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Changes in plant species diversity can result in synergistic increases in decomposition rates, while
elevated atmospheric CO2 can slow the decomposition rates; yet it remains unclear how diversity and
changes in atmospheric CO2 may interact to alter root decomposition. To investigate how elevated CO2

interacts with changes in root-litter diversity to alter decomposition rates, we conducted a 120-day
laboratory incubation. Roots from three species (Trifolium repens, Lespedeza cuneata, and Festuca pra-
tense) grown under ambient or elevated CO2 were incubated individually or in combination in soils that
were exposed to ambient or elevated CO2 for five years. Our experiment resulted in two main findings:
(1) Roots from T. repens and L. cuneata, both nitrogen (N) fixers, grown under elevated CO2 treatments
had significantly slower decomposition rates than similar roots grown under ambient CO2 treatments;
but the decomposition rate of F. pratense roots (a non-N-fixing species) was similar regardless of CO2

treatment. (2) Roots of the three species grown under ambient CO2 and decomposed in combinationwith
each other had faster decomposition rates than when they were decomposed as single species. However,
roots of the three species grown under elevated CO2 had similar decomposition rates when they were
incubated alone or in combination with other species. These data suggest that if elevated CO2 reduces the
root decomposition rate of even a few species in the community, it may slow root decomposition of the
entire plant community.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Human activities have increased atmospheric carbon dioxide
CO2 concentrations (Houghton and Ding, 2001), which can
decrease litter quality (Cotrufo et al., 1998; Knops et al., 2007). A
decrease in litter quality may alter the way that ecosystems process
nutrients and change the efflux of CO2 from the soil to the atmo-
sphere (Dukes and Hungate, 2002). Litter quality, defined by the
percent of nitrogen (N), carbon (C), lignin, or other structural
properties in plant tissues, is the dominant controller of decom-
position processes when environmental controls are held constant
(Meentemeyer, 1978; Silver and Miya, 2001). The effect of
increasing atmospheric CO2 on aboveground litter quality and
decomposition rates has been well studied and reviewed and is
relatively minor in most ecosystems (de Graaff et al., 2006a,b; Luo
et al., 2006; Norby et al., 2001; Six et al., 2001). These studies have
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not included root litter, which represents up to 70% of net primary
production in terrestrial ecosystems. Living roots turnover rapidly
and therefore root C is returned to the soil on relatively short time
scales, making it an important component of the terrestrial C cycle
(Vogt et al., 1986). In addition, elevated atmospheric CO2 can
stimulate the allocation of C to roots (Iversen, 2010), making root
contributions to soil C an even more important part of the terres-
trial C cycle in a CO2-enriched world. Studies that evaluated the
response of root tissue chemistry and decomposition to elevated
atmospheric CO2 have principally focused on the response of
a single species’ roots (Ball and Drake, 1998; Gorissen et al., 1995,
King et al., 2001; van Groenigen et al., 2005). Yet, in most natural
ecosystems roots of multiple species, with varying litter quality,
mingle belowground, making it important to understand how CO2-
induced changes in root-litter quality of single species within
a community affect decomposition of the mix of roots within that
community.

The decomposition rate of litter, either aboveground or below-
ground, from different species decomposing together, hereafter
‘mixed litter’, is not always simply derived from the weighted
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average of the sum of each litter type. Instead, non-additive
patterns in the abundance and activity of decomposers are
frequently reported when litter of different species decomposes
together (Anderson and Hetherington 1999; Blair et al., 1990;
Briones and Ineson 1996; Wardle et al., 1997). Indeed, Gartner
and Cardon (2004) reported that non-additive patterns of mass
loss were observed in 67% of studies reviewed, and non-additive
synergistic patterns in aboveground litter decomposition rates,
where mass loss exceeded expected decay by w20%, were
common. To the best of our knowledge, only one reported study
to date has evaluated the impact of mixing different species’
roots on decomposition rates, revealing that mixing root litter may
also cause non-additive increases in root-litter decomposition
(Robinson et al., 1999).

Non-additive synergistic effects of mixing litter on decomposi-
tion rates have been linked to the chemical properties of each litter
type in the mixture (e.g., Meier and Bowman, 2008). As such, it is
the composition and diversity of chemical litter traits that alter soil
C cycling, rather than plant species diversity per se (Meier and
Bowman, 2008). The positive correlation between decomposition
rates and high litter chemical diversity may be explained by
priming, which is defined here as the stimulation of decomposition
caused by the addition of labile substrates, such as litter of
high quality (Dalenberg and Jager, 1989; Jenkinson et al., 1985). If
elevated atmospheric CO2 decreases the chemical composition of
one or more of the species in the mix, it could slow overall root
decomposition rates in soils. To better predict how root decom-
position will change under elevated atmospheric CO2, we need to
better understand how a CO2-induced change in root-litter
decomposition of individual species may affect root decomposition
rates of coexisting species.

Here, we examined the interactions among root tissue diversity,
elevated CO2, root decomposition, and N-mineralization rates to
test three hypotheses: (1) individual species’ roots grown under
elevated atmospheric CO2 will decompose more slowly and soil
amended with these roots will have lower N-mineralization rates
than soils amended with roots grown under ambient conditions;
(2) when species with high N concentrations are mixed with
species of low N concentration, root decomposition and N miner-
alization will be greater than predicted from individual decompo-
sition rates; and (3) elevated atmospheric CO2 will reduce root
decomposition and soil N-mineralization rates of soils amended
with several plant species by increasing the recalcitrance of the
most labile tissue in the mix.

Using a long-term climate change experiment, we collected
soil and roots from three different species: Trifolium repens,
Lespedeza cuneata, and Festuca pratense. The plants and soil had
been exposed to elevated atmospheric CO2 for five years and the
three species chosen were among the most dominant species
across experimental treatments (Engel et al., 2009; Kardol et al.,
2010a,b). To test the interactions between exposure to elevated
atmospheric CO2 and root species decomposition, we incubated
the roots of the three species grown under elevated versus
ambient CO2, individually and in combination for 120 days. A
depleted 13C label that was applied to the elevated CO2 plots
during the experiment enabled us to partition soil respiration
between native SOM decomposition and the decomposition of
the added root substrate. Roots produced under elevated and
ambient atmospheric CO2 were incubated in soil exposed to
ambient or elevated CO2. By incubating roots produced under
ambient atmospheric CO2 in a soil exposed to elevated atmo-
spheric CO2 and vice versa, we were able to assess whether
differences in the rate of decomposition or N mineralization were
controlled by root tissue quality or by changes in the native soil
microbial activity.
2. Materials and methods

2.1. Sample collection and initial analysis

We collected soil and root samples from the Old Field
Community Climate and Atmosphere Manipulation (OCCAM)
experiment located at the Oak Ridge National Environmental
Research Park, Oak Ridge, Tennessee (25�540 N; 84�210 W). The site
is an abandoned agricultural field and the soil is classified as Cap-
tina silt loam with moderate-to-medium granular structure and
medium internal drainage (Edwards and Norby,1999).Whole soil N
(1.62 g N kg�1) and C (18.3 g C kg�1), determined prior to the start
of the experiment, were not affected by the climate change treat-
ments and did not change significantly over time (Garten et al.,
2009). In 2002, twelve experimental plots were established and
planted with seven old-field plant species: Plantago lanceolata L.,
a herbaceous forb; Andropogon virginicus L., a cespitose C4 bunch-
grass; F. pratense L. syn F. elatior L., a C3 bunchgrass; Dactylis
glomerata L., a C3 bunchgrass; Trifolium pratense L., a herbaceous
legume; Solidago canadensis, a herbaceous forb; and L. cuneata,
a N2-fixing sub-shrub (see Engel et al., 2009; Kardol et al., 2010a,b).
The experimental design is described in detail elsewhere (Dermody
et al., 2007; Garten et al., 2008; Wan et al., 2007). Briefly, in 2003,
CO2, temperature, and soil moisture treatments were applied
through the use of open-top chambers and rain-out shelters, which
were installed on top of 12 plots (4 m in diameter). Whole plots
received treatments of ambient or elevated (ambient þ300 ppm)
atmospheric CO2 in combination with ambient or elevated
(ambient þ3 �C) air temperature in a randomized, complete-block
design (n¼ 3). An open-sided shelter was assembled over each
open-top chamber to exclude precipitation. Each split plot within
each whole plot was randomly assigned a soil moisture treatment
(‘wet’ or ‘dry’) created by differential irrigation (2 mm/25 mm per
week). The CO2 applied to the elevated atmospheric CO2 treatments
was depleted in 13C (�51&) compared to ambient atmospheric CO2
treatments resulting in distinct soil and tissue 13C signatures
(Garten et al., 2009).

In June of 2007, we randomly collected 30 soil samples (1 cm
diameter core; 0e10 cm) from each of the irrigated (wet) and
ambient temperature subplots exposed to both ambient and
elevated atmospheric CO2. The individual soil cores taken from
a subplot were composited, sieved to 2 mm, and visible roots
>2 mm were removed. Soils were processed and stored at 6 �C for
approximately 4 weeks. Roots (0e10 cm) from each of the three
species (i.e. F. pratense, T. repens, and L. cuneata) were harvested
from the same plots as the soil, using a shovel to collect intact
plants to a depth of 15 cm. Collected roots were washed, sorted for
fine roots (<2 mm) and stored at 6 �C. Fine roots were dried at 70 �C
and ground to 2.5 mm. Subsamples of the roots and of the root-mix
were ground to a fine homogeneous powder prior to elemental and
isotopic analysis. Carbon andN concentrations weremeasuredwith
a LECO CN-2000 elemental analyzer (LECO incorporated, St. Joseph,
MI). The instrument was calibrated using LECO standards traceable
to National Institute of Standards and Technology (NIST), Gai-
thersburg, MD. Samples were analyzed for stable C-isotope ratios
(13C/12C) using an Integra-CN, continuous flow, isotope ratio mass
spectrometer (SerCon Ltd, Crewe, United Kingdom). Leaf lignin
concentrations were quantified with the acid-fiber method (using
an ANKOM-200; Ankom Technology, Macedon NY), oak was used
as a standard.

2.2. Incubation experimental design

Soils and roots were incubated for 120 days at 20 �C (replicates
were field plots; n¼ 3). A 0.6 g subsample of root material
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from each species, F. pratense, T. repens, and L. cuneata, was
mixed with approximately 60 g (DW) of soil in 120 mL specimen
cups. In addition, a 0.6 g root-mix of the species (0.2 g
F. pratenseþ 0.2 g T. repensþ 0.2 g L. cuneata) was added to 60 g of
soil.

We used a reciprocal transplant design to tease apart if changes
in decomposition were due to a CO2-induced shift in the soil
microbial community (Castro et al., 2010; Kardol et al., 2010b), or
due to a change in tissue quality. We added roots previously
exposed to ambient levels of atmospheric CO2 to soils previously
exposed to both ambient and elevated atmospheric CO2, and we
added ‘elevated CO2 roots’ to both ‘ambient and elevated CO2 soils’.
As a result, all combinations of root material produced under
ambient and elevated CO2 and soil exposed to ambient and elevated
CO2 were used in the incubation study (Table 1). Triplicates of
unamended soils previously exposed to ambient and elevated CO2
(control soils) were incubated along with the root tissue amended
soils, to account for CO2 evolution from the pre-existing soil C. Soil
water-holding capacity of the soils was determined by calculating
the difference in weight of soils at its saturation point and its oven-
dry weight (100 �C). For the incubation, water was added to obtain
60% saturation. Specimen cups were placed in 1 L mason jars and
5 mL of water was added to the bottom of the jar to maintain
humidity. A septum in the jar lid allowed gas samples to be
removed from the headspace with a 10 mL syringe. CO2 samples
were collected in 12 mL Vacutainers where they were stored until
samples were analyzed (Labco limited, Buckinghamshire, UK) and
stored until samples were analyzed with a continuous flow, isotope
mass spectrometer (PDZ Europa TGII trace gas analyzer and Geo
20e20 isotope ratio mass spectrometer, Cheshire UK) at the Stable
Isotope Facility in Davis, CA.

Soil CO2 evolution was measured on Day 1, 2, 3, 5, 8, 15, 30, 60,
90 and 120 of the incubation. Following gas sampling, the caps
were removed and the jars were flushed with air for 30 min.
Additional mason jars (six for each treatment) with soils and roots
were included to allow destructive sampling for N-mineralization
measurements (n¼ 3; at each time point). Soil N mineralization
was measured at days 0, 30, 60 and 120, by extracting 10 g of soil
with 50 mL 2 M KCL. The solutionwas shaken for 45 min, extracted
and analyzed for NO3

� and NH4
þ using a Lachat Automated Ion

Analyzer.
Table 1
Reciprocal transplant decomposition experimental design: We added roots previ-
ously exposed to ambient levels of atmospheric CO2 to soils previously exposed to
both ambient and elevated atmospheric CO2, and we added ‘elevated CO2 roots’ to
both ‘ambient and elevated CO2 soils’.

Soil Roots incorporated in soil

CO2 treatment CO2 treatment Species

Ambient Ambient T. repens
F. pratense
L. cuneata
Litter mix

Elevated T. repens
F. pratense
L. cuneata
Litter mix

Elevated Ambient T. repens
F. pratense
L. cuneata
litter mix

Elevated T. repens
F. pratense
L. cuneata
Litter mix
2.3. CO2 and 13C-isotope analyses

The concentration of CO2 and its PDB-13C signature were
determined at the University of California-Davis Stable Isotope
Facility using a continuous flow, isotope mass spectrometer
(PDZ Europa TGII trace gas analyzer and Geo 20e20 isotope ratio
mass spectrometer, Cheshire UK). Carbon mineralization data are
expressed on a soil oven-dry (100 �C) basis.

Results of the C-isotope analyses are expressed in d units (&).
The d13C values were determined in relation to ViennaePee Dee
Belemnite as follows:

d13C ¼
��

Rsample=Rstandard
�
� 1

�
(1)

To calculate the amount of CO2-C derived from plant material
produced under ambient and elevated CO2 and incubated in soil
formerly exposed to elevated and ambient CO2 the following mass
balance was used (Denef et al., 2002)

Qt � d13Ct ¼ Qp � d13Cp þ Qs � d13Cs þ Qb � d13Cb (2)

where Qt is the total amount of CO2-C, d13Ct is its isotopic compo-
sition, Qp the amount of CO2-C derived C from the plant material,
d13Cp the isotopic composition of plant material, Qs the amount of
CO2-C derived from the unlabeled soil, d13Cs the isotopic composi-
tion of the unlabeled soil, Qb the CO2-C amount in the control blank
jar and d13Cb the isotopic composition of CO2 in the control blank jar.
The CO2-C derived from the plant materials (Qp) during the incu-
bation was quantified by subtracting soil respiration (QsþQb) from
the respiration of soil with incorporated plant materials (Qt).

2.4. Statistical analysis

Addition of roots from F. pratense, T. repens, L. cuneata, and the
mix of species produced under ambient or elevated CO2 to soil
exposed to ambient or elevated CO2 resulted in three different
treatments (Table 1). A three-way comparison was made using the
Univariate GLM in SPSS Statistics 17.0. An ANOVA was conducted
with blocks (i.e. the field plots) as random effects and treatments
(i.e. CO2 and species treatments) as fixed effects. Statistical tests
were performed on cumulative respired CO2 at the last date of the
incubation. Means were compared by the Tukey test, after confir-
mation that the analysis of variance was significant. The level of
significance was P� 0.05.

To assess if mixing root tissue of multiple species resulted in
non-additive higher decomposition rates, we compared differences
in C- and N-mineralization rates between the predicted minerali-
zation rates based on mineralization of individual species (here-
after referred to as ‘predicted’) and observedmineralization rates of
the mix of species (hereafter referred to as ‘observed’). Predicted
mineralization was calculated within a block using the following
method (Blair et al., 1990; Wardle et al., 1997):

Expected respiration ¼ ðS11 þ S21 þ S31Þ=3 (3)

where the predicted mineralization is calculated by summing the
root tissue derived C and N mineralization of the individual species
1e3 in each block (i.e. S11þ S21þ S31) divided by the number of
species in the mix. After confirming normality and homogeneity of
variances, we compared the observed versus the predicted cumu-
lative CO2 respiration with a student’s t-test across blocks. In
addition, we performed a linear regressionwith the ‘predicted’ and
‘observed’mineralization data across times and tested whether the
regression lines were different from a 1:1 line. Differences between
means were tested using least significant differences. The level of
significance was P� 0.05.
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Fig. 1. Cumulative CO2-C respiration over a 120-day incubation derived from soils
previously exposed for 5 years to ambient or elevated atmospheric CO2. Values are
means� SE (n¼ 3).
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3. Results

3.1. Elevated CO2 impacts on root tissue quality

There was no direct effect of elevated atmospheric CO2 on
T. repens, L. cuneata, and F. pratense root tissue C:N, however, the
C:N ratios among individual species differed significantly and
reflected their N-fixing traits (Table 2). T. repens had the lowest C:N
ratio among species, while F. pratense had the highest C:N ratio
(Table 2). The lignin concentration of L. cuneata roots grown under
ambient atmospheric CO2 was 14%, whereas the concentration of
lignin in roots grown under elevated atmospheric CO2 roots was
16%. The lignin concentration of F. pratense roots grown under
ambient atmospheric CO2 was 16% while lignin concentrations in
roots grown under elevated atmospheric CO2 was 18%. Due to
insufficient material, replicates were composited and no statistics
were conducted on the lignin data.

3.2. Elevated CO2 impacts on root tissue C and N mineralization

There were no differences in C respiration between the control
soils (soils with no roots added) previously exposed to ambient
atmospheric CO2 versus exposed to elevated atmospheric CO2
(Fig. 1). The d13C values of plants and soils varied significantly
between ambient and elevated atmospheric CO2 treatments, with
roots grown under ambient atmospheric CO2 averaging a d13C
signature of �26& and roots grown under elevated atmospheric
CO2 averaging a d13C of �49&. Total C in soils exposed to elevated
CO2 were, on average, �3& depleted in 13C compared to soils
exposed to ambient CO2. The different isotopic signatures enabled
us to partition between decomposition of the roots added to the
incubation and decomposition of the pre-existing SOM. After 120
days, decomposition of root material varied significantly among the
three plant species and across all treatments.

F. pratense roots had the slowest rate of decomposition while
T. repens roots had the fastest rates of decomposition independent
of treatment (P� 0.001; Fig. 2aec). In general, roots of N-fixers
(L. cuneata and T. repens) decomposed more slowly when grown
under elevated CO2 compared to roots grown under ambient
atmospheric CO2; while grass (F. pratense) roots grown under
elevated or ambient atmospheric CO2 decomposed at a similar rate.
Decomposition of L. cuneata roots grown under ambient atmo-
spheric CO2 and incubated in soils previously exposed to both
ambient atmospheric CO2 and elevated atmospheric CO2 exceeded
Table 2
Impact of elevated CO2 on root-litter carbon (C) and nitrogen (N) concentrations.
Values are means� SE (n¼ 3).

Species CO2 treatment N (mg g�1) C (mg g�1) C:N

T. repens Ambient CO2 26.9� 0.54 413.2� 2.43 15.3� 0.33
Elevated CO2 26.8� 1.36 415.0� 4.57 15.4� 0.81

F. pratense Ambient CO2 15.4� 0.45 410.6� 3.36 26.6� 0.96
Elevated CO2 15.0� 0.95 403.8� 4.92 26.9� 2.15

L. cuneata Ambient CO2 7.66� 0.25 366.2� 20.9 47.8� 1.51
Elevated CO2 7.74� 0.06 399.2� 6.54 51.5� 3.86

Source of variation ANOVA
T. repens
CO2 ns ns ns
F. pratense
CO2 ns ns ns
L. cuneata
CO2 ns ns ns
Species mixture
CO2 ns ns ns
Species P� 0.01 ns P� 0.01
CO2� species ns ns ns
the decomposition rates of L. cuneata roots grown under elevated
atmospheric CO2 grown in soil previously exposed to ambient
atmospheric CO2 (P� 0.05 and P� 0.05, respectively; Fig. 2a).
Decomposition of T. repens roots grown under ambient CO2 and
incubated in elevated soil exceeded decomposition of elevated
roots in ambient soil and elevated roots in elevated soil (Er in Es)
(P� 0.001, in both cases). In addition, decomposition of ambient
T. repens roots incubated in ambient soil was faster than decom-
position of elevated roots in elevated soil (P� 0.05; Fig. 2b). We
found a significant interaction between soil CO2 and root CO2
treatments for root decomposition in soils incubated with T. repens
roots (Psoil� root� 0.05). Decomposition of F. pratense roots was
not affected by the atmospheric CO2 treatments (Fig. 2c). When the
root tissue from the three species was mixed, roots produced under
ambient CO2 incubated in soil previously exposed to elevated CO2
decomposed at a greater rate than elevated roots incubated in
ambient soil (P� 0.01; Fig. 2d).

Root tissue quality impacts on potential N mineralization were
similar to root tissue quality impacts on soil C mineralization,
however, N mineralization was less influenced by the elevated
atmospheric CO2 treatment. Although, potential N mineralization
in soil with T. repens roots grown under ambient CO2 was greater
than N mineralization in soil with T. repens roots grown under
elevated CO2 (P� 0.05; Fig. 3b). Soil potential N mineralization in
ambient and elevated atmospheric CO2 treatments was similar
across the three species as well as when the species were mixed
(Fig. 3a, c and d). There were no differences in potential N miner-
alization between soils previously exposed to ambient or elevated
atmospheric CO2 that did not have root material added (‘control
soils’, data not shown). We did not find any significant interactions
between soil CO2 and root CO2 treatments for soil N mineralization.

3.3. Interactions among elevated CO2, root tissue diversity, and
decomposition

We compared differences in C- and N-mineralization rates
among treatments between the predicted and observed minerali-
zation in two ways: (1) We performed a linear regression with the
‘predicted’ and ‘observed’ mineralization data across time and
tested whether the regression lines were different from a 1:1 line
(Fig. 4a), and (2) we compared the total C mineralization of the
‘predicted’ and ‘mix’ using a Student’s t-test (Fig. 4b). Using the first
method, we found that the observed root-derived soil C-efflux was
significantly greater than the predicted root-derived soil C-efflux
when roots grown under ambient atmospheric CO2 were added to
soil previously exposed to ambient atmospheric CO2, as revealed by
the diversion of the regression line compared to the 1:1 line
(P� 0.05, Fig. 4a). Using the second method we found that when
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we compared root-derived C decomposition from roots grown
under ambient atmospheric CO2 versus roots grown under elevated
atmospheric CO2, mixing root species significantly increased total C
respiration of the roots previously exposed to ambient atmospheric
CO2 (P� 0.05), but not of the roots previously exposed to elevated
atmospheric CO2 (P¼ 0.169; Fig. 4b). Mixing root tissue did
not significantly alter N-mineralization rates within any of the
treatments.
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4. Discussion

Increasing plant species diversity often results in a non-additive
increase in litter decomposition rates (Gartner and Cardon, 2004),
while elevated atmospheric CO2 may slow down decomposition
rates of coexisting plant species. Yet, it remains uncertain how
elevated CO2 and plant species diversity may interact to alter
decomposition rates. Our experiment resulted in three main
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Fig. 4. Difference between the ‘predicted’ decomposition rates (mean of individual species’ decomposition rate) and the observed decomposition rates of species decomposed in
a mixture. Roots grown under ambient or elevated atmospheric CO2 conditions were incubated in soils developed under ambient or elevated atmospheric CO2 conditions. (a) The
relationship between ‘predicted’ and ‘observed’ root-derived CO2-C respiration data across time compared to a 1:1 line, and (b) cumulative ‘predicted’ and ‘observed’ decomposition
of roots exposed to ambient versus elevated CO2.
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findings: (1) elevated atmospheric CO2 did not alter C:N ratios of
any of the species. However, roots grown under elevated atmo-
spheric CO2 had slower decomposition and N-mineralization rates
in soils amended with N-fixer roots (T. repens and L. cuneata), but
not grass roots (F. pratense); (2) decomposing roots in a mixture of
the three species grown under ambient CO2 together significantly
increased decomposition rates relative to the average decomposi-
tion rates of the same species decomposed alone; (3) when roots
from three plant species produced under elevated CO2 were
decomposed together, decomposition was not enhanced in a non-
additive manner. Our data suggest the impact of climatic change
on plant communities may be particularly important belowground
where the roots of different species intermingle and are in direct
contact with the soil.

4.1. Elevated CO2 impacts on root tissue C and N mineralization

When roots of the two N-fixers, T. repens and L. cuneata, were
grown under elevated atmospheric CO2, they decomposed more
slowly than roots grown under ambient CO2 conditions. In contrast,
roots of the grass species, F. pratense, decomposed at similar rates
independent of the CO2 treatment. Our results agree with others
who found that exposure to elevated atmospheric CO2 can slow
(Ball and Drake, 1998; Gorissen et al., 1995; van Groenigen et al.,
2006) or have no impact on root tissue decomposition (Dilustro
et al., 2001; King et al., 2001; Knops et al., 2007). The reduction
in decomposition of T. repens and L. cuneata roots grown under
elevated atmospheric CO2 was surprising given that the impact of
elevated CO2 on tissue quality and decomposition is generally small
(de Graaff et al., 2006a,b; Luo et al., 2006; Norby et al., 2001). In
addition, the plant tissue response to elevated CO2 is often even
smaller in legumes, due to the symbiotic relationship between
legumes and the N2-fixing Rhizobium bacteria (de Graaff et al.,
2004; Hartwig et al., 2000). Indeed, we found no change in root
tissue C:N ratios between treatments suggesting that another
chemical constituent, such as lignin or suberin content may be
driving the patterns observed in this system (Gorissen and Cotrufo,
2000; van Ginkel et al., 1996; van Ginkel and Gorissen, 1998).

Our speculation that changes in root tissue quality other than
C:N ratios of the roots may have caused the reduction in decom-
position under elevated CO2 is supported by the N mineralization
and lignin data. While not statistically tested in this study, it
appears that elevated CO2 enhanced the lignin concentration of
F. pratense (from 16% to 18%), and L. cuneata (from 14% to 16%) roots
in our experiment, and these changes may have contributed to the
reduction in decomposition rates of L. cuneata root tissue grown
under elevated CO2. The reductions in root decomposition rates
under elevated CO2 were accompanied by reductions in N-miner-
alization rates: Nmineralizationwas not affected by elevated CO2 in
soils amended with F. pratense roots, but was significantly reduced
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under elevated CO2 in soils amendedwith T. repens and in soils with
L. cuneata roots. These results suggest that exposure to elevated CO2
increased the abundance of recalcitrant C-rich compounds in root
tissue of both legumes, which reduced N-mineralization rates.

Our reciprocal experimental design allowed us to test whether
differences in the rate of decomposition or N mineralization were
controlled by root tissue quality or by changes in the innate soil
microbial activity. If the microbial community had caused any
differences in decomposition of roots within the same treatment
we should find a significant interaction between soil and root CO2
treatments. We did not find such an interaction for soil N miner-
alization and the only significant interaction between soil CO2 and
root CO2 treatments for root C decompositionwas found in the soils
incubated with T. repens roots. Our results suggest that the micro-
bial community and its activity was not sufficiently altered in the
elevated CO2 treatments to affect root decomposition rates or soil
N-mineralization rates in most treatments, although we did not
directly measure the microbial community directly. Prior work in
this study also found no impact of elevated CO2 on the abundance
and composition of the microbial community (Castro et al., 2010),
sowe feel comfortablewith the assertion that CO2-induced shifts in
root quality are more important in driving changes in decomposi-
tion rates under elevated CO2, than shifts in the microbial
community.

4.2. Interactions among elevated CO2, root tissue diversity,
and decomposition

Changes in species diversity or the quality of a species in a mix
might have a disproportionate impact on root decomposition and
subsequent soil organic matter accrual because roots are in direct
contact with the soil matrix and thus the decomposer community.
In general, plant species diversity has been a poor predictor of
leaf litter decomposition rates (Bardgett and Shine, 1999;
Hattenschwiler et al., 2005; Meier and Bowman, 2008; Spehn
et al., 2005; Wardle et al., 1997), but the chemical diversity
among tissue types is a good predictor of C-mineralization rates
(Epps et al., 2007; Hoorens et al., 2002; Meier and Bowman, 2008;
Orwin et al., 2006). In our study, mixing the roots of three species
produced under ambient CO2 significantly enhanced C-minerali-
zation rates relative to the predicted decomposition rate for each
species. The species used in this study are chemically diverse,
ranging from relatively labile roots of N-fixers with a low C:N ratio
(i.e. T. repens) to grass roots with a high C:N ratio (i.e. F. pratense).

The mechanism that controls synergistic effects of tissue
decomposition with enhanced tissue chemical diversity is still
unknown. A likely explanatory process for this effect is priming,
which is the process whereby the addition of labile compounds to
soil enhances decomposition rates of more recalcitrant SOM
(Kuzyakov et al., 2000; Kuzyakov, 2002; Parnas, 1976). Thus, labile
compounds in high quality tissue could speed up decomposition of
more recalcitrant compounds in lower quality tissue when the
tissue types are mixed. Under elevated CO2, there was no syner-
gistic effect of tissue mixing on decomposition rates. We hypoth-
esize that elevated CO2 reduced the chemical diversity of the root
tissue by increasing the recalcitrance of the most labile tissue in the
mix. Thus, we suspect, the priming effect resulting from mixing
tissue was too small to cause a significant non-additive increase in
decomposition. A similar hypothesis was tested by Hoorens et al.,
(2002) with plant species that vary widely in tissue C:N ratios
grown in the laboratory under ambient and elevated CO2 levels.
Similar to our results, i.e. elevated CO2 reduced individual decom-
position rates of the most labile tissue species in our mix
(i.e. L. cuneata and T. repens), they found that elevated CO2 removed
the synergistic effects of mixing tissue only when elevated CO2
reduced the tissue quality and individual decomposition rate of the
most labile tissue species.

Since we found no significant effect of elevated CO2 on the root
quality of any of plant species in our study, we cannot unequivo-
cally conclude that a CO2-induced reduction of priming in the
species mixture is the mechanism responsible for the observed
reduction of decomposition rates. If elevated CO2 interacts with
plant species diversity to alter decomposition rates, elevated CO2
may have a greater impact on overall belowground decomposition
rates than previously predicted. Further, elevated CO2 may indi-
rectly affect tissue quality by causing a shift in plant species
composition (Dukes and Hungate, 2002; Teyssonneyre et al., 2002).
In our project we see large shifts in plant species composition over
time (Engel et al., 2009; Kardol et al., 2010a,b) and these shifts
result in changes in soil communities (Kardol et al., 2010b; Kardol
et al., 2011) and litter decomposition rates (Tyner and Classen,
2007). Such indirect effects on tissue quality can significantly
alter soil C and N cycling (Chung et al., 2007), andmay outweigh the
direct effect of elevated CO2 on overall root decomposition rates
within a plant community.

5. Conclusion

Our results indicate that elevated atmospheric CO2 can impact
root decomposition rates and these changes can alter soil C and N
cycling. If elevated CO2 reduces root decomposition rates of select
plant species in a community, it may lead to reductions in overall
decomposition rates. A large percentage of NPP is allocated
belowground and elevated CO2 is predicted to increase below-
ground C allocation in many ecosystems. Given the importance of
roots in regulating soil C and the potential of many combinations of
root mixtures in the soils, an important next step is to understand
how elevated CO2 effects on a single species’ root decomposition
and chemistry translates to the decomposition of a root mixture.

Acknowledgments

We thank David Harris, Charles Garten Jr., and Joanne Childs for
assistingwith chemical analyses. Thanks to Paul Kardol for assisting
with root harvesting. Richard Norby and Jake Weltzin were integral
in establishing the OCCAM experiment and provided logistical
support. Research was sponsored by the U.S. Department of Energy,
Office of Science, Biological and Environmental Research Program,
and work was conducted in collaboration with Oak Ridge National
Laboratory, which is managed by UT-Battelle, LLC, for the U.S.
Department of Energy.

References

Anderson, J.M., Hetherington, S.L., 1999. Temperature, nitrogen availability and
mixture effects on the decomposition of heather [Calluna vulgaris (L.) Hull] and
bracken [Pteridium aquilinum (L.) Kuhn] tissues. Functional Ecology 13,
116e124.

Ball, A.S., Drake, B.G., 1998. Stimulation of soil respiration by carbon dioxide
enrichment of marsh vegetation. Soil Biology and Biochemistry 30, 1203e1205.

Bardgett, R.D., Shine, A., 1999. Linkages between plant tissue diversity, soil microbial
biomass and ecosystem function in temperate grasslands. Soil Biology and
Biochemistry 31, 317e321.

Blair, J.M., Parmelee, R.W., Beare, M.H., 1990. Decay-rates, Nitrogen fluxes, and
decomposer communities of single-species and mixed-species foliar tissue.
Ecology 71, 1976e1985.

Briones, M.J.I., Ineson, P., 1996. Decomposition of eucalyptus leaves in tissue
mixtures. Soil Biology and Biochemistry 28, 1381e1388.

Castro, H.F., Classen, A.T., Austin, E.E., Norby, R.J., Schadt, C.W., 2010. Soil microbial
community responses to multiple experimental climate change drivers. Applied
and Environmental Microbiology 76, 999e1007.

Chung, H.G., Zak, D.R., Reich, P.B., Ellsworth, D.S., 2007. Plant species richness,
elevated CO2, and atmospheric nitrogen deposition alter soil microbial
community composition and function. Global Change Biology 13, 980e989.



M.-A. de Graaff et al. / Soil Biology & Biochemistry 43 (2011) 2347e23542354
Cotrufo, M.F., Briones, M.J.I., Ineson, P., 1998. Elevated CO2 affects field decompo-
sition rate and palatability of tree leaf tissue: importance of changes in
substrate quality. Soil Biology and Biochemistry 30, 1565e1571.

Dalenberg, J.W., Jager, G., 1989. Priming effect of some organic additions to C-14
labeled soil. Soil Biology and Biochemistry 21, 443e448.

Denef, K., Six, J., Merckx, R., Paustian, K., 2002. Short-term effects of biological and
physical forces on aggregate formation in soils with different clay mineralogy.
Plant and Soil 246, 185e200.

de Graaff, M.-A., Six, J., Harris, D., Blum, H., van Kessel, C., 2004. Decomposition of
soil and plant carbon from pasture systems after nine years of exposure to
elevated CO2. Global Change Biology 10, 1922e1935.

de Graaff, M.A., Six, J., Blum, H., van Kessel, C., 2006a. Prolonged elevated CO2 does
not affect decomposition of plant material. Soil Biology and Biochemistry 38,
187e190.

de Graaff, M.A., van Groeningen, K.J., Six, J., Hungate, B.A., van Kessel, C., 2006b.
Interactions between plant growth and nutrient dynamics under elevated CO2:
a meta analysis. Global Change Biology 12, 2077e2091.

Dermody, O., Weltzin, J.F., Engel, E.C., Allen, P., Norby, R.J., 2007. How do elevated
CO2, warming, and reduced precipitation interact to affect soil moisture and LAI
in an old field ecosystem? Plant and Soil 301, 255e266.

Dilustro, J.J., Day, F.P., Drake, B.G., 2001. Effects of elevated atmospheric CO2 on root
decomposition in a scrub oak ecosystem. Global Change Biology 7, 581e589.

Dukes, J.S., Hungate, B.A., 2002. Elevated carbon dioxide and tissue decomposition
in California annual grasslands: which mechanisms matter? Ecosystems 5,
171e183.

Edwards, N.T., Norby, R.J., 1999. Below-ground respiratory responses of sugar maple
and red maple saplings to atmospheric CO2 enrichment and elevated air
temperature. Plant and Soil 206, 85e97.

Engel, E.C., Weltzin, J.F., Norby, R.J., Classen, A.T., 2009. Responses of an old-field
plant community to interacting factors of elevated CO2, warming, and soil
moisture. Journal of Plant Ecology 2, 1e11.

Epps, K.Y., Comerford, N.B., Reeves, J.B., Cropper, W.P., Araujo, Q., 2007. Chemical
diversity e highlighting a species richness and ecosystem function disconnect.
Oikos 116, 1831e1840.

Garten, C.T., Classen, A.T., Norby, R.J., Brice, D.J., Weltzin, J.A., Souza, L., 2008. Role of
N2-fixation in constructed old-field communities under different regimes of
CO2, temperature, and water availability. Ecosystems 11, 125e137.

Garten, C.T., Classen, A.T., Norby, R.J., 2009. Soil moisture surpasses elevated CO2
and temperature as a control on soil carbon dynamics in a multi-factor climate
change experiment. Plant and Soil 319, 85e94.

Gartner, T.B., Cardon, Z.G., 2004. Decomposition dynamics in mixed-species leaf
tissue. Oikos 104, 230e246.

Gorissen, A., Cotrufo, M.F., 2000. Decomposition of leaf and root tissue of three
perennial grass species grown at two levels of atmospheric CO2 and N supply.
Plant and Soil 224, 75e84.

Gorissen, A., Van Ginkel, J.H., Keurentjes, J.J.B., van Veen, J.A., 1995. Grass root
decomposition is retarded when grass has been grown under elevated CO2. Soil
Biology and Biochemistry 27, 117e120.

Hartwig, U.A., Luscher, A., Daepp, M., Blum, H., Soussana, J.F., Nosberger, J., 2000.
Due to symbiotic N-2 fixation, five years of elevated atmospheric pCO2 had no
effect on the N concentration of plant tissue in fertile, mixed grassland. Plant
and Soil 224, 43e50.

Hattenschwiler, S., Tiunov, A.V., Scheu, S., 2005. Biodiversity and tissue decompo-
sition in terrestrial ecosystems. Annual Review of Ecology Evolution and
Systematics 36, 191e218.

Hoorens, B., Aerts, R., Stroetenga, M., 2002. Tissue quality and interactive effects in
tissue mixtures: more negative interactions under elevated CO2? Journal of
Ecology 90, 1009e1016.

Houghton, J.T., Ding, Y., 2001. IPCC-report. Cambridge University Press, Great
Britain.

Iversen, C.M., 2010. Digging deeper: fine-root responses to rising atmospheric CO2
concentration in forested ecosystems. New Phytologist 186, 346e357.

Jenkinson, D.S., Fox, R.H., Rayner, J.H., 1985. Interactions between fertilizer nitrogen
and soil nitrogen e the so-called ‘priming’ effect. Journal of Soil Science 36,
425e444.

Kardol, P., Campany, C.E., Souza, L., Norby, R.J., Weltzin, J.F., Classen, A.T., 2010a.
Climate change effects on plant biomass alter dominance patterns and
community evenness in an experimental old-field ecosystem. Global Change
Biology 16, 2676e2687.

Kardol, P., Cregger, M.A., Campany, C.E., Classen, A.T., 2010b. Soil ecosystem func-
tioning under climate change: plant species and community effects. Ecology 91,
767e781.
Kardol, P., Reynolds, W.N., Norby, R.J., Classen, A.T., 2011. Climate change effects on
soil microarthropod abundance and community structure. Applied Soil Ecology
47, 37e44.

King, J.S., Pregitzer, K.S., Zak, D.R., Kubiske, M.E., Ashby, J.A., Holmes, W.E., 2001.
Chemistry and decomposition of tissue from Populus tremuloides Michaux
grown at elevated atmospheric CO2 and varying N availability. Global Change
Biology 7, 65e74.

Knops, J.M.H., Naeem, S., Reich, P.B., 2007. The impact of elevated CO2, increased
nitrogen availability and biodiversity on plant tissue quality and decomposition.
Global Change Biology 13, 1960e1971.

Kuzyakov, Y., Friedel, J.K., Stahr, K., 2000. Review of mechanisms and quantification
of priming effects. Soil Biology and Biochemistry 32, 1485e1498.

Kuzyakov, Y., 2002. Review: factors affecting rhizosphere priming effects. Journal of
Plant Nutrition and Soil Science 165, 382e396.

Luo, Y., Hui, D., Zhang, D., 2006. Elevated CO2 stimulates net accumulations of
carbon and nitrogen in land ecosystems: a meta-analysis. Ecology 87, 53e63.

Meentemeyer, V., 1978. Macroclimate and lignin control of tissue decomposition
rates. Ecology 59, 465e472.

Meier, C.L., Bowman, W.D., 2008. Links between plant tissue chemistry, species
diversity, and below-ground ecosystem function. Proceedings of the National
Academy of Sciences of the United States of America 105, 19780e19785.

Norby, R.J., Cotrufo, M.F., Ineson, P., O’Neill, E.G., Canadell, J.G., 2001. Elevated CO2,
tissue chemistry and decomposition: a synthesis. Oecologia 127, 153e165.

Orwin, K.H., Wardle, D.A., Greenfield, L.G., 2006. Ecological consequences of carbon
substrate identity and diversity in a laboratory study. Ecology 87, 580e593.

Parnas, H., 1976. Theoretical explanation of priming effect based on microbial-
growth with 2 limiting substrates. Soil Biology and Biochemistry 8, 139e144.

Robinson, C.H., Kirkham, J.B., Littlewood, R., 1999. Decomposition of root mixtures
from high arctic plants: a microcosm study. Soil Biology & Biochemistry 31,
1101e1108.

Silver, W.L., Miya, R.K., 2001. Global patterns in root decomposition: comparisons of
climate and tissue quality effects. Oecologia 127, 407e419.

Six, J., Carpentier, A., Van Kessel, C., Merckx, R., Harris, D., Horwath, W.R.,
Lüscher, A., 2001. Impacts of elevated CO2 on soil organic matter dynamics as
related to changes in aggregate turnover and plant material quality. Plant and
Soil 234, 27e36.

Spehn, E.M., Hector, A., Joshi, J., Scherer-Lorenzen, M., Schmid, B., Bazeley-White, E.,
Beierkuhnlein, C., Caldeira, M.C., Diemer, M., Dimitrakopoulos, P.G., Finn, J.A.,
Freitas, H., Giller, P.S., Good, J., Harris, R., Hogberg, P., Huss-Danell, K.,
Jumpponen, A., Koricheva, J., Leadley, P.W., Loreau, M., Minns, A., Mulder, C.P.H.,
O’Donovan, G., Otway, S.J., Palmborg, C., Pereira, J.S., Pfisterer, A.B., Prinz, A.,
Read, D.J., Schulze, E.D., Siamantziouras, A.S.D., Terry, A.C., Troumbis, A.Y.,
Woodward, F.I., Yachi, S., Lawton, J.H., 2005. Ecosystem effects of biodiversity
manipulations in European grasslands. Ecological Monographs 75, 37e63.

Teyssonneyre, F., Picon-cochard, C., Falcimagne, R., Soussana, J.F., 2002. Effects of
elevated CO2 and cutting frequency on plant community structure in
a temperate grassland. Global Change Biology 8, 1034e1046.

Tyner, M.L., Classen, A.T., 2007. Climate change effects on species composition
mediates decomposition in an old-field ecosystem. Journal of Undergraduate
Research 7, 110e114.

van Ginkel, J.H., Gorissen, A., 1998. In situ decomposition of grass roots as affected
by elevated atmospheric carbon dioxide. Soil Science Society of America Journal
62, 951e958.

van Ginkel, J.H., Gorissen, A., vanVeen, J.A., 1996. Long-term decomposition of grass
roots as affected by elevated atmospheric carbon dioxide. Journal of Environ-
mental Quality 5, 1122e1128.

van Groenigen, K.J., Six, J., Hungate, B.A., de Graaff, M.A., van Breemen, N., van
Kessel, C., 2006. Element interactions limit soil carbon storage. Proceedings of
the National Academy of Sciences of the United States of America 103,
6571e6574.

van Groenigen, K.J., Gorissen, A., Six, J., Harris, D., Kuikman, P.J., van Groenigen, J.W.,
van Kessel, C., 2005. Decomposition of C-14-labeled roots in a pasture soil
exposed to 10 years of elevated CO2. Soil Biology and Biochemistry 37, 497e506.

Vogt, K.A., Grier, C.C., Vogt, D.J., 1986. Production, turnover and nutritional
dynamics of above- and belowground detritus of world forests. Advances in
Ecological Research 15, 303e307.

Wan, S., Norby, R.J., Ledford, J., Weltzin, J.F., 2007. Responses of soil respiration to
elevated CO2, air warming, and changing soil water availability in an old-field
grassland. Global Change Biology 13, 2411e2424.

Wardle, D.A., Bonner, K.I., Nicholson, K.S., 1997. Biodiversity and plant tissue:
experimental evidence which does not support the view that enhanced species
richness improves ecosystem function. Oikos 79, 247e258.


	 Elevated CO2 and plant species diversity interact to slow root decomposition
	1 Introduction
	2 Materials and methods
	2.1 Sample collection and initial analysis
	2.2 Incubation experimental design
	2.3 CO2 and 13C-isotope analyses
	2.4 Statistical analysis

	3 Results
	3.1 Elevated CO2 impacts on root tissue quality
	3.2 Elevated CO2 impacts on root tissue C and N mineralization
	3.3 Interactions among elevated CO2, root tissue diversity, and decomposition

	4 Discussion
	4.1 Elevated CO2 impacts on root tissue C and N mineralization
	4.2 Interactions among elevated CO2, root tissue diversity, and decomposition

	5 Conclusion
	 Acknowledgments
	 References


