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Abstract. The aim of this study was to identify the micro-
bial communities that are actively involved in the assimila-
tion of rhizosphere-C and are most sensitive in their activ-
ity to elevated atmospheric CO2 in a temperate semi-natural
low-input grassland ecosystem. For this, we analyzed13C
signatures in microbial biomarker phospholipid fatty acids
(PLFA) from an in-situ13CO2 pulse-labeling experiment
in the Giessen Free Air Carbon dioxide Enrichment grass-
lands (GiFACE, Germany) exposed to ambient and elevated
(i.e. 50% above ambient) CO2 concentrations. Short-term
13C PLFA measurements at 3 h and 10 h after the pulse-
labeling revealed very little to no13C enrichment after 3 h
in biomarker PLFAs and a much greater incorporation of
new plant-C into fungal compared to bacterial PLFAs af-
ter 10 h. After a period of 11 months following the pulse-
labeling experiment, the13C enrichment of fungal PLFAs
was still largely present but had decreased, while bacterial
PLFAs were much more enriched in13C compared to a few
hours after the pulse-labeling. These results imply that new
rhizodeposit-C is rapidly processed by fungal communities
and only much later by the bacterial communities, which
we attributed to either a fungal-mediated translocation of
rhizosphere-C from the fungal to bacterial biomass or a pref-
erential bacterial use of dead root or fungal necromass ma-
terials as C source over the direct utilization of fresh root-
exudate C in these N-limited grassland ecosystems. Elevated
CO2 caused an increase in the proportional13C enrichment
(relative to the universal biomarker 16:0) of the arbuscular
mycorrhizal fungal biomarker PLFA 16:1ω5 and one gram-
positive bacterial biomarker PLFA i16:0, but a decrease in
the proportional13C enrichment of 18:1ω9c, a commonly
used though questionable fungal biomarker PLFA. This sug-
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gests enhanced fungal rhizodeposit-C assimilation only by
arbuscular mycorrhizal fungal species under elevated CO2.

1 Introduction

In the last 150 years, the atmospheric CO2 concentration
has increased by approximately 33% due to human activ-
ity, and is predicted to continue to rise by 0.4% per year
(Alley et al., 2007). A continued rise in CO2 may stimu-
late plant biomass production as well as root growth when
sufficient mineral nutrients are available (Curtis and Wang,
1998; Ghannoum et al., 2000). This could result in greater
carbon inputs into the soil due to higher rates of plant litter-
fall, root turnover and rhizodeposition (Rogers et al., 1994;
Cotrufo and Gorissen, 1997; Sadowsky and Schortemeyer,
1997; DeLucia et al., 1999) as well as alterations in the
chemical composition of plant tissues (e.g. higher C/N ra-
tio) and root exudates (Cotrufo et al., 1994; Jongen et al.,
1995; Schortemeyer et al., 1996). Soil microorganisms are
the key processors of soil organic matter and heavily rely
on organic C supply for their growth. Any change in the
amount and/or composition of plant material input into the
soil in response to elevated CO2 is therefore likely to af-
fect soil microbial growth and metabolism of plant-derived
substrates, and consequently C and N cycling in soils (Zak
et al., 1993). In N limited systems, an enhanced C input
under increased CO2 could also alter microbial community
composition in favor of fungi. Fungi are capable of colo-
nizing nutrient-poor and recalcitrant substrates due to their
greater and more variable C:N ratio, their wide-ranging en-
zymatic capabilities and their ability to translocate essential
nutrients through their hyphae over considerable distances
(Frankland et al., 1990; Hu et al., 2001). Alterations in
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soil microbial community composition could have significant
consequences for C and N transformations. For instance, it
has been postulated that bacteria-dominated food webs lead
to greater short-term mineralization rates of organic C and N
(Wardle et al., 2004), while fungal stimulation, in particular
of arbuscular mycorrhizal fungi, may enhance C sequestra-
tion (Treseder and Allen, 2000; Bailey et al., 2002) and N
immobilization through hyphal translocation (Beare, 1997;
Frey et al., 2000).

Microbial community composition is frequently assessed
through in-situ analyses of phospholipid fatty acids (PLFA),
a diverse group of essential cell membrane lipids, several
of which can be used as biomarkers for specific microbial
groups (Vestal and White, 1989; Zelles, 1997). Phospho-
lipids rapidly degrade following cell death and thus can be
assumed to reflect the occurrence of living organisms. So far,
contrasting results have been reported on the impacts of el-
evated CO2 on the composition of the microbial community
based on PLFA profiles, ranging from increased proportions
of fungal (e.g. Klironomos et al., 1996; Rillig et al., 1999;
Zak et al. 2000; Rønn et al. 2002; Carney et al., 2007) or
bacterial biomarker PLFAs (Montealegre et al., 2002; Son-
nemann and Wolters, 2005; Drissner et al., 2007) to no ef-
fects at all on microbial community structure (Zak et al.,
1996; Niklaus et al., 2003; Ebersberger et al., 2004). Possi-
ble causes for these discrepancies include the variety in anal-
ysis methods and the type of CO2 fumigation systems used
in different studies, as well as the presence of different plant
species, diverse soil conditions, and variation in microbial
communities colonizing the rhizosphere in different ecosys-
tems. Moreover, most of these studies have assessed the ef-
fects of elevated CO2 on the composition of the total mi-
crobial community, including both metabolically-active and
inactive soil microbial communities. Specific information on
the responses to elevated CO2 of only those microbial com-
munity structures that are actively involved in organic matter
transformations is crucial in order to better predict how key
biogeochemical processes will function in an environment
with increasing CO2 concentrations.

The combination of13C stable isotope and PLFA analy-
sis through gas chromatography – combustion – isotope ra-
tio mass spectrometry (GC-C-IRMS) has made it possible
to trace the flow of C from a13C-labeled substrate into the
PLFA fraction of native microbial communities (Boschker
et al., 1998), and to identify the microbial communities ac-
tively assimilating the labeled substrate-derived C. Stable
isotope probing (SIP) of PLFA has been successfully at-
tained through laboratory incubations with13C enriched sub-
strate additions (e.g. Waldrop and Firestone, 2004; McMa-
hon et al., 2005; Williams et al., 2006) as well as in-situ
through13C-CO2 pulse-labeling of growing plants (Butler et
al., 2003; Treonis et al., 2004; Prosser et al., 2006; Lu et al.,
2007). By using in-situ PLFA-based SIP analyses, several
studies have demonstrated a dominant contribution of fungi
in the immediate assimilation of rhizosphere-derived C (But-

ler et al., 2003; Treonis et al., 2004; Olsson and Johnson,
2005).

Phillips et al. (2002) was the first to introduce the PLFA-
based SIP technique in elevated CO2 research through a lab-
oratory incubation with13C enriched substrates added to
FACE soils. In their study, elevated CO2 increased fungal
metabolism of13C-labeled plant-derived cellobiose. Billings
and Ziegler (2005) were the first to trace in-situ the13C
depleted signature of supplemental CO2 into PLFAs in the
Duke-FACE experimental forest sites, excluding any poten-
tially confounding effects of13C additions in the laboratory
(cf. Phillips et al., 2002). Although the results from their
study indicated clear differences in13C-depleted tracer incor-
poration among the different microbial groups in the elevated
CO2 soils, the effect of elevated CO2 on the metabolically-
active microbial communities could not be assessed, as the
control plots (the case in all FACE experiments) did not re-
ceive an equivalent13C depleted tracer. A more conclusive
test of CO2 effects on substrate utilization by specific micro-
bial groups would require the use of an identical13C tracer
incorporated in both elevated CO2 and control plots.

In this study, we combined microbial community PLFA
analyses with an in-situ13C-CO2 pulse-labeling approach
in grassland sites from the long-term Giessen FACE experi-
ment in order to (1) identify the microbial groups that are ac-
tively metabolizing recently produced rhizosphere-substrate
in grassland ecosystems in a CO2 enriched environment, and
(2) elucidate which communities are most sensitive in their
activity to elevated CO2. To our knowledge, this is the first
study assessing in-situ the effect of elevated CO2 on active
microbiota in grassland ecosystems through PLFA-SIP in
long-term FACE experiments. The main hypothesis was that
elevated CO2 would have a larger impact on the activity of
fungi, in particular mycorrhizal fungi, compared to bacterial
communities due to the dominant role of fungi in rhizosphere
carbon assimilation.

2 Material and methods

3 Research site description and13C-CO2 pulse-labeling

The effect of elevated CO2 concentration on active soil mi-
crobial communities was studied in permanent grassland
soils from the University of Giessen long-term Free Air Car-
bon dioxide Enrichment experiment (GiFACE), which is lo-
cated at the “Environmental Monitoring and Climate Im-
pact Research Station Linden” near Giessen (Germany) at
50◦32′ N and 8◦41′ E and at an elevation of 172 m a.s.l. The
GiFACE experiment was established in 1998 to study the re-
sponses of a semi-natural wet grassland ecosystem to ele-
vated CO2. The extensively managed grassland (fertilization
was 40 kg N ha−1 yr−1 since 1995) has not been ploughed for
at least 100 years, but is mown twice a year since 1993. The
mean annual precipitation and air temperature are 586 mm
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and 9.3◦C, respectively. The soil is a Fluvic Gleysol with a
texture of sandy clay loam over a clay layer (FAO classifica-
tion). The vegetation was dominated by anArrhenatheretum
elatioris (Br.-Bl.) Filipendula ulmaria sub-community veg-
etation. A detailed description of the experimental site and
the GiFACE system is provided by Jäger et al. (2003).

In September 2005, a13C-CO2 pulse-labeling was con-
ducted on plot E4 and plot K4 of the GiFACE experiment.
Ours is the first study to apply in-situ pulse-labeling in a
FACE experiment. Plot K4 is naturally exposed to “ambi-
ent” CO2 concentrations and E4 is experimentally exposed to
“elevated” CO2 concentrations at 50% above ambient levels.
Since the start of the GiFACE experiment, the “elevated” E4
plot has been exposed to CO2 with a more depletedδ13C sig-
nature (i.e.−25‰ between 1998 and June 2004, and−48‰
after June 2004) compared to the CO2 to which the “ambi-
ent” K4 plot was exposed (−8‰). The two pulse-labeling
events were performed on two consecutive days under simi-
lar weather conditions, each for a period of 6 h. The pulse-
labeling consisted of an automated supply of13CO2 through
acidifying 13C-labeled Na2CO3 (99 atom%) to photosynthe-
sizing grasses inside a plexiglass chamber (0.4×0.4×0.5 m)
placed on top of a stainless-steel frame. This frame was in-
serted into the plots a few weeks prior to the start of pulse-
labeling in order to minimize disturbance-induced soil res-
piration during the pulse-labeling. The CO2 concentration
inside the chamber was controlled and maintained at con-
centrations corresponding to those naturally occurring at the
“ambient” K4 plot and those experimentally controlled at the
“elevated” E4 site.

Each pulse-labeling experiment was only conducted in one
elevated CO2 and one control treatment plot. These two
plots (K4 and E4) are not part of the known replicated treat-
ment design at GiFACE, as described by Jäger et al. (2003),
for long-term monitoring of ecosystem responses to elevated
CO2. Our pulse-labeling experiment was conducted as a first
pulse-labeling trial on plots K4 and E4 because of the specific
designation of these plots to destructive sampling for soil
process-level research at GiFACE. Each pulse-labeling was
performed on only one site within each plot due to concerns
about the preservation of the natural state of the GiFACE
grasslands and the limited size of these plots (8 m inner di-
ameter). The GiFACE is the only existing long-term elevated
CO2 experiment in a semi-natural temperate wet grassland.
Destructive sampling and isotope inputs from pulse-labeling
experiments are therefore not favored. Since ours is the first
study to apply this type of in-situ pulse-labeling in a FACE
experiment, the results of this experiment, though not con-
clusive for real treatment effects, should be interpreted as to
demonstrate the effectiveness of combining in-situ13C pulse-
labeling with PLFA analysis to investigate in-situ alterations
in the microbial use of rhizosphere-C in response to elevated
CO2 by focusing on the members actively involved.

3.1 Soil sampling

Soil samples were taken at the 0–7.5 cm depth from three
locations in each pulse-labeled plot at 3 h and 10 h after the
start of the pulse-labeling to investigate the short-term incor-
poration of new rhizosphere-C into microbial communities.
Soil samples were also taken from the same pulse-labeled
plots 11 months later (i.e. August 2006) to determine any
long-term retention of13C label in root, soil and microbial
biomass and to assess possible rhizosphere-C transfer path-
ways through different microbial communities over time.
Soil samples were also taken prior to the pulse-labeling (con-
trol samples). For the 3 h sampling time, the chambers were
temporarily removed and, after soil sampling, re-installed for
a second period of pulse-labeling. The three samples were
mixed to one composite sample per plot. All samples were
immediately stored on dry ice and transported to the labo-
ratory. Subsamples used for PLFA-extraction were stored at
−80◦C. Prior to PLFA-extraction, the samples were thawed
and sieved through a 2 mm sieve to remove all visible roots,
macro fauna and fresh litter since plants contain large con-
centrations of the universal PLFA 16:0 and fungal biomarker
PLFA 18:2ω6,9c (Zelles, 1997). Any remaining visible root
material was removed with forceps. The roots of each sample
as well as 2 mm sieved soil subsamples were ball-milled to a
fine powder and analyzed for total C andδ13C analysis using
an Elemental Analyzer (ANCA-SL, PDZ Europa, UK) con-
nected to an Isotope Ratio Mass Spectrometer (Model 20-20,
Sercon, UK) (EA-IRMS).

3.2 Phospholipid fatty acid extraction and quantification

The extraction and derivatization of PLFAs for compound-
specificδ13C analysis was adapted from Bossio and Scow
(1995). Briefly, 6 g soil samples were extracted in dupli-
cate using chloroform/methanol/phosphate-buffer at a 1:2:1
ratio. Total lipids, retrieved in the chloroform phase,
were partitioned on silica gel columns by sequential elu-
tion with chloroform, acetone, and methanol. The po-
lar lipid fraction, eluting with methanol, was then sub-
jected to mild alkaline transesterification (using methanolic
KOH) to form fatty acid methyl esters (FAMEs) which were
subsequently analyzed by capillary gas chromatography-
combustion-isotope ratio mass spectrometry (GC-C-IRMS)
(GC-C/TC DeltaPLUSXP Thermo Scientific) via a GC/C III
interface. All samples were run in splitless mode and at an
injector temperature of 250◦C, using a CP-SIL88 column
(100 m×0.25 mm i.d.×0.2µm film thickness; Varian Inc.)
with a He flow rate of 1 ml min−1. The oven temperature
was programmed at 75◦C for 2 min, followed by a ramp at
5◦C min−1 to 180◦C with a 20 min hold, and a final ramp at
2◦C min−1 to 225◦C with a 20 min hold. Each soil extract
was run in duplicate on the GC-C-IRMS to ensure reliable
meanδ13C values. The average chromatographic peak area
andδ13C value was used in all calculations.
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Fig. 1. The relationship between the number of C atoms of PLFA
components (NPLFA) and their corresponding slope, obtained from
linear regressions through the origin between the chromatographic
peak areas and concentrations of individual standard FAMEs of the
quantitative “37 Component FAME Mix” (# 47885, Supelco Inc.).

Prior to GC-C-IRMS analysis, a mixture of two inter-
nal standards (12:0 and 19:0) was added to the FAME ex-
tract. Individual fatty acids were identified based on rela-
tive retention times vs. the two internal standards and cross-
referenced with several standards: a mixture of 37 FAMEs
(37 Component FAME Mix, # 47885, Supelco Inc.), a mix-
ture of 24 FAMEs (BAME mix, # 47080, Supelco Inc.) and
several individual FAMEs (12:0, 13:0, 19:0, a16:0, a17:0,
16:1ω7c, 16:1ω7t, 18:1ω7c, 18:1ω11c, 18:2ω6,9c, 10Me-
16:0, 10Me-18:0, 20:5ω3, Supelco Inc. and Larodan Inc.).
On average, 25 PLFA peaks were detected and quantified,
but only 16 were selected for13C analysis because of their
use as biomarker fatty acids for different microbial commu-
nities (Zelles, 1997). The biomarker PLFAs analyzed within
this dataset included: 18:1ω9c and 18:2ω6,9c (indicative of
fungi), 16:1ω5 (indicative of arbuscular mycorrhizal fungi),
i14:0, i15:0, a15:0, i16:0, i17:0, a17:0 (indicative of gram-
positive bacteria), cy17:0, cy19:0, 16:1ω7c and 18:1ω7c (in-
dicative of gram-negative bacteria) and 10Me PLFAs (indica-
tive of actinomycetes) (Harwood and Russell, 1984; Krop-
penstedt, 1985; Brennan, 1988; Vestal and White, 1989; Ols-
son et al., 1995; Frostegård and B̊aåth, 1996; Stahl and Klug,
1996; Zelles, 1997). These PLFAs comprised approximately
90% of the total PLFA-C concentration. We determined the
ratios of the peak area of each individual PLFA to that of
16:0, a universal PLFA occurring in the membranes of all
organisms. PLFA ratios less than 0.02 were excluded from
the data set (cf. Drijber et al., 2000). The carbon concentra-
tions of the individual biomarker PLFAs in the soil extracts
were quantified using the quantitative “37 Component FAME
Mix” which was run in a dilution series. For each individ-
ual standard FAME, a linear regression through the origin
was performed between the chromatographic peak areas and
known concentrations (ranging from 5 to 150 ngµl−1). For
each linear regression, a unique slope was obtained for each

individual standard FAME, which decreased with increasing
number of C atoms. The different slopes were plotted as a
function of the number of C atoms of the PLFAs which gave
a negative correlation withR2=0.94 (Fig. 1). Using this cor-
relation, the C concentration of each of the individual PLFAs
in the soil extract could be quantified as follows:

[PLFA−C]=
PA

slope
(1)

with [PLFA-C] = the C concentration of each PLFA in mmol
PLFA-C l−1, PA = the chromatographic peak area (Vs) of
the individual PLFA, and slope = the slope of the linear re-
gression through the origin between the peak areas and con-
centrations of the individual PLFA. Quantification of chro-
matographic PLFA peak areas through GC-C-IRMS has also
been done by others, but only by using one or two quantita-
tive FAME standards, in most cases 12:0, 13:0 or 19:0 (e.g.
Bouillon et al., 2004; Williams et al., 2006). Our quantitative
analysis shows that PLFA concentrations could be greatly
over- or underestimated when working with only one or two
standards. For treatment comparisons, PLFA-C concentra-
tions were expressed as nmol PLFA-C g−1 soil.

3.3 Carbon-13 phospholipid fatty acid analysis

Theδ13C values of the individual FAMEs obtained from the
GC-C-IRMS were corrected for the addition of the methyl
group during transesterification by simple mass balance:

δ13CPLFA=

[

(NPLFA + 1) δ13CFAME−δ13CMeOH
]

NPLFA
(2)

where NPLFA refers to the number of C atoms of the PLFA
component,δ13CFAME is the δ13C value of the FAME af-
ter transesterification, andδ13CMeOH is theδ13C value of the
methanol used for transesterification (−36.7±0.4‰ vs. Pee
Dee Belemnite by EA-IRMS using Chromosorb-W;n=20).

Carbon-13 enrichment (expressed as1δ13C) was calcu-
lated by subtracting the pre-labeling (control) natural abun-
dance PLFAδ13C values from the post-labeling PLFAδ13C
values for the 3 h and 10 h samples. In each treatment plot,
an unlabeled area was also sampled after 11 months and used
as a control to calculate the13C enrichment of the 11 month
PLFAs.

To assess the effect of elevated CO2 on the C-assimilating
activities of the different microbial communities, we calcu-
lated the percentage13C enrichment of individual biomarker
PLFAs relative to the enrichment in13C of the universal 16:0
PLFA after 10 h (cf. Butler et al., 2003; Lu et al., 2007), to
correct for any differences in pulse-labeling efficiency and
total amount of13C uptake among the two pulse-labeling
events.

3.4 Statistical analysis and error analysis

Since only one physical soil sample (comprised of a com-
posite of 3 soil samples and extracted and analyzed in dupli-
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Table 1. δ13C values andδ13C enrichment (1δ13C, i.e. net increase relative to natural abundanceδ13C values of soil and roots from non-
labeled control plots) for soil and root C.δ13C measurements were done on composite 0–7.5 cm soil samples from 3 sampling points per
pulse-labeled plot.

Non-labeled Pulse-labeled

control 3 h 10 h 11 months

K4 E4 K4 E4 K4 E4 K4 E4

δ13C (‰)

Root C −30.0 −35.2 13.2 3.3 31.0 −12.4 −9.1 −13.0
Soil C −28.0 −30.4 −26.7 −27.9 −17.4 −26.5 −25.9 −27.8

1δ13C (‰)

Root C 43.2 38.5 61.0 22.8 21.0 22.1
Soil C 1.3 2.5 10.6 3.2 2.1 1.9

cate) represented one treatment plot and sampling time, our
statistical analyses, performed by a two-samplet-test (n=2,
from duplicate extractions), can only indicate whether there
are any significant differences between the treatments within
the analytical error associated with the extraction method and
IRMS analysis.

To obtain an indication of the error associated with the
PLFA-extraction method, three replicate PLFA-extractions
were performed on one unlabeled 0–7.5 cm soil sample from
the K4 plot. In terms of PLFA-C concentration (ng PLFA-
C g−1 soil), an average %CV of 4.5±5.8% was obtained
across 25 quantified PLFAs. In terms ofδ13C, an average
standard deviation of 0.7±0.7‰ was obtained. To get an
idea of the precision of the GC-C-IRMS analysis, each of
the three extracts was run in duplicate on the GC-C-IRMS.
In terms of PLFA-C concentration, the average %CV for the
duplicate extracts was 3.4±2.1%. The average standard de-
viation of the meanδ13C of each two duplicate extracts was
0.7±0.8‰.

4 Results and discussion

4.1 13C enrichment of root biomass and soil C

Both the pulse-labeling in plot K4 as in plot E4 resulted in
a rapid increase in theδ13C signature of the root biomass
and soil C (Table 1). Root biomass as well as soil C was
still enriched in13C relative to the non-labeled soil samples
11 months post-labeling.δ13C signatures of soil and root
biomass were lower (i.e. more negative or less positive) in
plot E4 compared to K4 in pre- as well as post-labeling sam-
ples, which reflected the incorporation of the depleted13C
signature of the CO2 used for the CO2 fumigation in plot E4
since 1998 (i.e.−25‰ between 1998 and June 2004, and -
48 after June 2004). Therefore, the data was presented as

13C enrichment (1δ13C) relative to unlabeled (control) sam-
ples to correct for these initial13C differences. However,
even after this correction, theδ13C enrichment of soil and
root biomass was generally greater in the K4 compared to
the E4 plot. Possible soil CO2 release due to physical dis-
turbance at the 3 h soil sampling could have resulted in a
greater isotopic dilution of the13CO2 in the labeling chamber
of plot E4 which had a more depletedδ13C signature of soil
gas CO2 (∼−27.8‰) compared to the K4 plot (∼−24.2‰)
(K. Lenhart, unpublished results). Because of these differ-
ences in net13C incorporation into the rhizosphere of the
two plots,13C-PLFA comparisons between K4 and E4 were
made after expressing the data as percentages of13C enrich-
ment of each PLFA relative to the enrichment in13C of the
16:0 PLFA of the soil, which is ubiquitous in cell membranes
of all organisms.

4.2 Rhizosphere-C uptake and translocation within micro-
bial communities

Soil samples taken 3 h after the start of the pulse-labeling
showed only very limited13C enrichment in the different
biomarker PLFAs in the K4 and E4 plots (Fig. 2). After
10 h, a very large incorporation of13C was observed in the
general fungal PLFAs (18:1ω9c, 18:2ω6,9c) and arbuscular
mycorrhizal fungal (AMF) PLFA (16:1ω5), while remaining
low for the bacterial PLFAs. This suggested that both non-
arbuscular mycorrhizal fungi as well as AMF are closely as-
sociated with the root system in grassland soils (Butler et al.,
2003) and actively utilize and incorporate newly produced
rhizosphere-C into their biomass, while other microbial com-
munities were active in metabolizing other sources of C. The
importance of fungi in assimilating fresh plant-derived C
has been demonstrated in various ecosystems based on high
amounts of13C incorporation from a variety of substrates
into the general fungal biomarker PLFA C18:2ω6,9c (Arao,
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Fig. 2. Net increase ofδ13C values of individual biomarker PLFAs
extracted from pulse-labeled 0-7.5 cm soil samples from plots K4
(a) and E4(b) sampled 3 h, 10 h and 11 months post-labeling, in
excess of those in the non-labeled control plots. Univ. = univer-
sal biomarker PLFA; gram-positive = gram-positive bacteria; gram-
negative = gram-negative bacteria; actino = actinomycetes; AMF =
arbuscular mycorrhizal fungi. Figure bars and error bars represent
means and mean deviations of two subsamples from one composite
soil sample of each pulse-labeled site (E4 and K4) at each sampling
time (3 h, 10 h and 11 months).

1999; Butler et al., 2003; Waldrop and Firestone, 2004; Lu
et al., 2007). Recent in-situ studies using PLFA-based SIP
by 13C-CO2 pulse-labeling have also reported a much faster
incorporation of rhizosphere-C into fungal (Treonis et al.,
2004) as well as AMF biomass (Johnson et al., 2002; Olsson
and Johnson, 2005) compared to bacterial biomass (Treonis
et al., 2004).

The δ13C enrichment in all identified fungal PLFAs was
still largely present after 11 months but had decreased rel-
ative to the enrichment observed after 10 h (Fig. 2). This
decrease in fungal PLFA-13C enrichment between 10 h and
11 months was probably caused by a dilution from new
unlabeled rhizosphere-C assimilation during continued pho-
tosynthesis in the 11 month period following the pulse-
labeling. Interestingly, 11 months after the pulse-labeling
events, much higher amounts of13C had been incorporated
in the bacterial PLFAs at both K4 and E4 plots compared

to the 3 h and 10 h post-labeling times. These results are
consistent with the results of Olsson and Johnson (2005)
who found over a time period of 32 days a decrease in the
13C enrichment of AMF PLFA 16:1ω5, extracted from roots,
and a concomitant increase in13C enrichment of bacterial
PLFAs extracted from soil. Our data suggests that fungi
play a major role in the C flux from roots into soil micro-
bial biomass. It can be postulated that the rapidly assimi-
lated new rhizosphere-C by fungi is over time retracted from
degenerating fungal hyphae and becomes incorporated into
bacterial biomass. Alternatively, bacterial assimilation of C
derived from fungal necromass or dead root material rather
than from living root products (e.g. exudates) might form an
alternative explanation for the slower incorporation of13C
into the bacterial PLFAs. Possible differences in preferen-
tial substrate use between microbial communities should be
further investigated.

The unexpected high13C enrichment of fungal PLFAs
after 11 months might suggest long-term retention of
rhizodeposit-C in fungal biomass, which could be of impor-
tance to soil organic C sequestration in grassland ecosys-
tems. However, as PLFAs are the major components
of the cell membranes of living organisms and, crucially,
only remain intact in viable cells (White et al., 1979),
this would suggest very little activity and extremely slow
turnover of fungal biomass, assuming no continued active
13C-assimilation in the period following the pulse-labeling.
Such slow microbial cell turnover would be in contrast to
earlier findings of Treonis et al. (2004) where a decrease
in 13C enrichment was found for all PLFAs between 4
and 8 days post-labeling, and root-derived C turnover was
even greater through fungal (16:1ω5, 18:1ω9, 18:2ω6,9) and
gram-negative (16:1ω7, 18:1ω7, cy19:0) bacterial biomarker
PLFAs compared to gram-positive bacterial biomarker lipids
(15:0a, 15:0i, 16:0i). As for most grassland PLFA studies,
the potential contribution of very fine root hairs and sloughed
off root cells to the abundance of microbial biomarker
PLFAs, in particular fungal PLFA 18:2ω6,9c needs to be
considered, even after thorough sieving and manual removal
of roots prior to PLFA analysis. After 11 months, root
biomass was also still highly enriched in13C with enrich-
ment values about double of those of the fungal communi-
ties (Table 1 and Fig. 2). However, as pointed out by Tre-
onis et al. (2004), other plant-characteristic PLFAs such as
polyenoic fatty acids (i.e. those containing multiple double
bonds) (Federle, 1986) would have to be detected in large
quantities in case of significant plant contamination of the
soil samples. This was not the case in our study. There-
fore, we believe that the observed greatest and exclusive in-
corporation of13C into fungal PLFAs after 10 h as well as
the long-term retention of the13C label in the fungal PLFAs
after 11 months was a result of rapid (10 h) and continued
(11 months) fungal assimilation or recycling of13C-labeled
root-derived C rather than of13C-labeled plant PLFAs con-
tributing to fungal PLFAs.
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4.3 Effect of elevated CO2 on microbial community struc-
ture

Fungal communities have been shown to be highly respon-
sive to increases in rhizosphere-C supply. A study by
Griffiths et al. (1999) showed an increase in fungal PLFA
18:2ω6,9c when amounts of synthetic root exudates added
to soil were increased. Along with the results of our study
which indicate that fungi are most actively utilizing rhizode-
posits in the GiFACE grasslands (Fig. 2), it was expected
that fungal communities are most sensitive in their activ-
ity to any responses of plant-C inputs likely to occur un-
der rising atmospheric CO2 concentrations (Rogers et al.,
1994). Several studies in N-limited ecosystems found stim-
ulated fungal and AMF activities under elevated CO2 (Ril-
lig et al., 1999; Klironomos et al., 1996; Zak et al., 2000;
Treseder, 2004), which were attributed to the greater sub-
strate use efficiency of fungi under N-limiting conditions.
Receiving only 40 kg N ha−1 yr−1, the grassland sites at Gi-
FACE are also considered N-limited. Although in nutrient-
limited ecosystems, most aboveground biomass responses to
elevated CO2 are weak or even zero (Schäppi and K̈orner,
1996; Sẗocklin et al., 1998; K̈orner, 2000), an increase in
aboveground biomass with elevated CO2 was observed at
GiFACE from the third CO2 enrichment year (i.e. 2000)
on (Kammann et al., 2005). A stimulated root and mycor-
rhizal growth and hence nutrient acquisition were believed to
be pre-requisite for stimulated aboveground yields at these
nutrient-limited sites (Kamman et al., 2005). In our study,
no differences were found in the amount of PLFA-C of the
individual biomarker PLFAs between elevated and ambient
CO2 treatments (Fig. 3). Similarly, other studies were also
unable to detect changes in microbial biomass (Allen et al.,
2000; Kandeler et al., 2006) nor shifts between bacterial and
fungal communities under elevated CO2 (Zak et al., 1996;
Rønn et al., 2002; Niklaus et al., 2003; Ebersberger et al.,
2004). Several studies have even shown a strong response of
bacteria (Sonnemann and Wolters, 2005) and an enrichment
of gram-negative bacteria in particular under elevated CO2
(Montealegre et al., 2002; Drissner et al., 2007), while the
fungal biomass did not change. Until now, in-situ microbial
community structural analyses in FACE studies have been
limited to total PLFA-C distribution examinations which do
not distinguish between the metabolically-active versus in-
active rhizosphere microbial communities. The advantage
of a pulse-labeling approach in combination with13C-PLFA
analysis is the additional information obtained on the re-
sponse of those microbial communities that are actively as-
similating newly produced rhizosphere-C. The response to
elevated CO2 of metabolically-active microbial communi-
ties may be undetectable through conventional total PLFA-
C analyses due to the large background concentration of the
mostly inactive total soil microbial community, but is of im-
portance to better understand C cycling in terrestrial ecosys-
tems under increasing CO2 concentrations.
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Fig. 3. Mean PLFA-C concentrations of individual biomarker
PLFAs in 0–7.5 cm soil samples from plots K4 and E4 sampled af-
ter 3 h(a), 10 h(b), and 11 months(c). Univ. = universal biomarker
PLFA; gram-positive = gram-positive bacteria; gram-negative =
gram-negative bacteria; actino = actinomycetes; AMF = arbuscular
mycorrhizal fungi. Figure bars and error bars represent means and
mean deviations of two subsamples from one composite soil sam-
ple of each pulse-labeled site (E4 and K4) at each sampling time
(3 h, 10 h and 11 months). Values were not significantly different
between K4 and E4 (based on two-samplet-test,n=2).

Our 13C-PLFA results indicated greater proportional13C
enrichment relative to 16:0 for the AMF PLFA 16:1ω5
(P=0.057) in the elevated compared to ambient CO2 treat-
ment, while the opposite was observed for the fungal
18:1ω9c PLFA (P=0.100) (Fig. 4). The13C proportional en-
richment of the general fungal biomarker PLFA 18:2ω6,9c as
well as of bacterial PLFAs remained unaffected by elevated
CO2, except for i16:0, a gram-positive bacterial biomarker
PLFA, which showed a significant increase in its proportional
13C enrichment under elevated CO2 (P=0.041). 18:1ω9c
and/or 18:2ω6,9c are frequently used to indicate the presence
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Fig. 4. Mean percentages of13C enrichment of individual
biomarker PLFAs relative to the enrichment in13C of the universal
16:0 PLFA in 0–7.5 cm soil samples from plots K4 and E4 sampled
after 10 h. Figure bars and error bars represent means and mean
deviations for two subsamples from one composite soil sample of
each pulse-labeled site (E4 and K4). * and ** indicate statistical dif-
ferences atP<0.1 andP<0.05 respectively (based on two-sample
t-test,n=2).

of non-arbuscular mycorrhizal fungi (Phillips et al., 2002;
Rønn et al., 2002; Fierer et al., 2003; Treonis et al., 2004;
Chung et al., 2007; Drissner et al., 2007). Though some-
times existing in very small quantities in bacteria, 18:2ω6,9c
has been demonstrated to be a valid biomarker for eukary-
otes (Frosteg̊ard and B̊aåth, 1996; Zelles, 1997). There-
fore, when plant contamination of the PLFA profile is lim-
ited, 18:2ω6,9c can be considered a valid biomarker for fun-
gal biomass. Less certainty exists about the uniqueness of
the 18:1ω9c PLFA as a fungal membrane fatty acid, since it
has also been found in cultured bacterial cells (Zelles, 1997).
This questions the general use of this fatty acid as a com-
mon biomarker for fungal biomass in other studies (e.g. Tre-
onis et al., 2004; Chung et al., 2007; Drissner et al., 2007).
On the other hand, a strong and rapid (10 h) enrichment in
13C was detected in 16:1ω5, 18:2ω6,9c, 18:1ω9c and 16:0.
The latter PLFA is a key intermediate in the metabolic path-
ways of cellular fatty acid biosynthesis, and therefore ex-
pected to show the greatest and most rapid13C enrichment
following pulse-labeling. Since none of the other PLFAs
showed similar enrichments in13C after 10 h (Fig. 2), we be-
lieve that the 18:1ω9c PLFA belonged to the same functional
group as the 16:1ω5, 18:2ω6,9c and therefore likely to be
of fungal origin. Consequently, the inconsistent responses of
the non-arbuscular mycorrhizal fungal PLFAs (18:1ω9c and
18:2ω6,9c) to elevated CO2 rather suggest inconsistent fun-
gal species responses to elevated CO2. Unfortunately, PLFA
analysis does not allow for specific detection of individual
species of the microbial communities. Stable isotope label-
ing techniques in combination with molecular tools such as

RNA-SIP (Griffiths et al., 2004; Rangel-Castro et al., 2005;
Lu et al., 2006) could provide a better resolution of the indi-
vidual active microbial communities at the species-level and
should be explored in FACE research in order to better under-
stand shifts in microbial species composition due to elevated
CO2.

Several studies have analyzed the microbial community
composition under elevated CO2 using other experimen-
tal methods than the PLFA-based SIP approach used in
this study, such as extracellular enzyme activity assays
(Moscatelli et al., 2005; Chung et al., 2006), PCR-DGGE
analyses (Chung et al., 2006), substrate-induced respiration
measurements, and 16S rRNA clone libraries (Lipson et al.,
2005). Corresponding to our findings, most of these studies
also suggested stimulated fungal pathways under increased
atmospheric CO2 concentrations. This fungal stimulation
could be beneficial for ecosystem functioning as fungi are
believed to play a positive role in soil structural stabilization
(Bossuyt et al., 2001; Rillig et al., 2002), C sequestration
(Treseder and Allen, 2000; Bailey et al., 2002) and N immo-
bilization through hyphal translocation (Beare, 1997; Frey
et al., 2000). However, 6 years of experimental CO2 dou-
bling in a sandy scrub-oak ecosystem resulted in a decline
in soil carbon despite higher plant growth and increased fun-
gal abundance (Carney et al., 2007). The study by Carney
et al. (2007) showed that increased fungal abundance can
reduce soil carbon storage possibly by promoting lignolytic
enzyme activity and subsequent enhanced priming of recal-
citrant organic materials. This could explain the often weak
or non-detected increases in soil carbon content in response
to elevated CO2 even when plant biomass has increased sub-
stantially (e.g., Gill et al., 2002; Jastrow et al., 2005; van
Groeningen et al., 2006).

5 Conclusions

Using PLFA-SIP, the present study showed a rapid transfer
of newly produced rhizosphere-C to fungal biomass in the
surface 0–7.5 cm soil layer of the investigated grassland sites
at GiFACE. This13C enrichment of fungal PLFAs decreased
but was still largely present after 11 months post-labeling.
The much slower incorporation of rhizosphere-C into bac-
terial PLFAs, but their significant13C enrichment after 11
months further suggests a potential fungi-mediated transfer
of rhizosphere-C to the bacteria from degenerating fungal
hyphae, or a preferential bacterial use of dead root or fun-
gal necromass materials as C source over the direct utiliza-
tion of fresh root-exudate C. This in-situ pulse-labeling ex-
periment demonstrated for the first time in long-term FACE
experimental grasslands stimulated rhizosphere-C utilization
by arbuscular mycorrhizal fungi under elevated CO2 through
PLFA-based SIP analyses. The observed increase in the pro-
portional 13C enrichment of AMF 16:1ω5 relative to 16:0,
but concomitant decrease and lack of change in the propor-
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tional 13C enrichment of 18:1ω9c and 18:2ω6,9c PLFAs,
respectively, under elevated CO2 suggested fungal species-
specific responses to elevated CO2 while also questioning
the general use of 18:1ω9c as a true fungal biomarker. Ad-
ditional pulse-labeling studies in combination with microbial
biomarker SIP analyses in the fully-replicated FACE experi-
ment at Giessen, as well as in other long-term FACE exper-
iments are required (1) to test if the results observed in this
trial experiment are reproducible both at GiFACE but also at
FACE experiments in other ecosystems with different plant
species and soil types, and (2) to investigate if these micro-
bial changes persist over time or if microbial acclimation oc-
curs.
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