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Abstract

To assess how heterotrophic microorganisms may alter their activities and thus their
CO2-C return to the atmosphere with elevated CO2 and changing N availability, we
examined soil organic matter (SOM) dynamics at the Duke Free Air Carbon Enrichment
(FACE) site, after N fertilizer was applied. We measured heterotrophic respiration during
early and late stages of SOM mineralization in soil incubations to capture activity on
relatively labile and refractory SOM pools. We also measured d13C of respired CO2-C and
phospholipid fatty acids (PLFAs) during early mineralization stages to track the micro-
bial groups involved in substrate use. We calculated DPLFA!CO2 , a measure of d13CPLFA

normalized by respired d13CO2, to assess microbial function with C substrates formed
with elevated CO2 and altered N availability, via the distinct d13C of the supplemental
CO2. We also quantified extracellular enzyme activity (EEA) during labile and recalci-
trant SOM mineralization. Early in the incubations, increased N availability reduced
heterotrophic CO2-C release. By the later stages of SOM mineralization, elevated CO2

soils with fertilization had respired 72% of the CO2-C respired by all other soils.
DPLFA!CO2 values suggest that fungi in elevated CO2 plots took up C substrates posses-
sing the d13C signature of recently formed SOM, and added N promoted the activity of
Gram-negative bacteria and reduced that of Gram-positive bacteria, particularly actino-
mycetes. Consistent with this, the enzyme responsible for the degradation of peptido-
glycan and chitin, compounds produced by Gram-positive bacteria and fungi,
respectively, experienced a decline in activity with N fertilization. If patterns observed
in this study with N additions are reversed with progressive N limitation at this site,
actinomycetes and other Gram-positive bacteria responsible for mineralizing relatively
recalcitrant substrates may experience increases in their activity. Such shifts in microbial
functioning may result in increased turnover of, and C release from, relatively decay-
resistant material.
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Introduction

Estimates of the soil organic carbon (C) pool range from
1456 (Schlesinger, 1977) to 2344 (Jobbagy & Jackson,
2000) Gt. This pool of organic C is of particular interest
because even small changes in flux rates into or out of
such a large pool could have a strong influence on

atmospheric CO2 concentrations and associated climate
change. In spite of recent advances in tracing C dy-
namics in terrestrial ecosystems (Tu & Dawson, 2005;
Robinson, 2007), large uncertainties remain in our abil-
ity to describe C flux rates into and out of pools of soil
organic matter (SOM). These uncertainties are com-
pounded when we attempt to predict soil organic
C dynamics with increasing concentrations of atmo-
spheric CO2. Of key concern is how the net impacts of
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rising levels of atmospheric CO2 on ecosystem metabo-
lism will influence the balance between net primary
productivity (NPP) and soil respiration. These two
processes are critical drivers of the CO2 source or sink
strength of terrestrial ecosystems (Chapin et al., 2006;
Lovett et al., 2006).
Investigators are particularly interested in how ag-

grading forests in North America will function with
elevated CO2. The North American continent is cur-
rently a net source of CO2 ("1264MtCyr!1), reflecting
fossil fuel emissions of 1856 # 464MtCyr!1 and a net
terrestrial C sink of 592 # 296MtCyr!1 (US Climate
Change Science Program, 2006). Forests represent the
largest sink term in the North American C budget, with
those regrowing after agricultural abandonment pro-
viding a sink of "269Mt over the last decade (Goodale
et al., 2002; US Climate Change Science Program, 2006).
We are uncertain how C release via heterotrophic
respiration (Rh) from soils supporting these forests will
be altered with elevated CO2. A better understanding of
these soil C transformations will require studies that
elucidate the possible fates of soil organic C upon
entering the soil profile. Possible fates include becoming
complexed with mineral soil or into soil aggregates,
with possible physical protection from microbial attack;
being incorporated into microbial biomass; being trans-
formed physically or biologically into other C-contain-
ing compounds of various degrees of recalcitrance; or
being respired and released as CO2 (Paul & Clark, 1996;
Schlesinger, 1997; Six et al., 2006). The continued con-
tribution of aggrading forests to the sink term in the
North American C budget depends, in part, on how
these complex and interacting processes function across
time.
Further complicating our attempts to predict future

forest C dynamics, nitrogen (N) availability can govern
the response of forest productivity to elevated CO2

(Oren et al., 2001), and this productivity in turn can
influence soil C processes, including Rh, via litterfall
production and/or rhizosphere activity (Andrews &
Schlesinger, 2001; Bernhardt et al., 2006; Pregitzer
et al., 2006). Although increases in N availability can
enhance forest response to elevated CO2 (Oren et al.,
2001), such increases have also been linked to reduc-
tions in soil respiration (Rs; Maier & Kress, 2000;
Butnor et al., 2003). It is unclear to what extent these
reductions in respiration are governed by changes in
autotrophic vs. heterotrophic activity, but incubation
data suggest that at least some of the observed declines
in soil respiration with added N may result from
declines in heterotrophic respiration (Ågren et al.,
2001; Teklay et al., 2007). Such alterations in microbial
function would suggest that N availability could
influence heterotrophic soil C transformations, which

in turn will dictate C release vs. retention within the
soil profile.
Studies from the longest running elevated CO2 ex-

periment in an intact forest ecosystem [the Duke Free
Air C Enrichment (FACE) site, NC, USA] indicate that
both NPP and soil respiration can increase with supple-
mental CO2 (DeLucia et al., 1999; Andrews & Schle-
singer, 2001; Hamilton et al., 2002), and that these
responses are in part governed by N availability (Oren
et al., 2001; Butnor et al., 2003). Increases in NPP with
elevated CO2 have been relatively sustained at the site
since 1999, while observed increases in soil respiration
with elevated CO2 have declined over the same time
period (Bernhardt et al., 2006). Some of the changes in
soil respiration likely emanate from alterations in het-
erotrophic activity within the soil profile, because some
heterotrophic microbial communities appear to have
shifted in activity with elevated CO2 (Billings & Ziegler,
2005; Finzi et al., 2006b). These changes in patterns of
soil microbial activity have potentially large implica-
tions for soil C storage and release.
In this study, we explore how the soil microbial

processes linked to soil C transformations and CO2-C
release may function in an elevated CO2 environment,
particularly with altered N availability, in this same
forest. We address two questions important for predict-
ing how soil microbial processes will contribute to
future C balances in forested ecosystems:

1. Does elevated CO2 alter the microbially mediated
processes that determine whether C is lost to the
atmosphere as Rh vs. retained within the soil?

2. Given the apparent importance of N in governing Rs

at this site (Butnor et al., 2003), to what extent are
changes in soil microbial processes governed by N
availability?

In an earlier study, we suggested that elevated CO2 may
promote altered activity of several groups of bacteria
(Billings & Ziegler, 2005). Here, we assess the response
of soil C mineralization to elevated CO2 during three
distinct phases of SOM transformations during soil
incubations, and examine the influence of field N addi-
tions on those responses. We recognize that ex situ soil
incubations generate conditions very different from
those found in an intact soil profile, but they are useful
for isolating heterotrophic activity as labile and recalci-
trant organic material are mineralized. During the
mineralization of labile SOM, we also quantified
d13CPLFA and d13C of respired CO2 to assess how soil
microbial groups responsible for transforming SOM
into other organic compounds vs. releasing C as CO2

may function in the future. Because d13C of respired
CO2 closely tracks the integrated d13C of the C sub-
strates mineralized by microorganisms (Tu & Dawson,
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2005), this approach permits us to assess the relative
contributions of microbial groups as specified by
d13CPLFA to the degradation of SOM with elevated
CO2 and N additions. By using recent N additions at
the site to assess the sensitivity of heterotrophic activity
to N availability, we can investigate how the opposite
trend of progressive N limitation (Luo et al., 2004; Finzi
et al., 2006a, b) may influence these processes.

Materials and methods

Site description

The Duke FACE experiment consists of eight, 30m
diameter plots in a loblolly pine (Pinus taeda L.) forest
planted in 1983 in Orange County, NC, USA (351580N,
791050W; Hendrey et al., 1999). Three of the plots have
been exposed to concentrations of atmospheric CO2

approximately 200 mLL!1 above ambient concentrations
since August, 1996, and one plot since June, 1994. The
site is well described in multiple studies (Andrews &
Schlesinger, 2001; Billings & Ziegler, 2005; Lichter et al.,
2005; Finzi et al., 2006a, b; Schlesinger et al., 2006).
Briefly, supplemental CO2 fumigates the treatment plots
via pipes that extend to the top of the canopy and define
the circular plots. Control plots are set up in a similar
manner but receive no supplemental CO2. Treatment
CO2 is depleted in 13C [d13C of !43.1 # 0.6% (SE)] such
that the well-mixed CO2 within the treatment plots has
an average d13C of !20%, compared to d13C in control
plots of !8%. As a result, foliage and fine roots pro-
duced in treatment plots exhibit d13C values of approxi-
mately !39.3% (Ellsworth, 1999; Matamala &
Schlesinger, 2000). Some biomass possessing this dis-
tinct isotopic signal has been transformed into SOM, as
reflected in increasingly depleted d13C signatures of
SOM fractions (Schlesinger & Lichter, 2001; Lichter
et al., 2005; S. Billings, unpublished data). In spring
2005, half of each of the eight plots (two of the four
quadrants) was fertilized with NH4NO3 (two applica-
tions, each of 5.6 g Nm!2 yr!1). This fertilization rate is
approximately one order of magnitude greater than
local atmospheric N deposition, and is approximately
10% of the gross rates of N mineralization reported for
the top 10 cm of the soil profile in Zak et al. (2003).

Soil collection and processing

We collected soil samples (mineral soil profile, 5 cm
diameter, 30 cm deep) from all four quadrants of all
eight plots in late October to early November 2005.
Root biomass is relatively high during these months
(McClaugherty et al., 1982; Waring & Schlesinger, 1985),
and 99% of this forest’s root biomass is contained within

our sampling depth (Matamala & Schlesinger, 2000). We
shipped the samples in coolers to the University of
Kansas for processing. Soils were sieved (2mm) and
all roots 41mm in diameter were removed. Care was
taken to return soil clinging to roots back to the soil
samples. Subsamples of each soil were finely ground for
analyses of total organic C and N, and d13C on a Carlo
Erba elemental analyzer (NA1500 CHN Combustion
Analyzer, Carlo Erba Strumentazione, Milan, Italy)
coupled to a Finnigan Delta1 mass spectrometer (Fin-
nigan MAT, Bremen, Germany) via a Finnigan Conflo II
Interface.
Soil samples were then subjected to two sets of

incubations. For one set of incubations (hereafter re-
ferred to as the long-term incubations), we weighed 60 g
of field moist soil into PVC cores (5 cm diameter, 7.5 cm
tall) sealed at the bottom with glass fiber filter paper.
Water was added to bring the soils to 60% water-filled
pore space (WFPS). The PVC cores were placed in
"1L incubation jars on a layer of marbles to ensure
that the cores did not rest in moisture at the bottom of
the jar. A few mL of water were added to the jar to keep
the atmosphere within the jar relatively humid. Jars
were then sealed with air-tight lids equipped with a
septum for gas sampling, and two 14mL gas samples
were immediately taken from each jar to establish
starting conditions in the incubation vessels. One sam-
ple was injected into a previously evacuated, air-tight
vial (Teledyne Tekmar, Akron, OH, USA) for analysis of
CO2 concentration. The other sample was injected into a
previously evacuated, air-tight Exetainer (Labco, Buck-
inghamshire, UK) for analysis of d13C of CO2. Subse-
quent gas samples were taken, and jars were aerated, on
days 0, 3, 6, 12, 18, and 25, and every 10 days thereafter
to day 365. CO2 concentration data were obtained for
every sampling date, and isotopic data were obtained
on days 0, 3, 6, and 18. CO2 concentration data were
obtained via gas chromatography (thermal conductivity
detector, Varian CP3800, Varian Inc., Walnut Creek, CA,
USA). We calculated rates of CO2 production using
concentration data, calculated dry weight of the soil
subsamples, and the headspace of each incubation
vessel. d13C of CO2 data were obtained via analysis on
a Finnigan Delta1 mass spectrometer (Finnigan MAT),
introduced via a Finnigan GasBench.
For the second set of incubations (hereafter referred

to as the short-term incubations), we weighed 30 g of
field moist soil into five replicates of "1 L incubation
jars and added water to 60% WFPS. We sealed the jars
with air-tight lids equipped with septa as described
earlier. We took two gas samples from each of these jars,
for CO2 concentration and d13CO2 as described earlier,
at 0, 8, 18, 36, and 60h. Immediately after gas sampling,
we destructively sampled one set of soils (time 18 h)
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and immediately froze them at !70 1C for PLFA extrac-
tion and analyses. We analyzed PLFAs at 18 h instead of
directly after field sampling, because we wanted to
examine d13CPLFA in conjunction with the d13C of micro-
bially respired CO2 (see calculations in the following
text). We theorized that 18 h was early enough in the
incubation to mitigate the inevitable effects of examin-
ing soil ex situ, while ensuring that enough C substrate
had been mineralized to reveal potential differences in
d13C of respired CO2 with variation in patterns of
substrate usage. Thus, the short-term incubation pro-
vided information about microbial community compo-
sition and biomass during microbial metabolism of
primarily labile substrate, as well as finer resolution
CO2 and d13C data than those obtained via the long-
term incubation. All incubations were conducted at
22 1C.

Extracellular enzyme assays (EEA)

We quantified potential EEA (Carreiro et al., 2000; Saiya-
Cork et al., 2002; Sinsabaugh et al., 2003; Finzi et al.,
2006b) in additional soil subsamples obtained at 18 h in
the short-term incubation, and upon completion of the
long-term incubation, to represent microbial processing
of labile and relatively recalcitrant SOM, respectively.
We assessed EEA using fluorescently labeled substrates
corresponding to the enzymes acid phosphatase, b-1,4-
glucosidase, cellobiohydrolase, b-1,4-N-acetylglucosa-
minidase (NAG), b-1,4-xylosidase, a-1,4-glucosidase,
and L-leucine aminopeptidase, and used colorimetric
techniques to assess the enzymes urease, phenol oxi-
dase, and peroxidase. We homogenized 1.0 g (fresh
weight) of each soil sample in 125mL of 50mM sodium
acetate buffer (pH 5.5) for 30 s with a hand blender.
Black, 96-well microtiter plates were used for all assays
to be subjected to fluorometric analysis; for the urease,
phenol oxidase, and peroxidase assays, we used clear
plates for spectrophotometric analysis. For each soil
sample, we used 16 replicate wells of 200 mL soil slurry
and 50 mL of substrate for the assay, eight wells of 200mL
soil slurry and 50mL of standard [10 mM 4-methylum-
belliferone (MUB) or 7-amino-4-methylcoumarin (MC)
for LAP] to calculate the quench coefficient, and eight
sample controls containing 200 mL soil slurry only. For
each plate containing three soil samples, we used eight
wells of 50mL substrate and 200 mL buffer as negative
controls and eight wells of 50 mL MUB or MC and
200 mL buffer to calculate the emission coefficient. For
spectrophotometric analyses, we used L-3,4-dihydroxy-
phenylalanine (DOPA) as a substrate, except for urease,
for which we used urea. Phenol oxidase assays were
conducted by adding 50 mL of 25mM DOPA to each
sample well; peroxidase assays received an additional

10 mL of 0.3% H2O2. Urease assays received 10 mL of
400mM urea. We incubated all plates at 20 1C for ap-
proximately 18 h. After incubation, urease assays re-
ceived 40mL of salicylate solution and, after waiting
3min, 40mL cynaurate solution. We waited for color to
develop before reading these plates ("20m). We raised
the MUB and MC emission coefficients to readable
levels in all plates via the addition of 10mL of 0.5M

NaOH to each well. We measured fluorescence with a
microtiter plate fluorometer (Molecular Devices, Sun-
nyvale, CA, USA) set to 365 nm excitation and emission
of 460 nm, and spectrophotometric activity with a spec-
trophotometer (Molecular Devices) measuring absor-
bance for urease at 610 nm and for phenol oxidase
and peroxidase at 460 nm. Results are expressed as
nmol g!1

soil h
!1.

Phospholipid fatty acid (PLFA) analyses and calculations

For PLFA analyses, frozen soil samples were trans-
ported to the University of Arkansas. Frozen samples
were lyophilized and extracted within 2 weeks of
collection using the modified Bligh–Dyer method (Pin-
kart et al., 1998; White & Ringelberg, 1998). Samples
were fractionated into neutral lipids, glycolipids, and
phospholipids using solid phase extraction with silicic
acid phase on a vacuum manifold system to facilitate
elution (Dobbs & Findlay, 1993; White & Ringelberg,
1998). PLFAs were transmethylated into their corre-
sponding fatty acid methyl esters (FAMEs) using the
methods described by Findlay (2007). The resulting
FAMEs were purified using reverse-phase solid phase
extraction according to Findlay & Dobbs (1993). FAMEs
were quantified using a gas chromatograph with a
flame ionization detector (GC-FID; Agilent 6890, Santa
Clara, CA, USA) and equipped with a 70% cyanopropyl
polysilphenylene-siloxane capillary column (SGE BPX-
70; 50m length, 0.22mm i.d., and 0.25 mm film thick-
ness). Helium was used as a carrier at 1mLmin!1, and
all samples were injected onto a split : split-less injector
in split-less mode at 240 1C. Samples were also analyzed
by GCMS to identify each FAME using the same GC
described but interfaced with a mass selective detector
(Agilent 5973inert). Identification was based on retention
time and mass spectra of known standards, including
individual FAMEs (Sigma Aldrich Chemical Company,
St Louis, MO, USA) and mixtures (Bacterial FAMEs and
37 component FAME standards, Supelco Co., Rockford,
IL, USA) in addition to direct comparison of mass
spectra to a NIST database. PLFA recovery was 60–
75% (n5 8) as determined from phospholipid recovery
standards (phosphatidylcholine deheptadecanoyl and
phosphatidylcholine nonadecanoyl; Avanti Lipids,
Alabaster, AL, USA). Microbial biomass was estimated
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from total PLFA concentration (mg PLFAg soil!1) ac-
cording to Zelles et al. (1992).
d13C of PLFAs was determined by GC combustion

isotope ratio mass spectrometry (GC-C-IRMS). Isotopic
composition of each individual FAME was determined
using an Agilent 6890 GC coupled to a stable isotope
ratio mass spectrometer (Thermo Finnigan Delta1 , Bre-
men, Germany) via a combustion interface (Thermo
Finnigan GC/CIII). Use of the transmethylation proce-
dure described earlier (Findlay, 2007) does not methy-
late free fatty acids, precluding the use of free fatty acid
isotopic standards. A standard mixture of four phos-
pholipids (1,2-dimyristoyl-sn-glycero-3-phosphocholine,
1,2-diheptadecanoyl-sn-glycero-3-phosphocholine, 1,2-
dinonadecanoyl-sn-glycero-3-phosphocholine, and 1,2-
diheneicosanoyl-sn-glycero-3-phosphocholine; Avanti Li-
pids), each with fatty acid moieties that were predeter-
mined for d13C, was saponified and methylated to
determine the change in d13C of the PLFAs following
methylation. We used this standard mixture to correct
each fatty acid for the addition of the methyl C by mass
balance from the known fatty acid d13C of each of the
phospholipid standards, and the measured methylated
value (Silfer et al., 1991; Abrajano et al., 1994). d13C
values were measured relative to high purity, reference
gas standards expressed relative to international
standard PDB (Pee Dee Belemnite).
Because elevated CO2 plots at this site receive dis-

tinctly labeled, 13C-deplete CO2 and the control plots do
not, the d13C of available C substrates in the soil profile
varies with CO2 treatment. As a result, assessing
d13CPLFA in isolation does not yield informative data
describing the potential influences of CO2 or N addi-
tions on microbial activity. We thus calculated
DPLFA!CO2 , the difference between d13CPLFA and the
d13C value of the CO2 respired during the incubation.
A DPLFA!CO2 value less than zero for an individual PLFA
suggests that the C used by that microbial grouping to
generate its membrane was depleted in 13C relative to
the ‘average’ C respired by all heterotrophs in that
incubated soil sample. It is important to note that it is
extremely challenging, if not impossible, to know the
d13C of each individual C substrate used by the micro-
bial groupings assessed. By calculating DPLFA!CO2 , how-
ever, we can normalize d13CPLFA values by the
integrated d13C of all the C mineralized during the soil
incubations. We thereby incorporate a metric close in
value to the d13C of SOM used by the aggregate soil
microbial community into our calculations.
Because the ambient plots are not exposed to a

distinct 13CO2 label, any test for elevated CO2 effects
on DPLFA!CO2 requires the assumption that the shift in
d13C values between individual C substrates is the same
in elevated CO2 and ambient plots. This may be valid

for relatively labile substrates, which were likely
formed recently with ‘new’ C (i.e. C exhibiting the 13C
signature of the supplemental CO2). After 18 h of in-
cubation conditions, mineralization of labile substrates
likely represents the majority of microbial activity.
However, we must consider that not all C substrates
being metabolized by elevated CO2 microbial commu-
nities at the time point sampled for our PLFA data were
equally labeled with the distinct d13C-CO2 signature.
This is feasible given that some PLFAs assayed likely
represent in situ microbial processing before our soil
collections, and thus reflect microbial uptake of some C
substrates that are relatively slow to form. In contrast,
testing for differences between N levels requires no
such assumption, because the d13C of photosynthates
is the same between the two N levels within each CO2

treatment.

Statistical analyses

We employed analyses of variance (ANOVA, PROC GLM,

SAS, Cary, NC, USA) to assess effects of CO2 and N
treatments, and their interaction, on cumulative
respired CO2-C data from the incubations. For the
long-term incubation, we performed two ANOVAS,
dividing the data into early (days 3 through 35) and
later (days 45 through 365) sections, because of the
distinct patterns of CO2-C accumulation during these
time periods (see ‘Results’). Because of the repeated
nature of these sampling events, we also assessed CO2-
C production using repeated-measures ANOVA on non-
cumulative respiration rates during the incubations.
Differences in statistics from these tests were minimal.
We performed analogous ANOVA to assess the effects of
CO2 and N treatments and their interaction on d13C of
respired CO2 during the incubations, and additional
ANOVA to analyze DPLFA!CO2 , microbial biomass esti-
mates derived from PLFAs, and EEA for each enzyme
assayed. Data were transformed when necessary (nat-
ural log or negative reciprocal) to achieve normal
distributions. Because of the necessarily low number
of replicates for this study (n5 4 for most assays) and
the conservative nature of the repeated measures ANOVA

model used (Littell et al., 1996), we report all P values
equal to or below a5 0.10.

Results

CO2-C release during soil incubations

The CO2-C data from the long-term incubations (Fig. 1a)
did not fit an exponential decay model, which can be
useful for estimating labile C pool sizes and turnover
rates of labile and recalcitrant C pools (Bridgham et al.,
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1998; Billings et al., 2006). The rates of respiration used
to calculate cumulative CO2-C produced slowed be-
tween days 3 and 35, then increased sharply and slowly
declined throughout the remainder of the incubation
(data not shown). Thus, we separated the cumulative
CO2-C respired data from the long-term incubations
into two data sets because of the inflection point in the
cumulative curves between days 35 and 45 of the
incubations. ANOVA revealed that soils with N additions
had respired approximately 79% of the respiration
produced by soil with no N additions by day 35,
regardless of CO2 treatment (Fig. 1a; P5 0.04). From
day 45 through day 365 of the incubation, soils from

elevated CO2 plots with N additions respired signifi-
cantly less than all other treatments (Po0.002 for all
dates), such that by the end of the incubation they had
respired approximately 72% of the mean of all other
treatments. In the short-term incubations, ANOVA

revealed that fertilized soils respired 74% of the C
respired by unfertilized soils, with no CO2 treatment
interaction (Fig. 1b; P5 0.026).
In both the short- and long-term incubations, values

of d13C of the respired CO2 reflected the 13C-deplete
organic matter in the elevated CO2 plots (Fig. 2). In both
incubations, d13C of respired CO2 in ambient CO2 plots
was more enriched relative to d13CSOM than in elevated
CO2 plots, where d13C of respired CO2 more closely
matched d13CSOM values (Po0.0001). In the long-term
incubations, d13CO2 was an average of 0.9% higher with
N additions than in unfertilized soils across 18 days of
sampling (P5 0.023; Fig. 2a), with no interaction with

Fig. 1 Cumulative respired CO2-C during long-term (a) and

short-term (b) incubations of soil (0–30 cm) from the Duke FACE

facility with elevated CO2 and N treatments. Each point is the

mean of four replicates, except for elevated CO2, unfertilized

soils in the long-term incubation, for which there were three

replicates due to sampling error. Inset graph expands the first 45

days of the incubation. Error bars are one standard error of the

mean.

Fig. 2 d13C of soil respired CO2-C across 18 days of the long-

term incubations (a) and the 60h, short-term incubation (b).

Horizontal lines represent the mean d13C of SOM in elevated

CO2 and ambient plots. Each point is the mean of four replicates,

except for elevated CO2 soils in the long-term incubation, for

which there were three replicates. Error bars are one standard

error of the mean.

1030 S . A . B I L L I NG S & S . E . Z I E G L E R

r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 1025–1036



CO2 treatment. The same effect was evident in the
short-term incubations, with d13CO2 significantly high-
er with N additions by a mean of 1.0% (P5 0.001; Fig.
2b), with no interaction with CO2 treatment.

PLFA data

Microbial biomass expressed as total PLFAs was greater
with N additions, regardless of CO2 treatment
(P5 0.038). There was no effect of elevated CO2 on
the relative abundance of fungal vs. bacterial PLFAs.
Nitrogen additions, however, resulted in reduced
abundance of fungal relative to bacterial PLFAs, sug-
gesting that nonfertilized soils had 2.8 times the
fungal biomass of the fertilized soils based upon rela-
tive abundance of fungal and bacterial PLFAs
(Po0.0001). No other significant differences in the
abundance of individual PLFAs were detected in these
incubations.
d13CPLFA values from elevated CO2 plots were an

average of 4.5% depleted in 13C relative to those from
ambient plots, reflecting microbial uptake of the 13C-
deplete organic inputs to the soil profile with elevated
CO2. For both fertilized and nonfertilized soils, d13CPLFA

ranged from !38.3 to !23.1% with elevated CO2 and
from !31.4 to !19.1% in ambient plots (Fig. 3a). The
DPLFA!CO2 values for 10me18:0, the biomarker for acti-
nomycetes, exhibited a significant interaction between
CO2 treatment and N additions (P5 0.01) such that all
four treatment combinations had values of DPLFA!CO2

statistically distinct from each other, withDPLFA!CO2

from elevated CO2, fertilized soils being the most 13C-
enriched and DPLFA!CO2 from elevated CO2, nonferti-
lized soils being the most 13C-deplete (Fig. 3b). No other
DPLFA!CO2 value exhibited a significant interaction be-
tween CO2 and N treatments. The PLFA i17:0 and a17:0,
representing other groups of Gram-positive bacteria,
also exhibited an increase in DPLFA!CO2 with elevated
CO2 (P5 0.06 and 0.05, respectively). Multiple Gram-
negative bacterial PLFAs exhibited an average decrease
in DPLFA!CO2 of 2.2% with fertilization, including cy19:0
(P5 0.026), one of two 16:1 (P5 0.008), and 18:1o7
(P5 0.009). We observed a significant effect of CO2

treatment in DPLFA!CO2 for 18:2o6, a biomarker for
fungi, which experienced a decline of approximately
3.1% with elevated CO2 (Po0.001).

Extracellular enzyme data

Differences in EEAwere evident only during the short-
term incubation, and were not observed at the end of
the long-term incubation, after 1 year of no substrate
renewal. At 18 h during the short-term incubations,
potential urease activity with N additions was 8.4 times

that in soils with no added N (P5 0.04), and NAG
activity with N additions was 76% of nonfertilized soils
(P5 0.08; Fig. 4).

Fig. 3 The mean d13C of PLFA extracted from soils [symbols in

(a)] and average d13C of soil respired CO2 [horizontal lines in

(a)], and DPLFA!CO2 values for each PLFA (b) at 18 h in the short-

term incubation. Symbol legend in part (b) also applies to part

(a). 16:1a and 16:1b refer to separate 16:1 PLFA, each possessing

an unsaturation point with an unidentified location. We were

unable to resolve peaks for a17:0 in unfertilized soils. Refer to

text for details on DPLFA!CO2 calculations. In part (b), * indicates a

significant difference with CO2 treatment (i17:0 and a17:0 for

Gram-positive bacteria, 18:2o6 for fungi), w indicates a signifi-

cant difference with N additions (cy19:0, 16:1b, and 18:1o7 for

Gram-negative bacteria), and z indicates a significant CO2$N

interaction (10me18:0 for Gram-positive actinomycetes). For

10me18:0, all values are statistically different from each other.

Error bars are one standard error of the mean. For 59 of the 62

points presented, n5 4; n5 3 for the remaining three points.

S O I L M I C ROB I A L C P ROC E S S I NG W I TH E L EVAT ED CO 2 AND N 1031

r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 1025–1036



Discussion

Influences of N availability on forest soil C cycling

The response of C uptake to elevated CO2 in this forest
is limited by N availability (Oren et al., 2001; Schlesinger
et al., 2006). How will N availability influence the return
of C to the atmosphere from the soil in an elevated CO2

environment? To address this question, we must assess
how heterotrophic functioning in the soil profile
changes with N availability and elevated CO2. Ex situ
incubations, which isolate heterotrophic activity, re-
vealed a negative effect of N additions on respiration
from these soils during the short-term and early phase
of the long-term incubation, and with elevated CO2

later in the long-term incubation. These data, in con-
junction with the difference between d13C of individual
PLFAs and respired CO2 (DPLFA!CO2) and EEA, indicate
that soil microbial function changed with elevated CO2

and altered N availability. These changes in microbial
function could have significant influence over below-
ground C balance in this forest.
Butnor et al. (2003) report a positive effect of elevated

CO2 and a negative effect of N additions, but no
CO2$N interaction, in their study exploring in situ soil
respiration with N additions in one elevated CO2 plot
and one ambient plot at the Duke FACE site. We report
a difference of 0.55 g Cm!2 day!1 (Rh) between elevated
CO2, fertilized soils and the three other treatments;
Butnor et al. (2003) invoke a reduction in belowground

C allocation to explain a decline in CO2-C release (Rs)
with N additions of 0.85 gCm!2 day!1. Because we
isolated heterotrophic respiration via ex situ incuba-
tions, our data should have exhibited similar CO2-C
release curves across all treatments if autotrophic re-
spiration was the only driver of reductions in soil
respiration with N additions. Instead, the CO2-C release
patterns observed suggest that elevated CO2 combined
with N additions reduced available C supplies for
mineralization and/or altered microbial functioning.
There are two possible mechanisms by which fertili-

zation could have induced a decline in the pools of soil
C mineralized in our study. Tree C allocation below-
ground could have been altered by N additions, as
suggested at this site by Butnor et al. (2003) and in other
studies (Haynes & Gower, 1995; Albaugh et al., 1998;
Lu et al., 1998). Alternatively, stimulated microbial
activity in the field during the 6 months of increased
N availability prior to our soil collections could have
reduced the pool size of readily mineralizable C in soils
collected from elevated CO2 plots in fall. Both mechan-
isms are consistent with the significantly lower respira-
tion with N additions, regardless of CO2 treatment,
during the short-term and the early phase of the long-
term incubation. However, neither mechanism explains
the lack of a continued decline in respiration with
N additions in soils from ambient plots late in the
long-term incubation, suggesting that microbial func-
tioning was altered by elevated CO2 in some way that
was evident only with N additions. Consistent with
this, Finzi et al. (2006b) suggest that microbial function-
ing in these soils is becoming increasingly more
N limited with elevated CO2. Such changes in function
may include (1) shifts in the C substrate pools that
microorganisms can access, (2) altered activity levels
of specific microbial groups, and (3) changes in micro-
bial growth efficiency (Ågren et al., 2001; Frey et al.,
2001; Thiet et al., 2006; Teklay et al., 2007), the proportion
of substrate used to generate biomass vs. released as
CO2-C via Rh.

Soil microbial functioning with altered N and CO2

The d13C values of the respired CO2 in this study
indicate potential shifts in the pools of substrates soil
microbes access with N additions and elevated CO2. We
observed an increase in d13C of respired CO2 with N
additions. Although N additions did not result in sig-
nificant increases in inorganic N availability at the start
of our incubations (data not shown), the increase in
potential urease activity with added N suggests that
there were greater quantities of organic N accessed by
microbes with N additions. This source of N may have
supported the use of relatively N-poor substrates; such

Fig. 4 Average activity of urease and b-1,4-N-acetylglucosami-

nidase (NAG), the two extracellular enzymes for which we

observed statistically significant treatment effects, in soils from

the Duke FACE facility (0–30 cmmineral soil) at 18 h in the short-

term incubation with elevated CO2 and N treatments. Error bars

are one standard error of the mean.

1032 S . A . B I L L I NG S & S . E . Z I E G L E R

r 2008 The Authors
Journal compilation r 2008 Blackwell Publishing Ltd, Global Change Biology, 14, 1025–1036



components may include carbohydrate-rich com-
pounds such as cellulose, which can be 4% enriched
relative to bulk plant biomass (Benner et al., 1987;
Loader et al., 2003). In contrast with N additions, we
observed a decline in d13C of respired CO2 relative of
d13CSOM in elevated CO2 soils. These data suggest that
with elevated CO2, progressive N limitation (Luo et al.,
2004; Finzi et al., 2006a, b) may induce the use of more
13C-deplete substrates; such substrates could include
lignin (Benner et al., 1987) and humic acids (Balesdent &
Mariotti, 1996), both relatively recalcitrant materials.
To further examine how substrate usage and micro-

bial functioning have shifted with elevated CO2 and N
additions, we employed PLFAs and their isotopic com-
position. For example, the relatively low values of
DPLFA!CO2 for the fungal biomarker 18:2o6 with ele-
vated CO2 are consistent with greater use of recently
formed SOM by fungi with elevated CO2. The lack of
adequate controls with equivalently 13C-labeled photo-
synthates entering the soil profile precludes this as
conclusive evidence for increased fungal activity under
elevated CO2 in these soils. However, the data do
indicate that fungi in elevated CO2 plots were actively
incorporating the 13C label into their biomass, and that
the relative extent of the 13C depletion under elevated
CO2 represents a shift from ambient plots. In contrast,
Billings & Ziegler (2005) reported no difference with
elevated CO2 in the degree to which fungi incorporated
the 13C label of recently formed organic matter. This
previous study, however, examined soils collected dur-
ing the spring, when bacterial functioning can dominate
in soil profiles relative to fall (Lipson et al., 2002; Schadt
et al., 2003). Increased fungal activity with elevated CO2,
as implied by the data presented here, is consistent with
a widening ecosystem C :N ratio (Finzi et al., 2006a),
given the ability of fungi to mineralize relatively poor
quality organic material (Killham, 1994; Paul & Clark,
1996).
We also observed a strong influence of fertilization on

bacterial DPLFA!CO2 . Values of DPLFA!CO2 suggest that
increased N resources can positively influence Gram-
negative bacterial groups at the expense of some Gram-
positive bacteria. For example, DPLFA!CO2 values of two
abundant Gram-negative bacterial biomarkers (cy19:0
and 18:1o7) suggest an increased role for Gram-nega-
tive bacteria with added N in transforming recently
formed, 13C-depleted SOM. In contrast, the relatively
high DPLFA!CO2 values for the actinomycetes biomarker
with elevated CO2 and N additions indicate that these
organisms took up very little recently formed SOM.
Fertilization may have induced these organisms to use
older, recalcitrant material that has not yet acquired the
d13C signature of recently photosynthesized organic
matter; actinomycetes are well-adapted for metaboliz-

ing such material (McCarthy & Williams, 1992). How-
ever, the relatively low C :N ratios exhibited by most
older SOM (Tiessen & Stewart, 1983; Billings, 2006)
suggests that fertilization may not necessarily promote
increased access to these pools. Alternatively, actinomy-
cetes may have reduced their activity levels in elevated
CO2, fertilized soils, and relied on storage compounds
for cell wall maintenance. Relative to most extracellular
C substrates in the soil profile, C in actinomycetes
storage compounds such as glycogen (Schneider et al.,
2000; Hoskisson et al., 2004) can be 13C enriched (Benner
et al., 1987; Teece & Fogel, 2007). Consistent with this,
respiration from elevated CO2, fertilized soils declined
late in the long-term incubation. This suggests that
some groups of microorganisms well adapted to acces-
sing relatively recalcitrant C substrates, such as actino-
mycetes, experienced a decline in metabolism.

Links between microbial functioning and SOM cycling

The N-governed competition between microbial group-
ings suggested by these data has large implications for
soil C transformations in this forest. With increasing N
limitations at this site (Luo et al., 2004; Finzi et al.,
2006a, b), Gram-positive bacteria may increase their
rates of SOM transformations relative to Gram-negative
bacteria. Such a shift could influence soil organic C
balances via changes in substrate usage patterns. For
example, actinomycetes tend to access relatively stable
soil C pools (McCarthy & Williams, 1992). A sustained
increase in activity of this group of Gram-positive
bacteria with elevated CO2 (Billings & Ziegler, 2005)
in an increasingly N-limited environment could result
in increased turnover rates of soil C pools typically
considered relatively decay-resistant. Additionally, the
dependence of relative abundances of bacteria vs. fungi
on N availability, and the implied increased activity of
some fungal groups with elevated CO2, suggest that
progressive N limitation with elevated CO2 may result
in an increase in the dominance of fungal activity in
these soils. This, in turn, would likely result in increased
turnover rates of relatively recalcitrant soil C.
Increased turnover of relatively recalcitrant SOMmay

be partially mitigated by the formation of such material
by fungi and Gram-positive bacteria. Gram-positive
bacteria possess a greater proportion of peptidoglycan
than Gram-negative bacteria, and fungal cell walls are
composed primarily of chitin; both compounds contain
significant quantities of N-acetylglucosamine, and are
precursors to relatively decay-resistant SOM (Sollins
et al., 1996; Simpson et al., 2007). We observed reduced
potential NAG activity in soils with N additions, im-
plying that increased N availability may have reduced
pool sizes of chitin and peptidoglycan in these soils.
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Accordingly, further N limitations induced by elevated
CO2 (Luo et al., 2004; Finzi et al., 2006a, b) may result in
increased availability of the relatively recalcitrant com-
pounds that comprise cell walls of Gram-positive bac-
teria and fungi. However, the influence of increased
formation rates of chitin and peptidoglycan on stable C
pool sizes would be small relative to increased turnover
rates of SOC given the small amount of microbial
biomass C (1–2% of total soil C; Killham, 1994) relative
to fluxes of soil C in these soil (Lichter et al., 2005).

The influence of microbial growth efficiency on soil
C balance

Because the efficiency with which microorganisms use
C substrates varies greatly (del Giorgio & Cole, 1998;
Frey et al., 2001; Thiet et al., 2006), we would expect
shifting levels of activity among microbial groupings to
result in altered microbial growth efficiency as well.
Consistent with this idea, we observed a decline in
heterotrophic respiration with N additions during both
soil incubations with no detectable change in microbial
biomass. These reductions in CO2-C release with N
additions suggest an increase in the efficiency with
which microorganisms can incorporate C into their
biomass vs. releasing it as CO2-C. Nutrient availability
has influenced C return to the atmosphere in multiple
ecosystems by altering heterotrophic metabolism (del
Giorgio & Cole, 1998). If progressive N limitation is
realized in this system (Finzi et al., 2006a), N limitations
may indirectly influence the C balance of this forest by
promoting decreased microbial growth efficiencies and
relatively greater releases of CO2-C from the soil profile.

Conclusions

Although above- vs. belowground C allocation of auto-
trophs may induce part of the decline in soil respiration
observed with N additions at this site (Butnor et al.,
2003), data from the ex situ soil incubations described in
this study indicate that altered soil heterotrophic struc-
ture and functioning can also result from N additions.
Microbial structure can change via decreased fungal
abundance with N additions, implying that with in-
creasing N limitations in this forest, fungal abundance
may increase. Because the Duke FACE site lacks control
plots exposed to a 13C tracer similar to that applied in
the elevated CO2 plots, we cannot state conclusively
that soil fungi in this forest are more active with
elevated CO2. However, fungal biomarker DPLFA!CO2

values are consistent with this process, as was sug-
gested for actinomycetes in a previous study at this site
(Billings & Ziegler, 2005). More conclusively, DPLFA!CO2

data suggest a competitive interplay between Gram-

positive and Gram-negative bacteria in elevated CO2

soils governed by N availability, with N-limited soils
exhibiting greater relative activity levels of Gram-posi-
tive bacteria compared to soils receiving N additions.
Given the important role of Gram-positive actinomy-
cetes and fungi in metabolizing material such as lignin,
chitin, and humic acids, we would predict that increas-
ing N limitations in this forest (Luo et al., 2004; Finzi
et al., 2006a, b) will result in greater turnover rates of
relatively stable soil C pools. This increased ‘microbial
mining’ of decay-resistant pools would likely result in
relative increases in CO2-C release from the soil profile,
contributing to greater C losses from this forest.
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