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ABSTRACT

Nitrogen cycling in northern temperate forest

ecosystems could change under increasing atmo-

spheric CO2 and tropospheric O3 as a result of

quantitative and qualitative changes in plant litter

production. At the Aspen Free Air CO2–O3

Enrichment (FACE) experiment, we previously

found that greater substrate inputs to soil under

elevated CO2 did not alter gross N transformation

rates in the first 3 years of the experiment. We

hypothesized that greater litter production under

elevated CO2 would eventually cause greater gross

N transformation rates and that CO2 effects would

be nullified by elevated O3. Following our original

study, we continued measurement of gross

N transformation rates for an additional four years.

From 1999 to 2003, gross N mineralization

doubled, N immobilization increased 4-fold, but

changes in microbial biomass N and soil total N

were not detected. We observed year-to-year var-

iation in N transformation rates, which peaked

during a period of foliar insect damage. Elevated

CO2 caused equivalent increases in gross rates of N

mineralization (+34%) and NH4
+ immobilization

(+36%). These results indicate greater rates of N

turnover under elevated CO2, but do not indicate a

negative feedback between elevated CO2 and soil N

availability. Elevated O3 decreased gross N miner-

alization ()16%) and had no effect on NH4
+

immobilization, indicating reduced N availability

under elevated O3. The effects of CO2 and O3 on N

mineralization rates were mainly related to chan-

ges in litter production, whereas effects on N

immobilization were likely influenced by changes

in litter chemistry and production. Our findings

also indicate that concomitant increases in atmo-

spheric CO2 and O3 could lead to a negative feed-

back on N availability.

Key words: Acer saccharum; Betula papyrifera;

Carbon dioxide; FACE; Gross N immobilization;

Gross N mineralization; Microbial biomass; Nitro-

gen cycling; Ozone; Populus tremuloides.

INTRODUCTION

The concentrations of atmospheric carbon dioxide

(CO2) and tropospheric ozone (O3) are increasing

at rates that could lead to half of the Earth’s forest

ecosystems becoming exposed to both elevated CO2

and O3 by the end of this century (Fowler and

others 1999). These gases, acting in concert or

independently, have the potential to alter carbon

(C) and nitrogen (N) cycling in forest ecosystems

through their influences on plant growth and litter

production. It is difficult to predict ecosystem-level

responses because CO2 responsiveness and O3
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sensitivity vary widely both within and among tree

species (Karnosky and others 2003). Combined

responses could result in positive, negative, or

no net effect on growth, as has been observed

among clones of aspen (Populus tremuloides Michx.,

McDonald and others 2002). Elevated CO2 stimu-

lates photosynthesis and plant growth in many

temperate tree species (Ceulemans and Mousseau

1994; Curtis and Wang 1998) leading to greater

production of leaf and root litter (Cotrufo and

Ineson 1996; Cotrufo and others 1998; Allen and

others 2000; Wan and others 2004). Elevated O3

damages photosynthetic tissues and accelerates leaf

senescence in O3-sensitive species and genotypes,

causing reduced plant growth and above- and

below ground litter production (Karnosky and

others 1996; Bortier and others 2000; Isebrands

and others 2001; Noormets and others 2001).

Through impacts on plant physiology and growth,

elevated CO2 and O3 can change plant litter inputs

to soil and alter soil microbial processes in a man-

ner that may lead to feedback effects on N avail-

ability.

Soil microbial responses to changes in substrate

inputs are critical in determining whether N

availability will limit plant growth responses to

elevated CO2. New inputs of organic matter can

increase or decrease mineralization of N from the

existing pool of soil organic matter and lead to

positive or negative long-term feedbacks on N

availability to plants (Zak and others 1993; Cheng

1999). The direction of the response depends on

the composition of plant and microbial communi-

ties, the amount and chemical composition of litter,

site conditions (for example, nutrient availability,

moisture, and temperature), and duration of CO2

exposure. Site-to-site variation in these factors

could explain why highly variable N cycling re-

sponses have been observed (Zak and others

2000a). For example, at the FACTS-I FACE

Experiment at the Duke Forest, elevated CO2 has

caused no change in gross or net N mineralization

rates (Finzi and Schlesinger 2003), despite signifi-

cant changes in litter production (Allen and others

2000). By contrast, in a scrub-oak open-top

chamber study, elevated CO2 reduced N minerali-

zation and increased N immobilization, causing a

negative feedback on plant growth (Hungate and

others 1999).

At the FACTS-II Aspen FACE Experiment in

northern Wisconsin, elevated CO2 has enhanced

tree growth and increased the production of leaf

and root litter, whereas co-exposure to elevated O3

has nullified the effect of CO2 (King and others

2001; Percy and others 2002; R. Lindroth unpub-

lished data). In 1999, three years following tree

planting and establishment of the experiment, we

observed little effect of elevated CO2 or O3 on soil N

transformations (Holmes and others 2003). None-

theless, greater plant litter production under ele-

vated CO2 has elicited microbial responses,

including greater respiration and extracellular en-

zyme activity (Larson and others 2001; Phillips and

others 2001). We hypothesized that (1) with

increasing plant growth differential between ele-

vated and ambient CO2 over time, greater litter

production would fuel greater microbial metabo-

lism and increase N turnover in soil; (2) litter pro-

duced under elevated CO2 and CO2+O3 with a

relatively lower N concentration (Lindroth and

others 2001), would increase N immobilization due

to greater microbial N demand; and (3) CO2 effects

on gross N mineralization and immobilization

would be counteracted by O3. Herein we report

gross rates of N mineralization, nitrification, NH4
+

immobilization, and NO3
) immobilization and

pools of microbial N and soil total N measured for 4

years (2000–2003) subsequent to our original

measurements (1999). Results from all years are

combined to facilitate analysis of year-to-year var-

iation in rates, pools, and treatment effects.

METHODS

Experimental Design and Field Sampling

We studied soil N transformations over four

growing seasons at the Forest-Atmosphere Carbon

Transfer and Storage (FACTS-II) FACE experiment

near Rhinelander, WI (45� 40.5¢ N, 89� 37.5¢ E, 490

m elevation; Karnosky and others 1999; Dickson

and others 2000). The site was established in 1997

and consists of twelve 30-m diameter plots planted

with trembling aspen (Populus tremuloides Michx.),

paper birch (Betula papyrifera Marsh.), and sugar

maple (Acer saccharum Marsh.). Half of each plot

was planted with five aspen genotypes of con-

trasting O3 sensitivity and leaf phenology (Coleman

and others 1995a,b; Curtis and others 2000). One

quarter of each plot was planted with sugar maple

and aspen, and the remaining quarter was planted

with paper birch and aspen. A planting density of

0.95 stems m)2 yielded 670 stems per 30-m diam-

eter FACE ring. Soils are Alfic Haplorthods with a

sandy loam Ap horizon overlaying a sandy clay

loam Bt horizon. The site was formerly under

agricultural production and was planted with hy-

brid poplar and larch beginning in 1972. Prior to

planting the FACE rings, tree stumps were removed

and the areas were disked. Soil physical and
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chemical properties are summarized by Dickson

and others (2000).

Three replicates of factorial CO2 and O3 treat-

ments were arranged in a randomized complete

block design. The split-plot effect consisted of the

three sub-plots of differing plant species composi-

tion, which we refer to as aspen, aspen-birch, and

aspen-maple. Each 30-m diameter plot is sur-

rounded by 32 vertical vent pipes and a control

system regulates CO2 and O3 concentrations within

the plots by adjusting flow rates from each vent

pipe. Target concentrations of CO2 and O3 were

maintained during the daylight hours for the

duration of the growing season (mid-May through

late October). Elevated CO2 was maintained at

560 lL L)1 (200 lL L)1 above ambient) and ele-

vated O3 was maintained at an average 50–60 nL

L)1 (approximately 1.5 times ambient 30–40 nL

L)1). Sampling was constrained to the central area

in each plot where gas concentrations are most

accurately controlled. We collected 6 soil cores (2.5

cm diameter) to a depth of 10 cm within each split

plot (3 per plot) on the following dates: 24 July

1999, 16 Sept 2000, 14 July 2001, 16 July 2002,

and 24 June 2003. Samples were combined within

each split plot, stored at 4�C, and were processed

within 24 h of field collection. All results are ex-

pressed on an oven-dry (105�C) mass basis.

Soil N Transformations

We measured gross rates of N mineralization,

nitrification, and N immobilization using the 15N

pool dilution method (Davidson and others 1992;

Hart and others 1994). Soils were prepared by

removing roots (leaving rhizosphere soil), sieving

through a 2-mm mesh, and thoroughly homoge-

nizing by hand. Four 12-g subsamples were placed

into 120 mL specimen containers. Two soil samples

were enriched with 1 mL 15N-NH4Cl solution and

two samples were enriched with 1 mL of 15N-

KNO3 solution. The 15N solutions were prepared

using a combination of 15N-enriched (99.5%) and

unenriched compounds to yield approximately 2–

5 lg N g)1 soil and 2–4 atom % excess 15N in ei-

ther the NH4
+ or NO3

) pool. The volume of label-

ing solution was adequate to disperse the isotope

evenly throughout each 12-g sample, and it

brought soil samples to near field capacity. Within

1 h after isotope addition, one 15NH4
+-enriched

sample and one 15NO3
)-enriched sample was ex-

tracted with 2 M KCl. The remaining 15NH4
+-en-

riched and 15NO3
)-enriched samples were

extracted following a 48 h incubation at 20�C.

Ammonium and nitrate in soil extracts were dif-

fused onto acidified disks and analyzed for atom %
15N on a Delta Plus isotope ratio mass spectrometer

with a Conflo II interface (Thermo Electron, San

Jose, CA).

Microbial N and Soil Organic C & N

We measured microbial biomass using the chloro-

form fumigation-extraction procedure (Horwath

and Paul 1994). Soil samples were fumigated with

chloroform 5 d in a vacuum desiccator. Fumigated

and unfumigated samples were extracted with 0.5

N K2SO4 (in a ratio of 4:1). Dissolved organic N in

the extracts was determined by alkaline persulfate

digestion (Cabrera and Beare 1993). Blanks and

glycine standards were digested simultaneously

with samples. Nitrate-N concentrations in the dig-

estates were measured with a Flow Solution 3000

continuous flow analyzer (OI Analytical, College

Station, TX). Microbial biomass was calculated

using KN = 0.54. Soil samples were prepared for C

and N analysis by drying at 60�C and grinding in a

Certiprep 8000M mill (Spex Industries, Metuchen,

NJ). Soil organic C and N concentrations were

measured using a CE Instruments NC2500 ele-

mental analyzer (CE Elantech, Lakewood, NJ).

Statistical Analyses

The experimental design is a split-plot randomized

complete block with two factorial treatments (CO2,

n = 2; O3, n = 2). Each main plot is split by plant

community (n = 3; aspen, aspen-birch, and aspen-

maple). We tested the influence of elevated CO2,

O3, and plant community composition on all pools

and fluxes over a 5-year period using a repeated

measures analysis of variance (ANOVA) as de-

scribed by King and others (2001). We tested CO2,

O3, and community effects within years using a

split-plot ANOVA and specified appropriate error

terms using type III sums of squares (PROC GLM,

SAS, Cary, NC). We compared interaction means

using the Tukey-Kramer adjustment for multiple

comparisons. Results were accepted as significant at

P less than 0.05. Pearson correlations were used to

assess the relationships between microbial N, soil

organic N, and rates of gross N mineralization and

gross NH4
+ immobilization within and among years

and treatments.

RESULTS

Gross N Transformation Rates

Rates of gross N mineralization and gross NH4
+

immobilization varied significantly from 1999 to
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2003 and the effects of elevated CO2 on these rates

varied among years (Table 1). Rates of gross N

mineralization increased 3-fold from 2000 to 2001,

then decreased in 2002 (data not shown). Rates of

gross NH4
+ immobilization increased 4-fold from

1999 to 2000, reached a maximum in 2001, and

decreased in 2002. Over all years, elevated CO2

increased gross N mineralization and gross NH4
+

immobilization by 34% and 36%, respectively

(Tables 2 and 3: main effects). When analyzed by

year, elevated CO2 increased gross N mineralization

and NH4
+ immobilization in most years of the study

(Tables 2 and 3: main effects).

Responses of gross N mineralization and gross

NH4
+ immobilization to elevated O3 were weaker

and less consistent than responses to CO2 (Table 1).

Over all years, elevated O3 decreased gross N

mineralization by 16%, but the degree of responses

varied among years (Table 2). Elevated O3 had no

effect on gross NH4
+ immobilization (Table 3). The

interactive effects of CO2 and O3 varied signifi-

cantly among years, most likely due to the variable

responses of gross N mineralization and gross NH4
+

immobilization to the elevated CO2+O3 treatment

compared to the CO2 treatment (Tables 2 and 3:

interaction means by year). In 1999, gross N min-

eralization and NH4
+ immobilization were signifi-

cantly greater under CO2 than under CO2+O3,

whereas in subsequent years responses to CO2 and

CO2+O3 did not differ, resulting in significant CO2

main effects.

Rates of gross N mineralization and gross NH4
+

immobilization were similar among communities

in most years, but differed significantly among

communities in 2001. This inconsistency resulted

in significant community·time interactions (Ta-

ble 1). In 2001, rates of gross N mineralization

within aspen were over twice that of the aspen-

maple community; rates of gross NH4
+ immobili-

zation beneath aspen were 73% greater (Table 4).

Over all years, gross N mineralization was 30%

greater beneath aspen than beneath aspen-maple

and gross N mineralization beneath aspen-birch

was intermediate (Table 4).

Elevated CO2 and O3 had no significant effects on

gross nitrification (overall mean = 0.7 ± 0.02 mg N

kg)1 d)1, n = 180). Gross nitrification did not differ

among communities or through time. Gross NO3
)

immobilization tended to be somewhat greater in

elevated CO2 although this difference was not sig-

nificant (0.8 ± 0.07 vs. 0.6 ± 0.05 mg N kg)1 d)1,

P = 0.075, n = 90). Gross NO3
) immobilization was

unchanged by O3 (overall mean = 0.7 ± 0.02 mg N

kg)1 d)1, n = 180). There were no differences in

gross NO3
) immobilization among communities,

but rates varied significantly through time, due to

unusually high rates in 2001 (data not shown).

Microbial N and Soil Organic N

Microbial N was not affected by elevated CO2 and

O3, but varied among years and plant communities

Table 1. Summary of P-values for Responses of Soil N Transformation Rates and Belowground N Pools to
CO2, O3, Community, Time and their Interactions

Source Gross N

Mineralization

Gross NH4
+

Immobilization

Gross

Nitrification

Gross NO3
)

Immobilization

Microbial

Biomass N

Soil

Organic N

Between Subjects

CO2 0.007 0.001 NS NS NS NS

O3 0.042 NS NS NS NS NS

CO2 · O3 NS NS NS NS NS NS

Community 0.006 NS NS NS 0.019 NS

CO2 · Community NS NS NS NS NS NS

O3 · Community NS NS NS NS NS NS

CO2 · O3 · Community NS NS NS NS NS NS

Within Subjects

Time <0.001 <0.001 NS <0.001 <0.001 <0.001

CO2 · Time 0.004 0.002 NS NS NS NS

O3 · Time NS 0.015 NS NS NS NS

CO2 · O3 · Time 0.023 0.013 NS NS NS NS

Community · Time <0.001 <0.001 NS NS 0.005 0.017

CO2 · Community · Time NS NS NS NS NS NS

O3 · Community · Time NS NS NS NS NS NS

CO2 · O3 · Community · Time NS NS NS NS NS NS

Soil N Transformations: CO2 and O3 Effects 1357
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(Table 1). Microbial N was greatest in 2001 and was

significantly greater in aspen than in aspen-maple

in 2001 (Table 5). In 2001, there were correlations

between microbial N and gross N mineralization

(Pearson r = 0.896, n = 36), as well as between

microbial N and gross NH4
+ immobilization (Pear-

son r = 0.828, n = 36). These patterns were not

observed in other years. Soil organic N was not

affected by elevated CO2 and O3, but varied among

years and plant communities (Table 1). Soil organic

N was greatest in 2002 and was significantly greater

beneath aspen than beneath aspen-maple in 2001

and 2002 (Table 5).

DISCUSSION

We hypothesized that greater plant growth and

litter production under elevated CO2 would accel-

erate microbial N transformations by providing

greater inputs of substrates for microbial metabo-

lism. Rates of gross N mineralization and NH4
+

immobilization and NO3
) immobilization were 40–

41% greater in elevated CO2 plots compared to

ambient controls. This is within the upper range of

responses that have been observed in a variety of

ecosystems (Zak and others 2000a). Greater rates of

soil N transformations did not result from an in-

crease in soil microbial biomass under elevated

CO2, but likely resulted from increased organic

substrate inputs to soil. In 2003, annual above-

ground litter production was 35% greater under

elevated CO2 versus control (Liu and others 2005),

and root biomass was 52% greater (King and others

2005a). Unless fine root turnover per unit biomass

decreased under elevated CO2, belowground litter

production was likely enhanced by elevated CO2 to

a similar or greater degree than aboveground litter

production. Elevated CO2 caused a small decrease

(16% relative to control) in leaf and root litter N

concentration, but did not significantly alter the

concentrations of cellulose, lignin, soluble pheno-

lics, tannins, or other compounds (Chapman and

others 2005; King and others 2005b; Liu and others

2005). The small decrease in litter N concentration

was likely less important than litter production in

controlling microbial response to elevated CO2. The

overall effect of greater litter production was to

increase both gross N mineralization and immobi-

Table 4. Gross N Mineralization and NH4
+ Immobilization Rates (mg N kg)1 d)1) within 3 Plant

Communities from 1999 to 2003

Year

Gross N Mineralization Gross NH4
+ Immobilization

Aspen Aspen-Birch Aspen-Maple Aspen Aspen-Birch Aspen-Maple

1999 0.80 (0.14) 0.67 (0.10) 0.80 (0.11) 0.61 (0.11) 0.50 (0.10) 0.66 (0.10)

2000 0.70 (0.07) 0.79 (0.07) 0.65 (0.07) 2.43 (0.19) 2.67 (0.20) 2.62 (0.22)

2001 3.36a (0.42) 2.06b (0.20) 1.49b (0.27) 5.98a (0.48) 3.44b (0.26) 3.45b (0.42)

2002 1.46 (0.15) 1.36 (0.14) 1.40 (0.08) 1.61 (0.09) 1.64 (0.16) 1.79 (0.12)

2003 1.29 (0.11) 1.50 (0.14) 1.48 (0.12) 2.20 (0.17) 2.69 (0.38) 2.67 (0.24)

All 1.52a (0.16) 1.31ab (0.09) 1.17b (0.08) 2.62 (0.26) 2.28 (0.16) 2.32 (0.16)

Notes: Values are means with standard errors in parentheses. Means followed by the same letter do not differ significantly (P > 0.05).

Table 5. Pools of Microbial Biomass N (mg N kg)1) and Soil Organic N (g N kg)1) Pools within 3 Com-
munities from 1999 to 2003.

Year

Microbial Biomass N Soil Organic N

Aspen Aspen-Birch Aspen-Maple Aspen Aspen-Birch Aspen-Maple

1999 35.1 (1.56) 35.3 (0.15) 36.3 (2.21) 1.40 (0.05) 1.49 (0.07) 1.41 (0.05

2000 – – – 1.19 (0.05) 1.14 (0.05) 1.12 (0.05)

2001 47.4a (2.80) 41.2ab (2.32) 34.8b (2.72) 1.24a (0.05) 1.23ab (0.05) 1.15b (0.05)

2002 33.2 (1.43) 34.1 (2.32) 30.3 (2.41) 1.47a (0.04) 1.40ab (0.04) 1.36b (0.03)

2003 33.4 (1.43) 32.4 (1.45) 32.6 (1.24) 1.31 (0.04) 1.32 (0.05) 1.32 (0.05)

All 37.2a (1.16) 35.8ab (0.96) 33.5b (1.01) 1.33 (0.02) 1.31 (0.03) 1.27 (0.03)

Notes: Values are means with standard errors in parentheses. Means followed by the same letter do not differ significantly (P > 0.05).
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lization rates. Although rates of gross N immobili-

zation were greater than gross N mineralization in

some years, elevated CO2 had similar positive ef-

fects on both processes, suggesting that CO2 did not

favor immobilization over mineralization of N.

Thus, we find no evidence of a negative feedback

between elevated CO2 and soil N availability at the

Aspen FACE site.

Elevated O3 decreased gross N mineralization by

16% and this effect was likely driven by decreased

organic substrate inputs to soil. In 2003, annual

aboveground litter production was 16% lower

under elevated O3 versus control (Liu and others

2005) and root biomass was 18% lower (King and

others 2005a). Although elevated O3 decreased

gross N mineralization, it led to no significant de-

crease in NH4
+ immobilization (averaged over

years). This response was likely controlled by

changes in chemical composition of organic sub-

strates in plant litter or changes in the composition

of the microbial community or both. Using

molecular techniques, Chung and others (2005)

found evidence that plant litter produced under

elevated O3 has caused a shift in fungal community

composition in this experiment. In addition, ele-

vated O3 significant altered leaf litter concentra-

tions of soluble sugars (+94%) and tannins (+87%;

Liu and others 2005), as well as fine root litter

concentrations of lignin and hemicellulose (Chap-

man and others 2005). These responses to O3

probably contributed to changes in microbial

metabolism, leading to a reduction in gross N

mineralization but not gross N immobilization.

We found that elevated O3 did not counteract the

positive effect of CO2 on gross N mineralization or

NH4
+ immobilization, as we had hypothesized.

From 2000 to 2003, there were no significant dif-

ferences in gross N mineralization rates between

elevated CO2 and CO2+O3 treatments, whereas

gross N immobilization rates in the elevated

CO2+O3 treatment were greater than or similar to

those in the elevated CO2 treatment (Tables 2 and

3, interaction means). We believe these responses

resulted from greater litter inputs, as well as

changes in litter chemistry. In the elevated CO2+O3

treatment, annual aboveground litter production

was 18% greater (Liu and others 2005) than in

ambient control and root biomass was 21% greater

(King and others 2005a). Compared to the CO2

treatment, less leaf litter was produced in the ele-

vated CO2+O3 treatment, but the litter contained

substantially greater amounts of both simple and

complex organic substrates for microbial metabo-

lism. Compared to control, the elevated CO2+O3

resulted in greater leaf litter concentrations of sol-

uble sugars (+162%), tannins (+102%), and solu-

ble phenolics (+74%) and lower leaf litter N

concentration ()16%; Liu and others 2005).

Greater concentrations of soluble sugars may have

increased microbial metabolism, whereas greater

concentrations of tannins and other soluble phen-

olics may have promoted microbial N immobiliza-

tion. As a result, gross N immobilization in the

elevated CO2+O3 treatment increased to a greater

degree than gross N mineralization. This suggests

that, in a scenario of concomitant increases in

atmospheric CO2 and O3, greater microbial N de-

mand could lead to a negative feedback on N

availability to plants.

There appears to be a strong connection between

plant biomass, litter production, and soil microbial

activity, which has developed after several years.

Although there were no detectable changes in soil

microbial biomass in response to elevated CO2 or

O3, gross N mineralization increased under ele-

vated CO2 and decreased under elevated O3. These

results mirror the response of soil CO2 efflux,

which is driven by both root and microbial respi-

ration. During the period from 1999 to 2001, soil

CO2 efflux was 28% higher in elevated CO2 and

13% lower in elevated O3 compared to control

(Pregitzer and others 2006). During the same per-

iod, gross N mineralization was 27% higher in

elevated CO2 and 23% lower in elevated O3. A

similar pattern of CO2 and O3 responses has been

observed in total belowground biomass (King and

others 2005a). These results suggest that CO2- and

O3-induced changes in allocation to root produc-

tion and turnover resulted in an increase in

microbial activity in response to elevated CO2 and a

decrease in response to elevated O3.

Several studies have investigated the effects of

elevated CO2 or O3 on litter chemistry and

decomposition, and it has been suggested that litter

chemistry may not be the primary factor regulating

decomposition in all systems (Norby and others

2001) and that litter inputs drive changes in

microbial activity in response to elevated CO2 (Zak

and others 2000a). For example, in a range of

ecosystems, leaf and root litter produced under

elevated CO2 have higher C:N and lower N con-

centration, but such litter does not decompose

more slowly in all cases (Cotrufo and Ineson 1995;

Cotrufo and Ineson 1996; Allen and others 2000;

Hoorens and others 2003). Similarly, litter pro-

duced under elevated O3 or combined CO2 + O3

may have lower N concentration or higher phe-

nolic concentration, but these changes do not

consistently reduce litter decomposition rates

(Findlay and others 1996; Scherzer and others
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1998; Kainulainen and others 2003). Our results

agree with these findings and support the argu-

ment that microbial metabolism of substrates pro-

duced by plants exposed to elevated CO2 or O3 is

controlled by treatment effects on litter production

to an equal or greater degree than by effects on

litter chemistry. However, our results also indicate

that litter chemistry may be an important factor

governing CO2 and O3 effects on microbial N de-

mand and the potential for impacts on long-term N

availability to plants.

We observed significant year-to-year differences

in CO2 and O3 interaction effects on gross N min-

eralization and NH4
+ immobilization rates due to a

shift in CO2 and O3 effects through time. In 1999,

rates of gross N mineralization and NH4
+ immobi-

lization were greatest in elevated CO2 and least in

the elevated CO2+O3 treatment, resulting in no

significant CO2 main effect. In subsequent years,

these rates were greater in CO2 and CO2+O3

treatments than in control and O3 treatments,

resulting in significant CO2 main effects. Following

1999, elevated CO2 led to consistently greater rates

of gross N mineralization and immobilization.

Unusually high rates of gross N mineralization and

NH4
+ immobilization were observed in 2001. Field

measured rates of soil respiration were also high

during mid-growing season in 2001 compared to

prior years (King and others 2004). Most of the

increase in soil microbial activity in 2001 occurred

in aspen and aspen-birch, and this increase was

accompanied by increases in microbial biomass. We

suspect these effects resulted from an outbreak of

blotch leaf miner, which damaged as much as 50%

of leaf area in 2001 (W. Parsons unpublished data).

Damaged leaf tissue remained on trees through the

growing season and insect frass was retained within

leaves following damage. It is not known whether

this caused an increase in dissolved organic matter

leaching from leaves or if it increased root exuda-

tion or dieback, but such effects could have con-

tributed to greater microbial biomass and activity

via changes in labile substrate inputs to soil. Our

observations are consistent with other observations

of increased N availability with insect damage to

trees (Belovsky and Slade 2000).

Our finding of increased rates of soil N transfor-

mations under elevated CO2 cannot be generalized

to other forest types. For example, our results differ

from findings at the Duke Forest and Oak Ridge

FACE experiments in which elevated CO2 in-

creased litter production (Finzi and others 2001,

2002; Norby and others 2002), but had no dis-

cernable effects on N transformations as of 2001

(Finzi and Schlesinger 2003; Zak and others 2003;

Johnson and others 2004). Stand ages in the Duke

and Oak Ridge FACE experiments were 13 and 9

years at the time of initiation of CO2 exposure,

whereas the trees at Aspen FACE were planted the

year prior to initiation of CO2 and O3 exposure.

Although trees at all sites were exposed to CO2 for

3–5 years as of 2001, those at Aspen FACE were

exposed to CO2 since an early stage of develop-

ment. This, along with differences in species com-

position, soil type, climate, and ambient O3 levels

among the three sites could explain differences in

CO2 responses among these forest FACE sites.

The manner in which plant physiological re-

sponses to CO2 and O3 cascade through ecosystems

to influence soil microbial community composition

and activity has implications for long-term N

availability and soil C storage. Our results show

that CO2 and O3 are important modifiers of soil N

transformations at the Aspen FACE site and that

responses are consistent among the plant commu-

nities. Plant responses to CO2 have influenced

belowground N dynamics by altering the produc-

tion of substrates for microbial metabolism. Ele-

vated O3 modifies the effects of CO2 by altering the

composition of litter inputs, which in turn may lead

to a negative feedback on N availability. Therefore,

long-term effects of elevated CO2 on plant pro-

duction depend on co-exposure to elevated O3.

ACKNOWLEDGEMENTS

We thank Matt Tomlinson, Jana Gastellum,

Michelle Martin, Andrea Firman, Beth Christen-

sen, and Nicole Tuttle for assisting in the field and

laboratory. Dave Karnosky, Judd Isebrands, Jaak

Sober and Wendy Jones provided logistical support

by maintaining the Aspen FACE experiment. As-

pen FACE is principally supported by the Office of

Science (BER), U.S. Department of Energy (DE-

FG02-95ER62125), the U.S. Forest Service North-

ern Global Change Program and North Central

Research Station, Michigan Technological Univer-

sity, and Natural Resources Canada – Canadian

Forest Service.

REFERENCES

Allen AS, Andrews JA, Finzi AC, Matamala R, Richter DD,

Schlesinger WH. 2000. Effects of Free-air CO2 Enrichment

(FACE) on belowground processes in a Pinus taeda Forest. Ecol

Appl 10:437–48.

Belovsky GE, Slade JB. 2000. Insect herbivory accelerates

nutrient cycling and increases plant production. Proc Nat Acad

Sci 97:14412–7.

Bortier K, Ceulemans R, Temmerman L. 2000. Effects of tropo-

spheric ozone on woody plants. Environmental Pollution and

Plant Responses (Eds SB Agrawal & M Agrawal) 153–74.

Soil N Transformations: CO2 and O3 Effects 1361



Cabrera ML, Beare MH. 1993. Alkaline persulfate oxidation for

determining total nitrogen in microbial biomass extracts. Soil

Sci Soc Am J 57:1007–1012.

Ceulemans R, Mousseau M. 1994. Tansley Review No. 71. Ef-

fects of Elevated Atmospheric CO2 on Woody Plants. New

Phyt 127:425–46.

Chapman JA, King JS, Pregitzer KS, Zak DR. 2005. Effects of

elevated atmospheric CO2 and tropospheric O3 on the

decomposition of fine roots. Tree Phys In review.

Cheng W. 1999. Rhizosphere feedbacks in elevated CO2. Tree

Phys 19:313–20.

Chung H, Zak DR, Lilleskov EA. 2005. Fungal community

metabolism and composition are altered by plant growth

under elevated CO2 and O3. Oecologia In review.

Coleman MD, Dickson RE, Isebrands JG, Karnosky DF. 1995a.

Photosynthetic productivity of aspen clones varying in sensi-

tivity to tropospheric ozone. Tree Phys 15:585–92.

Coleman MD, Dickson RE, Isebrands JG, Karnosky DF.

1995b. Carbon allocation and partitioning in aspen clones

varying in sensitivity to tropospheric ozone. Tree Phys 15:

593–604.

Cotrufo M, Berg B, Kratz W. 1998. Increased atmospheric CO2

and litter quality. Env Review 6:1–12.

Cotrufo MF, Ineson P. 1995. Effects of enhanced atmospheric

CO2 and nutrient supply on the quality and subsequent

decomposition fine roots of Betula pendula Roth. and Picea

sitchensis (Bong.) Carr. Oecologia 106:525–30.

Cotrufo MF, Ineson P. 1996. Elevated CO2 reduces field

decomposition rates of Betula pendula (Roth.) leaf litter. Oec-

ologia 106:525–30.

Curtis PS, Wang X. 1998. A meta-analysis of elevated CO2 effects

on woody plant mass, form, and physiology. Oecologia

113:299–313.

Curtis PS, Vogel CS, Wang X, Pregitzer KS, Zak DR, Lussenhop J,

Kubiske M, Teeri JA. 2000. Gas exchange, leaf nitrogen, and

growth efficiency of Populus tremuloides in a CO2 enriched

atmosphere. Ecol Appl 10:3–17.

Davidson EA, Hart SC, Firestone MK. 1992. Internal cycling of

nitrate in soils of a mature coniferous forest. Ecology 73:1148–

56.

Dickson RE, Lewin KF, Isebrands JG, others. 2000. Forest

atmosphere carbon transfer storage-II (FACTS II) - The aspen

free-air CO2 and O3 enrichment (FACE) project in an over-

view. USDA Forest Service North Central Experiment Station.

General Technical Report NC-214 68 pp.

Findlay S, Carreiro M, Krischik V, Jones CG. 1996. Effects of

damage to living plants on leaf litter quality. Ecol Appl 6:269–

75.

Finlayson-Pitts BJ, Pitts JN Jr. 1997. Tropospheric air pollution:

ozone, airborne toxics, polycyclic aromatic hydrocarbons, and

particulates. Science 276:1045–51.

Finzi AC, Allen AS, DeLucia EJ, Ellsworth DS, Schlesinger WH.

2001. Forest litter production, chemistry and decomposition

following two years of free-air CO2 enrichment. Ecology

82:470–84.

Finzi AC, Schlesinger WH. 2003. Soil-Nitrogen Cycling in a Pine

Forest Exposed to 5 Years of Elevated Carbon Dioxide. Eco-

systems 6:444–56.

Fog K. 1988. The effect of added nitrogen on the rate of

decomposition of organic matter. Biological Reviews of the

Cambridge Philosophical Society 63:433–62.

Fowler D, Flechard C, Skiba U, Coyle M, Cape JN. 1998. The

atmospheric budget of oxidized nitrogen and its role in ozone

formation and deposition. New Phyt 139:11–23.

Fowler D, Cape JN, Coyle M, Flechard C, Kuylenstierna J,

Hicks K, Derwent D, Johnson C, Stevenson D. 1999. The

global exposure of forests to air pollutants. Water Air Soil

Pollution 116:5–32.

Hart SC, Stark JM, Davidson EA, Firestone MK. 1994. ’Nitrogen

mineralization, immobilization, and nitrification’, in Methods

of Soil Analysis Part 2 Microbiological and Biochemical

Properties. In: Weaver RW, Angle S, Bottomley P, Bezdicek D,

Smith S, Tabatabai A, Wollum A, Eds. Soil Science Society of

America. Wisconsin, USA: Segoe. p 985–1018.

Holmes WE, Zak DR, Pregitzer KS, King JS. 2003. Soil nitrogen

transformations under Populus tremuloides, Betula papyrifera

and Acer saccharum following 3 years exposure to elevated CO2

and O3. Global Change Biol 9:1743–50.

Hoorens B, Aerts R, Stroetenga M. 2003. Is there a trade-off

between the plant’s growth response to elevated CO2 and

subsequent litter decomposability? OIKOS 103:17–30.

Horwath WR, Paul EA. 1994. ’Microbial Biomass’, in Methods of

Soil Analysis Part 2 Microbiological and Biochemical Proper-

ties. In: Weaver RW, Angle S, Bottomley P, Bezdicek D, Smith

S, Tabatabai A, Wollum A, Eds. Soil Science Society of

America. Wisconsin, USA: Segoe. p 753–73.

Hungate BA, Dijkstra P, Johnson DW, Hinkle CR, Drake BG.

1999. Elevated CO2 increases nitrogen fixation and decreases

soil nitrogen mineralization in Florida scrub oak. Global

Change Biol 5:781–9.

Isebrands JG, McDonald EP, Kruger E, Hendrey GR, Pregitzer

KS, Percy , Sober J, Karnosky DF. 2001. Growth responses of

Populus tremuloides clones to interacting elevated carbon

dioxide and tropospheric ozone. Env Pollution 115:359–71.

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 Biol 6:255–65.

Johnson DW, Cheng W, Burke IC. 2000. Biotic and abiotic

nitrogen retention in a variety of forest soils. Soil Sci Soc Am J

64:1503–14.

Johnson DW, Cheng W, Joslin JD, Norby RJ, Edwards NT, Todd

DE. 2004. Effects of elevated CO2 on nutrient cycling in a

sweetgum plantation. Biogeochemistry 69:379–403.

Kainulainen P, Holopainen T, Holopainen JK. 2003. Decompo-

sition of secondary compounds from needle litter of Scots pine

grown under elevated CO2 and O3. Global Change Biol 9:295–

304.

Karnosky DF, Gagnon ZE, Dickson RE, Coleman MD, Lee EH,

Isebrands JG. 1996. Changes in growth, leaf abscission, and

biomass associated with seasonal tropospheric ozone expo-

sures of Populus tremuloides clones and seedlings. Can J For Res

16:23–27.

Karnosky DF, Mankovska B, Percy K, and others. 1999. Effects

of tropospheric O3 on trembling aspen and interaction with

CO2: results from an O3-gradient and a FACE experiment.

Water Air Soil Pollution 116:311–22.

Karnosky DF, Zak DR, Pregitzer KS, and others. 2003. Low levels

of tropospheric O3 moderate responses of temperate hard-

wood forests to elevated CO2: A synthesis of results from the

Aspen FACE project. Functional Ecology 17:289–304.

King JS, Pregitzer KS, Zak DR, Karnosky DF, Isebrands JG,

Dickson RE, Hendrey GR, Sober J. 2001. Fine root biomass

and fluxes of soil carbon in young stands of paper birch and

1362 W.E. Holmes and others



trembling aspen is affected by elevated CO2 and tropospheric

O3. Oecologia 128:237–50.

King JS, Hanson PJ, Bernhardt E, DeAngelis P, Norby RJ,

Pregitzer KS. 2004. A multiyear synthesis of soil respiration

responses to elevated atmospheric CO2 from four forest FACE

experiments. Global Change Biol 10:1027–42.

King JS, Kubiske ME, Pregitzer KS, Hendrey GR, Quinn VS,

Giardina C, McDonald EP, Karnosky DF. 2005a. Ozone de-

creases the capacity of CO2 fertilization of forests to offset fossil

fuel emissions. Nature In review.

King, JS, Pregitzer KS, Zak DR, Holmes WE, Schmidt K. 2005b.

Fine root chemistry and decomposition in north-temperate

tree species show little response to elevated atmospheric CO2

and varying soil N availability. Tree Phys In review.

Larson J, Zak DR, Sinsabaugh RL. 2002. Extracellular enzyme

activity and metabolism of root-derived substrates beneath

temperate trees growing under elevated CO2 and O3. Soil Sci

Soc Am J 66:1848–56.

Lindroth RL, Kopper BJ, Parsons WFJ, and others. 2001. Con-

sequences of elevated carbons dioxide and ozone for foliar

chemical composition and dynamics in trembling aspen

(Populus tremuloides) and paper birch (Betula papyrifera).

Env Pollution 115:395–404.

Liu L, King JS, Giardina CP. 2005. Effects of elevated atmo-

spheric CO2 and tropospheric O3 on leaf litter production and

chemistry in trembling aspen and paper birch ecosystems.

Tree Phys In review.

Loya WM, Pregitzer KS, Karberg NJ, King JS, Giardina CP. 2003.

Reduction of soil carbon formation by tropospheric ozone

under increased carbon dioxide levels. Nature 425:705–7.

McDonald EP, Kruger EL, Riemenschneider DE, Isebrands JG.

2002. Competitive status influences tree-growth responses to

elevated CO2 and O3 in aggrading aspen stands. Functional

Ecology 16:792–801.

Noormets A, McDonald EP, Kruger EL, Isebrands JG, Dickson

RE, Karnosky DF. 2001. The effect of elevated carbon

dioxide and ozone on leaf- and branch level photosynthesis

and potential plant-level carbon gain in aspen. Trees 15:262–

70.

Norby RJ, Cotrufo MF, Ineson P, O’Neil EG, Canadell JG. 2001.

Elevated CO2 litter chemistry and decomposition: a synthesis.

Oecologia 127:153–65.

Norby RJ, Hanson PJ, O’Neill EG, Tschaplinski TJ, Weltzin JF,

Hansen RT, Cheng W, Wullschleger SD, Gunderson CA, Ed-

wards NT, Johnson DW. 2002. Net primary productivity of a

CO2-enriched deciduous forest and the implications for car-

bon storage. Ecol Appl 12:1261–6.

Oren R, Ellsworth DS, Johnson KH, and others. 2001. Soil fer-

tility limits carbon sequestration by a forest ecosystem in a

CO2-enriched atmosphere. Nature 411:469–72.

Paul EA, Morris SJ, Six J, Paustian K, Gregorich EG. 2003.

Interpretation of soil carbon and nitrogen dynamics in agri-

cultural and afforested soils. Soil Sci Soc Am J 67:1620–8.

Percy KE, Awmack CS, Lindroth RL, Kubiske ME, Kopper BJ,

Isebrands JG, Pregitzer KS, Hendrey GR, Dickson RE, Zak DR,

and others. 2002. Nature 420:403–7.

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 131:236–44.

Pregitzer KS, Loya WM, Kubiske ME, and Zak DR. 2006. Soil

respiration in northern forests exposed to elevated atmo-

spheric carbon dioxide and ozone. Oecologia In press.

Scherzer AJ, Rebbeck J, Boerner REJ. 1998. Foliar nitrogen

dynamics and decomposition of yellow-poplar and eastern

white pine during four seasons of exposure to elevated ozone

and carbon dioxide. For Ecol Management 109:355–66.

Wan S, Norby RJ, Pregitzer KS, Ledford J, O’Neil EG. 2004. CO2

enrichment and warming of the atmosphere enhance both

productivity and mortality of maple tree fine roots. New Phyt

162:437–46.

Zak DR, Pregitzer KS, Curtis PS, Teeri JA, Fogel R, Randlett DL.

1993. Elevated atmospheric CO2 and feedback between car-

bon and nitrogen cycles. Plant Soil 151:105–17.

Zak DR, Pregitzer KS, King JS, Holmes WE. 2000a. Elevated

atmospheric CO2, fine roots and the response of soil micro-

organisms: a review and hypothesis. New Phyt 147:201–22.

Zak DR, Pregitzer KS, Curtis PS, Vogel CS, Holmes WE, Lus-

senhop J. 2000b. Atmospheric CO2, soil-N availability, and

allocation of biomass and nitrogen by Populus tremuloides. Ecol

Appl 10:34–46.

Zak DR, Holmes WE, Finzi AC, Norby RJ, Schlesinger WH. 2003.

Soil nitrogen cycling under elevated CO2: A synthesis of forest

face experiments. Ecol Appl 13:1508–14.

Soil N Transformations: CO2 and O3 Effects 1363


