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Abstract
The ecological m echan ism s driving c o m m u n i ty  succession are widely d e b a te d ,  particularly for microorganisms. While 
successional soil microbial com m unit ie s  are known to  u n d e rg o  predic table  c h an g e s  in struc ture  c o n co m itan t  with shifts in a 
variety of e d ap h ic  properties ,  th e  causal m echan ism s  underlying th e s e  pa t te rn s  are poorly unders tood .  Thus, to  specifically 
isolate h ow  nutrients  -  im p o r tan t  drivers o f  p lant  succession -  affect soil microbial succession, w e  established a full factorial 
n i trogen (N) and  p h o sp h o ru s  (P) fertilization plot ex p er im en t  in recently deg lacia ted  ( ~ 3  years since exposure),  
u n v e g e ta te d  soils o f  th e  Puca Glacier forefield in Sou theas te rn  Peru. We evaluated  soil propert ies  a n d  exam ined  bacterial 
co m m u n i ty  c om pos it ion  in plots before  a n d  o n e  year  after  fertilization. Fertilized soils w ere  th e n  c o m p a red  to  sam ples  from 
th ree  reference successional t ransec ts  represen t ing  advancing  s tag es  o f  soil d e v e lo p m e n t  ranging from 5 years to  85 years 
since exposure .  We found  th a t  a single application o f  +NP fertilizer caused  th e  soil bacterial c o m m u n ity  s truc ture  o f  th e  
three-year  old soils to  m ost  resem ble  th e  85-year old soils after  o n e  year.  Despite  differences in a variety of soil edaph ic  
propert ies  b e tw e e n  fertilizer plots and  late successional soils, bacterial c o m m u n i ty  com pos it ion  o f  -hNP plots  conv erg ed  
with late successional com m unities .  Thus, o u r  w ork  su g g e s ts  a m echan ism  for microbial succession w h e reb y  c h an g es  in 
resource  availability drive shifts in c o m m u n i ty  com posit ion ,  su p por t ing  a role for nu tr ien t  colimitation in primary succession. 
These results su g g e s t  th a t  nutrients  alone, in d e p e n d e n t  o f  o th e r  e d ap h ic  factors th a t  c h a n g e  with succession, act  as an 
im por tan t  control over  soil microbial c o m m u n i ty  d ev e lo p m en t ,  greatly  accelerating th e  rate  o f  succession.
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Introduction

D eglaciated forefields have been  valuable m odel systems for 
developing and  testing theories o f succession and  have gready 
enhanced  our understand ing  o f the relationship betw een com m u
nity structure and  function during  ecosystem developm ent [1-3]. 
Shifts in soil n u trien t pools, including increases in  available 
n itrogen (N) and  phosphorus (P), have been well docum ented  
along early p rim ary  successional chronosequences [4-6] and  have 
been shown to correlate with changes in p lan t com m unity 
succession [1,7,8]. Recently, studies in such systems have revealed 
th a t -  like plants -  m icrobial com m unities also progress through 
successional stages [9-11]. How ever, the forces th a t control 
m icrobial succession are no t well understood.

Som e evidence suggests th a t shifts in nu trien t availability m ay 
also, in part, drive m icrobial com m unity succession. For exam ple, 
in prim ary  successional ecosystems, research has corroborated  
relationships betw een natural gradients in soil nutrients and  
m icrobial com m unity com position [12,13]. Such correlations can 
be difficult to in terpret, however, as changes in m icrobial

com m unity com position could be  bo th  a  cause an d  consequence 
o f shifts in soil fertility. Furtherm ore, the m echanism s underlying 
correlations betw een standing nu trien t pools and  m icrobial 
com m unities m ay be tem porally disconnected, in th a t curren t soil 
biogeochem ical status m ay no t accurately reflect the historical 
nu trien t conditions th a t structured the m icrobial com m unity. 
Thus, m anipulation  experim ents are essential in evaluating the 
direct im pact o f nutrients an d  their lim itations on m icrobial 
com m unities. Indeed, fertilizer treatm ents are know n to elicit 
changes in soil m icrobial com m unity structure and  function in 
m ore developed ecosystems [14,15] suggesting th a t nu trien t 
availability m ay also be  im portan t in controlling successional 
changes in m icrobial com m unity composition.

Yet, it w ould be  surprising if  nutrients alone drove m icrobial 
com m unity succession for several reasons. First, o ther edaphic 
properties also undergo concom itant shifts with m icrobial com 
m unity structure and  function during  succession, some o f which 
are know n to m ore strongly correlate with m icrobial com m unity 
structure than  nu trien t pools in developed soils. For exam ple, 
organic carbon  (C) pools and  pH , w hich typically show dram atic
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changes across p rim ary  successional chronosequences [2 ], are key 
determ inants o f soil m icrobial com m unity com position a t regional 
to global scales [16-19]. Second, soil m icrobial com m unity 
structure can correlate with p lan t com m unity com position 
[2 0 ,2 1 ], w hich can  show strong spatial gradients in early 
succession [3]. T h ird , stochastic processes can be key in shaping 
early successional com m unities w here the im portance o f dispersal 
events m ay be accentuated, [22-24] and  arrival o rder m ay 
influence assembly th rough  priority  effects [25]. G iven the large 
functional and  phylogenetic diversity o f m icrobial com m unities, it 
is possible th a t succession is influenced by a diverse com bination of 
such factors [26].

Thus, the extent to w hich nutrients themselves influence 
m icrobial com m unity assembly outside o f  the m yriad o f factors 
th a t change over succession is unknow n. T o  specifically isolate the 
effects o f nutrients, we perform ed a  full factorial N  x P  fertilization 
experim ent in soils th a t had  been exposed for ~ 3  years in the 
forefield o f the Puca Glacier in Southeastern Peru. W e analyzed 
soil bacterial com m unities before and  one year following nu trien t 
additions and  com pared them  with soils sam pled from  three 
different locations over an  85-year section o f the Puca Glacier 
chronosequence. T h e  Puca G lacier soils constitute an  autotrophic 
successional sequence [27], and  bo th  photosynthesis and  respira
tion respond strongly to P  additions in microcosm s [28,29]. 
N itrogen appears to be  lim iting in this system as well and  N- 
fixation rates in  4 year old unvegetated soils are com parable to 
rates m easured  in developed soil crusts [30]. T hus, given w ork that 
dem onstrates relationships betw een nutrients and  m icrobial 
com m unity com position, we hypothesized th a t fertilizer additions 
to early successional soils w ould drive com m unities to be 
com positionally different th an  unfertilized (control) soils. However, 
due to the potential influence o f o ther edaphic (e.g. p H , organic C, 
soil moisture) and  stochastic factors on  m icrobial succession, we 
hypothesized th a t fertilized com m unities w ould be unique from 
com m unities found along the natural chronosequence.

Materials and Methods

S tud y  si te d esc r ip t io n ,  fertilization, a n d  sam p lin g
T h e  study site is located in the forelands o f  the Puca G lacier in 

the Cordillera V ilcanota o f Peru  (13°46'24"S, 7 r0 4 '1 7 " W , 
~ 5 ,0 0 0  m.a.s.k). No specific perm its were requ ired  for our field 
studies and  our w ork did no t involve endangered  or pro tected  
species. M ean  annual precipitation is roughly 100 cm  and  m ean 
annual tem perature  is ~ 5 °C . M oraine rocks a t this site have high 
quartz  and  calcite m ineral content. F urther details o f this site can 
be found in previous work [9,30] and  soil characteristics are 
presented  in T able  S2.

W e established perm an en t plots (1 m^) n ear the term inus o f the 
glacier, in soils th a t had  been deglaciated for approxim ately 3 
years a t the tim e of initial sampling. C orners were m arked with 
long nails (approxim ately 15 cm  shank length) to guide resam 
pling. Sam pling occurred in August 2010 (pre-treatm ent) and  
August 2011 (post-treatm ent). All o f the plots were unvegetated 
and  no mosses and  lichens were p resent a t the tim e of 
establishm ent. E ach o f the 16 plots was random ly chosen to 
receive one o f three nu trien t am endm ents (nitrogen addition (-I-N), 
phosphorus addition  (-I-P), the com bination o f the two (-I-NP)) o r to 
serve as controls, resulting in a  total o f four plots pe r trea tm en t and  
four control plots.

Pre-weighed am ounts o f fertilizer were dissolved in glacier-m elt 
stream  w ater an d  fertilizer solutions were applied with handheld  
sprayers. E ach sprayer was designated for a  particu lar trea tm en t to 
avoid cross contam ination. For the -l-N plots, n itrogen was added

in the form  o f am m onium  nitrate  (N H 4 N O 3) resulting in 15 g o f 
N H 4 N O 3 an d  5.25 g o f N /m ^ . T h e  -HP plots received 0.5 g o f 
phosphorus in the form  o f 2 . 2  g o f potassium  dihydrogen 
phosphate (K H 2P O 4). -I-NP plots received 15 g o f N H 4 N O 3 and  
2.2 g o f K H 2P O 4 . For controls, stream  w ater from  the same 
source was sprayed onto the plots. These levels o f nu trien t addition 
were designed to result in a  pulse o f  nutrients th a t w ould gready 
overcom e any possible natu ral lim itations.

Plots were sam pled prio r to the application o f fertilization 
treatm ent. In  each plo t surface soil was collected (0-5 cm) from  2 
locations, and  samples were com posited to generate one sample 
pe r plot. Sam ples were obtained in the same m an n er one year 
following the fertilization treatm ent. E thanol an d  paper towels 
were used to sterilize the tools before sam pling each individual 
plot.

Sam ples were collected in a  similar m anner along three 
transects o f varying age across the glacial forefield bo th  years; 
m olecular analyses were done on the samples collected in 2 0 1 1 . 
These reference soils represented  advancing stages o f succession: 
soils th a t had  been exposed for approxim ately 5 years, soils with 
biological soil crust form ation (approxim ately 2 0  years after 
exposure), and  soils with 25-50%  vegetation cover (approxim ately 
85 years after exposure). A t the field site, samples were kept in a 
cooler on ice for transport to Boulder, C O . Soils were sieved (to 
2 mm), and  then  stored a t 4°C for soil characterization. A 
subsample was im m ediately archived in a  — 80°C freezer for 
m olecular analysis and  later used for K C l extractions.

Soli Analysis
G ravim etric soil m oisture and  p H  (using a  ratio o f 2 g soil to 

4 m L D I H 2 O) were assayed based on standard  m ethods [9]. For 
total organic C analysis, carbonate  (inorganic C) rem oval was first 
perform ed on dried, g round soils [9]. 50 m g o f these processed 
soils w ere packed into tin  capsules; %C and  % N  w ere determ ined 
using a T herm o  Finnigan EA 1112 Series Flash Elem ental 
A nalyzer (Therm o Fisher Scientific, Inc., W altham , M assachu
setts, USA) [31]. Bio-available P  concentrations were m easured  on 
air-dried  an d  sieved soil (2 m m x 2  mm) by extracting 3 -5  g o f soil 
w ith 0.5 M  sodium  bicarbonate  for 30 m inutes [32]. Extracts were 
filtered and  analyzed colorim etrically using the am m onium  
m olybdate-m alachite green m ethod  [33] adap ted  for m icroplate 
analysis. N H 4^ and  N 0 3 ~ / N 0 2 ~ extractable N  were analyzed 
from  soils using 2M  K C l with 1 hour shaking and  a 22 hour 
extraction period  [34]. T his analysis was perform ed on  soils that 
were frozen a t — 80°C. A lthough no t fresh samples, these soils 
typically w ithstand extrem e fluctuations in tem peratu re  [35] and  
the da ta  presented  here are in tended for w ithin study com parison 
only. N H 4  and  N O 3 / N O 2 were m easured on a  L achat 
Q uikC hem  8500 Flow Injection A nalyzer (Lachat Instrum ents, 
H ach  C om pany, Loveland, C O ) and  BioTek Synergy 2 M ulti
detection M icroplate R eader (BioTek, W inooski, VT) respectively.

DNA Extrac tions for 454  p y ro s e q u e n c in g
M O  B IO  Pow erSoH ^^ D N A  Isolation kits were used as per the 

m anufacturer’s instructions for D N A  extractions o f soil samples 
(Mo Bio Laboratories, Inc., C arlsbad, CA). PC R -am plified 
bacterial 16S rR N A  genes from  the genom ic D N A  o f the soil 
samples w ere generated  using a  universal bacterial 27F and  338R  
prim er set as described by H am ady  et al. [36], an d  reaction 
conditions followed those described by F ierer e t al. [37], though 
m odified to 25 P G R  cycles. Prim ers included a 2 b p  linker, the 
454 R oche T itan ium  A /B  prim er, and  a  unique, 12 base pa ir 
error-correcting  G olay barcode for pyrosequencing as detailed by 
K nelm an  e t al. [21]. 454 Life Sciences G S FL X  T itan ium
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pyrosequencing o f the 16S rR N A  gene am plicons was com pleted 
by the Duke Institute for G enom e Sciences & Policy (Duke 
University, N orth  Carolina).

P y ro s e q u e n c e  a n d  s tatistical analysis
U sing Q IIM E , sequences w ere lim ited to those o f a  sequence 

length o f 200 to 400 base pairs, a  m axim um  o f 5 hom opolym ers, a 
m inim um  quality score o f  25, and  a  m axim um  of am biguous 
bases/p rim er m ism atches o f 0; reverse prim ers w ere rem oved, and  
all samples w ere then  denoised using flowgram  clustering in 
Q IIM E  [38]. C hloroplast sequences w ere rem oved. O T U s were 
selected a t a  97%  identity level by clustering based on 
representative sequences via U C L U S T  [39]. T h e  Ribosom al 
D atabase Classifier [40], a  naive Bayesian classifier, was em ployed 
to assign taxonom ic identification to O T U s. After sequence 
alignm ents based on the N A ST  algorithm  [41], a  phylogeny was 
constructed with the FastT ree algorithm  [42]. O T U  tables were 
rarified to the lowest num ber o f sequences in a  sample: 407 for 
com m unity dissimilarity analyses o f fertilization plots. R eference 
transects o f advancing age included 6, 5, an d  3 sequenced replicate 
samples, respectively, and  were rarefied to 71 to include all o f these 
samples. For com parison o f reference samples and  fertilization 
plots this workflow was repeated. In  o rder to exam ine differences 
am ong bacterial com m unities, pairwise distance m atrices based  on 
w eighted U niFrac, a  phylogenetic distance m etric, w ere generated  
for entire com m unities and  the cyanobacterial subset o f com m u
nities in fertilization plots [43,44]. T h e  Principal C oordinate 
Analysis (PCoA) ordinations were constructed based on O T U  
tables an d  w eighted U niFrac distance m atrices for overall 
com m unities. T h e  Q IIM E -generated  O T U  tables were used to 
evaluate the relative abundance o f all taxa.

Prim er v6 software [45] was used to perform  perm utational 
AN O V A s (PERM A NOV A) to com pare phylogenetic distances 
am ong bacterial com m unities. PE R M A N O V A  tests were used on 
bo th  U niFrac  be ta  diversity m atrices o f the entire com m unities 
and  cyanobacterial portions o f com m unities. PE R M A N O V A  
analysis was also em ployed to assess differences am ong trea t
m ent-affected com m unities an d  successional reference com m uni
ties. For all com parisons w ith reference com m unities, da ta  were 
rarefied to the lowest sam pling dep th  am ong b o th  fertilization plot 
and  reference plo t samples.

R  software [46] was used for further statistical analysis. T he 
PE R M D ISP2 procedure  (with perm utational P-values) from  the R  
vegan package to test hom ogeneity o f  group dispersions (variances) 
was also em ployed via Q IIM E  in o rder to test for differences in 
com m unity phylogenetic dispersion (UniFrac) in fertilized samples 
and  reference successional com m unities [47,48]. As well, the 
pgirmess package in R  was used to evaluate com parisons am ong 
reference chronosequence soil relative abundance data  via the 
Kruskal W allis test. T o  assess trea tm en t vs. tem poral effects 
underlying shifts in overall phylogenetic com m unity composition, 
a  T ukey’s H S D  post-hoc test was used to com pare U niFrac 
distances o f  paired  pre- and  post-treatm ent plots w ith paired  
control plots from  bo th  years. Additionally, to assess the relative 
abundances o f bacterial taxa, we com pared the differences in 
paired  pre- to post-treatm ent taxon relative abundances for each 
trea tm en t w ith th a t o f pa ired  control plots via T ukey’s H S D  post- 
hoc tests. T o  exam ine the relationship betw een treatm ent-re lated  
com m unity shifts from  our fertilization experim ent and  reference 
com m unities across advancing stages o f soil developm ent, we 
exam ined the relationship betw een w eighted U niFrac  phyloge
netic dissimilarity and  tim e betw een -I-NP com m unities and  
reference com m unities via a  Spearm an correlation M antel test. 
T h e  M antel test tests the null hypothesis th a t there is no

correlation betw een -I-NP and  reference com m unity dissimilarity 
and  chronosequence age rank.

All relative abundance da ta  and  environm ental variables were 
evaluated for norm ality. T axon  relative abundances and  fertilizer 
p lo t N 0 3 ~ / N 0 2 ~ were square roo t transform ed to achieve a 
norm al distribution p rio r to statistical analysis. All o ther edaphic 
factors were na tura l log transform ed. A N OVA s, T ukey’s H SD , 
and  K ruskal W allis post-hoc tests w ere used to assess differences in 
pH , %C, P, N  pools and  soil m oisture in fertilization plots and  
reference chronosequence soils. Percent N  was below the detection 
lim it in a  m ajority o f samples and  thus rem oved from  statistical 
evaluations.

Sequences and  m etadata  have been  deposited in FigShare and  
are available with the D O Is: 10.6084/m 9 .fig share .1050042 
(metadata) an d  10.6084/m 9 .fig share .1048992 (sequences).

Results and Discussion

Together, our analyses dem onstrate th a t a  single -I-NP 
application caused the bacterial com m unity structure o f the 3- 
year-old b a rren  soils to converge with the structure o f  85-year-old 
vegetated soils after only one year. First, paired  pre- and  post
trea tm en t plo t com m unity differences (weighted U niFrac distance) 
were assessed am ong all plo t categories using an  A N O V A . T h e  -I- 
N P plots showed a  significant com m unity shift in response to the 
trea tm en t (Tukey’s H SD ; P  = 0.037); no o ther significant differ
ences in com m unity structure were detected betw een treatm ents 
and  controls (Tukey’s H SD ; P > 0 .05). A PC oA  ordination  (Fig. 1) 
revealed a  successional trend  in com m unity com position across the 
reference chronosequence, w ith post-treatm ent -I-NP com m unities 
clustering with the oldest reference com m unities. A PE R M A 
N O V A  analysis dem onstra ted  th a t there were no significant 
differences am ong pre-treatm en t com m unities (Table 1). However, 
com m unities in post-treatm ent -I-NP plots were significandy 
different from  bo th  pre- and  post-treatm ent controls, including 
the pa ired  pre-treatm en t -I-NP plots (PER M A N O V A , P < 0 .0 5 , 
T able  1). W hen  -I-NP com m unities were com pared  to reference 
com m unities across the natural chronosequence, a  M antel test o f 
pairw ise average U niFrac  [43,44] distances betw een -I-NP plots 
and  reference samples revealed significant patterns o f decreasing 
dissimilarity: -I-NP com m unities w ere m ost similar to the 85 year 
old successional soils (Fig. 2, P m = ~ 0 .3 5  P  = 0.01). T he 
PE R M A N O V A  analysis also showed th a t -I-NP com m unities were 
significantly different than  com m unities o f all successional stages 
except those of the oldest transect (85 years old) (Table 1). These 
results suggest th a t fertilization drives com m unity com position 
away from  early successional stages and  results in convergence 
with com m unities o f older soils. Likewise, the phylogenetic 
dispersion [47,48] o f -I-NP com m unities was significantly different 
from  all reference com m unities except those in the 85 year old 
soils (Table 2). W e note th a t our PE R M A N O V A  analysis was not 
corrected for multiple com parisons due to the low statistical power 
o f  ou r study, bu t the general results o f this analysis were 
nonetheless co rroborated  by our o ther statistical analyses o f 
trea tm en t effect (A N O V A /T ukey’s H SD  o f pre- an d  post
trea tm en t com m unity shifts) and  convergence of the -I-NP plots 
to the oldest successional soils (M antel test o f -I-NP com m unity 
distance com pared  to successional reference samples over time).

O u r results suggest th a t nu trien t colim itation is an  im portan t 
control on  m icrobial p rim ary  succession in this system. Because o f 
low statistical power, it is difficult to discern w hether this 
colim itation is sim ultaneous, m eaning th a t bo th  nutrients need 
to be p resent for a  com m unity response, o r independent, m eaning 
th a t each n u trien t in isolation m ay elicit some response [49].
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Figure 1. Principal Coordinates Analysis (PCoA) ordination plot of bacterial communities from  the field fertilization experim ent 
and bacterial communities from the successional chronosequence. Only th e  +NP trea tm en t com m unities are show n because th e  +N and +P
trea tm en ts did no t result in significant com m unity shifts. PCoA visually represents differences am ong com m unity com position as th e  distance 
betw een  points. Triangles represen t com m unities from the  natural chronosequence: red = 5  years old; o range = 2 0  years old; blue = 85  years old. 
Circles represen t com m unities from th e  fertilization experim ent: black = pre-treatm ent control; grey = post-trea tm ent control; purple = 
p re trea tm en t -PNP; Pink = post-treatm ent -PNP. Our analysis revealed significant com m unity shifts over th e  reference chronosequence (triangles) as 
well as a significant response to  -PNP fertilization (circles). As well, th e  PCoA analysis dem onstrates th a t the  -PNP com m unities (pink circles) g roup  with 
the  oldest soils from th e  chronosequence (blue triangles). 
doi:10.1371/journal.pone.0102609.g001

How ever, there is some evidence th a t single n u trien t additions 
m ay cause a  sm aller response th an  w hen bo th  nutrients are 
abundant. For exam ple, our results show th a t post-treatm ent -l-P 
com m unities are no t significandy difFerent from  post trea tm en t -I- 
N P  com m unities (Table 1). As well, bo th  -l-N and  -l-P plots show 
patterns o f convergence similar to -I-NP plots in com parison with 
ongoing natural succession; by contrast, control plots do not 
display convergence (Table 1). Thus, -l-N and  -l-P com m unities m ay 
represent in term ediate states betw een control and  -I-NP plots, bu t 
we were no t able to statistically dem onstrate an  underlying 
trea tm en t effect.

W hile our study is unique as we established and  resam pled 
nu trien t addition plots in a  rem ote glacial forefield, the rapidly 
changing nature  o f the Puca G lacier landscape and  criteria for 
setting up plots on  a  stable and  relatively hom ogenous surface 
lim ited replication an d  necessitated rarefaction of sequencing 
dep th  to 71 to include all available samples. As such, we

acknowledge the need to be circum spect in draw ing conclusions 
as such factors curbed  the statistical pow er o f  our study and  
potentially our ability to detect smaller m agnitude treatm ent 
effects in the -l-N an d  -l-P additions, for exam ple. H ow ever, we note 
th a t the patterns shown here are robust to even lower rarefaction 
depths (55-70); thus, it is likely th a t observed patterns are real. 
Nonetheless, our research shows the greatest, an d  only statistically 
significant trea tm en t effect on  m icrobial com m unities under -I-NP 
additions, suggesting the effect o f  bo th  nutrients in tandem  is 
im portan t in succession.

Interestingly, standing nu trien t pool analysis lends some insight 
into particular dynam ics th a t m ay underlie nu trien t colim itation in 
this auto trophic chronosequence. For exam ple, -l-P an d  -I-NP soils 
b o th  show significant increases in am m onium  pools in com parison 
with control p lo t soils (Table SI), w hich is consistent w ith a  body o f 
research th a t dem onstrates P  lim itation is a  strong control o f N- 
fixation [50,51], an d  m ay be particularly  strong in this autotrophic

Table 1. P os t- t rea tm en t  -I-NP phylogene t ic  co m m u n i ty  s truc ture  was significantly different from contro ls and  from all 
com m unit ie s  from th e  reference c h ro n o seq u e n c e  with th e  excep tion  o f  com m unit ie s  in th e  o ldes t  soils (P<0.05).

Perm utational M ANO VA (PERMANOVA) contrast P-values 

Sample vs. Sample post-treatm ent control post-treatm ent +N post-treatm ent +P post-treatm ent +NP

pre -trea tm en t control 0.415 0.066 0.031 0 .026

po s t-trea tm en t control . . . 0.422 0.072 0 .036

pre -trea tm en t -i-NP-paired 0.114 0.085 0.024 0.032

po s t-trea tm en t -i-NP plots 0.036 0.023 0.18 -

succession tim epo in t 0.124 0.003 0.005 0 .006

succession tim epo in t 2 0.105 0.009 0.018 0.022

succession tim epo in t 3 0.152 0.055 0.179 0.162

Significant P-values (P<0.05) bolded .

Controls show ed  no differences from  any con trasts  (P>0.05). Significant P-values (P<0.05) are  bolded. 
doi:10.1371 /journal.pone.0102609.t001
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Figure 2. Relationship between +NP treatm ent-affected communities and reference communities. A box plot show s the  average 
w eighted  UniFrac [43,44] distance betw een  -FNP-treated com m unities and reference com m unities with increasing successional tim e. A Mantel test 
dem onstra tes th a t -fNP com m unities show  decreasing dissimiliarty as com pared to  the  reference com m unities over advancing stages o f succession 
( P m  = - 0 .3 5  P = 0.01). 
doi:10.1371/journal.pone.0102609.g002

chronosequence th a t features cyanobacterial N-fixers [9]. Like
wise, -fN  plots show a significant increase in bioavailable-P relative 
to control plots (Table SI), a  p a tte rn  supported by  research that 
shows N  availability m ay lim it the p roduction  o f phosphatase 
enzymes [51-53]. Thus, these particu lar biochem ical pathw ays 
lead  to a  coupling o f nu trien t cycles, w hich appears to be  reflected 
in a  colim itation to successional processes.

Despite the m ultitude o f well docum ented  changes across 
successional gradients including shifts in p H , C pools, p lan t cover 
and  biotic historical factors, nu trien t addition  alone no t only 
caused changes in early successional com m unity structure, bu t 
induced convergence with late successional soil com m unities o f the

na tura l chronosequence (Fig. 1 and  2 an d  Tables 1 and  2). For 
exam ple, strong changes in %C, ano ther know n filter on  m icrobial 
com m unities, w ere observed across the natural chronosequence 
b u t no t in -fN P  plots (Tables SI and  S2). In  o ther ecosystems, the 
effects o f fertilization on  m icrobial com m unity structure have been 
a ttribu ted  to changes in p lan t productivity o r com m unity structure 
[14]. How ever, it is im portan t to note th a t while the -fN P  
fertilization caused sparse vegetation (< 15  cm  tall) to colonize 
after one year a t our site, soils were collected a t least 7 5 cm  from 
these small plants. A ltogether, o u r results suggest th a t the effects o f 
the -fN P  fertilization on  m icrobial com m unity succession were 
d irect and  no t m ediated th rough  changes in o ther aspects o f the

Table 2. P os t- t rea tm en t  -fNP com m unit ie s  sh o w ed  differences from ail reference succession com m unit ie s  with th e  excep tion  of 
th e  o ldes t  t ransec t  (P<0.05).

H om ogeneity o f Dispersion (PERMDISP) P-values

Sample vs. Sample post-treatm ent +NP post-treatm ent control

succession tim epo in t 1 0.022 0.508

succession tim epo in t 2 0.042 0.588

succession tim epo in t 3 

Significant P-values (P<0.05) bolded .

0.555 0.997

Controls show ed  no difference in com m unity  d ispersion from com m unities o f any o f th e  reference succession transects  (P>0.05). Significant P-values (P<0.05) are 
bolded.
doi:10.1371 /journal.pone.0102609.t002
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abiotic environm ent or th rough  the effects o f plants on  soil 
com m unities.

O u r field-based fertilization experim ent helps to extend existing 
ecological theory regarding the role o f nu trien t lim itations in 
succession [4,5,54] to m icrobial com m unities p resent in the 
earliest p rim ary  successional soils, w hich are im portan t for 
biogeochem ical cycling, physical soil developm ent, and  p lan t 
colonization [9,21,30]. W hile it is widely aclm owledged that 
m icrobes can after soil fertility and  nu trien t cycling processes, and  
th a t changes in soil nu trien t pools an d  m icrobial com m unities 
occur over p rim ary  succession [9,12,13,30], to w hat extent 
nutrients direcdy structure soil m icrobial com m unities is no t clear. 
O u r fertilization experim ent allowed us to decouple the effects o f 
changes in m icrobial com m unities on  nu trien t cycles an d  to 
directly dem onstrate the influence o f n u trien t pools on m icrobial 
succession. Correlative studies are less powerful because they 
canno t isolate the im pact o f individual factors am idst the 
multiplicity o f soil properties th a t change with succession, and  
because m easured soil properties m ay be decoupled from 
m icrobial com m unity com position in time.

Despite the high fertilization ra te  we used, the nu trien t addition 
trea tm en t did no t push com m unities to an  alternative o r novel 
state, b u t simply accelerated succession, rapidly producing  a 
com m unity th a t was structurally m ost similar to the com m unity in 
the 85 year old soils in the chronosequence (Fig. 1 an d  2 and  
Tables 1 and  2). T hus, our data  highlight the stability o f soil 
m icrobial com m unities [55]. Few studies have explicitly evaluated 
nutrients in the context o f longer-term  successional reference p lan t 
com m unities to understand  how nutrients m ay either drive 
succession or shape alternative stable states in com m unities. 
Flowever, in a  study o f salt m arsh vegetation. V an  W ijnen and  
Bakker [56] observed th a t fertilization o f young m arsh  com m u
nities resulted in p lan t com m unities th a t resem bled those o f older, 
unfertilized m arshes. T hese results further suggest th a t nutrient- 
related m echanism s for succession m ay be generalizable betw een 
p lan t an d  m icrobial com m unities.

T h e  relative abundance o f cyanobacteria  significantly increased 
in the -I-NP plots and  the phylogenetic structure o f the 
cyanobacterial com m unities in post-treatm ent -I-NP plots was 
significandy different from  the pa ired  p re-treatm en t -I-NP and  
p re -/p o st-trea tm en t control plots (PER M A N O V A , P < 0 .0 5 , 
T able  S3). A lthough no t significant, cyanobacterial relative 
abundance nearly  doubled betw een the oldest and  youngest stages 
o f  the reference chronosequence and  past work a t this site has 
docum ented similar successional changes in cyanobacterial com 
m unity structure (Table S2) [9,30]. Consistent w ith these results, a 
laboratory  experim ent evaluating m icrobial au to trophs from  this 
site dem onstrated  th a t P  additions resulted in significant increases 
in the grow th ra te  o f photoau to  trophic crusts [28]. Both N  fixation 
rates an d  the relative abundance o f N-fixing cyanobacteria  show 
successional trends a t this site as well [30], suggesting th a t N  
availability m ay also lim it m icrobial grow th an d  activity. T he 
cu rren t study adds to this work and  dem onstrates th a t bo th  N  and  
P  together are im portan t colim iting controls over com m unity 
successional processes in this system (Tables 1 an d  2).

T h e  increase in the relative abundance of cyanobacteria  in the -I- 
N P  plots m ay reflect their ecological advantage in this low C 
environm ent. In  a  laboratory  study, D rakare  [57] observed th a t P 
additions enhanced  cyanobacterial populations, b u t only in an 
environm ent w here low C concentrations constrained heterotro- 
phic growth. Incubation  studies o f early successional soils that

found increases in hetero trophic  activity in response to bo th  N  and  
C (but no t to N  alone) are also consistent with this interpretation  
[58,59]. T hese results indicate th a t C often limits the response of 
the hetero trophic  com m unity to nu trien t additions, whereas 
cyanobacteria  can readily take advantage o f such nutrients to fuel 
photosynthesis. By extension, we argue th a t the observed effects o f 
N  an d  P  additions on  m icrobial com m unity succession are likely to 
apply only to autotrophic successional sequences, and  that 
hetero trophic succession (sensu Fierer et. al [27]) m ay be 
controlled by  a  different suite o f  resources, including C availability.

M icrobes are fundam ental to soil physical an d  chem ical 
developm ent and  underlie ecosystem function, thus understanding 
the factors th a t drive soil m icrobial com m unity succession is key to 
predicting  an d  m anaging ecosystem developm ent. Particularly  in 
low nu trien t environm ents, m icrobial activity has m ajor effects on 
soil, p lan t com m unity, and  ecosystem developm ent [9,30,60,61]. 
Likewise, low nutrien t environm ents m ay feature m ore p rom inent 
nu trien t colim itations [49]. As such, the results o f this study have 
im portan t implications for understanding n u trien t controls on 
ecosystem developm ent and  relevant models for m icrobial 
succession. Furtherm ore, while early successional m icrobial 
com m unities m ay vary strongly in bo th  com position and  in term s 
o f the specifics o f  resource availability (e.g., hetero trophic vs. 
autotrophic), our study provides evidence th a t nu trien t colim ita
tion m ay provide a generalizable m echanism  for m icrobial 
com m unity succession in auto trophic successional sequences. 
O u r data  also support recent evidence for the stability o f soil 
m icrobial com m unities, as fertilization simply accelerated succes
sion and  did no t push  com m unities into a  novel state. Overall, the 
details o f m icrobial nu trien t lim itations presented  herein are 
essential to understand ing  the factors th a t structure early 
successional m icrobial com m unities, the profound  contributions 
they m ake to soil developm ent, and  the ecosystem processes they 
m ediate.
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