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Abstract

Increased partitioning of carbon (C) to fine roots under elevated [CO2], especially deep in the soil profile, could alter

soil C and nitrogen (N) cycling in forests. After more than 11 years of free-air CO2 enrichment in a Liquidambar styraci-

flua L. (sweetgum) plantation in Oak Ridge, TN, USA, greater inputs of fine roots resulted in the incorporation of new

C (i.e., C with a depleted d13C) into root-derived particulate organic matter (POM) pools to 90-cm depth. Even though

production in the sweetgum stand was limited by soil N availability, soil C and N contents were greater throughout

the soil profile under elevated [CO2] at the conclusion of the experiment. Greater C inputs from fine-root detritus

under elevated [CO2] did not result in increased net N immobilization or C mineralization rates in long-term labora-

tory incubations, possibly because microbial biomass was lower in the CO2-enriched plots. Furthermore, the d13CO2

of the C mineralized from the incubated soil closely tracked the d13C of the labile POM pool in the elevated [CO2]

treatment, especially in shallower soil, and did not indicate significant priming of the decomposition of pre-experi-

ment soil organic matter (SOM). Although potential C mineralization rates were positively and linearly related to

total SOM C content in the top 30 cm of soil, this relationship did not hold in deeper soil. Taken together with an

increased mean residence time of C in deeper soil pools, these findings indicate that C inputs from relatively deep

roots under elevated [CO2] may increase the potential for long-term soil C storage. However, C in deeper soil is likely

to take many years to accrue to a significant fraction of total soil C given relatively smaller root inputs at depth.

Expanded representation of biogeochemical cycling throughout the soil profile may improve model projections of

future forest responses to rising atmospheric [CO2].
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Introduction

The ecosystem processes that control carbon (C) uptake

and storage in CO2-enriched forested ecosystems are

important components of land surface models used to

project atmospheric and climatic change (Bonan, 2008).

A common response of trees growing in elevated CO2

is increased production of fine roots (Luo et al., 2006).

In particular, increased root production in relatively

deep soil under elevated [CO2] has been observed in a

number of CO2-enrichment experiments in forested

ecosystems (reviewed in Iversen, 2010). The access to

additional mineral nitrogen (N) provided by deeper

roots (Iversen et al., 2011) could help to sustain a CO2-

fertilization effect (Iversen, 2010). An increase in

root-derived C input to the soil could also alter soil bio-

geochemical cycling by increasing the mineralization of

previously stored soil organic matter, which could fur-

ther increase N availability (Phillips et al., 2010), but

also increase C loss from the soil (Fontaine et al., 2007).

Alternatively, if root inputs to deeper soil are resistant

to mineralization, storage of C and associated N in the

soil could increase and progressively limit the N avail-

able for plant uptake (Luo et al., 2004). The implications

of deeper rooting distributions for future forest

responses to rising atmospheric CO2 remain uncertain

because deeper soil processes are poorly represented in

ecosystem and land surface models (Iversen, 2010) in
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part because relatively few data exist for model param-

eterization and testing (Rumpel & Kogel-Knabner, 2011).

Here, we explored whether greater C and N inputs

from increased fine-root production and mortality in a

CO2-enriched forest plantation affect C and N cycling

throughout the soil profile. We tested these concepts

at the Oak Ridge National Laboratory (ORNL) Free-

Air CO2 Enrichment (FACE) experiment located in a

Liquidambar styraciflua L. (sweetgum) plantation in

eastern Tennessee, USA. Net primary productivity

increased in response to CO2 enrichment during this

nearly 12-year experiment, and the majority of the

additional C fixed under elevated [CO2] was allocated

belowground to the production of fine roots (Norby

et al., 2004). Furthermore, the largest increases in root

biomass production and mortality under elevated

[CO2] were at relatively deep soil depths (i.e., below

30 cm, Iversen et al., 2008) where biogeochemical

cycling could be expected to differ from that in sur-

face soils (Rumpel & Kogel-Knabner, 2011). Sweetgum

production at the ORNL FACE site was limited by

soil N availability (Iversen & Norby, 2008), and the

CO2-fertilization effect declined over time (Norby

et al., 2010), which was attributed to declining soil N

availability (Garten et al., 2011). The conclusion and

final harvest of the ORNL FACE experiment during

the 12th year of treatment provided a unique oppor-

tunity to examine the effects of long-term CO2-enrich-

ment on C and N cycling and storage throughout the

soil profile.

We tested three hypotheses: (1) FACE-derived C

(i.e., new C with a depleted d13C fixed into plant bio-

mass during the FACE experiment) from fine-root

inputs would be incorporated into SOM under ele-

vated [CO2], including in deeper soil where large

increases in root production and mortality were

observed. Increased root C inputs under elevated

[CO2] would result in greater soil C content in the

CO2-enriched treatment at the end of the experiment.

We also hypothesized that greater C inputs under ele-

vated [CO2] would lead to increased microbial activ-

ity, resulting in: (2) increased N immobilization rates

(i.e., decreased net N mineralization rates) and, (3)

increased C mineralization rates. We show here that

FACE-derived C was incorporated into root-derived

soil pools to 90-cm soil depth. Although C and N con-

tent were greater throughout the soil profile under

elevated [CO2] at the conclusion of the experiment,

potential net N immobilization and C mineralization

rates did not differ between ambient and elevated

[CO2]. The greater residence time of C in deeper soil

indicates that inputs from deep roots under elevated

[CO2] may increase the potential for long-term storage

of C and N in forested ecosystems.

Materials and methods

Experimental design

The ORNL FACE experiment was conducted in a Liquidambar

styraciflua L. plantation on soil characterized as a moderately

well-drained Aquic Hapludult with a silty clay loam texture

(Norby et al., 2001b). The experimental manipulation com-

prised five 25-m diameter treatment rings, of which four were

encircled by a FACE apparatus (Norby et al., 2001b). Begin-

ning in 1998, two of the rings received elevated [CO2] at a tar-

geted level of 565 ppm during the daytime throughout the

growing season (April to November, Riggs et al., 2010). The

CO2 used to fumigate the elevated [CO2] treatment was

depleted in 13C, with an average d13C of �51& (Norby et al.,

2001b). The other three rings were maintained at ambient

[CO2] (~396 ppm, Riggs et al., 2010). The experiment was con-

cluded in 2009 during the 12th year of fumigation, at which

time plant and soil material was harvested.

Soil pit excavation

Two soil pits (80-cm wide 9 80-cm long 9 90-cm deep) were

excavated in each treatment ring (n = 10 pits) in late June,

2009. Sweetgum trees were within approximately 60 cm of at

least two sides of each pit. After removing the litter layer, pits

were excavated with hand tools in depth increments of: 0–5,

5–15, 15–30, 30–45, 45–60, and 60–90 cm. Soil from each depth

increment was immediately sieved through 10-mm mesh to

remove roots and homogenize soil. A large subsample (>2 kg)

was refrigerated at 4 °C for 6–16 days until use in the soil

incubation experiment described below.

Initial soil characteristics

Subsamples of the 10-mm sieved soil fraction were taken to

determine gravimetric water content and water-holding

capacity (see Table S1 in Supporting Information). The oven-

dry mass of fine roots remaining in the 10-mm sieved soil frac-

tion was determined after re-sieving a 1 kg (oven-dry weight

equivalent) subsample of fresh soil through a 2-mm mesh and

removing any remaining roots by hand.

The C and N content of two SOM pools was quantified by

wet-sieving a 20 g subsample of air-dried, sieved soil (2-mm

fraction) through a 53 lm sieve. Each subsample was first dis-

persed by shaking for 15 h at low speed on a reciprocating

shaker in 100 mL of 5 g/L sodium hexametaphosphate (Cam-

bardella & Elliott, 1993). As in Cambardella & Elliott (1993),

we refer to the larger size fraction (53–2000 lm), which

included sand and sand-sized organic matter, as particulate

organic matter (POM), and the smaller size fraction (<53 lm),

which included silt, clay, and silt- and clay-sized organic mat-

ter, as mineral-associated organic matter. We use these com-

mon terms for brevity and do not intend to imply a specific

stabilization mechanism (i.e., von Lützow et al., 2006).

The 13C/12C ratio of fine roots, POM, MOM, and whole soil

(2-mm fraction), was determined using continuous-flow iso-

tope ratio mass spectrometry (Integra CN, SerCon Ltd.,
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Crewe, UK). Results from the isotope analysis are expressed

in delta notation (d13C, &): d13C = [RSAMPLE – RSTANDARD]

9 1000, where R is the 13C/12C ratio. The working standard

for isotope analysis (glucose, d13C = �10.2&) was calibrated

against National Institute of Standards and Technology (Gai-

thersburg, MD, USA) reference material (NIST 8542, sucrose).

Soil C and N concentrations were determined in the same

analysis as d13C, and fine-root C and N concentrations were

determined on an elemental analyzer (Costech Analytical

Technologies Inc., Valencia, CA, USA). Soil and plant samples

were dried for at least 24 h at 70 °C prior to analysis to reduce

variability associated with moisture. Concentrations were

multiplied by the total mass of each pool to determine root

and soil C and N content. The fraction of C derived from tree

input under CO2-enrichment (ƒ) was calculated for each depth

increment as: f ¼ de�da
dr�da

� �
, where de is the d13C of soil exca-

vated from the elevated [CO2] treatment, da is the d13C of soil

excavated from the ambient [CO2] treatment, and dr is the

d13C of fine roots harvested from the elevated [CO2] treatment

(Table 1; Fig. 1). For a given depth increment, de and dr were

determined for each soil pit, whereas da was an average of the

ambient [CO2] treatment (n = 3 treatment plots). We assumed

that the majority of soil C inputs were from fine roots because

it has been shown previously that there is little C transfer

between the leaf litter layer and mineral soil in forests (Garten,

2009). Bioturbation by earthworms at ORNL FACE may have

incorporated leaf litter into mineral soil, but only in shallow

soil horizons (Y. Sánchez de León, pers. comm.). Leaf litter

d13C in elevated [CO2] (�39.8 to �41.1&, Garten et al., 2011)

did not differ substantially from fine-root d13C at shallow soil

depths (�39.6 to �40.3&, Table 1), so leaf litter input to sur-

face soils, via bioturbation or other processes, would not affect

our calculations or conclusions.

Initial NH4
+ and NO3

- concentrations were determined by

extracting a ~12 g (oven-dry weight equivalent) subsample of

field-moist, sieved soil (10-mm fraction) from each pit and

depth increment with 100 mL of 2 M KCl. Samples were sha-

ken at low speed on a reciprocating shaker for 1 h, and soil

was allowed to settle overnight at 4 °C. The extractant was fil-

tered from the soil using Whatman #1 filter paper that had

been preleached with distilled water; an aliquot was frozen at

�20 °C until analysis for total [NH4
+] (Phenate method,

12-107-06-1-A) and [NO3
�] (Nitrate method, 12-107-04-1-B) on

a Lachat QuikChem 8500 autoanalyzer (Lachat Instruments,

Loveland, CO, USA).

Microbial biomass was determined on paired subsamples

using the chloroform fumigation extraction method (Horwath

& Paul, 1994). One ~12 g subsample (oven-dry weight equiva-

lent) of field-moist, sieved soil (10-mm fraction) from each pit

and depth increment was extracted with 50 mL of

0.5 M K2SO4 in a manner similar to the 2 M KCl extractions.

A paired sample was fumigated with chloroform and incu-

bated in the dark for 5 days; after incubation, the fumigated

samples were extracted with 50 mL of 0.5 M K2SO4. All sam-

ples were frozen at �20 °C until analysis for total N (method

12-107-04-3-B) on the Lachat paired with an in-line digestor

(QuickChem In-line Sample Preparation Module, QC8000

Series). The difference in total N (mg N/kg soil) between

fumigated and unfumigated samples was divided by an

extraction efficiency of 0.54 (Joergensen & Mueller, 1996) to

convert total N to microbial biomass N. Due to sample loss

during analysis, microbial biomass data from ring 3 (ambient

[CO2], no FACE apparatus) were excluded from statistical

analyses.

Soil incubations

Approximately 12 g (oven-dry weight equivalent) of field-

moist, sieved soil (10-mm fraction) from each pit and depth

increment was placed into 20-mL glass scintillation vials. The

soil moisture in each vial was adjusted to 60% of water-hold-

ing capacity. Three replicate scintillation vials from each pit

and depth increment were placed together in a 0.95 L Mason

jar, along with a container holding ~10 mL of distilled water

to maintain humidity (Hart et al., 1994). Mason jars (5

rings 9 2 pits per ring 9 6 depth increments = 60 jars) were

tightly capped and incubated in the dark at 20 ± 2 °C for

243 days. Five Mason jars incubated with water (but no soil

scintillation vials) served as blanks to correct for CO2 in the

ambient atmosphere.

Potential net N mineralization

One scintillation vial from each jar was sacrificed on days 1,

29, and 243 to measure potential net N mineralization and net

nitrification. Samples were extracted with 100 mL of 2 M KCl,

and analyzed for [NH4
+] and [NO3

�]. Net N mineralization

rates were calculated as the difference in NH4-N between final

and initial samples, and net nitrification rates were calculated

in a similar manner. Net changes in N were standardized per

unit of oven-dry soil.

Potential C mineralization

The headspace air in each jar was sampled via an air-tight

septum after 1, 3, 7, 16, 29, 61, 120, and 243 days. At each

sampling date, a well-mixed 5-mL subsample was injected

into an EGM-4 CO2 gas analyzer (PP Systems, Amesbury,

MA, USA). Potential C mineralization rates were determined

as the difference in headspace [CO2] between sampling

dates, which was corrected for [CO2] in ambient atmosphere

and standardized by the dry-soil equivalent contained in

each jar. Our measurements of potential C mineralization

represent heterotrophic mineralization of SOM under con-

stant laboratory conditions (~20 °C) at an ideal soil moisture

content (60% of water-holding capacity). Hence, these values

do not reflect in situ rates, which would also include respira-

tion by microbes associated with an active rhizosphere.

However, our approach allowed for a unique comparison

among treatments and depth intervals that was not possible

in the field.

The 13C signature of the headspace CO2 was determined on

samples in one pit per ring (excluding ring 3) after 1, 7, 29, 61,

120, and 243 days. A well-mixed, 12-mL headspace subsample

was injected into evacuated vacutainers (Labco exetainers,

Labco Limited, Buckinghamshire, UK), and the samples were
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analyzed for 13CO2 at the University of California, Davis Sta-

ble Isotope Facility (Davis, CA, USA).

Jars were uncapped after each set of headspace measure-

ments and flushed for 1 min (flow rate = 5.1 L/min) to equili-

brate the headspace with the ambient atmosphere. Jars were

then re-capped and returned to the dark. Beginning on day 7,

distilled water was added as needed to replace water lost from

evaporation and microbial respiration (determined as a

change in soil mass between measurements) to maintain soil

moisture at 60% of water-holding capacity.

Statistics

Data were analyzed using the mixed-model procedure in SAS

(SAS version 9.1, Cary, NC, USA). Before analysis, soil bulk

density (Table S1) was used to express mass-based soil pools

and fluxes per unit soil volume to standardize comparisons

among depth increments. Data from each depth interval were

averaged over two pits within each treatment ring, and ring

was treated as the statistical replicate (n = 2 elevated [CO2]

rings and n = 3 ambient [CO2] rings). Treatment and soil

depth were treated as fixed effects. We specified the ‘Ken-

ward-Roger’ option in the model statement to estimate

denominator degrees of freedom for small sample sizes. For

repeated measurements (i.e., potential C mineralization and

d13CO2), incubation length was treated as a repeated measure,

and the autoregressive (1) covariance structure was specified.

Non-normal variables were log-transformed prior to analysis.

Post-hoc treatment comparisons were determined with a t-test

using the LSMEANS procedure in SAS. Differences between

treatments and among soil depths were considered significant

at P < 0.10 (Iversen et al., 2011).

Results

Root and soil C and N content

The elevated (CO2) treatment increased the amount of

C in the fine-root standing crop, whole-soil, and POM

pools, and increased the amount of N in the fine-root,

Fig. 1 The d13C of CO2 mineralized (Cmin) from soil during a 243-day laboratory incubation and the initial d13C of two soil fractions.

The d13CO2 data (represented by circles) are the mean of each treatment ±1 SEM (error bars are often too small to see). Lines are the

average d13C of two soil pools within each treatment, where POM is the soil fraction 53–2000 lm in size and MOM is the soil fraction

<53 lm. For comparison with d13CO2 data, which were taken only from samples corresponding to one pit in the plots encircled by

FACE apparatus, we present only the d13C of the soil fractions corresponding to the same pit. However, averaged across soil depths,

there was no significant difference in POM or MOM d13C between the two soil pits in each treatment ring (POM 13C, F1,48 = 0.03,

P = 0.87 and MOM 13C, F1,48 = 1.8, P = 0.19). The relative enrichment of 13C in the POM and MOM pools at deeper soil depths in both

the ambient and elevated [CO2] treatment, reflected in the d13C of respired CO2, was likely due to a combination of factors, including a

decline in atmospheric d13CO2 since 1780 (~1.5&, Francey et al., 1999), a relatively larger contribution in deeper soil of microbially

derived C products enriched in 13C (Bostrom et al., 2007), and a history of agriculture that likely included maize at the ORNL FACE site

prior to 1943.
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whole-soil, and MOM pools. Root and soil C and N con-

tent declined with soil depth, but there were no interac-

tions between CO2 treatment and soil depth (Table 1).

The largest relative increases in C content under ele-

vated [CO2] were in the fine-root and POM pools. The

effect of elevated [CO2] on the C/N ratio of the fine-

root pool depended on the soil depth (treatment 9 soil

depth interaction). Relative to ambient [CO2], fine-root

C/N increased under elevated [CO2] at 5–15 cm

(P = 0.08), but decreased under elevated [CO2] at 60–
90 cm (P = 0.0008). In contrast, elevated [CO2] generally

increased the C/N ratio of the POM fraction (with the

exception of very shallow and very deep soil), and had

no effect on the C/N of whole soil or MOM (Table 1).

The C/N ratio increased with soil depth in the fine-root

pool, but decreased with depth in the soil fractions.

Root and soil isotopic signatures

The d13C of fine roots, whole-soil, POM, and MOM

depended on CO2 treatment and soil depth; the larg-

est depletion in root and soil 13C under elevated

[CO2] generally occurred at shallower soil depths

(Table 1 for fine roots and whole-soil, Fig. 1 for POM

and MOM). Treatment 9 depth interactions were

F5,12 = 3.6, P = 0.03 for POM, and F5,12 = 2.6, P = 0.09

for MOM. CO2-enrichment caused fine-root and POM

pools to be significantly more depleted in 13C

throughout the soil profile (fine roots, P < 0.02 to 90-

cm depth and POM, P < 0.05 to 60-cm depth), indicat-

ing that a substantial fraction of these pools consisted

of FACE-derived C (Table 1). In contrast, whole-soil

and MOM were more depleted in 13C under elevated

[CO2] in only the shallowest soil depths (0–15 cm,

P < 0.02 and P < 0.05, respectively). The fraction of

FACE-derived C in MOM at depths deeper than

45 cm was difficult to interpret, perhaps because of

differences among plots that existed prior to the

experimental manipulation. Within each CO2 treat-

ment, whole soil, POM, and MOM generally became

more enriched in 13C in deeper soil. The d13C of fine

roots in the elevated [CO2] treatment also increased in

deeper soil. The amount of FACE-derived C (i.e., new

C with a depleted d13C) declined with depth in all

soil pools (Table 1).

Initial soil and microbial N pools

Initial extractable soil [NH4
+] was ~24% less under ele-

vated [CO2] than under ambient [CO2], and [NH4
+]

declined with soil depth (Fig. S1). Initial extractable

[NO3
�] depended on the CO2 treatment and soil depth

(Fig. S1). Integrated across all soil depths, microbial bio-

mass N was initially ~29% less under elevated [CO2]

than under ambient [CO2], and it declined with soil

depth (Table 2).

Potential net N mineralization

Potential net N mineralization (i.e., the net amount of

organic N mineralized into NH4-N per day) in long-

term laboratory incubations changed over time and

depended on the soil depth (Table 2). After 1 day,

NH4
+ was strongly immobilized, likely because of the

large amount of C initially available for microbial bio-

synthesis at the start of the incubation. However, there

was no difference in potential net N mineralization rate

between ambient and elevated [CO2], and the rate of

NH4
+ immobilization declined with soil depth. After

29 days, potential net N mineralization was greater

under elevated [CO2] at 0–5 cm depth (P = 0.01) and

less under elevated [CO2] at 5–15 cm depth (P = 0.08).

After 243 days of incubation, NH4
+ immobilization was

less under elevated [CO2] 0–5 cm depth (P = 0.0005).

At the end of the incubation, the amount of extractable

NH4-N in the soil did not differ between ambient and

elevated [CO2] (Fig. S1).

Potential net nitrification (i.e., the net amount of

NH4-N mineralized into NO3-N per day) in long-term

laboratory incubations changed over time and

depended on the soil depth (Table 2). After 1 day,

NO3-N was weakly immobilized throughout the soil

profile, but there was no difference in potential net

nitrification between ambient and elevated [CO2] or

with soil depth. The potential net nitrification rate over

29 days was less under elevated [CO2] compared with

ambient [CO2]. Over 243 days, NO3
� was strongly min-

eralized, but there was no difference in potential net

nitrification rate between ambient and elevated [CO2].

Potential net nitrification declined with soil depth in

both treatments after 29 and 243 days. At the end of the

incubation, there was no difference in extractable NO3-

N between ambient and elevated [CO2] (Fig. S1). Inte-

grated throughout the soil profile, extractable NO3-N

was nearly 100% of total inorganic N at the last sam-

pling date, whereas NO3-N averaged only 26% of initial

extractable inorganic N.

Potential C mineralization

Potential C mineralization rates over the 243-day labo-

ratory incubations were generally higher in surface

soils from the elevated [CO2] treatment, especially early

in the incubation, but did not differ significantly

between ambient and elevated [CO2] (F1,20 = 3.0,

P = 0.10, Table S2). A separate experiment indicated

that length of soil refrigeration after pit excavation had

no effects on the relative differences in potential C
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mineralization rates between the ambient and elevated

[CO2] treatments (Table S3). Furthermore, pre-incuba-

tion in the refrigerator may have helped to avoid the

inclusion of large flushes of C and N associated with

the sieving process in measurements over the first few

weeks of the incubation (Sparling et al., 1985).

After 243 days, there was no difference in cumulative

C mineralized between the ambient and elevated [CO2]

treatments (P = 0.35, Fig. 2). Initial C content of whole-

soil (10-mm fraction, including fine roots) explained

92% of the cumulative amount of C mineralized over

the course of the 243-day incubation (Fig. 3). However,

the relationship between initial soil C content and

cumulative C mineralization was significant only at

shallower soil depths (i.e., 0–30 cm); there was no rela-

tionship between soil C content and C mineralization at

deeper soil depths (Fig. 3, insert).

Isotopic signature of C mineralized

The d13C of C mineralized from the laboratory incuba-

tions depended on soil depth (treatment 9 depth and

day 9 depth interactions, F5,12.7 = 5.7, P = 0.006 and

F25,57.4 = 5.9, P < 0.0001, respectively, Fig. 1). CO2

efflux from the elevated [CO2] treatment was depleted

in 13C from 0 to 45 cm soil depth, indicating the micro-

bial mineralization of FACE-derived C inputs. At 0–5
and 5–15 cm depth increments, the CO2 evolved from

the incubations was more depleted in 13C under ele-

vated [CO2] (~ �37& in elevated [CO2] compared with

~ �28& in ambient [CO2] at 0–5 cm, F1,2.0 = 52.6,

P = 0.02 and ~ �35& compared with ~ �26& at 5–
15 cm, F1,2.0 = 16.77, P = 0.06), although the d13CO2 sig-

nal changed over time in both treatments (F5,9.9 = 9.0,

P = 0.002 and F5,10.0 = 37.8, P < 0.0001, respectively),

and the absolute difference in 13C enrichment declined

over the course of the incubation (treatment 9 time

interaction, F5,9.9 = 2.7, P = 0.09 and F5,10.0 = 5.7,

P = 0.01, respectively). At the 15–30 and 30–45 cm

depth increments, the CO2 evolved from the incuba-

tions was also more depleted in 13C under elevated

[CO2] (~ �30& in elevated [CO2] compared with

~ �24& in ambient [CO2] at 15–30 cm, F1,2.1 = 10.0,

P = 0.08 and ~ �24& compared with ~ �21& at 30–
45 cm, F1,1.7 = 17.0, P = 0.07). The d13CO2 also changed

over time at the 15–30 and 30–45 cm depth increments

in both treatments (F5,9.9 = 19.6, P < 0.0001 and

F5,8.3 = 13.4, P = 0.0009, respectively) as the decomposi-

tion of different SOM pools progressed. However, there

was no interaction between treatment and time on
13CO2 enrichment at the 15–30 and 30–45 cm soil

depths (F5,9.9 = 0.4, P = 0.81 and F5,8.3 = 0.3, P = 0.88,

respectively).

At soil depths deeper than 45 cm (45–60 and 60–
90 cm depth increments), CO2-enrichment had no effect

Fig. 2 Mean cumulative potential C mineralization ± 1 SEM of

soil sampled from the ambient and elevated [CO2] treatments

and incubated for 243 days in the laboratory.

Fig. 3 Regression between cumulative potential C mineraliza-

tion over a 243-day laboratory incubation and initial whole-soil

(10-mm fraction) C content. Data are from each soil pit in the

CO2 treatments (n = 2 pits per treatment ring, 10 pits total for

each soil depth). The linear relationship corresponds to soil

depths from 0 to 30 cm (CO2 mineralized = 0.187 9 Soil C –

1.223); inset corresponds to soils sampled deeper than 30 cm

where no significant relationship was present.
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on the 13C signature of CO2 evolved from the incuba-

tions (F1,2.1 = 4.3, P = 0.17 and F1,3.1 = 1.8, P = 0.27,

respectively). However, the d13C of mineralized CO2

declined over time (F5,8.9 = 9.4, P = 0.002 and

F5,10 = 15.3, P = 0.0002, respectively); there was no

interaction between treatment and incubation time on
13CO2 enrichment at the deepest soil depths

(F5,8.9 = 1.1, P = 0.45 and F5,10 = 0.21, P = 0.95 for the

45–60 and 60–90 cm depth increments, respectively).

Discussion

Hypothesis 1: Increased C content throughout the soil
profile under elevated [CO2]

As we hypothesized, substantial FACE-derived C

inputs (i.e., new C with a depleted d13C) were incorpo-

rated into SOM pools throughout the soil profile at

ORNL FACE after more than 11 years of CO2-enrich-

ment. The largest fraction of FACE-derived C, ranging

from 71% in the upper soil to 19% in deeper soil

(Table 1), was found in the relatively labile POM pool,

which is root-derived (Garten & Brice, 2009). This novel

quantification of the effect of elevated [CO2] on SOM

formation in deeper soil supports minirhizotron obser-

vations that indicated increased fine-root C inputs

under elevated [CO2], especially at relatively deep soil

depths, over the first 9 years of the experiment (Iversen

et al., 2008), and indicates that inputs of fine-root detri-

tus were an important source for SOM formation at this

site.

A smaller fraction of C in the MOM pool was FACE-

derived. MOM consists mainly of the byproducts gen-

erated by POM decomposition and is dominated by mi-

crobially derived compounds (Grandy & Neff, 2008).

The fact that FACE-derived C inputs were observed in

the MOM pool only at relatively shallow soil depths

(Table 1) indicates that microbial processing of POM

occurred more quickly in shallow soil.

Soil C content was ~19% greater throughout the soil

profile after more than 11 years of CO2-enrichment

(Table 1). This finding suggests greater C accrual in ele-

vated [CO2] compared with ambient [CO2] during the

experiment, consistent with the conclusion of a meta-

analysis that indicated increased ecosystem C storage

under elevated [CO2] (Luo et al., 2006). Differences in C

content between ambient and elevated [CO2] were

greatest in shallow soil (Table 1), likely because C

inputs were greatest at these depths (Iversen et al.,

2008), and consistent with the previous report of Jas-

trow et al. (2005) indicating greater C accrual in the 0–
5 cm depth increment in the CO2-enriched plots at

ORNL FACE during the first 6 years of the experiment.

Calculating C accrual throughout the entire soil profile,

however, is problematic in that it depends on the

assumption of equivalent C content in ambient and ele-

vated [CO2] at the beginning of the experiment. John-

son et al. (2004) reported no significant difference in

pretreatment C content to a depth of 90 cm, although

there was a tendency toward greater C content in ele-

vated [CO2] which could account for some of the differ-

ence we measured 13 years later. However, the

pretreatment samples were taken from the periphery of

the FACE plots and were processed differently from

the samples we report here; hence, they are not directly

comparable. A full analysis of C accrual during the

experiment based on a consistent sampling protocol is

forthcoming.

Observed increases in soil C under elevated (CO2) at

ORNL FACE stand in contrast to patterns observed

across a number of other long-term CO2-enrichment

experiments in forested ecosystems. Despite increased

C inputs under elevated [CO2], soil C content did not

differ between CO2 treatments after 12 years of CO2-

enrichment at the Duke FACE site in a loblolly pine (Pi-

nus taeda) plantation in North Carolina, USA (Drake

et al., 2011). There were also no difference in soil C con-

tent between ambient and elevated [CO2] after 6 years

of CO2-enrichment at POP-EuroFACE in Populus spp.

plantations near Viterbo, Italy (Hoosbeek & Scarascia-

Mugnozza, 2009), and after 5 years of CO2-enrichment

at the BangorFACE experiment in a mixed-deciduous

species plantation in Wales, UK (Hoosbeek et al., 2011).

Furthermore, soil C content declined under elevated

[CO2] at the Rhinelander FACE site in mixed-aspen

plantations in northern Wisconsin, USA (Talhelm et al.,

2009), and at the scrub oak open-top chamber CO2-

enrichment experiment in Florida, USA (Langley et al.,

2009).

Priming of the decomposition of recalcitrant SOM by

the inputs of new, relatively labile, C (Kuzyakov, 2010)

was pinpointed as the cause of soil C loss (or a lack of

additional soil C accrual) in response to greater C

inputs under elevated [CO2] across a number of CO2-

enrichment experiments in forests (Hoosbeek & Scaras-

cia-Mugnozza, 2009; Langley et al., 2009; Drake et al.,

2011; Hoosbeek et al., 2011). Greater soil C content

under elevated [CO2] at the conclusion of the ORNL

FACE experiment does not preclude the occurrence of

priming (i.e., Kuzyakov, 2010); rather, it indicates that

C inputs from increased forest production under ele-

vated [CO2] were greater than C losses via priming or

other processes. However, we did not observe signifi-

cant priming in our laboratory incubations. The d13CO2

of the C mineralized from laboratory soil incubations

closely tracked the d13C of the relatively labile POM

pools in each treatment, especially at shallow soil

depths where the largest absolute increases in soil C
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content under elevated [CO2] were observed (Fig. 1).

Priming of recalcitrant SOM (which would have had a

pretreatment d13C) would have resulted in an enrich-

ment of the 13C signal of CO2 in the elevated [CO2]

treatment (i.e., the d13CO2 in ambient and elevated

[CO2] would have been more similar), and would also

have increased C mineralization rates. However, these

were laboratory incubations that necessarily excluded

the influence of living roots. Increases in root-derived

exudates under elevated [CO2] stimulated microbial

activity and increased SOM mineralization at Duke

FACE (Phillips et al., 2010) and root exudates may have

fueled the priming of recalcitrant SOM in situ at ORNL

FACE.

The causes of differences in C accrual under elevated

[CO2] among the different CO2-enrichment experi-

ments in forested ecosystems remain uncertain. As we

show here, roots are an important source for SOM for-

mation, and many sites exhibited smaller relative

increases in root inputs to the soil (Day et al., 2006;

Pregitzer et al., 2008; Pritchard et al., 2008) compared

with large stimulations in root production and mortal-

ity under elevated [CO2] at ORNL FACE (Norby et al.,

2004; Iversen et al., 2008). Furthermore, small changes

in large and variable soil C pools are notoriously diffi-

cult to quantify, even over decadal scales (Luo et al.,

2011), and C accrual can be site- and species-specific.

Sandy soil at the Florida site may have limited capacity

for C accrual (Langley et al., 2009), and there were dif-

ferences across sites in the physical protection and sta-

bilization of new C in SOM (as reviewed in Hoosbeek

& Scarascia-Mugnozza, 2009). Also, soil C accrual at

Rhinelander FACE differed beneath different tree spe-

cies (Talhelm et al., 2009; although there was no spe-

cies-specific effect on soil C content at BangorFACE,

Hoosbeek et al., 2011), and soil C dynamics in the CO2-

enriched plots at POP-EuroFACE changed after coppic-

ing (Hoosbeek & Scarascia-Mugnozza, 2009). A recent

synthesis concludes that rather than providing a defini-

tive answer on the amount of C stored in CO2-enriched

forests, FACE experiments are most useful for provid-

ing process-level information to inform models (Norby

& Zak, 2011). We focus the remainder of our discussion

on the effects of CO2-enrichment on C and N minerali-

zation throughout the soil profile.

Hypothesis 2: Increased microbial N immobilization (i.e.,
decreased net N mineralization) under elevated [CO2]

Soil N availability exerts strong controls over the pro-

duction response of forests to CO2-enrichment (Luo

et al., 2004), and may limit the accrual of C in plant bio-

mass and soil pools over time (Hungate et al., 2003).

Microbial communities, which mediate soil C and N

dynamics (Hart et al., 1994), are expected to respond to

greater C inputs under elevated [CO2] (He et al., 2010).

To assess the effect of elevated [CO2] on soil N avail-

ability, we measured potential net N mineralization,

which in root-free laboratory incubations is the differ-

ence between two processes, gross N mineralization

and gross N immobilization by microbes. Positive net

N mineralization indicated that over the course of the

incubation, gross N mineralization was greater than

gross N immobilization, whereas the opposite was true

for negative net N mineralization. We also estimated

the size of the microbial community by quantifying

microbial biomass N. Contrary to what we hypothe-

sized, we did not observe a significant stimulation in

microbial biomass N after more than 11 years of CO2-

enrichment. Microbial biomass N was ~29% less under

elevated [CO2] when summed over the soil profile

(Table 2). Although a previous study at the ORNL

FACE site showed no significant differences in bacterial

community composition after 10 years of CO2 enrich-

ment in the top 15 cm of the soil (Austin et al., 2009), a

decline in microbial biomass N under elevated [CO2]

could be related to a change in microbial function (e.g.,

He et al., 2010), or altered fungal to bacteria ratios.

Fungi tend to have wider C/N ratios than bacteria, and

therefore less N demand (Hu et al., 2001). Ziegler &

Billings (2011) observed an increase in fungal biomass

under elevated [CO2] at the Duke FACE experiment,

and similar increases in fungal abundance in response

to elevated [CO2] have been seen in other ecosystems

(reviewed in Carney et al., 2007).

Decreased microbial biomass, or a shift to a more

fungal-dominated microbial community, may explain

the difference in potential net N mineralization rates

under ambient and elevated [CO2]. In contrast to what

we hypothesized, we observed dampened rates of

potential net N mineralization and immobilization in

the CO2-enriched plots, although shallow and deep

soils exhibited different patterns in some cases. When

integrated throughout the rooting zone (0–90 cm), ini-

tial extractable NH4-N was 24% less under elevated

[CO2] (Fig. S1), likely because of decreased net N min-

eralization rates under elevated [CO2]. After 29 days of

incubation, potential net N mineralization was 47% less

throughout the rooting zone under elevated [CO2] com-

pared with ambient [CO2], and net nitrification in the

CO2-enriched treatment was a small fraction of that in

ambient [CO2] during the same time period. After

243 days, NH4
+ immobilization was 64% less under ele-

vated [CO2] compared with ambient [CO2] (Table 2).

Declining soil N pools in other CO2-enrichment exper-

iments in forested ecosystems (i.e., Hoosbeek & Scaras-

cia-Mugnozza, 2009; Langley et al., 2009) have been

presented as evidence of priming of the decomposition
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of SOM, resulting in increased net N mineralization and

sustained increases in forest production under elevated

[CO2]. The converse may be true at ORNL FACE.

Increasing N content in relatively recalcitrant or pro-

tected SOM pools over time could potentially be the

cause of changes in stand N dynamics at ORNL FACE,

including a decrease in microbial community biomass

(Table 2) or a shift to a more fungal-dominated commu-

nity, declining N availability (Garten et al., 2011), and

progressive N limitation of forest production under ele-

vated [CO2] (Norby et al., 2010).

We did indeed observe increases in the N content of

most root and soil pools under elevated [CO2], espe-

cially in shallower soil (Table 1), although increased N

content was somewhat surprising given limited soil N

availability at this site (Iversen & Norby, 2008). The

increase in soil N content concurrent with soil C has

been associated with the protection of organic matter in

soil aggregates (Jastrow et al., 2005). An exception was

the root-derived POM pool, where we observed a 10–
30% increase in C/N under elevated [CO2] from 5 to

60 cm soil depth (Table 1), which allowed soil C accu-

mulation in POM without additional N inputs (i.e.,

Hungate et al., 2003). The increase in POM C/N under

elevated [CO2] was somewhat larger than the increase

observed for leaf litter C/N across a range of CO2-

enrichment experiments (~7%, Norby et al., 2001a), and

could be related to diameter-dependent variation in

fine-root C/N (i.e., root C/N ratio is strongly and posi-

tively related with root diameter, Iversen et al., 2008),

or the mining of N to support increased plant N uptake

(i.e., Norby et al., 2010). In both treatments, the C/N

ratio of whole-soil generally declined with soil depth,

approaching an average microbial biomass C/N (~8.5,
Cleveland & Liptzin, 2007), indicating that SOM was

highly processed in deeper soil.

In contrast to the C/N ratio of soil pools, the C/N

ratio of fine roots increased with soil depth (Table 1),

likely because deeper roots were able to acquire less N

per unit of C investment (Eissenstat et al., 2000) due to

relatively smaller gross N fluxes in deeper soil (Iversen

et al., 2011). We did not observe an increase in root

diameter with depth (data not shown) that would

explain the increase in root C/N in deeper soil (i.e.,

Iversen et al., 2008). Also, changes in fine-root C/N

under elevated [CO2] were more variable than that of

POM, and depended on the soil depth (i.e., increased

root C/N in shallow soil, and decreased root C/N in

deep soil). Ultimately, the N content of the fine-root

pool was greater overall under elevated [CO2] because

of greater root biomass. Surprisingly, the 13C signature

of fine roots was less depleted under elevated [CO2] in

deeper soils relative to shallower soils. An increase in

the 13C of fine roots in deeper soil may be due to the

presence of older C in deeper roots, either because the

fine-root population at depth was relatively long-lived

(Gaudinski et al., 2001), or because new roots at depth

were produced in part with labile prefumigation C that

was stored in belowground woody structures (e.g.,

Langley et al., 2002; Vargas et al., 2009). It is also possi-

ble that dead roots were more difficult to differentiate

from living roots in deeper soil due to decreased root

decomposition, and therefore decreased degradation

and fragmentation of the root tissue. While interesting

in the context of root turnover and plant C storage

pools, differences in root d13C with soil depth do not

affect the assumptions of the current study. The d13C of

roots was used solely for calculations of FACE-derived

C, and these calculations were done separately for each

depth increment. If we had assumed that the d13C of

roots throughout the soil profile in the CO2-enriched

plots was equal to that of shallow roots, we would have

underestimated the amount of FACE-derived C at

depth.

Hypothesis 3: Increased potential C mineralization rates
under elevated [CO2]

Contrary to what we hypothesized, there was no signif-

icant increase in potential C mineralization rates under

elevated [CO2] (Fig. 2), although there was a trend

toward somewhat greater rates in shallower soil in the

CO2-enriched treatment in the first few weeks of the

incubation (Table S2). An in situ experiment also found

that the decomposition rate of 60-cm long birch dowels

decaying in the soil over a period of 82 weeks was not

greater in the CO2-enriched plots compared with the

ambient [CO2] plots (Fig. S2). Ultimately, relatively

small increases in C mineralization rates in the CO2-

enriched plots were not enough to compensate for

additional C inputs, resulting in the accumulation of

FACE-derived C throughout the soil profile under ele-

vated [CO2] after more than 11 years of CO2-enrich-

ment (Table 1).

The significantly depleted d13C of CO2 mineralized in

the laboratory incubations of soil sampled from the ele-

vated [CO2] treatment at 0–45 cm soil depth relative to

soil sampled from the ambient [CO2] at 0–45 cm soil

depth indicates that FACE-derived C was utilized by

microbes during the incubation (Fig. 1). However, the

steady enrichment of the d13CO2 (i.e., the C mineral-

ized) over time in laboratory incubations of soil sam-

pled from the elevated [CO2] treatment indicates a

gradual shift toward the decomposition of older C

sources as labile FACE-derived C was consumed. In

contrast to shallower soil, relatively little FACE-derived

C was mineralized in the laboratory incubations of soil

sampled from deeper in the soil profile in the elevated
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[CO2] treatment (Fig. 2). The lack of a FACE-derived C

signal at depth is particularly surprising given the large

fraction of new C in the relatively labile POM pool in

deeper soil (Table 1). The highly enriched d13C of C

mineralized in the laboratory incubations (i.e., d13CO2)

relative to the d13C of SOM sampled from deeper soil

indicates that microbial-derived compounds, which

tend to be more enriched in 13C (Bostrom et al., 2007),

were the main source of C mineralized at depth. Taken

together with our observations of increased root inputs

to deeper soil, and depleted d13C in deeper POM pools,

the fact that FACE-derived C was not mineralized from

deeper soil indicates that soil C accrual was likely occur-

ring at depth, albeit at slower rates than in surface soil.

The processing and mineralization of organic matter

differs between shallow and deeper soil depths (Rum-

pel & Kogel-Knabner, 2011). Although soil C content

(10-mm fraction) predicted 92% of cumulative C miner-

alization at the 0–30 cm depth increment (Fig. 3),

cumulative C mineralization deeper than 30 cm was

not related to soil C content (Fig. 3, insert). This finding

indicates that microbial C mineralization at deeper soil

depths is limited by something other than soil C, which

could be a function of several interacting factors. Low

microbial biomass combined with small and spatially

segregated inputs of root-derived C could limit the rate

at which microbial exoenzymes encountered organic

substrates (Rumpel & Kogel-Knabner, 2011); poorer

root litter quality deeper in the soil profile (i.e.,

increased root C/N ratios, Table 1) could limit root

decomposition rates (Gholz et al., 2000); or increased

soil clay content in deeper soil at ORNL FACE (M.

Mayes, pers. comm., Mayes et al., in press) could limit

the decomposability of relatively labile organic material

(Rumpel & Kogel-Knabner, 2011). C mineralization

rates in deeper soil ranged from one-hundredth to one-

half of those in shallower soil (Fig. 2; Tables S2 and S4;

Fig. S2).

Differences in the mechanisms of C cycling in deeper

soil have implications for C storage under elevated

[CO2]. Root inputs to deep soil, which have been

observed to be relatively greater under elevated [CO2]

at ORNL FACE (Iversen et al., 2008) and in nearly

three-quarters of other CO2-enrichment experiments in

forests (Iversen, 2010), may not be decomposed as

quickly as root inputs in shallower soil horizons.

Although the amount of root inputs and the C accrued

in deeper soil were small relative to shallower soil and

more difficult to quantify, C inputs to deeper soil may

be one potential mechanism whereby ecosystem C stor-

age is increased under elevated [CO2]. However, most

land surface models simulate soil C dynamics as one

homogenous layer that does not capture changes in the

processing of C with depth in the soil (Iversen, 2010).

Based on our calculations, which indicate decreased C

turnover in deeper soil (Table S4), models that use a

decomposition rate based on the shallow soil profile

(e.g., Parton et al., 1988) would underestimate annual C

accumulation in the POM pool by ~18 g m�2 year�1

over the soil profile to 90 cm (steady-state decomposi-

tion rates calculated as in Lichter et al., 2005). This

underestimation is approximately one-half of annual C

accumulation in land actively managed for C sequestra-

tion (Post & Kwon, 2000). Therefore, a separate repre-

sentation of soil C dynamics at deeper soil depths may

increase the accuracy of model projections of the poten-

tial of future forests to store C and mitigate some por-

tion of rising atmospheric [CO2].
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