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Abstract Organic matter decomposition and soil

CO2 efflux are both mediated by soil microorgan-

isms, but the potential effects of temporal varia-

tions in microbial community composition are not

considered in most analytical models of these

two important processes. However, inconsistent

relationships between rates of heterotrophic soil

respiration and abiotic factors, including temper-

ature and moisture, suggest that microbial com-

munity composition may be an important regulator

of soil organic matter (SOM) decomposition and

CO2 efflux. We performed a short-term (12-h)

laboratory incubation experiment using tropical

rain forest soil amended with either water (as a

control) or dissolved organic matter (DOM)

leached from native plant litter, and analyzed the

effects of the treatments on soil respiration and

microbial community composition. The latter was

determined by constructing clone libraries of

small-subunit ribosomal RNA genes (SSU rRNA)

extracted from the soil at the end of the incubation

experiment. In contrast to the subtle effects of

adding water alone, additions of DOM caused a

rapid and large increase in soil CO2 flux. DOM-

stimulated CO2 fluxes also coincided with pro-

found shifts in the abundance of certain members

of the soil microbial community. Our results

suggest that natural DOM inputs may drive high

rates of soil respiration by stimulating an opportu-

nistic subset of the soil bacterial community,

particularly members of the Gammaproteobacte-

ria and Firmicutes groups. Our experiment indi-

cates that variations in microbial community

composition may influence SOM decomposition

and soil respiration rates, and emphasizes the need

for in situ studies of how natural variations in

microbial community composition regulate soil

biogeochemical processes.
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Introduction

Organic matter decomposition is a fundamental

process, regulating rates of net carbon (C)

C. C. Cleveland (&) � D. R. Nemergut �
A. R. Townsend
INSTAAR: An Earth and Environmental Sciences
Institute, University of Colorado, 450 UCB/1560 30th
Street, Boulder, CO 80303, USA
e-mail: Cory.Cleveland@Colorado.Edu

D. R. Nemergut
Environmental Studies Program, University of
Colorado, 397 UCB, Boulder, CO, USA

S. K. Schmidt � A. R. Townsend
Department of Ecology and Evolutionary Biology,
University of Colorado, 334 UCB, Boulder, CO, USA

123

Biogeochemistry

DOI 10.1007/s10533-006-9065-z



storage and nutrient cycling in terrestrial eco-

systems. Decades of research have informed the

development of ecosystem models that describe

decomposition and heterotrophic soil respiration

rates primarily as functions of abiotic environ-

mental factors including temperature, moisture,

and organic matter substrate quantity and

quality (Meentemeyer 1978; Swift et al. 1979;

Scott-Denton et al. 2003; Davidson and Janssens

2006; Scott-Denton et al. 2006). However, the

potential effects of temporal variations in micro-

bial community structure on these processes are

seldom explicitly acknowledged (but see Fang

et al. 2005). Instead, most conceptual and

empirical decomposition models treat the micro-

bial community as a ‘‘black box’’ in which

microorganisms act as passive catalysts of

decomposition reactions of substrates whose

rates vary as functions of temperature and

moisture (Raich and Schlesinger 1992; Lloyd

and Taylor 1994; Parton et al. 1994).

Simple soil respiration-climate relationships

are convenient for models attempting to describe

ecosystem CO2 fluxes, but many studies show

contradictory responses of soil respiration to

variations in climate (Davidson and Janssens

2006). Soil moisture correlates with soil respira-

tion rates in some sites (e.g., Buchmann 2000;

Schwendenman et al. 2003), but only weakly

predicts rates of soil respiration in others (Scott-

Denton et al. 2003; Cleveland and Townsend

2006; Monson et al. 2006). The inability of

climate to adequately explain variation in soil

respiration rates suggests that soil CO2 fluxes are

regulated by a more complex set of variables and

interactions.

For example, heterotrophic CO2 fluxes also

depend on the availability of soluble, labile C

sources, and microbial respiration rates are

tightly linked to the chemistry and amount of

organic matter entering the soil (Schlesinger and

Andrews 2000; Wardle et al. 2004). In addition,

three emerging lines of evidence suggest that

short- and long-term variations in soil microbial

community composition (e.g., Schmidt et al.

2007) could also influence soil respiration rates.

First, microbial community structure varies sig-

nificantly within soil types—both spatially and

temporally—with research indicating that within

a single site, rhizosphere microbial community

composition and activity vary by plant species

and across seasons (Grayston et al. 1998; Bardg-

ett et al. 1999; Wardle et al. 2004; Carney

and Matson 2005; Schmidt et al. 2007). Second,

manipulative experiments have shown that

specialized organisms respond to certain C

compounds. Padmanabhan et al. (2003) found

that specific and unique soil bacterial assem-

blages were responsible for the decomposition of

individual soil organic compounds, including

glucose, naphthalene, phenol, and caffeine.

Finally, the types of microorganisms within a

site that respond to C inputs vary through time,

suggesting that temporal shifts in community

structure may directly affect soil respiration rates

following C inputs. For example, in a subalpine

forest soil, C inputs consistently stimulated

members of the Betaproteobacteria, but the

specific types of soil Betaproteobacteria that

responded in summer were genetically and

physiologically distinct from those responding

in winter (Monson et al. 2006).

These studies and others support proposed

links between microbial community composition

and ecosystem function (Adams and Wall 2000;

Hooper et al. 2000; Wardle et al. 2004). Unfor-

tunately, relatively little is known about the types

of microorganisms that decompose native soil

organic matter (SOM), or how variations in

microbial activity in response to labile C inputs

are related to soil microbial community compo-

sition. Here, we asked a simple question: in an

ecosystem where high rates of soil respiration are

positively related to seasonal increases in C

availability (Cleveland and Townsend 2006),

could seasonal increases in soil respiration be

related to variations in microbial community

composition? To begin to address this question,

we performed a soil incubation experiment using

soil collected from a mature, lowland tropical rain

forest. Previous research from the study site

revealed a strong, positive relationship between

labile C availability and soil respiration rates

(Cleveland and Townsend 2006), and we hypoth-

esized that dissolved organic matter (DOM)-

stimulated increases in soil respiration coincide

with rapid, measurable shifts in soil microbial

community composition.
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Materials And Methods

Study sites and sampling regime

Soil and litter samples were collected from a

primary tropical rainforest on the Osa Peninsula

in southwestern Costa Rica (see Cleveland et al.

2006 for complete site description). Soils at the

site are highly weathered, nutrient poor Ultisols.

The site lies within the tropical wet lowland forest

bioclimate, with an average annual temperature

of 26.5�C (Holdridge et al. 1971). Average annual

rainfall exceeds 5,000 mm (Cleveland and Town-

send 2006), but like most tropical rainforests, this

area experiences a dry season (from January

to March on the Osa Peninsula). During the

3-month dry season, more than half of the annual

litter falls on the forest floor (>500 g C m-2;

Cleveland and Townsend 2006), providing a large

pool of soluble, highly decomposable C (e.g., Don

and Kalbitz 2005) that may fuel high rates of soil

respiration during the early rainy season (Cleve-

land and Townsend 2006). In this experiment, our

objective was to simulate a DOM pulse leached

from litter layer during a low-intensity rain-

storm—an event that occurs almost daily in this

site during the early rainy season (Cleveland and

Townsend 2006).

We collected 8 · 10 cm surface soil cores from

each of ten 25 m2 plots in the dry season using a

hand corer (see Cleveland et al. 2006 for soil

physical and chemical characteristics). Immedi-

ately after collection, soil samples were trans-

ported on ice in an insulated cooler to the

laboratory (within 72 h of collection), and stored

at ~4�C until analysis. Soil samples were gently

hand-homogenized (to 4 mm) to remove roots

and other organic debris. Following homogeniza-

tion, samples were split into paired experimental

samples. All incubation experiments were initi-

ated within 96 h of soil sampling to avoid artifacts

incurred during long-term storage.

Soil incubation experiment

To simulate an episodic DOM leaching event,

we added soluble organic material leached from

freshly fallen litter samples to soil. About 100 g

of mixed, air-dried plant litter obtained from

litter traps in the dry season (litter harvested at

2-week intervals throughout the year; Cleveland

and Townsend 2006) were extracted in 1 L of

de-ionized water for 12 h at 22�C, pre-filtered

to 0.45 lm and sterile filtered to 0.22 lm. The

C concentration of the resulting leachate

(650 mg/L) was measured using a Shimadzu

TOC 5050A total organic carbon analyzer

(Shimadzu Corporation, Kyoto, Japan). Sterility

of the leachate was confirmed using Biolog

microtiter plates (Biolog Inc., Hayward, CA,

USA); no color development was observed after

24, 48 or 72 h, indicating that the leachate was

free of all viable bacteria. Approximately 25 g

of field-moist soil (~15 g dry weight) were

placed in 1 L glass vessels and pre-incubated

at 26�C (±1�C) for 24 h in a Precision 815 low-

temperature incubator (Precision Scientific,

Winchester, VA, USA).

After pre-incubation and equilibration at 26�C,

all vessels were aerated and samples (N = 10

replicates per treatment) received ~5 mL doses

(i.e., an amount to bring each soil sample to ~50%

of water holding capacity) of DOM (~225 lg

DOM-C g–1 soil; +DOM). To separate water (soil

wet-up) versus C-addition effects on microbial

community activity and composition, we also

amended a parallel set of samples with ~5 mL

of de-ionized water (N = 10 replicates; +H2O).

Following treatment additions, glass vessels were

immediately sealed with caps equipped with

rubber septa for gas sampling, incubated at 26�C

in darkness for 12 h, and sampled for CO2 at 2, 4,

7, 9, and 12 h using glass gas-tight syringes.

Sample CO2 concentrations were determined at

each time point using a Shimadzu GC–14 gas

chromatograph equipped with a thermal conduc-

tivity detector.

DNA extraction and analysis

Our strategy was to sample soil microbial com-

munity composition when soil respiration

achieved maximum rates. Previous experiments

showed that following C additions to these soils,

microbial respiration rates were highest after

~12 h of incubation at 26�C (Cleveland et al.

2002). Therefore, after the 12-h headspace CO2

sampling was complete, ~5 g of soil from each
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microcosm were removed to sterile conical tubes

and preserved at –80�C until DNA extraction.

Soil DNA was extracted from soil samples

using a modification of the protocol described by

Moré et al. (1994). Briefly, 0.5 g of soil from each

of the +H2O and +DOM samples were agitated in

1 mL phosphate extraction buffer using a bead

beater and centrifuged at 14,000g for 10 min. The

resulting supernatant was removed to a fresh tube

and incubated on ice for 5 min with 200 lL of

7.5 M ammonium acetate, centrifuged at 14,000g

for 3 min, and the supernatant transferred to a

fresh tube. Samples were then extracted with an

equal volume of phenol : chloroform : isoamyl

alcohol (25:24:1), DNA was precipitated with

200 lL of isopropanol overnight at –20�C and

washed with 1 mL of 70% ethanol. Following

extraction, the individually extracted DNA sam-

ples from each treatment were pooled and puri-

fied over Sepharose 4B packed columns (Sigma,

St. Louis, MO, USA) as described in Jackson

et al. (1997).

PCR, cloning, and sequencing

Approximately 30 ng of DNA were amplified

with universal bacterial 16S rDNA primers [8f

and 1492r (Lane 1991)]. Each reaction included

400 nM of each primer, 200 lM of each dNTP,

1.25 U of Taq DNA polymerase (Promega,

Madison, WI, USA) in Taq DNA polymerase

buffer [2.5 mM MgCl2 (Promega)]. After an

initial denaturation step at 94�C (1 min), PCR

was performed using 30 cycles at 94�C for 1 min,

58 ± 5�C for 30 s and 72�C for 2.5 min with a

terminal 10 min extension at 72�C. Resulting

PCR products were gel purified using QIAquick

gel purification columns (Qiagen, Valencia, CA,

USA), ligated into the vector TOPO 2.1 (Invitro-

gen Inc., Carlsbad, CA, USA) and transformed

into Escherichia coli following the manufacturer’s

instructions.

Transformants were inoculated into 96-well

deep-dish plates containing 1.5 mL Luria broth

(1% NaCl, 1% tryptone, 0.5% yeast extract) and

50 mg mL–1 ampicillin. Cultures were agitated at

200g for 14 h at 37�C, plasmid DNA was

extracted and purified (Sambrook and Russell

2001), and pelleted DNA samples were air-dried

(20 min.) and re-suspended in 50 mL Tris–HCl

pH 8.5. Inserted 16S rRNA genes were PCR

amplified from the plasmids using the primers

M13F and M13R (Invitrogen Inc.), and purified

16S rRNA genes were sequenced with the T7

promoter primer and the M13-9 primer using the

BigDye Terminator Cycle Sequencing kit Version

3.0 (PE Biosystems, Foster City, CA, USA)

according to the manufacturer’s directions.

Sequencing products were analyzed at the Iowa

State University DNA Sequencing Facility.

Data analysis

All soil respiration data were tested for homo-

scedasticity (Levene’s test for equal variances),

normality, and skewedness (SPSS, Chicago, IL,

USA). Significant differences in maximum respi-

ration rates following DOM additions in the

incubation experiment were tested with a

paired-samples t-test (a = 0.05; Snedecor and

Cochran 1989).

DNA sequences were edited in Sequencher 4.1

(Gene Codes Co., Ann Arbor, MI, USA) and

subjected to BLAST searches (Altschul et al.

1990). The 16S rRNA gene sequences were also

subjected to chimera check in RDP (Cole et al.

2003) and Bellerophon (Huber et al. 2004). These

sequences were aligned in Dr. Phil Hugenholtz’s

16S rRNA ARB database (http://rdp8.cme.msu.

edu/html/alignments.html) in ARB (Ludwig et al.

2004). Phylogenetic affiliations were assigned

based on both the ARB alignment and nearest

BLAST matches. Operational taxonomic unit

(OTU) designations were assigned using DO-

TUR (Schloss and Handelsman 2005) with a

distance-based phylogenetic tree constructed in

ARB. Lineage-per-time plots were also con-

structed in DOTUR (Schloss and Handelsman

2005). Detailed phylogenies of the Gammaprote-

obacteria and the Firmicutes were constructed by

aligning close relatives from the ARB database

and BLAST matches with our sequences in ARB.

Alignments were used to generate a neighbor-

joining phylogenetic tree in PAUP (Swofford

2001) using the distance optimality criterion.

All trees were subjected to bootstrap analyses

(1,000 replicates) using both the parsimony and

neighbor-joining optimality criterion.
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Results

Soil respiration rates

Dissolved organic matter additions (3,375 lg C as

DOM) rapidly stimulated respiration in the soil

microcosms (Fig. 1). After the 12-h incubation,

soil respiration rates in the +DOM samples

were 35.1 ± 1.7 lg CO2–C g–1 h–1, versus only

9.1 ± 1.2 lg CO2–C g–1 h–1 in the +H2O samples

(Fig. 1A). Twelve hours after the DOM addition,

the +DOM samples had respired ~100% more

CO2 than the control soil samples (2,981 ± 245 lg

CO2–C vs. 1,503 ± 80 lg CO2–C in +DOM and

+H2O samples, respectively; Fig. 1B). In contrast,

the soil wet-up (water only) had little effect on

soil respiration rates. Immediately following

water additions, soil respiration rates in +H2O

samples increased slightly (Fig. 1A), but rates of

soil respiration in the +H2O samples did not differ

significantly over the 12-h incubation (Fig. 1A).

Soil microbial community composition

We analyzed a total of 102 sequences from the

+H2O (N = 46) and +DOM samples (N = 56),

and there were some notable similarities in

community composition between the two treat-

ments. Overall, broad-scale (i.e., division- and

sub-division-level) diversity was similar in both

sets of samples, with sequences within nine and

ten major bacterial clades represented in the

+H2O and +DOM samples, respectively (Fig. 2).

Sequences related to several of these clades

were found in both the +H2O and +DOM soil

samples, including the Acidobacteria, Firmicutes,

Alphaproteobacteria, Betaproteobacteria, Delta-

proteobacteria, Verrucomicrobia, and the Plan-

ctomycetes. However, more detailed comparisons

of the communities revealed that, in spite of the

similarities between the two treatments at broad-

er phylogenetic levels, the types of organisms

within the +H2O and +DOM communities were

very different. For example, we compared the

actual number of unique sequences (>3% 16S

rRNA gene sequence difference) in the two

communities over various genetic distances with

the theoretical maximum number of possible

unique sequences (i.e., if there was no overlap

in the two communities), and the theoretical

minimum number of possible unique sequences

(i.e., if each sequence present in one community

was also present in the other community; Fig. 3).

Results indicated that at genetic distances of less

than 10%, the +H2O and +DOM communities

were distinct from each other.

Lineage per time (LPT) curves, in which the

number of unique microbial phylotypes is plotted

as a function of genetic distance, provide an index

of the amount of phylogenetic diversity within a

community. LPT plots for these communities also

revealed profound differences between the +H2O

and +DOM soils. The +H2O curves showed a

gradual decline, suggesting that phylogenetic

diversity was relatively high. In contrast, in the

+DOM samples, LPT curves showed an initial,

relatively steep decline, indicating that many of

the individual phylotypes in the +DOM samples
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Fig. 1 (A) Soil respiration rates; and (B) total CO2

respired in soil incubations following water (open circles)
or dissolved organic matter (DOM; open squares) addi-
tions (3,375 lg C as DOM) to tropical rain forest soil. Soil
respiration rates are expressed on a soil mass (dry weight)
basis. Values represent the mean of ten replicates per
treatment, and error bars are ±1 SE
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were closely related, and that the depth of

phylogenetic diversity in the +DOM samples

was lower than in the +H2O samples (data not

shown).

Our sampling and analysis of microbial com-

munity composition in the soil samples was not

exhaustive, therefore it is difficult to make defin-

itive statements about the abundance of specific

bacterial lineages or overall microbial diversity,

but our results do show some clear and important

differences. For example, perhaps the most strik-

ing difference between +DOM and control soil

communities was the increase in abundance of

non-Acidobacteria sequences in the +DOM soil.

Sequences related to the Acidobacteria clade

were numerically dominant in both the +H2O and

+DOM samples, but they represented nearly 60%

of the sequences in the control library and only

about 30% in the +DOM library (Fig. 2). In

addition, in the control samples, non-Acidobac-

terial sequences included members of nine major

clades, and the frequencies of individuals within

those groups were fairly equally represented; no

single non-Acidobacterial clade represented more

than 11% of the sequences, and most individual

clades comprised <4% of the sequences. In

contrast, in the +DOM samples, non-Acidobac-

terial sequences were dominated by individuals

from the Gammaproteobacteria and Firmicutes

groups, which comprised 34 and 16% of the

+DOM sequences, respectively. In the +H2O

samples, phylotypes from the Firmicutes group

were present in small numbers (~4%), but the

sequences were not closely related to the Firmi-

cute sequences in the +H2O samples (data not

shown). Sequences related to the Gammaproteo-

bacteria were not detected in the +H2O samples.

Discussion

Soil moisture content can limit decomposition

and soil respiration rates (e.g., Housman et al.
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gene phylotypes in (A)
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indicates that although there was some division-level
sequence overlap in the +DOM and +H2O libraries, the
sequences in the +H2O and +DOM libraries were very
different
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2006; Potts et al. 2006). However, in this tropical

rain forest site, soil moisture (to 10 cm depth)

remains relatively constant throughout the year,

even during the 3-month dry season when pre-

cipitation is <100 mm/month (Cleveland and

Townsend 2006). In this experiment, water-only

additions did not significantly enhance rates of

soil respiration (Fig. 1a). The lack of a strong

CO2 response to the soil wet-up indicates that

even though soil samples were collected in the dry

season, soil moisture was not limiting to hetero-

trophic respiration at that time. This result is

consistent with previous data from this site

showing that soil moisture does not correlate

strongly with rates of soil respiration or other soil

processes (Cleveland and Townsend 2006).

Although seasonal increases in rainfall do not

drive significant variation in soil moisture, they do

facilitate the movement of DOM from litter to

soil, driving significant dry-to-wet season in-

creases in soil respiration (Cleveland et al. 2006;

Cleveland and Townsend 2006). In this experi-

ment, microbial respiration responded rapidly to

dissolved organic C additions in the +DOM

samples (Fig. 1). Many other studies showing

rapid microbial responses to labile C additions

have added relatively high concentrations of

simple, pure, C-rich compounds that stimulate

microbial activity, but that may not necessarily be

analogous to native organic material that is

present in natural ecosystems. Thus, while the

high rates of microbial respiration we observed in

response to C additions (in general) are not

surprising, the rapid response immediately fol-

lowing additions of relatively dilute, litter-leached

native DOM is noteworthy for several reasons.

First, leached DOM is a complex, heteroge-

neous suite of C compounds that vary in

complexity and decomposability (Neff and Asner

2001; Cleveland et al. 2004), yet it still stimulated

rapid rates of microbial respiration in our incu-

bation. In addition, previous in situ DOM

additions elicited similarly high-respiration rates,

suggesting that rapid respiratory responses to

episodic DOM inputs may be important in

regulating ecosystem function in this site (Cleve-

land et al. 2002). Next, while the concentration of

the DOM added here (~650 mg L–1) was higher

than typical tropical rain forest throughfall or soil

solution concentrations (Schwendenmann and

Veldkamp 2005), it did represent realistic con-

centrations of DOM through the litter layer (Neff

and Asner 2001; Cleveland et al. 2004). Previous

research at this site showed that as much as 50%

of dry season litter C is susceptible to leaching in

the first 60 days of the rainy season (Cleveland

et al. 2006). If so, a typical daily 10 mm rainfall

event in the early rainy season and subsequent

leaching of the dry season litter pool

(250 mg C m–2) could generate a pulse of DOM

of ~200 mg L–1 to the soil surface. The increase in

soil respiration that we observed following addi-

tions of native, leached DOM suggests that

episodic DOM fluxes in situ may also rapidly

stimulate high rates of soil respiration.

Rapid increases in microbial activity following

pulses of labile C inputs are common, but do such

increases represent a community-wide response,

or are they accomplished via shifts in the abun-

dance of certain microbial taxa? Our results

provide compelling evidence that increases in soil

respiration following C inputs may be dominated

by a subset of soil microbes, with DOM inputs

causing rapid shifts in soil bacterial community

composition. In the +H2O samples, as is common

in many soils, the Acidobacteria was the numer-

ically dominant group, but the abundances of

individuals within other division-level groups were

relatively evenly distributed. However, at the peak

of soil respiration, microbial community structure

in the +DOM soil was markedly different. In

particular, C additions appeared to strongly stim-

ulate organisms within the Gammaproteobacteria

and Firmicutes clades.

The dominance of organisms within the Gam-

maproteobacteria and Firmicutes groups, and

their relative increase in abundance in response

to C additions, suggests that members of these

groups quickly responded to the additions of

organic material added in the +DOM soil,

leading to rapid increases in soil respiration.

Detailed phylogenetic analyses of the Gamma-

proteobacteria and Firmicutes sequences re-

vealed that they are related to the order

Enterobacteriales and the genus Bacillus, respec-

tively (Figs. 4, 5), groups that include an array of

both pathogenic and symbiotic bacteria. Inter-

estingly, members of these orders have been
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identified as potential phosphate solubilizers,

capable of accessing calcium-, iron- and alumi-

num-bound phosphate minerals (Rodrı́guez and

Fraga 1999; Chung et al. 2005; Souchie et al.

2006). This is noteworthy given previous work at

this site indicating that the decomposition of

soluble C in soil is strongly phosphorus (P)

limited (Cleveland et al. 2002; Cleveland and

Townsend 2006). While by no means definitive,

the presence of relatives of known P-solubilizing

organisms in the +DOM samples suggests an

interesting hypothesis: that the ability to solubi-

lize P may give the Enterobacteriales and the

Bacillus a competitive advantage in these P-poor

soils, allowing them to rapidly grow in response

to episodic C inputs.

To our knowledge, our data are among the first

to show that increases in soil respiration following

native DOM additions to soils correspond with a

rapid shift in microbial community composition.

Yet, rapid shifts in microbial composition in

response to changing environmental conditions

and/or resources have been observed by microbial

ecologists for some time. More than 75 years ago,

Winogradsky (1925) observed increases in zymog-

enous organisms following substrate additions,

with a return to more ‘‘stable,’’ slow growing

communities following substrate depletion. More
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Escherichia coli (X80724), Salmonella typhimurium
(X80681), Salmonella enterica (AL627282), Klebsiella
pneumoniae (X87276), Klebsiella sp. CBNU-34-2
(AY335553), Pantoea agglomerans (AY335552), Enterob-
acter aerogenes (AY335552), Kluyvera intermedius
(AF297470), Vibrionales [Vibrio natriegens (X74714),
Vibrio cholerae (X74696), Photobacterium histaminum
(D25308)], Pasteurellales [Alteromonas macleodii
(X82145), Chromohalobacter marismortui (X87221)], Leg-
ionellales [Legionella gormanii (Z32639), Legionella pneu-
mophila (M59157)], Alteromonadales [Francisella
tularensis (L26086), Thiomicrospira crunogena (L40810)],
Methylococcales [Methylococcus capsulatus (M29023),
Methylococcus sp. (X72769)]

Lactobacillus agilis
Enterococcus faecalis

Streptococcus

Bacillus circulans
Bacillus megaterium P solubilizer

Bacillus firmus P solubilizer
Saccharococcus thermophilus

0.01 substitutions/site

*

*

*

*

*

*

*

*

*

Filobacillus

Gracilibacillus dipsosauri
Gracilibacillus halotolerans

Pontibacillus

Lentibacillus

Oceanobacillus

Exiguobacterium

Paenibacillus

Geobacillus

Ureibacillus

Ureaplasma

Mycoplasma
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recently, Fierer et al. (2007) suggested an ecolog-

ical classification of bacteria that proposed that

the abundance of copiotrophic and oligotrophic

bacteria in soil is regulated by the abundance of

labile C substrates, and that C decomposition

rates (which include heterotrophic soil respira-

tion) vary directly with copiotrophic bacterial

abundance. For example, in low C environments,

oligotrophic groups like the Acidobacteria were

most dominant, but in high C soils, copiotrophic

groups like the Proteobacteria, and Bacteroidetes

increased in relative abundance (Fierer et al.

2007). In our experiment, we observed a similar

pattern. DOM additions caused a relative

decrease in Acidobacterial sequences, and

relative increases in Gammaproteobacteria and

Firmicutes groups. Our results support a model in

which abundant bacterial phyla may be ecologi-

cally classified according to their physiology, and

in which the abundance of these ecologically

defined groups (i.e., copiotrophic and oligotrophic

groups) may be strongly regulated by C availability

(Fierer et al. 2007). However, our results also

suggest that microbial community structure and

composition may vary rapidly in response to

short-term changes in C availability. In other

words, while low-soil C availability (on average)

may indeed favor oligotrophic organisms, natural

and frequent increases in C availability in many

ecosystems may promote short-term variations in

community composition, and favor the temporary

dominance of copiotrophic organisms.

The increased abundance of Gammaproteo-

bacteria and Firmicutes sequences (Fig. 2) fol-

lowing DOM additions suggests that members of

these two divisions may be largely responsible for

the observed increases in soil respiration in our

incubation experiment, contributing to a growing

body of research showing that members of the

these clades may dominate many important bio-

geochemical processes in natural ecosystems. The

importance of the Gammaproteobactria, in par-

ticular, in soil C cycling has also been shown in

other studies. Padamanbhan et al. (2003) showed

that phylotypes within the Gammaproteobacteria

clade were responsible for the decomposition of

pulses of suite of organic substrates including

naphthalene, caffeine, and glucose. A molecular

characterization of phenol-degrading bacteria

also showed that close relatives of both the

Gammaproteobacteria and the Firmicutes were

important phenolic compound mineralizers in soil

(Abd-El-Haleem et al. 2002). These studies,

among others, demonstrate that members of the

Gammaproteobacteria and Firmicutes divisions

are particularly adept at responding to increases

in labile soil C, and that in systems where natural

pulses of diverse C compounds are common,

these groups may be disproportionately impor-

tant to the decomposition (and hence respiration)

of labile C compounds.

Traditionally, ecosystem models have focused

on the role of abiotic factors in regulating organic

matter decomposition rates. However, such sim-

plifications are often inadequate for explaining

observed variations in soil respiration (Davidson

and Janssens 2006; Monson et al. 2006; Sacks et al.

2006). Our results provide evidence of strong links

between variations in both microbial community

composition and soil respiration, and suggest that

Fig. 5 Neighbor-joining phylogenetic tree showing repre-
sentative sequences from the clones related to the genus
Bacillus in the +DOM samples. Rectangles represent
sequences from this study, and the size of the rectangle
symbolizes the number of sequences obtained. Reference
taxa were selected based on nearest BLAST matches. Tree
is rooted with Trichodesmium sp. (X70767), Nostoc
punctiforme (AF027655) and Gloeothece membranacea
(X78680). Asterisk indicates a parsimony and distance
bootstrap (1,000 replicates) value of 80 or higher. Acces-
sion numbers: Lactobacillus agilis (M58803), Enterococcus
faecalis (AE016830), Streptococcus [Streptococcus pneu-
moniae (X58312), Streptococcus macedonicus (Z94012)],
Bacillus circulans (D78312), Bacillus megaterium
(D16273), Bacillus firmus (D16268), Saccharococcus ther-
mophilus (L09227), Filobacillus [Filobacillus salipiscarius
(AB194046), Filobacillus milensis (AJ238042)], Graciliba-
cillus dipsosauri (AB101591), Gracilibacillus halotolerans
(AF036922), Pontibacillus [Pontibacillus chungwhensis
(AY603362), Pontibacillus marinus (AY603977)], Lenti-
bacillus [Lentibacillus kapialis (AY667493), Lentibacillus
salarius (AB231905)], Oceanobacillus [Oceanobacillus
chironomi (DQ468656) Oceanobacillus profundus
(DQ386635)], Exiguobacterium [Exiguobacterium auran-
tiacum (X70316), Exiguobacterium sp. (X86064)], Paeni-
bacillus [Paenibacillus validus (M77489), Paenibacillus
azotofixans (D78318)], Geobacillus [Geobacillus thermo-
glucosidasius (AJ781265)], Ureibacillus [Ureibacillus
koreensis (DQ348072), Ureibacillus rudaensis
(DQ348071)], Ureaplasma [Ureaplasma canigenitalium
(D78648), Ureaplasma parvum (L08642)], Mycoplasma
[Mycoplasma capricolum (U26046), Mycoplasma mycoides
(U26044)]

b
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a complete understanding of decomposition

dynamics and soil respiration (and perhaps other

soil biogeochemical processes) in natural ecosys-

tems may require a more thorough understanding

of temporal shifts in microbial community com-

position. While results from a short-term labora-

tory experiment with limited sample numbers may

not accurately describe microbial dynamics in situ,

they do provide both justification and a frame-

work for further research investigating links

between soil microbial community structure and

function in the natural environment. Many forces,

including land use change (Bornemann and Trip-

lett 1997; Nüsslein and Tiedje 1999), variations in

nutrient fertility (Bardgett et al. 1999), and

climate variability (Monson et al. 2006), have

been shown to drive either short-term variations

or perhaps long-term or permanent changes in

microbial community composition. Understand-

ing how natural and disturbance-driven processes

affect microbial community dynamics, and how

these, in turn, interact with abiotic factors to

regulate soil biogeochemical processes, may be

important in generating more accurate predictions

of the response of terrestrial ecosystems to envi-

ronmental change.
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