
co n trib u tio n s  o f  changes in bac teria l vs. a rch aea i re la tive  a b u n 
dan ce  to  th e  o b se rv ed  sh ifts in  b acteria l:a rch aea i ra tio s becau se  of 
p o ten tia l d ifferences in  PCR in h ib ito rs  b e tw e e n  sam ples (Fierer 
e t  al., 2005). H ow ever, th e  fraction  o f  a rch aea i 16S rRNA gen es to 
to ta l soil DNA w as v ariab le  across sam ples, w h ile  bac teria l re la tive  
ab u n d an c e  a p p ea red  fairly s tab le  (d a ta  n o t show n). As v e ry  few  soil 
a rch aea  have  b e en  s tu d ied  in p u re  cu ltu re , th e  functional

Table 5
Shown are significant (P < 0.05) Spearman's rank correlation coefficients for comparisons of the relative abundance of specific bacterial taxa and the bacterial to archaeai ratio 
as well as the relative abundance of archaea and bacteria as determ ined by qPCR. NS =  non significant (P >  0.05). Bacteriabarchaeal =  ratio of bacterial IBS rRNA genes/archaeal 
IBS rRNA genes.

Taxon (av. relative abundance, range)

Gam m aproteobacteria A lphaproteobacteria
(2.1%, 0.2-4.2%) (28.8%, 16.4-42.6%)

Nitrospira
(1.6%, 0-8.0%)

Actinobacteria 
(3.0%, 1.2-6.0%)

Acidobacteria 
(26.0%, 14.4-42.6%)

Bacteriabarchaeal 0.81 0.70 -0 .5 2 0.62 -0 .6 6
Bacterial 16S rRNA genes/pg total DNA NS NS NS NS NS
Archaeai 16S rRNA genes/pg total DNA -0 .7 8 -0 .6 3 NS -0 .5 9 0.58
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Fig. 3. Multiple linear regression models describing the relative abundance of archaeai 
16S rRNA genes based on (A) soil NHJ pools and C:N ratios (ammonium: t-val- 
ue = -2.74, P =  0.01; C:N: t-value = -3 .8 8 , P <  0.001; ammonium and carbon:nitrogen 
together: =  0.72, F-statistic =  29.23, P < 0.001), and (B) the relative abundance of
Nitrospira and Gammaproteobacteria (Nitrospira: t-value =  2.49, P value =  0.02; 
Gammaproteobacteria: t-value = -4 .9 7 , P value <0.001; Nitrospira and Gammapro
teobacteria together: R̂  =  0.68, F-statistic =  24.19, P = 4.6 x 10“®).

im p lica tions o f  th e  co rre la tio n s obse rv ed  in th is  w o rk  (Tables 2 an d  
5) a re  unk n o w n .

In sum m ary , p lo t-sca le  m an ip u la tio n s  o f o rg an ic  m a tte r  in p u ts  
to  soils e lic ited  sign ifican t sh ifts in b o th  soil chem ica l p ro p e rtie s  
a n d  m icrobial c o m m u n ity  com position . L itter rem oval cau sed  
declin es in soil C pools an d  soil C:N ra tio s w h e n  co m p ared  to  litte r  
ad d itio n s, an d  th e  lo w er to ta l C pools co rre la ted  w ith  increases in 
th e  re la tive  ab u n d an c e  o f b o th  A cidobacteria  a n d  A rchaea. In th e  
m o re  o rgan ic  m a tte r-r ich  p lots, h ig h er soil C pools a n d  C:N ratios 
c o rre la ted  w ith  increases in th e  re la tive  ab u n d an c e  o f  A lpha- an d  
G am m apro teobacteria . The A lp h ap ro teo b ac teria  in  th e  high-C  p lo ts 
w e re  closely  re la ted  to  h e te ro tro p h ic  N-fixers, w h o se  activ ity  m ay  
lead  to  a n  increase  in  N H j pools. T hese  d a ta  su p p o rt th e  ro le o f  th e

<z

7S.u<

or..
o

o

o
o

0 4 0 0.45 0.50 0.55 0.60 0.65 0.70

sqrt predicted Acidobacterial 16S rRNA gene copies/ ug soil DNA

Fig. 4. Multiple linear regression model describing the relative abundance of acld- 
obacterlal 16S rRNA genes based on soli pH and soli C (soli C: t-value =  -3.61, P < 0.01; 
pH: t-value = -3 .6 8 , P<0.01; pH and soli N together: R̂  =  0.65, F-statlstlc =  19.06, 
P <  0.001).

en v iro n m en t in s tru c tu rin g  m icrob ial co m m u n ity  com p o sitio n  
(M artiny  e t  al,, 2006), O ur re su lts  also  su g g est th a t  ra te s  o f  phy lo 
genetica lly  w id e ly  d is tr ib u te d  b iogeochem ica l p ro cesses such  as 
h e te ro tro p h ic  d eco m p o sitio n  m ay  d e p e n d  o n  th e  re la tive  a b u n 
dan ce  o f  specific taxa, an d  ch am p io n  th e  o ligo tro p h ic /co p io tro p h ic  
m o d el p ro p o sed  by F ierer e t  al, (2007), Finally, g iven  th e  sim ilarity  
in som e o f  th e  p a tte rn s  o f re la tive  ab u n d an c e  for th e  d iffe ren t tax a  
ex am in ed  (e,g,, A ctinobacteria , A lp h ap ro teo b ac teria  an d  G am 
m ap ro teo b ac te ria  vs, A cidobacteria  a n d  A rchaea, Tables 2 an d  4), 
a n d  th e  significant co rre la tio n s o b se rv ed  b e tw e e n  th e  re la tive  
ab u n d an c e  o f d iffe ren t tax a  (Table 5, Fig, 3B) o u r  re su lts  su p p o rt 
a  re ce n t m etaan a ly s is  th a t  d e m o n s tra te s  th a t  d iverse  su ites  o f 
m icrobial lineages te n d  to  co -occur across d iffe ren t en v iro n m en ts  
(Chaffron e t al,, 2010),
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