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Abstract

Climate change factors such as elevated atmospheric carbon dioxide (CO2) and ozone (O3) can exert significant impacts on
soil microbes and the ecosystem level processes they mediate. However, the underlying mechanisms by which soil
microbes respond to these environmental changes remain poorly understood. The prevailing hypothesis, which states that
CO2- or O3-induced changes in carbon (C) availability dominate microbial responses, is primarily based on results from
nitrogen (N)-limiting forests and grasslands. It remains largely unexplored how soil microbes respond to elevated CO2 and
O3 in N-rich or N-aggrading systems, which severely hinders our ability to predict the long-term soil C dynamics in
agroecosystems. Using a long-term field study conducted in a no-till wheat-soybean rotation system with open-top
chambers, we showed that elevated CO2 but not O3 had a potent influence on soil microbes. Elevated CO2 (1.56ambient)
significantly increased, while O3 (1.46ambient) reduced, aboveground (and presumably belowground) plant residue C and
N inputs to soil. However, only elevated CO2 significantly affected soil microbial biomass, activities (namely heterotrophic
respiration) and community composition. The enhancement of microbial biomass and activities by elevated CO2 largely
occurred in the third and fourth years of the experiment and coincided with increased soil N availability, likely due to CO2-
stimulation of symbiotic N2 fixation in soybean. Fungal biomass and the fungi:bacteria ratio decreased under both ambient
and elevated CO2 by the third year and also coincided with increased soil N availability; but they were significantly higher
under elevated than ambient CO2. These results suggest that more attention should be directed towards assessing the
impact of N availability on microbial activities and decomposition in projections of soil organic C balance in N-rich systems
under future CO2 scenarios.
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Introduction

Soil microbes critically affect plant and ecosystem responses to

climate change by modulating organic C decomposition and

nutrient availability for plants. Experimental evidence accumulat-

ed over the last several decades has clearly shown that climate

change factors such as CO2 enrichment in the atmosphere can

significantly alter plant growth [1,2] and the availability of organic

C, N and cation nutrients for microbes [3,4,5]. Ozone is a

greenhouse gas with demonstrated inhibitory effects on plant

growth and resource allocation belowground [6,7]. Although less

well-studied, O3 is considered to have an impact on soil microbial

processes [6]. Alterations in soil microbes can, in turn, profoundly

influence soil C processes and the long-term potential of terrestrial

ecosystems as a C sink to mitigate anthropogenic sources of

atmospheric CO2. However, predicting what these changes will be

is hampered by our limited understanding of the underlying

mechanisms by which soil microbes respond to altered resource

availability.

The current prevailing hypothesis, building on the assumption

that soil microbes are generally C limited [8], predicts that

elevated CO2 increases soil microbial biomass and activities due to

enhanced soil C availability [9,10,11], whereas O3 reduces them

due to lower C allocation belowground [6,12,13]. This broad

hypothesis has been extensively tested over the past two decades

for CO2 but less so with O3 [4,10,12,13,14,15,16]. Though C

availability to microbes has been commonly reported to increase

under elevated CO2 [5,17,18] and to decrease under elevated O3

[6,13,19], results of soil microbial responses to elevated CO2 and

O3 have been inconsistent [6,11,20,21]. In a meta-analysis study,

de Graaff et al. (2006) found that elevated CO2 increased microbial

biomass C and microbial respiration by 7.7% and 17.1%,

respectively, across 40 studies that mainly included herbaceous

species. In the meantime, Hu et al. (2006) reviewed 135 studies

examining elevated CO2 effects on a suite of soil microbial

parameters such as microbial biomass and respiration and found

that microbial biomass C and microbial respiration increased

under elevated CO2 in 19 of 40 studies and 20 of 38 studies,
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respectively, but remained unchanged or even decreased in the

remainder. Despite considerable efforts in the past two decades,

there is a lack of conceptual understanding of why and how these

inconsistencies in CO2 and O3 effects on microbes occur.

Soil microbial responses to elevated CO2 can also be influenced

by CO2-induced alterations in soil moisture [9,22], grazing activity

of soil animals [23], and soil nutrient availability [4,9]. Such

mechanisms could operate either singly or in combination with

changes in soil C availability. In particular, CO2-induced

alteration in the stoichiometery of available C and N has been

proposed to be a primary control over microbial responses to

elevated CO2 [4,9,24]. Soil N availability may influence microbial

responses to elevated CO2 by affecting both physiological activities

and the community structure composition of microbes [9,25].

When soil N was limiting, competitive plant N uptake can

significantly reduce soil N availability for microbes under elevated

CO2, limiting microbial decomposition over the short-term [4].

Conversely, high N availability in soil often increases microbial

activities [26,27] and favors bacteria over fungi [28,29]. Yet most

studies that examined microbial responses to elevated CO2 were

conducted in N-limiting forest and grassland ecosystems [20,21]. It

remains unclear how soil microbes respond to elevated CO2 and

O3 in N-rich or N-aggrading agroecosystems.

Many crop plants, particularly C3 crops, are usually

responsive to elevated CO2 and O3 [2,30]. For instance, it has

been estimated that elevated CO2 alone increased the shoot

biomass of soybean and wheat by 48% and 16%, respectively

[2,31], but elevated O3 reduced them by 21% and 18% [32,33].

Also, elevated CO2 has been shown to ameliorate O3 effects on

plants by reducing O3 uptake and increasing C assimilation

rates [30,32,34]. However, whether the CO2- and O3-induced

changes in plant biomass translate into alterations in soil C

sequestration depends largely on the responses of soil microbial

processes. Additionally, elevated CO2 significantly increased

symbiotic N2 fixation in legumes such as soybean and peanut

[35,36], whereas elevated O3 tended to reduce it [36]. It has

been suggested that high N availability in agro- and grassland

ecosystems can sustain plant responses to rising CO2 over a long

time frame and provide an opportunity for soil C sequestration

in soil in a higher CO2 world [2,37,38,39]. Convincing evidence

is still lacking, but soil microbial responses may be indicative for

understanding the long-term soil C dynamics in high N or N-

aggrading ecosystems [27,40].

In a long-term study examining climate change effects on soil

C dynamics in a wheat-soybean agroecosystem with no-till

practice, we continually monitored a suite of soil microbial

parameters in response to elevated CO2 and O3 for more than

four years. Because soybean and its symbiotic N2 fixation are

sensitive to elevated CO2 and O3 [35,36], we expected that

elevated CO2 would enhance both C and N inputs belowground

through increasing residue returns, while elevated O3 would

offset this CO2 effect. Also, we expected that the stoichiometry of

available C and N for microbes might change over time as a

portion of residue C was mineralized and released back to the

atmosphere as CO2 while a large proportion of residue N was

retained in the system. Consequently, alterations in C and N

availability for microbes induced by elevated CO2 and O3 may

further affect microbial biomass and activities over time, and

possibly induce a shift in the microbial community structure.

Therefore, our specific objectives were to: 1) document the time-

course of CO2 and O3 effects on microbial biomass, activities and

community structure; and, 2) examine how changes in microbial

parameters were related to residue inputs and soil C and N

availability.

Materials and Methods

Site description
We initiated a long-term field experiment in May 2005 to

investigate the response of a wheat-soybean rotation agroecosys-

tem to elevated atmospheric CO2 and O3 using open-top field

chambers (OTC). The experimental site is located at the Lake

Wheeler Experimental Station, 5 km south of North Carolina

State University, Raleigh, North Carolina, USA (35u439N,

78u409W; elevation 120 m). Annual mean temperature is 15.2uC
and annual mean precipitation is 1050 mm. The field had been

left fallow for eight years prior to this study. Before CO2 and O3

treatments were initiated, the soil was repeatedly turned-over using

a disc implement and rotovator. The soil is an Appling sandy loam

(fine, kaolinitic, thermic Typic Kanhapludult), well drained with a

pH of 5.5, and contained 9.0 g C and 0.86 g N kg21 soil when the

experiment started.

This experiment was a 262 factorial design with four treatments

randomly assigned into four blocks. Four different trace-gas

treatments were: (a) charcoal-filtered air and ambient CO2 (CF);

(b) charcoal-filtered air plus ambient CO2 and 1.4 times ambient

O3 (+O3); (c) charcoal-filtered air plus 180 ml l21 CO2 (+CO2); and

(d) charcoal-filtered air plus 180 ml l21 CO2 and 1.4 times ambient

O3 (+CO2+O3). The seasonal daily average concentrations of CO2

and O3 over the experimental duration are shown in Table 1. The

purpose of filtration of ambient air with activated charcoal was to

reduce the concentrations of ambient O3 to levels considered

nonphytotoxic to soybean and wheat plants. Ozone was deemed

as a major air pollutant in this area, while other air pollutants such

as NO2 and SO2 were below the phytotoxic levels at the

experimental location [41].

Soybean [cv. CL54 RR (Year 1), Asgrow 5605 RR (Years 2 and

3) and SS RT5160N RR (Year 4)] was planted each spring

followed by soft red winter wheat (Coker 9486) in the fall using no-

till practices. Plants were exposed to reciprocal combinations of

CO2 and O3 within cylindrical OTCs (3.0 m diameter62.4 m tall)

from emergence to physiological maturity. Carbon dioxide was

released from a 14-ton liquid-receiving tank 24 h daily and

monitored at canopy height using an infrared CO2 analyzer

(model 6252, Li-Cor Inc. Lincoln, NE, USA). Ozone was

generated by electrostatic discharge in dry O2 (model GTC-1A,

Ozonia North America, Elmwood Park, NJ, USA) and dispensed

12 h daily (08:00–20:00 hours Eastern Standard Time) in

proportion to concentrations of ambient O3. The O3 concentra-

tion in the chambers was monitored at canopy height with a UV

photometric O3 analyzer (model 49, Thermo Environmental

Instruments Co., Franklin, MA, USA). During wheat growing

seasons, each plot initially received 48 g NH4NO3 (equivalent to

24 kg N ha21) in November each year, followed by an additional

input of 192 g NH4NO3 (equivalent to 96 kg N ha21) in March.

Plots were treated with lime, K and P in November during the

Table 1. The seasonal daily average (12 h) CO2 and O3

concentrations at canopy height during the 4-year period.

Crop CO2 (ml l21) O3 (nl l21)

Ambient Elevated CF Elevated

Soybean 376.060.4 555.060.7 19.960.3 65.760.4

Wheat 388.060.4 547.060.5 20.760.2 49.860.3

CF: charcoal filtered air. Values are mean 6 s.e.m.
doi:10.1371/journal.pone.0021377.t001
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experiment according to soil test recommendations. During

soybean growing seasons, plants were irrigated with drip lines to

prevent visible signs of water stress, but no additional N fertilizers

were applied. Upon senescence of the plants, all aboveground

plant biomass in each chamber was harvested. Soybean plants

were divided into leaves, stems, husks and seeds, while wheat

plants were separated as straw, chaff and seeds, then dried and

quantified. Afterward, residues other than seeds were uniformly

returned to their corresponding treatment plots and evenly

distributed on the soil surface.

Soil sampling
The chamber plot was divided into two parts: the sampling area

(an inner circular area with a diameter of 2.4 m) and the border

area (for purpose of reducing chamber effects, 0.3 m in width). To

avoid taking soil samples from the same location, the sampling

area was divided into 448 small subplots (10610 cm). Soil

sampling locations were determined using a random number

generator and each subplot was sampled only once. In June and

November of each year (Year 1–Year 4), corresponding to harvest

time for each crop, we used a 5-cm diameter soil corer to take

three soil cores to 20 cm depth in the center of three pre-

determined subplots from each chamber. Three additional soil

cores were immediately taken from the border areas to fill holes in

the sampling areas. Sample holes in border areas were refilled by

soil cores taken just outside of each chamber. Soil cores were

separated into 0–5 cm, 5–10 cm and 10–20 cm depth fractions.

Core sections were then pooled by the depth fraction into three

soil samples per chamber. Soil samples were also collected at the

mid-growing season to check whether microbial parameters were

significantly different from those obtained at the end of the

growing season. Soil samples (0–5 and 5–10 cm) were collected in

each April of the first two years and each August of the last two

years, corresponding to the maximal physiological activity of

wheat and soybean plants, respectively. All samples were sealed in

plastic bags, stored in a cooler and transported to the laboratory.

Field moist soils were mixed thoroughly and sieved through a 4-

mm mesh within 24 hours of the field sampling and all visible

residues and plant roots were carefully removed. Subsamples

(,20 g) were then taken immediately; frozen and stored at 220uC
for the phospholipid fatty acid (PLFA) analysis and the rest of soils

were stored at 4uC for other microbial and chemical analyses. A

10-g subsample was oven-dried at 105uC for 48 h and weighed for

the determination of the water content. All the soil and microbial

data were calculated on the dry weight basis of soils.

Sample analyses
C and N contents in plant residues and soils. Air-dried

subsamples of aboveground plant components (stems, leaves, husks

and seeds of soybean; straw, chaff and seeds of wheat) were ground

in a Tecator Cyclotec mill fitted with a 1-mm screen (FOSS, Eden

Prairie, MN, USA). Soil samples were ground into fine powder

using an 8000-D Mixer Mill (SPEX CertiPrep Inc. Metuchen, NJ,

USA). The C and N concentrations in various plant components

and in soil were determined with a CHN elemental analyzer

(Carla Erba and model 2400, Perkin Elmer Co., Norwalk, CT,

USA). Aboveground residue C and N inputs to soil were

calculated by adding up the C and N, respectively, in all

aboveground plant components except for seeds.

Symbiotic N2 fixation in soybean. Soybean N2 fixation was

estimated using the conventional N accumulation method [42]. To

estimate total N2 fixation by soybean in each season, we first

estimated total biomass N in wheat and soybean, respectively.

Total aboveground plant N was calculated by directly adding up

the N in all plant components. Root biomass was estimated by

using the fixed root:shoot ratios of wheat (0.07) and soybean (0.22)

according to the literature [2,31,43,44,45]. We also assumed that

the C:N ratio of roots was the same as that of shoots [46]. Then,

we used wheat in the following season as the nonfixing plant to

estimate total N fixed by soybean in each season by subtracting

total N in wheat plants from total N in soybean plants on a per

chamber basis. Further, the CO2 effect on N2 fixation was

estimated by subtracting total N in soybean in ambient CO2 from

elevated CO2. Although wheat has been often used as a non-fixing

control plant [42], we realized that this method does not provide

an exact estimate of N2 fixation by soybean plants in the field.

Using wheat plants as the non-fixing control in our system should

provide a conservative underestimate of soybean N2 fixation

because: 1) N inputs to soil through soybean root exudates and fine

root turnover were not considered; 2) inorganic N fertilizers

(120 kg N ha21) were applied for wheat; and 3) wheat should have

also obtained significantly higher amounts of N from the

mineralization of soybean residues. In addition to estimating N2

fixation, changes in total soil N over time were documented by

comparing the soil N content (0–5 cm soil layer) at the end of the

fourth year to the pretreatment soil N content (0–5 cm soil layer).

Soil microbial biomass C and N. Soil microbial biomass C

(MBC) and biomass N (MBN) were determined using the

fumigation-extraction method [47]. Twenty-g dry weight

equivalent soil samples were fumigated with ethanol-free

chloroform for 48 h and then extracted with 50 mL of 0.5 M

K2SO4 by shaking for 30 min. Another 20-g sample of non-

fumigated soil was also extracted with 50 mL of 0.5 M K2SO4.

Soil extractable organic C in both fumigated and non-fumigated

K2SO4 extracts was measured using a TOC analyzer (Shimadzu

TOC-5050A, Shimadzu Co., Kyoto, Japan). Soluble inorganic N

in the extracts of fumigated and non-fumigated soils was quantified

on the Lachat flow injection analyzer (Lachat Instruments,

Milwaukee, WI, USA) after digestion with alkaline persulfate

[48]. The differences in extractable organic C and inorganic N

between fumigated and non-fumigated soils were assumed to be

from lysed soil microbes. The released C and N were used to

calculate MBC and MBN using a conversion factor of 0.45 (kEC)

and 0.45 (kEN), respectively [47,49].

Soil extractable C and N. The concentration of organic C in

non-fumigated soil extracts was used to represent soil extractable

C. The extractable inorganic N referred to the sum of NH4
+-N

and NO3
2-N in non-fumigated soil extracts.

Soil microbial respiration. We determined soil

heterotrophic respiration using an incubation-alkaline absorption

method [50]. In brief, 20-g dry mass equivalent soil samples were

adjusted to moisture levels of around 60% water holding capacity,

placed in 1-L Mason jars, and then incubated at 25uC in the dark

for 2 weeks. Respired CO2 was trapped in 5 mL of 0.25 M NaOH

contained in a beaker suspended in the jar. After the first week

incubation, NaOH solutions were replaced with fresh solutions.

The CO2 captured in the NaOH solution was titrated with

0.125 M HCl to determine the amount of CO2 evolved from the

soil. Soil microbial respiration (SMR) rate was expressed as mg

CO2 kg21 soil d21 by averaging the data across two 1-wk

incubations.

Net soil N mineralization. Potential N mineralization was

determined following a 4-wk incubation at 25uC in the dark. Soil

NH4
+ and NO3

2 in un-incubated and incubated subsamples (20-g

each) were extracted with 50 mL of 0.5 M K2SO4 by shaking for

30 min. The concentrations of inorganic N were then measured

on the Lachat flow injection analyzer. Net mineralized N (NMN)

was determined by the difference in extractable total inorganic N

Elevated CO2 and O3, and Soil Microbes

PLoS ONE | www.plosone.org 3 June 2011 | Volume 6 | Issue 6 | e21377



(NH4
+-N + NO3

2-N) between incubated and un-incubated soil

samples.

Phospholipid fatty acids. PLFAs were extracted following a

procedure described by Bossio et al. (1998). Briefly, 10 g of freeze-

dried soils (0–5 cm soil layer) were extracted using a solution

containing CH3OH:CH3Cl:PO4
32 (vol/vol/vol 2:1:0.8). Solid

phase extraction columns (Thermo Scientific, Vernon Hills, IL,

USA) were used to separate phospholipids from neutral and

glycol-lipids. The phospholipids were then subjected to an alkaline

methanolysis to form fatty acid methyl esters (FAMEs). The

resulting FAMEs were separated and measured using gas

chromatography on a HP GC-FID (HP6890 series, Agilent

Technologies, Inc. Santa Clara, CA, USA); peaks were identified

using the Sherlock Microbial Identification System (v. 6.1, MIDI,

Inc., Newark, DE, USA). We chose the following fatty acids, i14:0,

i15:0, a15:0, 15:0, i16:0, 16:1v7c, i17:0, a17:0, 17:0cy, 17:0,

18:1v7c, and 18:1v5c, to represent the bacterial PLFAs

[51,52,53], and the other three fatty acids (16:1v5c, 18:2v6.9c

and 18:1v9c) as the fungal PLFAs [52,53,54]. We used the ratio of

signature fungal and bacterial PLFAs as an indicator of soil

microbial community structure [51,53,55]. The fatty acid profile

of soil microbes was examined in soils collected in years 1, 3, 4,

and 5.

Statistical analysis
We examined results for the entire experimental duration from

2005–2009 (Year 1–Year 4), and used the linear mixed model [56]

to test the main effects of CO2, O3 and the interaction of CO2 and

O3, and whether these changed over time. We employed a set of

covariance structures including compound symmetric model (CS),

the first-order autoregressive model [AR (1)], and autoregressive

with random effect to reduce autocorrelation. The P values for

treatments and interaction terms were reported based on the

covariance structure that minimized Akaike information criterion

(AIC) and Bayesian information criterion (BIC) [56]. Data for soil

and microbial parameters from mid-seasons (Appendix S1), plant

and soil N contents, fungal and bacterial PLFAs and the

fungi:bacteria ratios were subjected to the analysis of variance

using the mixed model. To test for relationships between variables,

we conducted a correlation analysis using all the data generated

over the 4-year period. A Chi-square (x2) test was also conducted

to examine whether the CO2 effect on microbial biomass,

respiration and the community structure were correlated with

the CO2 effect on N availability. We thus developed four

contingency tables for SMR, MBC, MBN, and fungi:bacteria

ratio, respectively. All statistical analyses were performed using the

SAS 9.1 (SAS Institute, Inc., Cary, NC, USA). For all tests,

P#0.05 was considered to indicate a statistically significant

difference.

Results

Soybean N2 fixation and plant residue C and N inputs to
soil

Elevated CO2 significantly increased symbiotic N2 fixation by

soybean plants, while O3 decreased it. Over the 4-year period,

total N derived from symbiotic N2 fixation in soybean was

estimated at 92.5, 68.4, 119.1 and 109.7 g N m22 in the CF, +O3,

+CO2 and +CO2+O3 treatments, respectively. Compared to the

CF treatment, the +CO2 treatment significantly increased the net

N inputs to soil from symbiotic N2 fixation (excluding seed

harvests) on average by 43%, while the +O3 treatment decreased it

by 23% over the 4-year period (Table 2). However, there was no

significant effect of CO26O3 on the net N inputs derived from

symbiotic N2 fixation in any year (Table 2).

Elevated CO2 significantly increased both soybean above-

ground residue C and N inputs to the chambers in all years

(P#0.001 for each year; Fig. 1), leading to an average increase by

38% and 30%, respectively, over the experimental period.

Elevated CO2 also significantly increased wheat residue C inputs

by 15%, but did not affect wheat residue N inputs (Fig. 1).

Elevated O3 had no significant effects on wheat residue C and N

inputs, but reduced soybean C and N inputs by 12% (Fig. 1). No

significant CO26O3 interaction was observed on soybean and

wheat residue C and N inputs (P.0.1). Additionally, the total

amounts of C and N in soybean residues were significantly

different (P,0.01) among four years, which primarily resulted

from the differences in biomass production of three different

cultivars as well as the variability among years.

Soil organic C and N, and extractable C and N
Over the experimental period, no significant CO2 or O3 effects

on total soil organic C (data not shown) or total soil N (Table 2)

were observed. However, there was a significant increase in total

soil N over the experimental period in all treatments compared to

the soil N before the treatments were applied in 2005. Although

the magnitude of increase in soil N over time tended to be higher

under elevated (26%) than ambient (17%) CO2 plots, this effect

was not statistically significant.

Neither CO2 nor O3 treatments had any significant effects on

soil extractable C in the whole soil profile or on the interactions

between time and gas treatments over the 4-year period (Appendix

S2). In general, elevated CO2 tended to increase concentrations of

total extractable inorganic N (Appendix S3). Soil extractable N in

Table 2. Effects of elevated CO2 and O3 on soybean N2

fixation and total N in the surface soil.

Year 1 Year 2 Year 3 Year 4

N inputs to soil derived from soybean N2 fixation (g N m22)

Treatment

CF 11.460.8 2.960.4 6.060.5 7.560.3

+O3 10.660.5 1.860.4 5.060.5 4.560.5

+CO2 15.160.4 4.860.2 8.360.7 10.060.5

+CO2+O3 14.761.4 3.860.2 7.860.3 8.660.7

Source

O3 NS ** NS **

CO2 *** *** *** ***

CO26O3 NS NS NS NS

Total soil N in the surface soil (0–5 cm) (g N m22)

Treatment

CF 85.768.2 ND ND 93.7611.7

+O3 74.1616.0 ND ND 90.063.1

CO2 76.4610.7 ND ND 95.666.4

+CO2+O3 75.164.7 ND ND 97.568.1

Values shown for N inputs to soil from N2 fixation exclude seeds.
Values are mean 6 s.e.m. *** (P,0.001) and ** (P,0.01) denote statistically
significant main treatment effects, ANOVA mixed models. ND, not determined.
NS, not significant. CF, charcoal-filtered ambient air. +O3, elevated O3.+CO2,
elevated CO2.+CO2+O3, elevated CO2+O3. The main treatment effects of CO2, O3

and the CO26O3 interaction on soil N were not statistically significant for any
years.
doi:10.1371/journal.pone.0021377.t002
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elevated CO2 plots increased by, on average, 17% (P.0.1), 18%

(P,0.01) and 8% (P.0.1), respectively, in 0–5, 5–10, and 10–

20 cm soil layers over the 4-year period. There were no significant

effects of O3 and the CO26O3 interaction on soil extractable N

(Appendix S2).

Microbial biomass C and biomass N
Elevated CO2 significantly enhanced both MBC and MBN in

the 0–5 cm soil layer, leading to an average increase of 8%

(P,0.05; Fig. 2a) and 14% (P,0.05; Fig. 2d), respectively, over the

4-year period. However, these increases resulted primarily from

CO2-induced enhancement in the third and fourth years of the

experiment (Fig. 2). Both MBC and MBN at elevated CO2

remained unchanged in the top soil layer during year 1 and 2, but

increased on average by 14% and 26%, respectively, within year 3

and 4 of the experiment. The CO2 effects were also significant for

MBN in the 10–20 cm soil layer (P,0.05), but not significant for

MBC (Appendix S2). However, neither O3 nor the CO26O3

interaction had any significant impacts on MBC or MBN along

the soil profile (Appendix S2).

Soil microbial respiration (SMR)
Over the 4-year period, atmospheric CO2 enrichment increased

SMR rates (Fig. 3). Compared to ambient CO2, SMR under

elevated CO2 was 26% (P,0.05), 17% (P.0.1) and 31% (P,0.05)

higher in 0–5, 5–10 and 10–20 cm soil layers, respectively. Similar

to microbial biomass, the observed increases in SMR were largely

due to the CO2 stimulation effects in the third and fourth years of

the experiment (Fig. 3). In the 0–5 cm soil layer, for example,

elevated CO2 only increased SMR by 9% in the first two years,

but by 43% over the subsequent two years. Neither the O3 effect

nor the CO26O3 interaction resulted in significant effects on SMR

in any soil layer (Appendix S2).

Metabolic quotient of soil microbes (the respiration rate per unit

of microbial biomass C) under elevated CO2 increased on average

by 16% (repeated measures mixed models; CO2 effect: P = 0.003),

9% (P = 0.2), and 20% (P = 0.02) in 0–5, 5–10, and 10–20 cm soil

layers, respectively, over the 4-year period (Appendix S4). The

CO2 effect on the metabolic quotient also changed considerably

over time. In the 0–5 cm soil layer, CO2 enrichment slightly

increased the metabolic quotient by 7% in the first two years, but

significantly increased it by 25% within the following two years.

Neither the O3 effect nor the CO26O3 interaction resulted in

significant impacts on metabolic quotient of soil microbes in any

soil layer (Appendix S2).

Net soil N mineralization
Similar to the effects on SMR and MBN, CO2 enrichment

significantly stimulated the rate of net soil N mineralization at both

0–5 (P,0.01; Fig. 4a) and 10–20 (P,0.05; Fig. 4c) cm soil layers.

On average, net mineralizable N (NMN) in elevated CO2 plots

was 13%, 5%, and 26% higher than those in ambient CO2 plots,

respectively, in the 0–5, 5–10, and 10–20 cm soil layers. Again,

these effects were mainly due to the CO2-induced increases within

the year 3 and 4 of the experiment (Fig. 4). Elevated CO2 showed

no impacts on net soil N mineralization in the first two years, but

caused an average increase by 22%, 12% and 49%, respectively,

in the 0–5, 5–10, and 10–20 cm soil layers during the third and

fourth years. In contrast, neither the O3 treatment effect nor the

CO26O3 interaction were statistically significant (Appendix S2).

Stratification of soil microbial parameters under elevated
CO2

The time course of CO2-effects on various parameters along the

soil profile was significantly different. In the top 5-cm soil samples,

MBC fluctuated over the whole period (Fig. 2a), but MBN, SMR

and NMN started to increase by the third year (Fig. 2d, 3a and 4a).

In the deeper soils (5–10 and 10–20 cm), MBC significantly

decreased (Fig. 2b and 2c), MBN remained unchanged (Fig. 2e

and 2f), but SMR and NMN increased (Fig. 3b, 3c, 4b and 4c) in

years 3 and 4. Over the first two years of the experiment, all these

parameters remained largely unaffected by CO2 enrichment in the

5–10 and 10–20 cm soil layers (Figs. 2, 3, 4). By the third and

fourth years, elevated CO2 had no impacts on MBC in the deeper

soil depths (Fig. 2b and 2c), but still increased SMR and NMN

(Fig. 3b, 3c, 4b and 4c).

The microbial parameters from soil samples collected at the mid-

seasons were similar with those at the harvest of the corresponding

growing season and those results were shown in Appendix S1.

PLFAs of soil microbes and the microbial community
structure

Two trends in fungal and bacterial PLFAs emerged. First, the

abundance of fungal and bacterial PLFAs and fungi:bacteria ratios

remained largely unchanged in the first two years but decreased

significantly in years 4 and 5 of the experiment (Fig. 5). On

average, fungal and bacterial PLFAs decreased by 31% and 13%,

respectively, from the years 1–3 to years 4–5. Second, elevated

CO2 significantly increased microbial PLFA biomass which was

due only to increased fungal PLFA biomarkers starting from year 3

Figure 1. Aboveground residue C and N inputs under elevated
CO2 and O3. Soy, soybean. CF, charcoal-filtered ambient air. +O3,
elevated O3.+CO2, elevated CO2.+CO2+O3, elevated CO2+O3. Data
represent means (n = 4) 6 s.e.m. (a) Residue C inputs. Soybean residue
C inputs: CO2 effect, P#0.001 for every year; O3 effect, P,0.05 for every
year; CO26O3, P.0.1 for every year. Wheat residue C inputs: CO2 effect,
P,0.05 for every year; O3 effect, P.0.1 for every year; CO26O3, P.0.1
for every year, ANOVA mixed model. (b) Residue N inputs. Soybean
residue N inputs: CO2 effect, P#0.001 for every year; O3 effect, P,0.01
only for year 2 and 4; CO26O3, P.0.1 for every year. Wheat residue N
inputs: CO2 effect, P,0.05 for year 2 (significantly decreased) but .0.1
for year 1, 3 and 4; O3 effect, P.0.1 for every year; CO26O3, P.0.1 for
every year, ANOVA mixed model.
doi:10.1371/journal.pone.0021377.g001
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(P,0.05; Fig. 5a). As such, the fungi:bacteria ratio increased

significantly due to elevated CO2 (P,0.05; Fig. 5c). Neither the O3

effect nor the CO26O3 interaction had significant effects on

fungal and bacterial PLFAs at any time points (Fig. 5a, 5b).

Correlation analysis
Correlation analysis, conducted among extractable C, extract-

able N, MBC, MBN, SMR and NMN, showed that all six

parameters were significantly correlated with each other, though

the coefficients varied considerably (Appendix S5). Net soil N

mineralization can best explain the variation of MBC (R2 = 0.44),

MBN (R2 = 0.72) and SMR (R2 = 0.72). The x2 values for MBC vs

N, MBN vs N, SMR vs N and the fungi:bacteria ratio vs N were

14.7 (P,0.001), 14.5 (P,0.001), 10.8 (P,0.01) and 4 (P,0.05)

(Appendix S6), respectively, indicating that the CO2 effects on

microbial biomass, activity and the community structure were

closely related to CO2-induced alterations in N availability.

Discussion

The effect of elevated CO2 on soil microbes
Results obtained in this study showed that elevated CO2

influenced microbial processes over time likely through its impacts

on C and N availability (Figs. 2, 3, 4, 5, Appendix S5 and F).

Microbial responses to elevated CO2 have so far largely been

considered in the context that soil microbes are C-limited [8,11]

while plant growth is N-limited [39,57]. Many experiments have

provided evidence that increased C availability induced by

elevated CO2 enhanced soil microbial biomass and/or activities

[5,10,11,20,26,58] and can alter the structure of soil microbial

communities in favor of fungal growth [16,25,55,59]. In the

current study, elevated CO2 significantly increased C and N

availability for microbes by enhancing both aboveground (and

presumably belowground) soybean and wheat residue C and N

inputs in all four years (Fig. 1). However, microbial biomass,

respiration and the community structure did not respond

significantly until the third year (Fig. 2a, 2d, 3a, and 5c). Likely,

it took a period of time for the increased residue inputs to

accumulate to levels that affected soil microbial processes. It

should be noted that the CO2-stimulation in soybean residue

inputs was lower in year 2 compared with in other years (Fig. 1),

which may have contributed to the time-lag in elevated CO2

effects on soil microbial processes observed in the present study.

Along with available C in soil, other factors such as soil

moisture, soil food-web interactions and nutrient availability have

also been suggested to affect microbial responses to elevated CO2,

Figure 2. Effects of elevated CO2 and O3 on soil microbial biomass C and N. CF, charcoal-filtered ambient air. +O3, elevated O3.+CO2,
elevated CO2.+CO2+O3, elevated CO2+O3. Microbial biomass C: (a) 0–5 cm soil layer (Repeated measures mixed model; CO2 effect: P = 0.026;
CO26Time: P.0.1), (b) 5–10 cm soil layer (Repeated measures mixed model; CO2 effect: P.0.1; CO26Time: P.0.1) and (c) 10–20 cm soil layer
(Repeated measures mixed model; CO2 effect: P.0.1; CO26Time: P.0.1). Microbial biomass N: (d) 0–5 cm soil layer (Repeated measures mixed
model; CO2 effect: P = 0.025; CO26Time: P = 0.018), (e) 5–10 cm soil layer (Repeated measures mixed model; CO2 effect: P.0.1; CO26Time: P.0.1) and
(f) 10–20 cm soil layer (Repeated measures mixed model; CO2 effect: P = 0.040; CO26Time: P.0.1). The O3 and CO26O3 effects were not significant for
all soil layers. Data represent means (n = 4) 6 s.e.m.
doi:10.1371/journal.pone.0021377.g002
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either singly or in combination [9,11]. The availability of soil N

has so far received the most attention in studies of elevated CO2

effects on soil microbes [9,20,21] because N is the most abundant

nutrient element required for microbial growth [60]. The

coincidence of higher microbial activities with increasing soil N

availability and microbial biomass N in the CO2 treatments during

the third and fourth years of the experiment suggests a link

between soil N availability and microbial responses to elevated

CO2 in this N-aggrading system. With the surface placement of

residues in no-till systems, N existing in plant residues (mainly

soybean) gradually moves into the soil profile, particularly the top

soil layer, through leaching and decomposition processes. Higher

N inputs from residues of plants grown under elevated CO2

(Fig. 1b), which stemmed from both CO2-stimulation of N2

fixation (Table 2) [35,36] and possibly plant N retention [4,61],

can in turn increase soil N availability for microbes. In a recent

meta-analysis of 131 manipulation studies with tree species,

Dieleman et al. (2010) found that the CO2-enhancement of

microbial activity and decomposition was positively correlated

with increasing soil N availability. These results are similar to the

CO2-stimulation of microbial growth and activities along with

increasing available soil N observed in our study. Also, it has been

well documented that mineral N additions can stimulate

decomposition of plant residues, particularly the non-lignin

components [28,62]; thus increased soil N availability can

significantly facilitate decomposition of non-lignin components of

crop residues. All exoenzymes responsible for disintegrating

organic materials are N-rich proteins, and sufficient supplies of

N for microbes may facilitate enzyme production [28,63], though

addition of inorganic N could also suppress lignin-degrading

enzymes [64]. Other studies have also recently showed that N

addition stimulated microbial respiration [26] and decomposition

activities [25].

Changes in fungal and bacterial PLFAs, and their ratios

observed in our study provide new insights into how alterations in

the relative availability of C and N can modulate microbial

activities and their responses to elevated CO2. First, the

coincidence between decreased fungi:bacteria ratios in years 4

and 5 in comparison with previous years and increased N

availability and MBN over time is consistent with the general

concept that high N availability favors bacteria over fungi [28,29].

Figure 3. Effects of elevated CO2 and O3 on soil microbial
respiration. CF, charcoal-filtered ambient air. +O3, elevated O3.+CO2,
elevated CO2.+CO2+O3, elevated CO2+O3. (a) 0–5 cm soil layer
(Repeated measures mixed model; CO2 effect: P = 0.012; CO26Time:
P = 0.003). (b) 5–10 cm soil layer (Repeated measures mixed model; CO2

effect: P.0.1; CO26Time: P.0.1). (c) 10–20 cm soil layer (Repeated
measures mixed model; CO2 effect: P = 0.044; CO26Time: P.0.1). The O3

and CO26O3 effects were not significant for all soil layers. Data
represent means (n = 4) 6 s.e.m.
doi:10.1371/journal.pone.0021377.g003

Figure 4. Effects of elevated CO2 and O3 on net soil N
mineralization. CF, charcoal-filtered ambient air. +O3, elevated
O3.+CO2, elevated CO2.+CO2+O3, elevated CO2+O3. (a) 0–5 cm soil layer
(Repeated measures mixed model; CO2 effect: P = 0.002; CO26Time:
P = 0.011), (b) 5–10 cm soil layer (Repeated measures mixed model; CO2

effect: P.0.1; CO26Time: P.0.1) and (c) 10–20 cm soil layer (Repeated
measures mixed model; CO2 effect: P = 0.019; CO26Time: P.0.1). The O3

and CO26O3 effects were not significant for all soil layers. Data
represent means (n = 4) 6 s.e.m.
doi:10.1371/journal.pone.0021377.g004
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Evidently, high N inputs due to N fertilization of wheat and

soybean N2 fixation in our system gradually increased soil N

availability and altered the soil microbial community composition

over time. In a loblolly pine system, Feng et al. (2010) also observed

that N fertilization reduced the fungi:bacteria ratio. Second,

significantly higher fungi:bacteria ratios under elevated than

ambient CO2 indicate that CO2-enhancement of C inputs may

still play a major role in shaping the community structure in N-

rich agroecosysystems, as shown in many forests and grasslands

[4,16,25,55,59,65]. What was surprising is that the significant

increases in microbial respiration (Fig. 3a) concurred with

decreased microbial PLFA biomass (Fig. 5a, 5b), leading to an

increase in metabolic quotient over time as well as under elevated

CO2 (Appendix S4). Since both fungi and bacteria identified by

PLFAs represent the most active part of soil microorganisms

[52,59], these results indicate that high N inputs may have

stimulated microbial physiological activities and/or microbial

biomass turnover. Taken together, our results suggest that CO2-

induced changes in soil N availability might be an important factor

that concurrently mediated elevated CO2 effects on soil microbes

and microbial feedbacks in this N-aggrading agroecosystem.

The findings that the stimulation of soil microbes under elevated

CO2 over the course of the experiment may have significant

implications for understanding residue turnover and soil C

sequestration in agroecosystems under future climate change

scenarios. In many natural and semi-natural ecosystems, the CO2-

induced stimulation of plant growth may not persist because of

nutrient limitation [9,39]. In agricultural ecosystems, however, N

is typically not a limiting factor for plant growth due to the

application of chemical N fertilizers and/or the incorporation of

legume plants, and CO2-stimulation of biomass production is

expected to be sustained [2,31,66]. Therefore, it has been

suggested that elevated CO2 can increase long-term C storage in

agroecosystems, particularly in combination with no-tillage

management [38,67,68]. However, this assumption does not fully

consider the C output from agroecosystems: unlike forest

ecosystems where the standing biomass constitutes a major C

pool, most agroecosystems must accumulate C in the soil for

ecosystem C sequestration to occur. Consequently, the fate of

returning residues will largely determine the potential of

agroecosystem C sequestration. The close correlations between

N availability and both microbial respiration and metabolic

quotient under elevated CO2 in our study (Fig. 3, Appendix S4

and Appendix S6) indicate that soil microbes became more active

with CO2 enrichment. Our results, along with other previous

findings [27], suggest that high N availability may significantly

increase soil organic C turnover in agroecosystems through

stimulating residue decomposition under future CO2 scenarios,

highlighting the need to examine the interactive effect of soil N

availability and atmospheric CO2 on soil organic C dynamics.

It is also interesting to note that microbial parameters along the

soil profile exhibited different patterns under elevated CO2 (Figs. 2,

3, 4). No-till systems are characterized by vertical stratification of soil

organic C and microbial biomass because of continuous residue

surface placement [37,69]. Rapid deceases in MBC and diminished

CO2 effects on MBC starting in the third year in deeper soil layers

(Fig. 2b and 2c) seems to suggest that alteration in C availability

caused by residue placement may dominate microbial responses.

However, other parameters [MBN (Fig. 2f), SMR (Fig. 3c) and

NMN (Fig. 4c)] did not decrease correspondingly with MBC and

continued to significantly respond to elevated CO2 (Appendix S2),

suggesting that other factors may significantly exert control. High

correlations between MBN and SMR, and NMN in deeper soil

depths (Appendix S5) suggest that N availability critically modulated

microbial activities. In no-till systems, root-derived C is the primary

source for deep soil C and CO2-stimulation of both fine and deep

roots has been proposed as a potential mechanism that facilitates C

sequestration there [37]. However, higher metabolic quotient

(Appendix S4), SMR (Fig. 3) and NMN (Fig. 4) under elevated

CO2 indicate that not only were microbes more active but also

organic C turnover was more rapid in the deeper soil layers.

Consequently, high root production under elevated CO2 might

stimulate C losses from deep soil layers by priming decomposition of

indigenous organic matter [15,58,66,70,71]. Long-term experiments

are critically needed to examine whether the stimulation of SMR

and NMN in our study is transient or will be sustained over time.

Effects of elevated O3 and CO26O3 on soil microbes
Elevated O3 often leads to a substantial decline in the

aboveground biomass of O3-sensistive plants [7,30,72] and

subsequent C allocation belowground [6,19]. In the current study,

Figure 5. Effects of elevated CO2 and O3 on microbial
community composition. CF, charcoal-filtered ambient air. +O3,
elevated O3.+CO2, elevated CO2.+CO2+O3, elevated CO2+O3. (a) the
abundance of fungal phospholipid fatty acids (PLFAs) [ANOVA mixed
model; CO2 effect: Jun/Year 1 (P.0.1), Jun/Year 2 (P = 0.01), Jun/Year
3 (P = 0.029), Nov/Year 4 (P = 0.015); O3 effect: P.0.1 for all four time
points; CO26O3: P.0.1 for all four time points)], (b) the abundance of
bacterial PLFAs (ANOVA mixed model; CO2 effect: P.0.1 for all four time
points, O3 effect: P.0.1 for all four time points; CO26O3: P.0.1 for all
four time points) and (c) the ratio of fungal to bacterial PLFAs in top (0–
5 cm) soils [ANOVA mixed model; CO2 effect: Jun/Year 1 (P.0.1), Jun/
Year 2 (P = 0.006), Jun/Year 3 (P,0.001), Nov/Year 4 (P = 0.03); O3 effect:
P.0.1 for all four time points; CO26O3: Jun/Year 1 (P.0.1), Jun/Year 2
(P = 0.019), Jun/Year 3 (P = 0.032), Nov/Year 4 (P.0.1))]. Data represent
means (n = 4) 6 s.e.m.
doi:10.1371/journal.pone.0021377.g005
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the statistically significant decline in plant residue C primarily

stemmed from O3-reduction of soybean residue C (by 12% on

average; P,0.05). The unresponsiveness of wheat to O3 was likely

due to the relatively low O3 concentrations during the wheat

growing season (Table 1), use of a relatively O3-tolerant cultivar,

and possibly other environmental conditions (for example, temper-

ature and light levels). Ambient O3 concentrations during winter

wheat growing seasons are usually low due to the lower

concentrations of precursors of O3 formation and the lower

temperatures during the winter and the early spring. The decrease

in soybean residue N inputs under elevated O3 (Fig. 1b) resulted

from O3-induced reduction in residue biomass and possibly

symbiotic N2 fixation in soybean plants (Table 2) [36]. However,

no significant O3 effects were detected on any soil microbial

parameters in this study (Figs. 2, 3, 4, 5, Appendix S2). These results

suggest that N inputs through both fertilization and N2 fixation in

our system might overtake O3-induced reduction of residue N in

affecting soil microbes. Alternatively, these results also suggest that

the magnitude of reductions in both C and N under elevated O3

were insufficient to substantially affect soil microbial activity in our

experiment. In an OTC experiment under conventional tillage

practice, Islam et al. (2000) also found that elevated O3 had no

significant impacts on soil microbial respiration.

Our results showed that elevated O3 tended to reduce soybean

residue C and N inputs under elevated CO2 (Fig. 1). This

indicated that added O3 prevented a portion of the CO2-induced

stimulation in biomass production from occurring. Such a pattern,

however, was not observed for microbial parameters over the

course of the experiment (Figs. 2, 3, 4, 5). The lack of microbial

responses to O3 under elevated CO2 suggests that, as noted above,

the magnitude of the combination of elevated CO2 and O3 effect

on residue C and N inputs was not enough to influence soil

microbes in the current study. It is also possible that O3 might not

necessarily diminish the stimulation effect of elevated CO2 on C

allocation belowground through fine root biomass, root exudation

and turnover during plant growth, as observed in the Rhinelander

free-air CO2 and O3 enrichment study using tree species [73].

Regardless of the underlying causes, our results suggest that O3

may have limited impact on soil microbial processes in agricultural

systems under future CO2 scenarios and that its effect will be

dependent on the sensitivity of crop cultivars to O3.

Conclusions
In summary, results obtained from this study showed that the

responses of soil microbes and their community structure to elevated

CO2 significantly changed through time in the N-aggrading wheat-

soybean rotation system, and that these may be largely related to

CO2-induced alterations in soil C and N availability. While soil

microbial biomass, activities and the community structure compo-

sition were little affected by elevated CO2 in the first two years, they

significantly responded to CO2 enrichment in the third and fourth

years of the experiment as N availability increased. However, O3

effects on soil C and N availability were likely insufficient in

magnitude to produce detectable changes in the soil microbial

parameters measured. Together, these results highlight the urgent

need for considering the interactive impact of C and N availability

on microbial activities and decomposition when projecting soil C

balance in N-rich systems under future CO2 scenarios.

Supporting Information

Appendix S1 Effects of CO2 enrichment on soil microbial

parameters during mid-growing seasons.

(DOCX)

Appendix S2 P values of analyses of repeated measures linear

mixed models of CO2, O3 and time effects, and all interactions

over 4 years.

(DOCX)

Appendix S3 Effects of elevated CO2 and O3 on soil extractable

N.

(TIF)

Appendix S4 Effects of elevated CO2 and O3 on metabolic

quotient of soil microbes.

(TIF)

Appendix S5 Linear correlations among microbial respiration,

microbial biomass C and N, extractable C and N, net N

mineralization of soils over the 4-year period.

(DOCX)

Appendix S6 Chi-square test of relationship between the CO2

effect on N availability and the CO2 effect on microbial biomass,

respiration and the community structure.

(DOCX)

Acknowledgments

We thank Walter Pursley and Erin Silva of USDA-ARS Plant Science

Research Unit for field assistance and maintaining CO2 and O3 facilities.

We are grateful to Guillermo Ramirez and Lisa Lentz of Soil Science

Department of North Carolina State University for their help in nitrogen

analyses. We are also grateful to Dr. Yiqi Luo and two anonymous

reviewers for their constructive suggestions.

Author Contributions

Conceived and designed the experiments: KOB FLB ELF SH LC CT.

Performed the experiments: LC FLB CT. Analyzed the data: LC SH.

Contributed reagents/materials/analysis tools: HDS TWR JLD. Wrote the

paper: LC SH.

References

1. Drake BG, GonzalezMeler MA, Long SP (1997) More efficient plants: A

consequence of rising atmospheric CO2? Annual Review of Plant Physiology

and Plant Molecular Biology 48: 609–639.

2. Kimball BA, Kobayashi K, Bindi M (2002) Responses of agricultural crops to

free-air CO2 enrichment. In: Sparks DL, ed. Advances in Agronomy, Vol 77.

San Diego: Academic Press Inc. pp 293–368.

3. Cheng L, Zhu J, Chen G, Zheng X, Oh NH, et al. (2010) Atmospheric CO2

enrichment facilitates cation release from soil. Ecology Letters 13: 284–291.

4. Hu S, Chapin FS, Firestone MK, Field CB, Chiariello NR (2001) Nitrogen

limitation of microbial decomposition in a grassland under elevated CO2.

Nature 409: 188–191.

5. Hungate BA, Holland EA, Jackson RB, Chapin FS, Mooney HA, et al. (1997)

The fate of carbon in grasslands under carbon dioxide enrichment. Nature 388:

576–579.

6. Andersen CP (2003) Source-sink balance and carbon allocation below ground in

plants exposed to ozone. New Phytologist 157: 213–228.

7. USEPA (2006) Air Quality Criteria for Ozone and Related Photochemical

Oxidants. Washinton, D.C.: U.S. Environmental Protection Agency. pp 705–734.

8. Smith JL, Paul EA (1990) The significance of soil microbial biomass estimations.

In: Bollag JM, Stotzky G, eds. Soil Biochemistry. New York: Marcel Dekker,

Inc. pp 357–396.

9. Hu S, Firestone MK, Chapin FS (1999) Soil microbial feedbacks to atmospheric

CO2 enrichment. Trends in Ecology & Evolution 14: 433–437.

10. Zak DR, Pregitzer KS, Curtis PS, Teeri JA, Fogel R, et al. (1993) Elevated

atmospheric CO2 and feedback between carbon and nitrogen cycles. Plant and

Soil 151: 105–117.

11. Zak DR, Pregitzer KS, King JS, Holmes WE (2000) Elevated atmospheric CO2,

fine roots and the response of soil microorganisms: a review and hypothesis. New

Phytologist 147: 201–222.

12. Islam KR, Mulchi CL, Ali AA (2000) Interactions of tropospheric CO2 and O3

enrichments and moisture variations on microbial biomass and respiration in

soil. Global Change Biology 6: 255–265.

Elevated CO2 and O3, and Soil Microbes

PLoS ONE | www.plosone.org 9 June 2011 | Volume 6 | Issue 6 | e21377



13. Phillips RL, Zak DR, Holmes WE, White DC (2002) Microbial community

composition and function beneath temperate trees exposed to elevated

atmospheric carbon dioxide and ozone. Oecologia 131: 236–244.

14. Blagodatskaya E, Blagodatsky S, Dorodnikov M, Kuzyakov Y (2010) Elevated

atmospheric CO2 increases microbial growth rates in soil: results of three CO2

enrichment experiments. Global Change Biology 16: 836–848.

15. Langley JA, McKinley DC, Wolf AA, Hungate BA, Drake BG, et al. (2009)

Priming depletes soil carbon and releases nitrogen in a scrub-oak ecosystem

exposed to elevated CO2. Soil Biology & Biochemistry 41: 54–60.

16. Rillig MC, Field CB, Allen MF (1999) Soil biota responses to long-term

atmospheric CO2 enrichment in two California annual grasslands. Oecologia

119: 572–577.

17. Pendall E, Mosier AR, Morgan JA (2004) Rhizodeposition stimulated by

elevated CO2 in a semiarid grassland. New Phytologist 162: 447–458.

18. Talhelm AF, Pregitzer KS, Zak DR (2009) Species-specific responses to

atmospheric carbon dioxide and tropospheric ozone mediate changes in soil

carbon. Ecology Letters 12: 1219–1228.

19. Grantz DA, Gunn S, Vu HB (2006) O3 impacts on plant development: a meta-

analysis of root/shoot allocation and growth. Plant Cell and Environment 29:

1193–1209.

20. Hu S, Tu C, Chen X, Gruver JB (2006) Progressive N limitation of plant

response to elevated CO2: a microbiological perspective. Plant and Soil 289:

47–58.

21. de Graaff MA, van Groenigen KJ, Six J, Hungate B, van Kessel C (2006)

Interactions between plant growth and soil nutrient cycling under elevated CO2:

a meta-analysis. Global Change Biology 12: 2077–2091.

22. Rice CW, Garcia FO, Hampton CO, Owensby CE (1994) Soil microbial

responses in tall grass prairie to elevated CO2. Plant and Soil 165: 67–74.

23. Jones TH, Thompson LJ, Lawton JH, Bezemer TM, Bardgett RD, et al. (1998)

Impacts of rising atmospheric carbon dioxide on model terrestrial ecosystems.

Science 280: 441–443.

24. Barnard R, Le Roux X, Hungate BA, Cleland EE, Blankinship JC, et al. (2006)

Several components of global change alter nitrifying and denitrifying activities in

an annual grassland. Functional Ecology 20: 557–564.

25. Feng XJ, Simpson AJ, Schlesinger WH, Simpson MJ (2010) Altered microbial

community structure and organic matter composition under elevated CO2 and

N fertilization in the duke forest. Global Change Biology 16: 2104–2116.

26. West JB, Hobbie SE, Reich PB (2006) Effects of plant species diversity,

atmospheric [CO2], and N addition on gross rates of inorganic N release from

soil organic matter. Global Change Biology 12: 1400–1408.

27. Dieleman WIJ, Luyssaert S, Rey A, De Angelis P, Barton CVM, et al. (2010)

Soil [N] modulates soil C cycling in CO2-fumigated tree stands: a meta-analysis.

Plant, Cell & Environment 33: 2001–2011.

28. Fog K (1988) The effect of added nitrogen on the rate of decomposition of

organic matter. Biological Reviews of the Cambridge Philosophical Society 63:

433–462.

29. Kaye JP, Hart SC (1997) Competition for nitrogen between plants and soil

microorganisms. Trends in Ecology & Evolution 12: 139–143.

30. Fiscus EL, Booker FL, Burkey KO (2005) Crop responses to ozone: uptake,

modes of action, carbon assimilation and partitioning. Plant Cell and

Environment 28: 997–1011.

31. Ainsworth EA, Davey PA, Bernacchi CJ, Dermody OC, Heaton EA, et al.

(2002) A meta-analysis of elevated [CO2] effects on soybean (Glycine max)

physiology, growth and yield. Global Change Biology 8: 695–709.

32. Feng ZZ, Kobayashi K, Ainsworth EA (2008) Impact of elevated ozone

concentration on growth, physiology, and yield of wheat (Triticum aestivum L.): a

meta-analysis. Global Change Biology 14: 2696–2708.

33. Morgan PB, Ainsworth EA, Long SP (2003) How does elevated ozone impact

soybean? A meta-analysis of photosynthesis, growth and yield. Plant Cell and

Environment 26: 1317–1328.

34. Booker FL, Fiscus EL (2005) The role of ozone flux and antioxidants in the

suppression of ozone injury by elevated CO2 in soybean. Journal of

Experimental Botany 56: 2139–2151.

35. Rogers A, Ainsworth EA, Leakey ADB (2009) Will elevated carbon dioxide

concentration amplify the benefits of nitrogen fixation in legumes? Plant

Physiology 151: 1009–1016.

36. Tu C, Booker FL, Burkey KO, Hu S (2009) Elevated atmospheric carbon

dioxide and O3 differentially alter nitrogen acquisition in peanut. Crop Science

49: 1827–1836.

37. Prior SA, Runion GB, Rogers HH, Torbert HA, Reeves DW (2005) Elevated

atmospheric CO2 effects on biomass production and soil carbon in conventional

and conservation cropping systems. Global Change Biology 11: 657–665.

38. Lal R (2004) Soil carbon sequestration impacts on global climate change and

food security. Science 304: 1623–1627.

39. Reich PB, Hobbie SE, Lee T, Ellsworth DS, West JB, et al. (2006) Nitrogen

limitation constrains sustainability of ecosystem response to CO2. Nature 440:

922–925.

40. Liu LL, Greaver TL (2010) A global perspective on belowground carbon

dynamics under nitrogen enrichment. Ecology Letters 13: 819–828.

41. Booker FL, Prior SA, Torbert HA, Fiscus EL, Pursley WA, et al. (2005)

Decomposition of soybean grown under elevated concentrations of CO2 and O3.

Global Change Biology 11: 685–698.

42. Warembourg FR (1993) Nitrogen fixation in soil and plant systems. In:
Knowles R, Blackburn TH, eds. Nitrogen Isotope Techniques. San Diego:

Academic Press. pp 127–157.

43. Kimball BA, Pinter PJ, Garcia RL, LaMorte RL, Wall GW, et al. (1995)
Productivity and water use of wheat under free-air CO2 enrichment. Global

Change Biology 1: 429–442.

44. McMaster GS, LeCain DR, Morgan JA, Aiguo L, Hendrix DL (1999) Elevated

CO2 increases wheat CER, leaf and tiller development, and shoot and root

growth. Journal of Agronomy and Crop Science 183: 119–128.

45. Nissen T, Rodriguez V, Wander M (2008) Sampling soybean roots: A

comparison of excavation and coring methods. Communications in Soil Science
and Plant Analysis 39: 1875–1883.

46. Hu S, Wu J, Burkey KO, Firestone MK (2005) Plant and microbial N

acquisition under elevated atmospheric CO2 in two mesocosm experiments with
annual grasses. Global Change Biology 11: 213–223.

47. Vance ED, Brookes PC, Jenkinson DS (1987) An extraction method for
measuring soil microbial biomass-C. Soil Biology & Biochemistry 19: 703–707.

48. Cabrera ML, Beare MH (1993) Alkaline persulfate oxidation for determining

total nitrogen in microbial biomass extracts. Soil Science Society of America
Journal 57: 1007–1012.

49. Jenkinson DS, Brookes PC, Powlson DS (2004) Measuring soil microbial

biomass. Soil Biology & Biochemistry 36: 5–7.

50. Coleman DC, Anderson RV, Cole CV, Elliott ET, Woods L, et al. (1978)

Trophic interactions in soils as they affect energy and nutrient dynamics .4. flows
of metabolic and biomass carbon. Microbial Ecology 4: 373–380.

51. Bossio DA, Scow KM, Gunapala N, Graham KJ (1998) Determinants of soil

microbial communities: Effects of agricultural management, season, and soil type
on phospholipid fatty acid profiles. Microbial Ecology 36: 1–12.

52. Frostegard A, Baath E (1996) The use of phospholipid fatty acid analysis to
estimate bacterial and fungal biomass in soil. Biology and Fertility of Soils 22:

59–65.

53. Zhang W, Parker KM, Luo Y, Wan S, Wallace LL, et al. (2005) Soil microbial
responses to experimental warming and clipping in a tallgrass prairie. Global

Change Biology 11: 266–277.

54. Balser TC, Treseder KK, Ekenler M (2005) Using lipid analysis and hyphal
length to quantify AM and saprotrophic fungal abundance along a soil

chronosequence. Soil Biology & Biochemistry 37: 601–604.

55. Carney KM, Hungate BA, Drake BG, Megonigal JP (2007) Altered soil

microbial community at elevated CO2 leads to loss of soil carbon. Proceedings of

the National Academy of Sciences of the United States of America 104:
4990–4995.

56. Littell RC, Milliken GA, Strooup WW, Wolfinger RD, Schabenberger O (2006)
SAS for Mixed Models. Cary, NC, USA: SAS Institute Inc.

57. Oren R, Ellsworth DS, Johnsen KH, Phillips N, Ewers BE, et al. (2001) Soil

fertility limits carbon sequestration by forest ecosystems in a CO2-enriched
atmosphere. Nature 411: 469–472.

58. Phillips RP, Finzi AC, Bernhardt ES (2011) Enhanced root exudation induces
microbial feedbacks to N cycling in a pine forest under long-term CO2

fumigation. Ecology Letters 14: 187–194.

59. Jin VL, Evans RD (2010) Microbial 13C utilization patterns via stable isotope
probing of phospholipid biomarkers in Mojave Desert soils exposed to ambient

and elevated atmospheric CO2. Global Change Biology 16: 2334–2344.

60. Duboc P, Schill N, Menoud L, Vangulik W, Vonstockar U (1995) Measurements

of sulfur, phosphorus and other ions in microbial biomass: influence on correct

determination of elemental composition and degree of reduction. Journal of
Biotechnology 43: 145–158.

61. Finzi AC, DeLucia EH, Hamilton JG, Richter DD, Schlesinger WH (2002) The
nitrogen budget of a pine forest under free air CO2 enrichment. Oecologia 132:

567–578.

62. Knorr M, Frey SD, Curtis PS (2005) Nitrogen additions and litter
decomposition: A meta-analysis. Ecology 86: 3252–3257.

63. Schimel JP, Weintraub MN (2003) The implications of exoenzyme activity on

microbial carbon and nitrogen limitation in soil: a theoretical model. Soil
Biology & Biochemistry 35: 549–563.

64. DeForest JL, Zak DR, Pregitzer KS, Burton AJ (2004) Atmospheric nitrate
deposition, microbial community composition, and enzyme activity in northern

hardwood forests. Soil Science Society of America Journal 68: 132–138.

65. Zak DR, Ringelberg DB, Pregitzer KS, Randlett DL, White DC, et al. (1996)
Soil microbial communities beneath Populus grandidentata grown under elevated

atmospheric CO2. Ecological Applications 6: 257–262.

66. Peralta AL, Wander MM (2008) Soil organic matter dynamics under soybean

exposed to elevated [CO2]. Plant and Soil 303: 69–81.

67. Paustian K, Andren O, Janzen HH, Lal R, Smith P, et al. (1997) Agricultural
soils as a sink to mitigate CO2 emissions. Soil Use and Management 13:

230–244.

68. West TO, Post WM (2002) Soil organic carbon sequestration rates by tillage and

crop rotation: A global data analysis. Soil Science Society of America Journal 66:

1930–1946.

69. Beare MH, Parmelee RW, Hendrix PF, Cheng WX, Coleman DC, et al. (1992)

Microbial and faunal interactions and effects on litter nitrogen and decompo-
sition in agroecosystems. Ecological Monographs 62: 569–591.

70. Fontaine S, Barot S, Barre P, Bdioui N, Mary B, et al. (2007) Stability of organic

carbon in deep soil layers controlled by fresh carbon supply. Nature 450:
277–280.

Elevated CO2 and O3, and Soil Microbes

PLoS ONE | www.plosone.org 10 June 2011 | Volume 6 | Issue 6 | e21377



71. de Graaff M-A, Classen AT, Castro HF, Schadt CW (2010) Labile soil carbon

inputs mediate the soil microbial community composition and plant residue
decomposition rates. New Phytologist 188: 1055–1064.

72. Booker F, Muntifering R, McGrath M, Burkey K, Decoteau D, et al. (2009) The

Ozone Component of Global Change: Potential Effects on Agricultural and

Horticultural Plant Yield, Product Quality and Interactions with Invasive

Species. Journal of Integrative Plant Biology 51: 337–351.
73. Pregitzer KS, Burton AJ, King JS, Zak DR (2008) Soil respiration, root biomass,

and root turnover following long-term exposure of northern forests to elevated

atmospheric CO2 and tropospheric O3. New Phytologist 180: 153–161.

Elevated CO2 and O3, and Soil Microbes

PLoS ONE | www.plosone.org 11 June 2011 | Volume 6 | Issue 6 | e21377


