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Abstract Some single-factor experiments suggest
that elevated CO2 concentrations can increase soil
carbon, but few experiments have examined the
effects of interacting environmental factors on soil
carbon dynamics. We undertook studies of soil carbon
and nitrogen in a multi-factor (CO2 × temperature ×
soil moisture) climate change experiment on a
constructed old-field ecosystem. After four growing
seasons, elevated CO2 had no measurable effect
on carbon and nitrogen concentrations in whole
soil, particulate organic matter (POM), and mineral-
associated organic matter (MOM). Analysis of stable
carbon isotopes, under elevated CO2, indicated
between 14 and 19% new soil carbon under two
different watering treatments with as much as 48%
new carbon in POM. Despite significant belowground
inputs of new organic matter, soil carbon concen-
trations and stocks in POM declined over four years
under soil moisture conditions that corresponded to
prevailing precipitation inputs (1,300 mm yr−1).
Changes over time in soil carbon and nitrogen under
a drought treatment (approximately 20% lower soil

water content) were not statistically significant.
Reduced soil moisture lowered soil CO2 efflux and
slowed soil carbon cycling in the POM pool. In this
experiment, soil moisture (produced by different
watering treatments) was more important than elevated
CO2 and temperature as a control on soil carbon
dynamics.
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Introduction

Recent literature reviews suggest that elevated atmo-
spheric CO2 is sometimes followed by an increase in
soil carbon stocks (Jastrow et al. 2005; Luo et al.
2006). Increased belowground carbon allocation and
greater root production can be direct contributors to
soil carbon accrual under CO2-enrichment (Canadell
et al. 1996; Luo et al. 2006; De Graaff et al. 2006).
Meta-analyses indicate that elevated atmospheric CO2

can produce small but measurable increases in soil
carbon storage, but that contrary results exist (see De
Graaff et al. 2006) and that conclusions are not
always unequivocal, especially in cases were nutrient
limitation appears to constrain plant growth response
to elevated CO2 (Reich et al. 2006; Van Groenigen et
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al. 2006). Whereas studies of elevated CO2 alone on
terrestrial ecosystems are relatively common, there
are few studies of the effects of interactions among
CO2, temperature, and soil moisture on soil carbon
dynamics. Moreover, there are relatively few studies
of soil carbon dynamics in grasslands or pastures
under elevated CO2, and prior reports sometimes
indicate conflicting results. For example, after a
decade of exposure, elevated atmospheric CO2 had
no effect on soil carbon stocks in Lolium perenne
and Trifolium repens grasslands at the Swiss FACE
experiment (Van Kessel et al. 2006) while an 8-year
open-top chamber experiment on native tallgrass
prairie in Kansas (USA) indicated increasing soil
carbon stocks under elevated CO2 (Jastrow et al.
2000).

Elevated CO2 may produce changes not only in
belowground carbon allocation that drives soil carbon
accumulation but also in root turnover (Fitter et al.
1996) and net soil carbon mineralization (Heath et al.
2005; De Graaff et al. 2006; Finzi et al. 2006). These
soil processes are strongly dependent on environmental
factors other than CO2, such as soil temperature and
moisture. Therefore, it is reasonable to expect that soil
organic matter responses to CO2-enrichment could be
highly site-specific, even species-specific (Torbert et al.
1997), and that increased belowground carbon inputs
will translate into higher soil carbon stocks only under
circumstances where soil carbon inputs exceed rates of
organic matter decomposition (De Graaff et al. 2006).
The roles of soil moisture and temperature as modifying
factors in the response of soil carbon and nitrogen to
elevated CO2 are not well understood (Tate and Ross
1997), but soil organic matter and nitrogen availability
can sometimes be significant limiting factors in the
growth response of grassland communities to elevated
CO2 (Zanetti et al. 1997; De Graaff et al. 2006).

We fully expect future increases in atmospheric
CO2 above present day concentrations, but we know
little about the interactions among CO2, temperature,
and soil moisture as determinants of ecosystem
response. For this reason, we undertook studies of
changes in soil carbon and nitrogen in a four-year,
multi-factor, CO2 × temperature × soil moisture
experiment near Oak Ridge, Tennessee (USA) to
better understand the effects of these factors and their
interactions on soil carbon and nitrogen stocks in a
constructed old-field community. Prior studies at this
site have shown that old-field soil CO2 efflux

increased significantly when atmospheric CO2 con-
centrations are elevated in combination with soil
moisture (Wan et al. 2007), but the relative contribution
of autotrophic and heterotrophic respiration to the
observed change is unclear. The primary objective of
our study was to test the hypothesis that expected gains
in soil carbon and nitrogen under elevated CO2 could
be modified by changes in organic matter decomposi-
tion under elevated temperature or decreased soil
moisture. A secondary objective was to ascertain, using
stable isotope techniques, the rates of transfer of newly
fixed carbon to labile and stable soil carbon pools and
quantify effects of temperature and moisture on soil
carbon stocks under elevated atmospheric CO2. The
latter objective has been identified as a critical research
topic for the improved understanding of soil carbon
sequestration in grasslands (Tate and Ross 1997).

Methods

Experimental setup

The Old-Field Community, Climate, and Atmosphere
Manipulation Experiment (OCCAM) was established
on the Oak Ridge National Environmental Research
Park (35° 54′ 12″ N, 84° 20′ 22″ W), near Oak Ridge,
Tennessee, USA, to study the interactive effects of
elevated CO2, temperature, and soil moisture on the
structure and function of a constructed old-field
ecosystem. Twelve experimental plots were estab-
lished at the site on a well-drained, slightly acidic,
floodplain alluvium that is classified as Captina silt
loam (fine-silty, mesic typic fragiudult) (Norby et al.
1997; Edwards and Norby 1999). Each 4-m diameter
plot was trenched through the center and on the
outside. Half of each plot was assigned to a “dry”
treatment and half to a “wet” treatment. Trenches
were lined with insulating foam and a 4-mil PVC film
to provide a moisture barrier. A clear plastic canopy
(with 92% transmission of PAR) was erected over the
top of each chamber to exclude incoming precipitation.
Collected rainwater was added weekly to supply the
equivalent of 2 mm and 25 mm precipitation to the dry
and wet subplots, respectively. Average annual precip-
itation at the site is 136 cm (26 mm/week). Thus, the
total annual rainfall addition to the wet subplots was
similar to average annual rainfall and represents
“prevailing” conditions. The “dry” subplots had sig-
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nificantly less soil water content (a change from 0.25 to
0.20 cm3 H2O cm−3 soil; P≤0.001) than the “wet”
subplots (Wan et al. 2007) and can be considered a
“drought treatment” because it represents a negative
departure from “prevailing soil moisture”. A detailed
analysis of watering treatment effects on volumetric
soil water content has already been published for this
experiment (Dermody et al. 2007). In addition,
absolute humidity was similar in the chambers, hence
chambers with elevated temperatures had lower rela-
tive humidity (approximately 16% less) and a higher
vapor pressure deficit (1.8 time greater) than ambient
temperature chambers (Wan et al. 2007).

In June 2002 existing vegetation at the site was
killed using glyphosate and dead biomass was
extracted (to a depth of approximately 1 cm) to
remove meristems and some of the seed bank.
Beyond this, there was a deliberate attempt to
minimize surface soil disturbance. Seedlings of seven
species (Plantago lanceolata, Andropogon virginicus,
Festuca pratense, Dactylis glomerata, Solidago can-
adensis, Trifolium pratense, and Lespedeza cuneata)
were planted in the plots in July 2002 and April 2003.
Both Trifolium and Lespedeza are N2-fixers while the
remaining five species are non-N2-fixing plants. The
constructed ecosystems were typical of local old-field
communities. Additional details on the site history,
experimental setup, changes in species biomass over
time, and N2-fixation rates can be found in Wan et al.
(2007), Dermody et al. (2007), or Garten et al. (2008).

In March 2003, open-top chambers (4 m diameter ×
2.2 m tall) were installed on the experimental plots.
The study was a split-plot design with two levels of
CO2 and temperature and three replicate chambers for
each of the following treatment combinations: ambient
CO2—ambient temperature (ACAT), ambient CO2—
elevated temperature (ACET), elevated CO2—ambient
temperature (ECAT), and elevated CO2—elevated
temperature (ECET). In the experimental design, the
ACAT chambers were effectively controls for testing
effects of elevated atmospheric CO2 and elevated
temperature. Carbon dioxide used for the elevated
CO2 treatment was depleted (−51‰) in 13C relative to
ambient air (−8‰). Temperatures were elevated +3°C
above ambient and elevated CO2 was 300 ppmv over
ambient air (390 ppmv CO2). Temperature and CO2

control was achieved using techniques described by
Norby et al. (1997) and Wan et al. (2007). The
treatments started in May 2003.

Sampling and analysis

Samples of aboveground biomass were collected for
carbon isotope analysis and used in calculations of the
fraction of new carbon in soils under elevated CO2.
Plant sampling during the 2003 and 2005 growing
seasons and sample handling has been described
elsewhere (Garten et al. 2008). Briefly, green leaf
samples were collected from multiple individuals of
each species in the dry and wet plots within each
open-top chamber and the samples were oven dried
(70°C) prior to elemental and isotopic analysis. In
addition, we obtained samples of plant roots, collected
to a 15 cm soil depth in November 2004 for a different
purpose, to compare measurements of carbon isotopes
in above- and belowground biomass and determine the
carbon isotope signature in soil carbon inputs.

Soils were sampled to a 15-cm depth from each
open-top chamber in December 2002, prior to the
beginning of the experiment, oven dried, sieved
(2 mm), and used to measure pre-treatment soil
properties. Soil sampling was then repeated in
October 2006 (after four growing seasons). Three
mineral soil samples (0–15 cm) were collected from
the dry and wet side of each chamber (each >300 g).
Samples were homogenized by split-plot, oven dried,
and sieved (2 mm) so that there was one homogenized
sample from the dry and wet side of each chamber.
Soil bulk density (1.49 g cm−3) at the site was
determined from 15-cm long cores (267 cm3 per core)
collected from six subplots in May 2007.

Sieved soil samples were physically separated into
particulate organic matter (POM) and mineral-associated
organic matter (MOM) by wet-sieving methods
(Cambardella and Elliott 1992). Particulate organic
matter is composed of free organic debris from the
soil and larger (≥0.053 mm) organic matter fragments
released by dispersion of soil aggregates. POM carbon
is generally regarded as labile soil carbon when free of
charcoal. Mineral-associated organic matter is bound to
silt and clay-size particles and also includes smaller
(<0.053 mm) organic matter fragments released by
dispersion, as well as small amounts of soluble organic
carbon. Due to a strong association with silt and clay,
MOM carbon is generally regarded as more refractory
than POM carbon. The separation was accomplished
by shaking a 20 g portion of oven dry soil in a 100 mL
solution of sodium hexametaphosphate (5 g L−1) over-
night. The mixture was wet sieved through a 0.053 mm
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sieve. Particulate organic matter (≥0.053 mm) was
recovered by back-washing the sieve, filtration, (VWR
Grade 315 paper), and oven drying. Mineral-associated
organic matter that passed the 0.053 mm sieve (i.e., silt
and clay) was also weighed after oven drying.

Plants, whole soil, and the soil fractions (POM and
MOM) were milled to a fine, homogenous powder
prior to elemental and isotopic analysis. Carbon and
nitrogen concentrations were determined using a
LECO CN-2000 elemental analyzer (LECO Corpora-
tion, St. Joseph, MI). The instrument was calibrated
using LECO standards traceable to the National Institute
of Standards and Technology (NIST), Gaithersburg,
MD. Samples were analyzed for stable carbon isotope
ratios (13C/12C) using an Integra-CN, continuous flow,
isotope ratio mass-spectrometer (SerCon Ltd, Crewe,
United Kingdom). Glucose (δ13C=−10.2‰), traceable
to NIST, was used as an internal standard for the stable
carbon isotope measurements.

Soil respiration was measured during the 2005 and
2006 growing seasons (May–October). At the start of
the experiment two PVC soil collars were permanently
installed 2 to 3 cm deep in the mineral soil in two
locations within each subplot. Collars were cleared of
litter and plant material several days prior to measure-
ments. Soil respiration was measured every month
during the growing season using a LiCor LI6200
infrared gas analyzer (Li-Cor Inc., Lincoln, NB, USA)
with attached soil chamber. A time-integrated growing
season rate of soil CO2 efflux (mol m−2 s−1) was
calculated from monthly measurements during the
2005 and 2006 growing season.

Isotope calculations

Under elevated CO2, the fraction (fN) of new carbon
in whole soil, POM, or MOM was calculated from an
equation described by Balesdent and Mariotti (1996)
and used by others (Hungate et al. 1996; Hagedorn et al.
2003; Hagedorn et al. 2005) in similar studies:

fN¼Δd13Csample

�
Δd13Cplant

where Δδ13Csample is the difference in the carbon
isotope signature under elevated and ambient CO2 for
whole soil, POM, or MOM, and Δδ13Cplant is the
corresponding difference in the plant carbon isotope
signature. This equation is applicable to calculations of

new carbon at sites initially under mixed C3-C4
vegetation as well as sites with a potentially complex
land use history (Balesdent and Mariotti 1996). The
fraction of old carbon (fO) was simply 1−fN.

Whereas changes in soil carbon and nitrogen
stocks could be evaluated for all treatment combina-
tions, new soil carbon (fN) was calculated only for the
elevated CO2 chambers. The final plant δ13C under the
dry and wet subplots was, respectively, −42.7 and
−43.2‰. The latter values were weighted averages
based on δ13C measurements and the relative contri-
bution of each species to aboveground biomass during
the 2003 and 2005 growing seasons (Garten et al.
2008). The plant δ13C values were similar to δ13C
values measured in roots from dry and wet subplots
(−42.8±0.9 and −43.6±0.7‰, respectively) under
elevated CO2. The plant δ13C under ambient CO2,
averaged in a similar manner, was −28.3‰, and a
single value was calculated because the difference
between the dry and wet subplots under ambient CO2

was ≤0.25‰. Roots from the dry and wet subplots
under ambient CO2 (−27.6‰) were less than 1‰ more
enriched in 13C than leaves. Soil carbon inputs consist
of both above- and belowground detritus. We used
aboveground δ13C values in the calculations because
they were similar to δ13C values in roots and
calculations indicated that the difference in fN using
one source or the other was ≤5%. Based on the amount
of old carbon (1− fN) remaining after 4 years of
exposure to elevated CO2, turnover times of carbon in
whole soil, POM, and MOM were calculated in
accordance with methods presented by Balesdent
et al. (1987).

Statistical analysis

Data from 2002 were first analyzed using one-way
analysis of variance, with four groups (ACAT, ACET,
ECAT, ECET) to test for pre-treatment differences in
whole soil, POM, and MOM carbon and nitrogen
concentrations, C-to-N ratios, and carbon stocks.
Second, soils data from 2006 and soil respiration data
from 2005 and 2006 were analyzed for treatment
differences using a split-plot analysis of variance with
a combined random and fixed effects model including
the Kenward-Rogers adjustment for degrees of freedom
(PROC MIXED, The SAS System, Cary, NC). Last, a
combined dataset including measurements of soil
carbon and nitrogen from 2002 and 2006 was analyzed
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using one-way analysis of variance with three groups
(pretreatment, post-treatment dry, and post-treatment-
wet) to test for changes in soil properties over four years
of treatment. Rates of change in soil carbon and nitrogen
and the fraction of new soil carbon (fN) were also
calculated but only under conditions of elevated CO2

based on the pre- and post-treatment measurements
from the dry and wet plots in each open-top chamber.
AWilcoxon matched-pairs signed rank test was used to
test for effects of watering treatment under elevated
CO2.

Results

Pre-treatment differences (2002)

There were no significant differences (P>0.05) in soil
properties among the four main treatment groups
(ACAT, ACET, ECAT, and ECET) prior to the start of
the experiment. Means for carbon and nitrogen
concentrations, C-to-N ratios, and carbon stocks in whole
soil, POM, and MOM were based on pre-treatment
measurements from eleven open-top chambers (soils
from one chamber could not be found). Summary
statistics for the soil properties are presented in Table 1.

Differences in 2006

Considering all the post-treatment 2006 data, there
was no difference (P>0.05) between ambient and
elevated CO2 treatments for carbon and nitrogen
concentrations in whole soil, POM, and MOM.
Interactions involving CO2 × temperature, CO2 ×
watering treatment, or CO2 × temperature × watering
treatment were also not statistically significant. Soil
moisture, rather than CO2 or temperature, was the
principal factor contributing to differences in the
contents of soil carbon and nitrogen. Watering
treatment effects were manifested chiefly in POM.
Carbon concentrations in POM were significantly
(P≤0.05) less under the wet treatment relative to
other treatments, and there was no significant
interaction between or among watering treatment
and temperature or CO2. Mean carbon stocks in
POM were also significantly less (P≤0.05) in the
wet treatment, and there was a significant (P≤0.05)
watering treatment × temperature interaction. The
interaction was caused by greater POM and POM
carbon stocks in the dry treatment under elevated
temperature, but no difference between watering
treatments for POM carbon stocks under ambient
temperatures (Fig. 1).

Table 1 Pre- and post-treatment measures of soil carbon and nitrogen in the constructed old-fields

Carbon pool Measure Pre-treatment (2002) Post-treatment (2006) Probability

Dry (n=12) Wet (n=12)

Whole soil g N kg−1 1.62±0.08 1.54±0.09 1.49±0.05 ns
g C kg−1 18.3±0.63 17.7±0.74 17.0±0.31 ns
C-to-N ratio 11.4±0.2 11.7±0.3 11.5±0.2 ns
g C m−2 4111±142 3961±165 3821±71 ns
δ13C (‰) −23.28a±0.28 −26.16b±0.24 −27.02b±0.59 0.001

POM g N kg−1 1.92a±0.19 1.47ab±0.12 1.18b±0.07 0.01
g C kg−1 29.5a±1.9 28.3ab±1.6 23.4b±1.4 0.05
C-to-N ratio 16.2a±1.0 19.9b±1.1 19.8b±0.5 0.05
g C m−2 835a±51 747ab±41 641b±27 0.01
δ13C (‰) −24.12a±0.37 −31.23b±0.67 −33.29c±0.49 0.001

MOM g N kg−1 1.58±0.10 1.39±0.09 1.36±0.06 ns
g C kg−1 15.7±0.5 15.5±0.7 15.4±0.4 ns
C-to-N ratio 10.1a±0.4 11.3b±0.3 11.4b±0.3 0.05
g C m−2 3276±105 3213±139 3180±66 ns
δ13C (‰) −23.15a±0.31 −24.90b±0.17 −25.54b±0.36 0.001

Post-treatment data are summarized by moisture treatment. Probability values are from analysis of variance comparing the three
groups. Means in the same row sharing the same alphabetic superscript are not significantly different (ns = P>0.05)
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Changes from 2002 to 2006

Nitrogen concentrations, carbon concentrations, and
carbon stocks in POM all declined significantly from
2002 to 2006 when soil moisture was maintained at
prevailing conditions, i.e. the wet treatment (Table 1).
Changes over time in carbon and nitrogen concen-
trations (or stocks) in POM and MOM were not
statistically significant (P>0.05) under the dry treat-
ment. However, there was a significant (P≤0.05)
widening of the C-to-N ratio in both POM and MOM
from 2002 to 2006 that indicated proportionately
greater losses of soil nitrogen relative to soil carbon
under both watering treatments (Table 1).

New soil carbon under elevated CO2

Under elevated atmospheric CO2 there was a signif-
icant (P≤0.05) depletion in 13C in whole soil (Δ=
−2.8‰), POM (Δ=−7.1‰), and MOM (Δ=−1.7‰)
from the accrual of new soil organic matter inputs.
There was no significant (P>0.05) effect of temper-
ature on the fraction of new soil carbon (fN) in whole
soil, POM, or MOM under elevated CO2 in 2006.
After four growing seasons, between 14 and 19% of
the whole soil carbon under the dry and the wet
treatment, respectively, was new soil carbon (Table 2).
Although a large fraction of POM in the dry treatment
was new carbon after four years, approximately equal
amounts of the new soil carbon were partitioned between
POM (269 g C m−2) and MOM (279 g C m−2). In the
wet treatment, approximately 22% more new carbon
was partitioned to MOM (388 g C m−2) than POM
(317 g C m−2). Based on the 13C analysis of POM in
2006, there was a 49 and 61% decline in old POM
carbon in the dry treatment and the wet treatment,
respectively. AWilcoxon matched-pairs signed rank test
indicated statistically significant differences between
moisture treatments for final stocks of old carbon, the
change in carbon stock, and carbon turnover times in
POM, but similar effects were not detected in whole soil
or MOM (Table 2).

Soil respiration

Watering treatment significantly (P≤0.001) affected
soil respiration in 2005, but the rate of soil CO2 efflux

Fig. 1 Comparison of mean (±SE) carbon stocks in particulate
organic matter (POM) from surface soils beneath different
experimental treatments in 2006 (n=3): AC=ambient CO2,
AT=ambient temperature, EC=elevated CO2, and ET=elevated
temperature

Table 2 Mean (±SE) fraction of old (fo) and new (fN) soil carbon, final old carbon stock (Cfo), final new carbon stock (Cfn), change in
stock, and calculated turnover time of old carbon in whole soil, POM, and MOM following 4 years of exposure of constructed old-
fields to elevated CO2

Carbon pool Moisture Old C (fO) New C (fN) Cfo (g C m−2) Cfn (g C m−2) Change in stock
(g C m−2)

Turnover timec

(years)

Whole soil Dry 0.851±0.012 0.149±0.012 3330±191 548±46 −871±116 18.6±2.3
Wet 0.812±0.030 0.188±0.030 3205±96 705±86 −996±156 16.5±2.3

POM Dry 0.618±0.036 0.382±0.036 428a±34 269±34 −411a±100 9.7a±3.6
Wet 0.518±0.036 0.482±0.026 332b±10 317±36 −508b±81 4.9b±0.9

MOM Dry 0.910±0.009 0.090±0.009 2902±182 279±20 −460±43 29.1±4.9
Wet 0.880±0.018 0.120±0.018 2873±96 388±55 −488±94 31.3±6.7

Means in the same carbon pool with different alphabetic superscripts indicate a significant (P≤0.05) difference between the dry and
wet treatments
c Assuming exponential decay, turnover time (T) was calculated as: T = t/-ln(Cfo/Ci), where t is the duration of the experiment (four
years), Cfo is the final carbon stock, and Ci is the initial carbon stock (Balesdent et al. 1987)

Table 2 Mean (±SE) fraction of old (fo) and new (fN) soil
carbon, final old carbon stock (Cfo), final new carbon stock
(Cfn), change in stock, and calculated turnover time of old

carbon in whole soil, POM, and MOM following 4 years of
exposure of constructed old-fields to elevated CO2
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was unaffected by either elevated CO2 or temperature.
There was a temperature × moisture interaction for
soil respiration measurements in 2005 (P≤0.05) that
was caused by a small decline in soil respiration
under elevated temperature in the dry treatment. This
was contrary to the pattern observed in the wet
treatment (Fig. 2). During 2006, the growing season
rate of soil CO2 efflux was significantly affected by
both CO2 (P≤0.05) and watering treatment (P≤0.001).
Interactions among watering treatment, CO2, and
temperature were not significant. In summary, meas-
urements of growing season soil respiration were
consistently reduced by the dry treatment under
different treatment combinations of temperature and
CO2 concentration in both 2005 and 2006 (Fig. 2).

Discussion

Short-term (4 years) exposure of the constructed old-
fields to elevated CO2 concentrations produced no

detectable change in soil carbon concentrations or
stocks. The absence of an effect indicated that soil
carbon inputs were unchanged or that decomposition
of soil organic matter increased to offset any
additional soil carbon input under elevated CO2. Our
data provide evidence for both explanations, but the
latter one is more likely. On one hand, elevated CO2

had no significant effect on aboveground biomass
during the first three years of the experiment (Garten
et al. 2008) which, consistent with unpublished data
collected using mini-rhizotrons, suggests that biomass
production and soil carbon inputs were unaffected by
the CO2 treatment. On the other hand, measurements
made during the 2006 growing season, as well as data
presented by Wan et al. (2007), indicate increased soil
respiration under elevated CO2 that could reflect
increased decomposition of existing soil organic matter.
Studies in other grasslands indicate that elevated CO2

can increase organic matter decomposition by altering
both microbial biomass and enzyme activity (Drissner
et al. 2007).

Our results are consistent with other studies
indicating no measurable change in soil carbon
storage under conditions of elevated CO2 and low
soil nitrogen availability (De Graaff et al. 2006), at
least over the short-term. Although we do not have
experiment-specific measures of nitrogen availability,
daily rates of gross soil nitrogen mineralization at a
nearby location (same alluvial soil type), averaged
over two years, were 0.66 μg N g−1 and were the
lowest measured mid-season rates among a compar-
ison of three widely distributed, experimental sites
(Duke, Rhinelander, and Oak Ridge) (Zak et al.
2003). Moreover, studies in the constructed old-fields
indicate high rates of symbiotic N2-fixation by two
legumes with more than 80% of aboveground plant
tissue nitrogen derived from the atmosphere (Garten
et al. 2008). The absence of an effect of elevated CO2

on soil carbon storage in the constructed old-fields,
even under conditions where symbiotic N2-fixation
contributed 44–51% to aboveground nitrogen stocks,
is similar to results from studies in a grass-clover
system where, following nine years of exposure to
elevated CO2, symbiotic N2-fixation did not affect
soil carbon storage (Van Groenigen et al. 2003).
Although our evidence is indirect, we attribute the
absence of an effect of elevated CO2 on soil carbon
storage in the short-term to nitrogen limitations on
above- and belowground carbon inputs.

Fig. 2 Mean (±SE) rates of soil CO2 efflux under different
watering treatments during the 2005 and 2006 growing seasons
(May–October) (n=12): AC=ambient CO2, AT=ambient tem-
perature, EC=elevated CO2, and ET=elevated temperature

Plant Soil (2009) 319:85–94 91



The hypothesis that possible gains in soil carbon
under elevated CO2 would be offset by increased
decomposition under elevated temperature was rendered
moot by the absence of a significant CO2 effect on soil
carbon and nitrogen under conditions of ambient
temperature and the absence of a significant CO2 ×
temperature interaction. There was a significant tem-
perature × watering treatment interaction that affected
2006 carbon stocks in POM in the dry and wet
treatment plots due to differences in POM mass. Under
elevated temperature, the dry subplots contained more
POM carbon under ambient CO2 than under elevated
CO2 (Fig. 1). This interaction appeared to exemplify
the following effect where elevated CO2 can potentially
diminish the effect of the reduced watering treatment
on soil carbon storage.

Like Wan et al. (2007), we found no significant
overall main effect of temperature on mean rates of
soil CO2 efflux in the constructed old-fields but
effects of watering treatment that consistently indicated
less soil CO2 efflux in the dry treatment plots.
Dermody et al. (2007) have previously addressed the
complex, interacting effects of elevated atmospheric
CO2, warming, and reduced precipitation inputs on
soil moisture in the OCCAM experiment. Treatment
impacts on soil moisture are confounded because
warming and less precipitation input both reduce soil
moisture. The effect can be magnified under a
combination of both warming and drying, but
elevated CO2 can increase soil moisture and poten-
tially offset some of the warming and drying effects
via lower stomatal conductance and reduced evapo-
transpiration. This may explain why the greatest effect
of drying on POM carbon was measured under ACET
rather than ECET (Fig. 1). Lower precipitation inputs
in the dry treatment significantly reduced soil moisture
to a 15 cm depth, even in association with elevated
atmospheric CO2 (Dermody et al. 2007). Although a
lower relative humidity and a higher vapor pressure
deficit have also been reported for OCCAM’s elevated
temperature chambers (Wan et al. 2007), the latter
properties are far less important than soil moisture to
belowground processes (like decomposition of organic
matter) that affect changes over time in soil carbon and
nitrogen stocks. Moisture limitations on rates of soil
organic matter decomposition are a probable cause of
greater stocks of labile soil carbon under elevated
temperature in the dry treatment. However, the latter
mechanism could be combined with increased soil

carbon inputs under elevated temperature. The elevated
temperature treatment increased plant biomass in some
old-field species, but temperature effects on particular
species were not consistent over time (Garten et al.
2008).

More than elevated CO2 or temperature, watering
treatment (i.e., soil moisture) was the principal driving
environmental factor that produced changes in old-
field soil carbon and nitrogen concentrations during
the four-year experiment. The changes were man-
ifested primarily in particulate organic matter—a pool
of fresh, easily decomposable, and rapidly cycling
soil organic carbon. As expected, carbon concentra-
tions and stocks in whole soil and MOM were
unchanged over four years, because of their longer
turnover times (Table 2). The different responses of
whole soil, POM, and MOM exemplify the impor-
tance of making distinctions between various soil
carbon pools in climate change experiments. Al-
though POM carbon and nitrogen concentrations, as
well as carbon stocks, declined over time in both
watering treatments, the declines from 2002 to 2006
were greatest, and statistically significant, in the wet
treatment plots (Table 1). Both aboveground biomass
(Garten et al. 2008) and soil CO2 efflux (Fig. 2) were
greater in the wet treatment plots, and losses of soil
carbon appeared to outweigh any increase in soil
carbon inputs irrespective of elevated CO2 and
temperature.

Additional insights on soil carbon dynamics in the
constructed old-fields were provided by an analysis of
carbon isotopes under elevated CO2. Even though soil
carbon dynamics under elevated CO2 may not be
representative of current-day conditions because of
CO2 induced changes in soil microbial activity
(Cardon et al. 2001; Drissner et al. 2007), soil
respiration (Heath et al. 2005; Wan et al. 2007),
nitrogen availability (De Graaff et al. 2007), and other
CO2-specific soil processes (Niklaus and Falloon
2006), measurements of soil carbon and nitrogen
under elevated CO2 are relevant to soil carbon
dynamics in an expected, future, CO2-rich world.
The temperature treatment had no effect on accrual of
new soil carbon under elevated CO2, but the turnover
time of old soil carbon in POM was prolonged under
reduced soil moisture. A large fraction of POM
carbon at the end of the experiment represented
newly accrued carbon, but calculations of pool size
indicated that amounts of new carbon in MOM
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equaled or slightly exceeded the partitioning of new
soil carbon to POM (Table 2). The partitioning of new
soil carbon in the old-field was different than the fate
of new carbon in forest soils under elevated CO2

where the majority of carbon accrual occurs in labile
pools (Hagedorn et al. 2003).

In conclusion, the watering treatment surpassed
elevated CO2 and temperature as a determinant of soil
carbon dynamics in the constructed old-fields. Re-
duced precipitation inputs decreased decomposition
of soil organic matter and prolonged the turnover time
of POM carbon. An imbalance between soil carbon
inputs and outputs produced a decline in labile soil
carbon stocks under conditions of prevailing soil
moisture (the wet treatment). In short-term experi-
ments, like this one, rapidly cycling soil carbon pools
(like POM) will be the first indicator of changing
dynamics in soil organic matter. Carbon in POM is an
important substrate for soil microbial activity and
nutrient recycling in the plant-soil system, and
declines in POM have been associated with declining
soil quality. Long-term declines in soil carbon and
nitrogen would tend to promote the kind of community
changes in the constructed old-fields that have been
previously described, namely increased dominance of
an invasive, N2-fixing forb, Lespedeza cuneata (Garten
et al. 2008). Our experience with this multi-factor
climate change experiment underscores the need for a
comprehensive consideration of changes in the soil-
plant system that includes the effect of interacting
environmental factors (temperature, CO2, and soil
moisture) on individual species responses, plant com-
munity composition, and changes in soil carbon and
nitrogen that potentially govern long-term changes in
ecosystem function.
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