
ABSTRACT 
 

LIU, LINGLI. Effects of elevated atmospheric carbon dioxide, tropospheric ozone and 
plant community composition on litter production, chemistry and decomposition 
dynamics in a northern hardwood ecosystem. (Under the direction of Dr. John S. King.) 
 

Concentrations of atmospheric carbon dioxide (CO2) and tropospheric ozone (O3t) 

are rising rapidly, due mainly to the burning of fossil fuels and deforestation. These 

atmospheric changes have the potential to alter the quantity, chemistry and species 

composition of leaf litter. Changes in litter production characteristics could in turn affect 

decomposition processes by changing substrate availability to soil microbial communities, 

thereby influencing nutrient release rates and soil carbon formation. Aspen-FACE 

(Free-Air Carbon Dioxide Enrichment) experiment in Rhinelander, WI, which was 

established in 1997 and the first open-air facility to examine the responses of forest trees 

to interacting CO2 and O3, offers a unique ecosystem platform to study these impacts. In 

2003, naturally senesced leaf litter from aspen (Populus tremuloides Michx) and birch 

(Betula papyrifera Marsh)-aspen communities previously treated with mixtures of CO2 

and O3 at the Aspen FACE site was used in a 935-day in situ litter incubation study. The 

individual and combined effects of elevated CO2 and O3 on litter chemistry, fluxes, decay 

rates and mean residence times of carbon and mineral nutrients were assessed.  

Although only small changes in litter chemistry were observed, when combined with gas 

treatment effects on litter biomass production (positive under elevated CO2 and negative 

with O3), input levels of N, soluble sugars, condensed tannins, soluble phenolics, 

cellulose and lignin to forest soils could be substantially altered. Elevated CO2 

significantly increased the fluxes to soil of all of all nutrients (N, P, K, S, Mg, Ca, Cu, Mn, 

and Zn) while O3 had the opposite effect. Gas treatments had little effect on litter nutrient 

release rates, except for decreasing Ca and B release under elevated CO2 and decreasing 

N and Ca release under elevated O3. Elevated CO2 significantly reduced litter mass loss 

(-10 %) in the first year, but increased litter mass loss (+46 %) in the second year. 

Elevated O3 reduced litter mass loss (-13 %) in the first year, and had no effect on mass 

loss in the second year. The mean residence time of birch/aspen litter (3.1 years) was 

significant lower than that of pure aspen (4.8 years).  



 II 

To examine how changes in litter biochemistry and production under elevated CO2 

influence microbial activity and soil C formation, a 230-day microcosm incubation was 

conducted .Litter and soil were collected from the aspen community under control and 

elevated CO2 treatments in the Aspen FACE experiment. The base level of litter addition, 

1 g pulverized litter mixing with 40 g soil, simulated natural aspen litterfall under control 

treatment (230 g C·m-2· yr-1) at Aspen FACE experiment. To evaluate the possible litter 

production variation, five mass addition levels were performed: 0 g (blank soil), 0.5 g, 1.0 

g, 1.4 g and 1.8 g litter from control and elevated CO2 treatment into 40 g soil from their 

original treatment. The results indicate that small decreases in litter [N] under elevated 

CO2 had minor impacts on microbial C, microbial N and dissolved organic C. Increasing 

mass addition resulted in higher total C and new C accumulating in whole soil and 

mineral soil fractions, associated with higher cumulative C loss by respiration and greater 

breakdown of old C. Higher mass addition led to more total N retained in whole and 

mineral soil, but also greater C sequestration per unit N. Combining the results of 

microbial activity and soil C turnover, litter chemistry and production changes under 

elevated CO2 can be expected to alter soil C and N cycling and increase soil C storage in 

north temperate deciduous forests.  
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Human activities have dramatically altered atmospheric chemistry. According to the 

most recent IPCC report (2007), carbon dioxide (CO2) has increased from a pre-industrial 

concentration of 280 ppm to 379 ppm by 2005, with the most rapid increase (1.9 ppm / 

year) occurring during the last 10 years. Equally of concern, troposheric ozone (O3) is a 

secondary pollutant formed via photo-oxidation of volatile organic compounds in the 

presence of nitrogen oxides (IPCC 2001; Unger et al. 2006). On global level, 

tropospheric O3 concentrations have increased from pre-industrial levels of 10-20 ppb to 

the current 40 ppb. Significantly, increases in peak concentration may be declining, but 

the background level of O3 continues to rise. Fully 50% of the global forested lands are 

predicated to be exposed to O3 higher than 60 ppb by 2100 (Percy et al. 2003). 

The partial pressure of CO2 in the atmosphere increases under elevated CO2 and 

results in more CO2 diffusing into leave through stomata (Taiz and Zeiger 1998). The 

increased light saturated CO2 assimilation results in higher plant photosynthesis and 

generally increases plant production (Norby et al. 2005; King et al. 2005b). Elevated O3 

tends to decrease biomass production by producing active oxygen species after diffusing 

into plant cells (Taiz and Zeiger 1998). In general, elevated CO2 is the might to 

ameliorate the damage induced by elevated O3 because elevated CO2 reduces stomatal 

conductance and results in lower O3 uptake (Barnes and Pfirrmann 1992). The effects of 

elevated CO2 and O3 on plant physiological process have the potential to alter leaf litter 

biochemical composition. Decreased litter nitrogen concentration is often observed in 

plants grown in elevated CO2, while other C constituents and nutrients show small or 

inconsistent changes (Norby et al. 2001; Parsons et al. 2004; Liu et al. 2005; King et al. 

2005a). In contrast to elevated CO2 research, few studies have investigated how elevated 

O3 affect on litter chemical composition. Several studies have shown increased soluble 

sugar concentrations and carbohydrate retention in O3-exposed needles/leaves of white 

pine (McLaughlin et dl, 1982), loblolly pine (Friend and Tomlinson 1992) and pima 

cotton (Grantz and Farrar 1999) , while opposite responses were reported (Morgan et al. 

2003; Booker et al. 2005). Elevated O3 tend to alter C partitioning to defense processes 

by stimulating the phenylpropanoid pathway, which results in increased production of 

phenolic compounds in loblolly pine needles (Friend and Tomlinson 1992); soybean 
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leaves (Booker and Miller 1998) and aspen leaves (Wustman et al. 2001).  

Early successional species often show greater growth stimulation under elevated CO2 

than slow-growing species (Ackerly and Bazzaz 1995; Poorter 1998). Species 

competitive status has been shown to strongly influence plant O3 sensitivities, which in 

turn affect tree survival and growth (Laurence et al. 2001; McDonald et al. 2002). The 

potential effect of elevated CO2 and O3 on the rate and direction of forest competition 

interaction could affect species composition of litter. The interaction of litter from 

different species may enhance or reduce decomposition of individual litter components 

through physical, chemical and biological interactions (Gartner and Cardon 2004; Smith 

and Bradford 2003). High quality litter could stimulate decomposition of the other litter 

in the mix, which may be due to nutrients released from high quality litter being 

translocated to low quality litter through water films or hyphae of fungi (Hoorens et al, 

2003). On the other hand, litter containing high secondary compounds, such as phenolics 

and monoterpenes, could reduce litter decomposition and N mineralization of the mixture 

(Zimmer 2001; Hoorens et al. 2003). 

The potential change of litter productivity, biochemistry and species composition 

under elevated CO2 and O3 can influence microbial enzymes activity and soil microbe 

compositions. Elevated CO2 significantly increased cellobiohydrolase and 

N-acetylglucosaminidase activity (Larson et al. 2002), resulting in higher microbial 

utilization of cellobiose and N-acetylglucosamine (Phillips et al. 2002). Elevate O3 

diminished cellobiohydrolase activity in response to elevated CO2, but had no significant 

effect on N-acetylglucosaminidase activity (Larson et al. 2002).  Both elevated CO2 and 

O3 have been shown to decrease the abundance of several groups of soil fauna. However, 

the combined effect of CO2 and O3 didn’t change the soil fauna abundance compared to 

ambient condition (Loranger et al. 2004).  

Long-term exposure to elevated CO2 and O3 can not only change biotic factor 

controlling litter decomposition, but also alter the abiotic decomposition environment, 

such as soil moisture (Pendall et al. 2003), soil temperature and soil aggregates formation 

(Luo et al. 2006). All these factors play important roles in affecting soil C and nutrient 

cycling (Figure 1.1), and need to be considered when trying to understand how elevated 
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CO2 and O3 affect litter decomposition. Therefore, it is important to perform 

decomposition studying in soils and forests that have developed under elevated CO2 

and/or O3 to integrate the relevant levels of ecological complexity.  

The independent effects of elevated CO2 and O3 on plant physiology and growth 

have been studied extensively, but few studies have examined how combined effects of 

CO2 and O3 will affect litter productivity, biochemistry, plant species composition, and 

how those change will alter C and nutrient cycling. Free-air CO2 enrichment (FACE) 

approach enables whole forest stand exposure to elevated CO2 and O3, which makes it 

possible to study the effects at the ecosystem level. The Aspen FACE project in 

Rhinelander, Wisconsin, started at 1997, offers the unique opportunity to study litter 

decomposition and nutrient cycling in forest stands under both elevated CO2 and O3.  

Mid and high latitude forests sequestered 15-30 % of global anthropogenic carbon 

emissions between early 1980s and late 1990s (Myneni et al. 2001). Forests dominated by 

fast growing, early successional trees are typically net carbon sinks because of its high 

rates of net ecosystem productivity (Ryan et al. 1997; Barford et al. 2001; Deckmyn et al. 

2004). Trembling aspen (Populus tremuloides) and paper birch (Betula papyrifera) are 

both early successional, widely distributed species in north-temperate forests, and 

normally occur together in mixed stands (Figure 1.2 and Figure 1.3). In the current 

research, litter productivity and biochemistry were investigated in trembling aspen and 

paper birch communities exposed to six years free-air CO2 and O3 enrichment at Aspen 

FACE experiment. A 2.5-year field litter decomposition study was performed to examine 

C and nutrient cycling under elevated CO2 and O3. A microcosm study followed to 

separate the effects of changes in litter biochemistry from changes in litter amount on 

microbial metabolism and soil C turnover. This study tried to provide insight into the 

contribution of the forest floor to the formation of soil organic matter and elucidate the 

source-sink dynamics of forest floor nutrients in these aggrading forest ecosystems. 
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Figure 1.1. A conceptual model illustrating the combined effects of abiotic and biotic 
factors on litter carbon and nutrient cycles under elevated CO2 and O3. 
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Figure 1.2 The native range of trembling aspen (Populus tremuloides) in north America. 
(Map is adapted from http://esp.cr.usgs.gov/data/atlas/little/) 
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Figure 1.3 The native range of paper birch (Betula papyrifera) in north America. (Map is 
adapted from http://esp.cr.usgs.gov/data/atlas/little/) 
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Abstract   

Human activities are increasing the concentrations of atmospheric CO2 and 

tropospheric O3, and these changes have the potential to alter the quantity and chemical 

quality of leaf litter inputs to forest soils. Because the quality and quantity of labile and 

recalcitrant carbon compounds influences forest productivity through changes in soil 

organic matter content, characterizing changes in leaf litter in response to environmental 

change is critical to understanding global change impacts on forests. To evaluate these 

impacts, we assessed the independent and combined effects of elevated CO2 and elevated 

O3 on foliar litter production and chemistry of aspen (Populus tremuloides Michx) and 

birch (Betula papyrifera Marsh)-aspen communities at the Aspen-FACE experiment in 

Rhinelander, WI.  Litter was analyzed for concentrations of carbon (C), nitrogen (N), 

non-structural carbohydrates, lipids, lignin, cellulose, hemicellulose and carbon-based 

defensive compounds (soluble phenolics, condensed tannins). We found the 

concentrations of these chemical compounds in naturally senesced litter were similar in 

aspen and birch/aspen communities among treatments, except for N, the ratio of carbon to 

nitrogen (C/N) and lipids. Elevated CO2 significantly increased C/N (+8.7%), lowered 

mean litter N concentration (-10.7%) but had no impacts on the concentrations of soluble 

sugars, soluble phenolics and condensed tannins. However, elevated CO2 significantly 

increased litter biomass production (+ 33.3%), which resulted in significant increases in 

the fluxes to soil of N, soluble sugars, soluble phenolics and condensed tannins. Elevated 

O3 significantly increased litter concentrations of soluble sugars (+78.1%), soluble 

phenolics (+53.1%) and condensed tannins (+77.2). No significant effects of the CO2 and 

O3 treatments were observed for the concentrations of individual carbon structural 
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carbohydrates (cellulose, hemicellulose, and lignin).  However, elevated CO2 

significantly increased (+37.4%) cellulose input to soil, while elevated O3 significantly 

reduced hemicellulose and lignin inputs to soil (-22.3 and -31.5%, respectively).  We 

conclude that small changes in litter chemistry under elevated CO2 and tropospheric O3 

will occur, and combined with changes in litter biomass production could alter 

significantly the inputs of N, soluble sugars, condensed tannins, soluble phenolics, 

cellulose and lignin to forest soils in the future. 

 

Keywords: C/N ratio, cellulose, chemical fluxes, condensed tannins, FACE, foliar litter, 

global change, lignin, soluble phenolics, soluble sugars.  
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Introduction 

Concentration of carbon dioxide (CO2) in the atmosphere has increased from 

pre-industrial levels of 280 ppm to current levels of about 367 ppm (IPCC 2007).  

Background levels of tropospheric ozone (O3) also have increased, doubling in the past 

100 years (Karnosky et al. 2003, Andersen 2003). These increases are projected to 

continue well into the future, with likely impacts on aboveground and belowground plant 

production and the chemical composition of senesced plant material (Zak et al. 2000, 

Andersen 2003, Giardina et al. 2005). Northern mid-latitude forests appear to be an 

important sink for atmospheric CO2 (IPCC 2007). Litter inputs determine substrate 

availability for soil microbial metabolism, thereby controlling soil organic carbon 

formation and nutrient release rates, which could influence carbon-sink strength of forest 

ecosystems.  

The quantity and timing of nutrient release to plants and soil carbon formation rates 

under elevated CO2 and elevated O3 are affected by the combined change of litter quality 

and quantity. Loya et al. (2003) showed that under elevated CO2, the exposure of northern 

forests to elevated O3 resulted in the lower accumulation rates of acid-insoluble soil C 

than elevate CO2 plus ambient O3 treatment, in part because of lower production rates 

(Karnosky et al. 2003). Johnson et al. (2004) observed that elevated CO2 significantly 

reduced mean N concentration of sweetgum litter, but the increase in litterfall biomass 

offset this reduction and N flux to soil was unaffected. The effects of elevated CO2 and 

elevated O3 on plant physiology and growth have been studied extensively, but most 

studies have examined short-term responses of seedlings under chamber fumigation. The 

response of mature trees to environmental change likely will be different to that of 
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seedlings because growth rates, tree size, leaf level properties and canopy environment 

change dramatically as tree age. Consequently, extrapolating short-term results from 

studies of seedlings to mature trees could be misleading (Saxe et al. 1998, Samuelson and 

Kelly 2001, Karnosky et al. 2003).    

In this study, we use free-air CO2 enrichment (FACE) technology to examine leaf 

litter production and biochemical input to soil under elevated CO2 and elevated O3. We 

collected litter from aspen and birch/aspen communities exposed to six years of free-air 

CO2 and O3 enrichment. Aspen and birch are early successional species common to 

northern forests. They are relatively fast-growing, and competition is high when the two 

species occupy the same site (King et al. 2001b). Therefore, both aspen and birch may 

increase growth relative to production of carbon based secondary compounds when 

carbon availability is high relative to soil resources (Herms and Mattson 1992). 

We used the growth-differentiation balance hypothesis (GDBH) (Lorio 1986, Herms 

and Mattson 1992) as the conceptual framework to construct hypotheses about litter 

chemistry responses to elevated CO2 and elevated O3. The GDBH posits that 

environmental factors that increase the net balance of plant carbon (C) sources relative to 

growth sinks will increase the allocation of photosynthate to the production of C-based 

secondary compounds. Elevated CO2 has increased stand production at Aspen FACE 

(Isebrands et al. 2001, Percy et al. 2002), and from this we predicted the synthesis of 

secondary metabolites under elevated CO2 would be disproportionately stimulated 

because carbohydrate accumulation exceeds requirements for plant growth. Further, litter 

nitrogen (N) concentrations would decrease due to the dilution effect of high C 
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assimilation. As a phyto-toxin, elevated O3 damages Rubisco activity and decreases C 

assimilation rates (Reich and Amundson, 1985, Friend et al. 1992). Accordingly, we 

predicted elevated O3 would reduce secondary compound concentrations due to lower 

carbohydrate availability. We also reasoned litter N concentrations would increase due to 

the relatively lower photosynthate production under elevated O3. The combined effects of 

elevated CO2 and O3 on tissue chemistry were expected to cancel each other as enhanced 

photosynthesis from elevated CO2 would be offset by the toxic effects of elevated O3.  

Material and methods 

Field site  

This study was conducted at the Aspen FACE experiment near Rhinelander, 

Wisconsin (45°40.5’N, 89°37.5’E). The Aspen FACE experiment, established in 1997, is 

the first open-air facility to study the response of intact forest vegetation to both elevated 

CO2 and elevated O3. This experiment is divided into three blocks from north to south. 

Within each block, two treatments (CO2 and O3) with two levels each (ambient and 

elevated) are randomly assigned to four plots and results in four treatment combinations: 

control (ambient CO2 plus ambient O3), elevated CO2 (elevated CO2 plus ambient O3), 

elevated O3 (ambient CO2 plus elevated O3), and elevated CO2 plus elevated O3. In 1997, 

the eastern half of each plot was planted using five genotypes of O3-sensitive and 

O3-tolerant trembling aspen clones (Populus tremuloides Michx) at 1 × 1 m spacing. The 

other half of each plot was divided into two quarters. One quarter was planted with sugar 

maple (Acer saccharum Marsh) seedlings and a single clone of aspen cuttings (216), and 

the other quarter was planted using birch (Betula papyrifera Marsh) cuttings and the same 

single clone of aspen. Fumigation began in May 1998, and was conducted only during 
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daylight hours of the growing season. The elevated CO2 treatment was 560 µmol mol-1, 

about 200 µmol mol-1 above ambient.  The elevated  O3 was approximately 

1.5×ambient, about 50-60 nmol mol-1 on cloudy days and 90-100 nmol mol-1 on sunny 

days. At the time of litter collection for this study, the stature of the maple trees was small, 

thus the results for the aspen-maple community are not presented. A more complete 

description of the Aspen FACE project is provided by Dickson et al. (2000).  

Litter sample collection 

Naturally senesced leaf litter was collected using plastic baskets of 43 cm diameter. 

The litter collection baskets were evenly distributed along a concentric circle at one -half 

diameter of the plots. Twelve baskets were placed in aspen subplots, while 6 baskets were 

placed in birch/aspen subplots before leaf out. Foliar litter samples for biomass estimation 

were collected every two weeks from June to October 2003 from 8 of the traps in the 

aspen subplots and 4 of the traps in the birch/aspen subplots.  After removing twigs, 

understory litter and other coarse woody material, aspen and birch leaf litter was 

composited by community type within each plot for each collection date. Litter from each 

collection date was dried to constant mass at 60 oC, and pooled to determine biomass 

production.   

Tissue for all chemical analyses was collected from a subset of litter traps in each of 

the subplots on the same schedule as the biomass collections. Litter from each collection 

date was pooled across collection dates and freeze-dried, after which two 2 g samples per 

plot were ground under liquid nitrogen and stored at -20 oC for future chemical analysis. 

For each birch/aspen subplot, leaf litter was composited according to the mass ratio of 
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total annual aspen leaf litter to total annual birch leaf litter for that subplot. 

Litter chemistry  

Two replicate samples per plot were analyzed for tissue chemistry. Total C and total 

N were measured using a Carlo Erba NA1500 Series II elemental analyzer (Beverly MA).  

Soluble sugars and lipids: Approximately 25 mg of sample was extracted three times 

(× 3) with 2 ml methanol (60%): chloroform (25%): water (15%).  Sample extracts were 

then mixed with 2 ml water and stored overnight at 4 oC in 4 ml vials. A 200μl aliquot 

taken from the top of each vial was then diluted with 800 μl water, and then treated with 1 

ml 5% phenol and 5 ml concentrated H2SO4 for 30 minutes. We then measured light 

absorbance (490 nm) of each sample on a Beckman DU-640 spectrophotometer 

(Fullerton CA). A standard curve was prepared with glucose in water solutions of known 

concentrations (Dubois et al. 1956, Tissue et al. 1995). After evaporating off the 

chloroform from the bottom fraction, lipids were determined as the weight of the residue 

(Poorter et al. 1997).  

Soluble phenolics: Concentrations of soluble phenolics was determined by the 

Folin-Ciocalteu method. Approximately 50 mg of ground sample was extracted (× 1) 

with 1.5 ml 70% acetone at 25 °C, followed by (× 3) 1 ml 70% acetone. After diluting 1:5 

with 70% acetone, a 50 μl aliquot was reacted with 0.475 ml 0.25N Folin-Ciocalteu 

reagent and 0.475 1M Na2CO3 for 1 hour. Absorbance of the solutions was measured at 

724 nm, and compared to a standard curve prepared with catechin (Booker et al. 1996).  

Condensed tannins: Concentrations of condensed tannins was measured by the acid 
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butanol method of Porter et al. (1986). Approximately 100 mg ground sample was extracted 

(× 5) with 1 ml ice-cold acetone-ascorbic acid mixture (70% acetone + 10 mM ascorbic 

acid) at 4 °C for 30 minutes; supernatants were pooled by sample. After diluting sample 

with 350 μl 70% acetone-ascorbic acid solution, a 150 μl aliquot was reacted with 3.0 ml 

N-butanol (95%): concentrated HCl (5%) (v/v) and 100 μl iron reagent (0.02 g ml-1 

FeNH4(SO4)2·12H2O + 2N HCl) and incubated in a water bath (100 °C) for 50 minutes. 

Absorbance of the solution was measured at 550 nm.  

A condensed tannins standard curve was prepared according to a method adapted 

from Czochanska et al. (1980) and Booker (2000) from purified condensed tannins 

extracted from senesced aspen and birch leaves.  Freeze-dried leaf tissues were ground 

in liquid nitrogen, and 5 g quantities were extracted (× 2) with 40 ml EtOH (100%): 

ascorbic acid (0.1%) (w/v). After discarding the supernatant, the residue was then 

extracted (× 3) with 50 ml acetone (70%): ascorbic acid (0.1%) (w/v). Acetone was 

driven off from the supernatant in a rotary evaporator, and the remaining aqueous 

solution was extracted (× 2) with 50 ml diethyl ether and then ethyl acetate (× 3). After 

evaporating the residual ethyl acetate in a rotary evaporator, the aqueous fraction was 

freeze-dried. The crude product was dissolved in 25 ml of 50% degassed methanol: water, 

and applied to a column of Sephadex LH-20. The column was washed with 1.9 L 50% 

methanol and eluted with 70 ml 50% acetone. After evaporating the acetone, the aqueous 

solution was freeze-dried to isolate the purified tannins. The purity was verified by UV 

absorbance. The UV spectrum of the purified standards (pro-anthocyanidin) in water had 

90% of average maximum absorbances at 210 and 280 nm with a shoulder at 236 nm; the 

UV absorbance values in 70% acetone (E1%550) averaged 420. These purity values 
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compare well with the published literature (Czochanska et al. 1980; Porter et al. 1986; 

Booker 2000). 

Hemicellulose: The pellets resulting from the condensed tannins analyses were air 

dried and then extracted with 2 ml 10% KOH at 30 °C for 24 hours. The extracts were 

mixed with 20 ml ice-cold absolute ethanol-4M acetic acid solution, stored at -20 °C for 

24 hours and then centrifuged at 4500 rpm for 5 minutes. After washing (× 2) with 2 ml 

absolute ethanol, the precipitate was oven-dried at 65 °C. Hemicellulose was determined 

as the dry weight of the precipitate (Dickson 1979).  

Lignin and cellulose: Lignin concentrations of senescent leaf samples were 

measured according to the method of Booker et al. (1996). Approximately 50 mg of 

ground sample was extracted (× 3) with 1 ml 50% MeOH, rinsed (× 2) with 0.8 ml 

methanol (53%): chloroform (26%): water (21%), rinsed (× 2) with 0.8 ml liquefied 

phenol (51%): acetic acid (25%): water (24%), and then washed (× 5) with 1.0 ml EtOH. 

The extractive-free cell wall material was oven-dried at 70 °C, treated with 3.75 ml 5% 

H2SO4 at 100°C for 1 hour, and then centrifuged at 4500 rpm for 10 minutes. The 

resulting pellet was resuspended and washed (× 2) with 2 ml hot water, (× 2) with 2 ml 

95% EtOH, and (× 2) with 2 ml acetone. After oven drying at 70 °C, the residue was 

mixed with 1 ml 72% H2SO4, incubated for 2 hour at 20 °C, and then diluted with 28 ml 

of water. After further incubation for 2 hours in boiling water, the solution was filtered 

through a fine mesh glass filter of known dry weight (W1), and the filter plus residue 

dried at 70 °C to constant weight (W2). Lignin was determined as the difference between 

W2 and W1.  Cellulose concentrations were estimated by subtracting hemicellulose and 
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lignin mass from the extractive-free cell wall materials. 

Chemical fluxes and nutrient-use efficiency  

Chemical fluxes to the forest floor was calculated as: 

Chemical flux = chemical concentration (g g-1) × litter production (g m-2 yr-1)    eq. (1) 

Canopy nitrogen-use efficiency was calculated according to Finzi et al. (2001): 

)yr m (glitter in content Nitrogen 
)yr m (g biomassLitter  =efficiency useNitrogen 1-2-

-1-2

               eq. (2) 

Literature survey 

We compared our results with results published in studies that examined plant 

chemistry responses to elevated CO2 and elevated O3. To do this we summarized results 

from scientific literature identified using a key word search in the ISI Web of Sciences 

data base. Data that were included in this analysis were screened using three criteria: 1) 

the ambient CO2 treatment was lower than 400 ppm and elevated CO2 treatment was 

between 550 to 800 ppm; 2) the ambient O3 treatment was lower than 40 ppb and 

elevated O3 treatment was between 55 to 100 ppb; and 3) concentrations of N, soluble 

sugar, soluble phenolics and condensed tannins were reported on a mass basis. Four 

exposure systems (open top chambers (OTC), phytotron, free air enrichment (FACE) and 

natural CO2 spring) and 13 tree species were included in our comparison (Table 2.1).  

We did not conduct a formal meta-analysis, but instead calculated for each study a 

response ratio (after Hedges et al. 1999) to quantify mean responses to elevated CO2 or 

elevated O3, where the response ratio is calculated as: 
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eatmentambient trunder theion concentratchemicalMean 
 treatmentelevated under theion concentrat chemicalMean ratio Response =   eq. (3) 

Data for all species and treatments reported in original manuscripts were included.  

For example, a study reporting chemistry of 2 species under a three-way factorial design 

(2 levels of CO2 , 2 levels of O3, and  2 levels of N supply) generated a total 2 × 2 × 2 × 

2 = 16 data points. We analyzed and present the mean of all replicates for a specific 

treatment combination within a study.   

Statistical analysis  

For data from the Aspen FACE experiment, chemical concentrations were derived 

from the mean of two samples per sub-plot. Across the experiment, inspection of 

residuals and normal probability plots indicated that data were normally distributed and 

had equal variances. Treatment effects on litter biomass and chemistry were analyzed 

with a fixed-effects model in an analysis of variance (ANOVA) for a randomized 

complete block design, where community type is treated as a split-plot factor. We used 

the PROC GLM procedure in SAS (Cary, N.C.) and the following model adapted from 

King et al (2001b) to analyze results:   

ijkljklkljllijkjkkjiijklY ζαβχβχαχχγαββαρμ ++++++++++= ][][][][      eq. (4) 

Where Yijkl is the average response of block i (ρ, i=3) , CO2 level j (αj, j=2), O3 level 

k (βk, k=2), and community type l (χl, l=2). Fixed effects include block (ρi), CO2 (αj), O3 

(βk), and their interaction terms CO2×O3 ([αβ]jk), CO2×Community ([αχ]jl), 

O3×Community ([βχ]kl) and CO2×O3 ×Community ([αβχ]jkl). Here, γ is the random 

component associated with whole units, and ζ is the random component associated with 
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the split-plot effect. In this analysis, block is considered a fixed effect due to a gradient of 

soil fertility from south to north across the site (Dickson et al. 2000, King et al. 2001b). 

Treatment effects were considered significant if P ≤ 0.05. 

For our literature survey, mean response ratios for each treatment were calculated 

from the data of individual selected studies. Treatment effects were considered significant 

if the 95% CI of the mean response ratio did not overlap with 1 (Koricheva et al. 1998).   

Results 

Litter biomass 

Leaf litter biomass ranged from 151.9 to 333.4 g m-2 across plots (Table 2.2). The 

main effects of both elevated CO2 and elevated O3 were significant. Elevated CO2 

increased litter biomass production by 31.3% for the aspen community (302.0 g m-2) and 

37.6% for the birch/aspen community (288.7 g m-2) relative to control plots. Compared to 

control plots, elevated O3 reduced litter biomass production by 20.5% for the aspen 

community and 14.2% for the birch/aspen community. The CO2 × O3 interaction was not 

statistically significant.  

Litter chemistry 

Leaf litter N concentrations ranged from 10.8 to 16.8 mg g-1 across plots (Table 2.2). 

Averaged across O3 treatments and species, elevated CO2 significantly reduced mean 

litter N concentration by 10.5% relative to control litter. Litter C concentrations ranged 

from 490.8 to 523.8 mg g-1, were reduced by elevated CO2, and differed little across 

species. Averaged across CO2 and O3 treatments, mean litter N concentration was higher 

for aspen (14.1 mg g-1) than for birch (13.0 mg g-1). From the above changes, elevated 
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CO2 alone and elevated O3 alone increased C/N by 16.3% and 14.9%, respectively. 

Across treatments, the aspen litter had lower C/N than litter from the aspen/birch 

community (Table 2.2).   

Concentrations of soluble sugars ranged from 6.2 to 54.4 mg g-1. Across species and 

CO2 treatments, elevated O3 significantly increased mean soluble sugar concentration by 

78.1% with the highest concentrations in litter from the elevated CO2 plus elevated O3 

treatment (161.8% higher than control plots). Concentrations of soluble phenolics ranged 

from 11.9 to 43.7 mg g-1. Elevated O3 significantly increased mean concentration of 

soluble phenolics by 53.1% across treatments. The highest concentrations of soluble 

phenolics again were observed in litter from the elevated CO2 plus elevated O3 treatment 

(Table 2.2). Concentrations of condensed tannins ranged from 11.4 to 56.2 mg g-1 (Table 

2.2), and increased under elevated O3 (77.2% across treatments). A significant CO2 × 

Community interaction was due to differences in how condensed tannins in aspen and 

combined birch/aspen litter responded to elevated CO2. Specifically, elevated CO2 

decreased the mean concentration of condensed tannins by 17.1% for the aspen 

communities, but compared with control litter increased the mean concentration by 62.8% 

for the birch/aspen community. Mean concentration of lipids was not significantly altered 

by elevated CO2 and O3, though values ranged from 3.7 to 109.5 mg g-1. Across 

treatments, the birch/aspen litter (67.2 mg g-1) had significantly higher lipid 

concentrations than litter from the aspen community (55.9 mg g-1) (Table 2.2).  

Concentrations of hemicellose ranged from 117.0 to 223.1 mg g-1, and were not 

affected significantly by the trace gas treatments or species. Cellulose ranged from 252.5 
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to 576.5 mg g-1, and there was a significant interaction of CO2 × O3 (Table 2.2).  

Averaged across species, elevated CO2 under ambient O3 reduced mean cellulose 

concentration by 17.4%, but elevated CO2 under elevated O3 increased mean cellulose 

concentration by 32.7%.  Lignin concentrations of senesced leaf tissue ranged from 

155.1 to 512.3 mg g-1 but no significant treatment effects were observed. 

Litter chemical flux   

  Carbon fluxes from foliar litter to the forest floor were significantly altered by 

elevated CO2 and O3 (Table 2.3), with elevated CO2 increasing C flux by 32.7% relative 

to control plots and elevated O3 reducing C flux by 15.4% (Figure 2.1A). Greater litter 

production in the elevated CO2 plots offset lower N concentrations such that N flux to 

forest floor actually increased by 12.5% under elevated CO2 compared to control plots. 

As a result of decreased litter production under elevated O3, N flux was 26.5% lower than 

under control plots. Fluxes of C and N under elevated CO2 and elevated O3 were similar 

to those in control pots (Figure 2.1B). Mean N-use efficiency in the birch/aspen 

community was significantly higher than in the aspen community. Across O3 treatments 

and species, relatively low N concentrations and high litter production rates under 

elevated CO2 significantly increased mean N-use efficiency by 11.3%, (Figure 2.2).  

The trace gas treatments had strong effects on stand level fluxes of most leaf litter 

constituents.  Fluxes of soluble sugars, soluble phenolics and condensed tannins to the 

forest floor were all significantly altered by elevated CO2 and elevated O3 (Table 2.3), 

with the highest fluxes observed under elevated CO2 plus elevated O3 treatment. Under 

elevated CO2 plus elevated O3, fluxes of soluble sugars, soluble phenolics and condensed 
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tannins increased compared to control plots by 197.0%, 94.3%, and 122.2%, respectively 

(Table 2.3; Figure 2.1G, H and I). There was a significant effect of elevated O3 on fluxes 

of lipids and hemicellulose (Table 2.3). Averaged across CO2 treatments and species, 

elevated O3 significantly reduced lipid input to the forest floor by 28.4%, and reduced 

hemicellulose inputs by 22.4% (Figure 2.1C and F). Fumigation with CO2 significantly 

increased cellulose input to the soil, but a significant interaction of CO2 × O3 × 

Community (Table 2.3; Figure 2.1E) indicates that elevated CO2 increased cellulose input 

only under elevated O3 and in the aspen community, whereas CO2 increased cellulose 

input under ambient and elevated O3 in the birch/aspen community.  Mean lignin flux to 

the forest floor was significantly reduced by 6.2% under elevated O3 compared to control 

plots (Figure 2.1D). A near significant CO2 × O3 interaction for lignin flux (P = 0.065) 

indicates that the effects of CO2 and O3 on lignin flux were non-additive. In ambient CO2 

plots, elevated O3 reduced mean lignin flux by 6.3% compared with control plots, while 

in the elevated CO2 plots, elevated O3 reduced the lignin flux by 46.9% compared with 

the elevated CO2 plus ambient O3 plots. 

Literature survey 

Across three forest FACE sites (Duke, Oak Ridge and Rhinelander), CO2 response 

ratios for litter N concentrations ranged from 0.70 to 1.05 and averaged 0.89 across sites.  

ANOVA analyses indicate that compared with litter N in ambient CO2 plots elevated CO2 

significantly reduced litter N concentrations across the three FACE sites by 12.8% (P = 

0.026).  While the Aspen FACE site had significantly higher litter N concentrations than 

the other two sites (P = 0.017), there was no CO2 × Site interaction for litter N 

concentration (P = 0.976) indicating that the effect of elevated CO2 was consistent across 
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sites. Further, response ratios for sugars, tannins and phenolics under elevated CO2 were 

significantly different from 1, indicating that elevated CO2 can increase concentrations of 

these constituents (Figure 2.4). 

In contrast to elevated CO2, elevated O3 had no significant effects on litter N 

concentrations (Figure 2.3). Elevated O3 alone also had no significant impact on the 

concentrations of sugars, tannins and phenolics. However, elevated CO2 plus elevated O3 

treatment significantly increased the concentrations of sugars and tannins (but not that of 

phenolics) relative to elevated CO2 alone (Figure 2.4).  

Discussion 

We predicted that elevated C availability under elevated CO2 would promote the 

accumulation of total non-structural carbohydrates (TNC). As plant growth becomes 

limited by factors other than photosynthate supply (e.g., nutrients), an increasing 

proportion of photosynthetic production becomes available for the synthesis of secondary 

compounds (Herms and Mattson 1992). We also hypothesized that the decline in 

photosynthesis under elevated O3 (Anderson 2003) would reduce the availability of 

photosynthate for carbon-based defensive compounds. We found that elevated CO2 

significantly increased litter production rates, but had minor impacts on concentrations of 

secondary compounds. Elevated O3 significantly reduced biomass production but 

increased concentrations of C-based defensive compounds. These findings do not support 

our GDBH-based predictions, perhaps because the GDBH addresses the secondary 

metabolism of the whole plants while we examined only the properties of leaf litter 

(Herms and Mattson 1992, Stamp 2004).  Further, the response of plants to altered 
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resource availability may be more complex than could be addressed by our experimental 

design.  

Litter production 

Elevated CO2 generally stimulates photosynthesis and net primary production in 

short term fumigations (Saxe et al. 1998). However, the this initial stimulation may not 

persist because photosynthesis related gene expression may become suppressed by excess 

carbohydrate or because nutrient supply is reduced as nutrients are increasingly 

immobilized by larger quantities of reduced quality litter (Luo and Reynolds 1999, Long 

et al. 2004). In the current Aspen FACE experiment, CO2-related stimulation of biomass 

production has persisted after 6 years free air fumigation with no indication of reduced 

responsiveness (King et al. 2005b). In line with findings for total stand biomass (King et 

al. 2005b), we also observed that litter production under the elevated CO2 plus elevated 

O3 treatment was only slightly greater than that under control plots, which indicates that 

the positive effects of elevated CO2 will be largely offset by elevated O3. The small 

stimulation of litter production by elevated CO2 under elevated O3 could result from two 

mechanisms: elevated CO2 reduced O3 uptake by reducing leaf stomatal conductance 

(Andersen 2003); or, elevated CO2 simulated biomass productivity by increasing 

assimilation rates and decreasing photorespiration (Booker et al. 1997)  

Litter nitrogen 

Nitrogen limitations to plant growth predominate in northern forests, and much 

emphasis has been placed on understanding how elevated CO2 affects litter N content. 

O’Neill and Norby (1996) suggested that most of the observed litter N decline under 
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elevated CO2 was perhaps due to pot size limitations on root growth. However, in a 

meta-analysis of naturally senesced leaves grown in the field, Norby et al. (2001) found 

that litter N was significantly reduced by 7.1% under elevated CO2. In the current Aspen 

FACE experiment, we found that elevated CO2 significantly lowered mean N 

concentration by 10.8% for the aspen community and by 12.2% for the birch/aspen 

community. Our findings are in line with previous studies showing significantly 

decreased mean N concentration under elevated CO2 for sweetgum litter at Oak Ridge 

FACE (Johnson et al. 2004) and for paper birch litter in an earlier study at Aspen FACE 

(Parsons et al. 2004). A small decline in mean litter N concentration also was observed at 

the Duke FACE experiment, but the elevated CO2 effect was not significant (Finzi et al. 

2002). Our data survey indicates that the average response ratio for litter N across three 

FACE sites (0.89) is lower than the mean of 0.94 reported by Norby et al. (2001), 

indicating a general reduction in litter N of 12.8% compared with the 7.1% reduction 

reported by Norby et al. (2001).  

In contrast to elevated CO2 research, few studies have examined how elevated O3 

impacts litter N concentrations. Booker (2000) found that ozone increased foliar N 

concentrations in cotton, while Scherzer et al. (1998) found that elevated O3 had no 

significant effect on foliar N concentrations of yellow-poplar or white pine.  In the 

earlier study at Aspen FACE, Parsons et al. (2004) reported that O3 had no effect on paper 

birch litter N concentrations, but Lindroth et al (2001) found that O3 significantly reduced 

aspen foliar N concentrations. In the current Aspen FACE study, elevated O3 appeared to 

reduce mean litter N concentration by 6.6% (P = 0.073), and significantly increased litter 

C/N (P = 0.043). Our literature survey suggests that elevated O3 has no consistent effect 
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on leaf N concentrations (Figure 2.3), which is in line with the meta-analysis of 

Koricheva et al (1998).  

Soluble sugars, condensed tannin and soluble phenolics 

In the current Aspen FACE experiment, concentrations of soluble sugars, condensed 

tannins and soluble phenolics generally increased under elevated CO2, but these changes 

were not statistically significant.  Low replication is common in FACE experiments, and 

the low power of our test may explain why differences were not detected. However, 

across CO2 experiments, our analyses show that elevated CO2 significantly increased 

concentrations of soluble sugars, condensed tannins and soluble phenolics (Figure 2.4), 

which is consistent with the findings of Peñuelas and Estiarte (1998).  

We predicted that the phytotoxic effect of O3 would lower concentrations of 

secondary compounds because of reduced assimilation and carbohydrate supply. 

However, we found that elevated O3 significantly increased leaf litter concentrations of 

soluble sugars, soluble phenolics and condensed tannins, which indicates that elevated O3 

may trigger a biochemical defense or damage response that increases synthesis of 

secondary compounds despite lower carbohydrate availability. The significantly higher 

concentration of soluble sugars could be due to impaired phloem loading (Andersen 

2003), which could also increase C supply within the leaf. Observed changes in 

concentrations of soluble phenolics and condensed tannins are consistent with previous 

studies (Friend and Tomlinson 1992, Booker and Miller 1998, Wustman et al. 2001) 

reporting that elevated O3 can alter C partitioning to defense processes by stimulating the 

phenylpropanoid pathway, which results in increased production of phenolic compounds. 
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In contrast, several studies have reported that O3 has no impact on concentrations of 

tannins or phenolics.  For example, Parsons et al. (2004) found no significant effect of 

O3 on the concentration of condensed tannins in birch litter. Further, across published 

studies, elevated O3 appears to have no significant effect on the concentrations of soluble 

sugars, phenolics and tannins (Figure 2.4). Notably, in the current Aspen FACE 

experiment, we found that elevated CO2 plus elevated O3 resulted in the highest 

concentrations of soluble sugars and soluble phenolics (Table 2.2). These findings are in 

line with data from previous studies showing that the combined effect of elevated CO2 

plus elevated O3 can increase concentrations of soluble sugars and condensed tannins 

(Figure 2.4). Overall, these findings do not support our hypothesis that the effects of CO2 

and O3 on litter chemistry would cancel, and indicate that leaf level responses to multiple 

factors are more complex than can be predicted from responses identified in single factor 

studies.  

Lignin 

In the current Aspen FACE study, mean lignin concentration under ambient 

conditions was 28.6% in aspen litter and 32.4% in birch/aspen litter. These values are 

higher than has been reported in other FACE experiments (Norby et al. 2001, Finzi et al. 

2002) and in earlier studies at Aspen FACE (Parsons et al. 2004), but  differences may 

be methodological. We ground whole leaves including petioles for biochemical analysis, 

so more lignified portions of the leaf may have been included than in other studies, which 

may have excluded non-vascular tissues such as petioles. Interestingly, mean lignin 

concentration of our aspen litter was higher than the 21.6% reported for aspen stem wood 

(Hu et al 1999), in line with findings that the lignin concentration of birch leaf litter 
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(33.0%) can exceed that of birch wood (21.7%; Berg and McClaugherty 2003).   

Overall, relative responses of leaf litter lignin to the CO2 and O3 treatments were 

comparable to previous studies. In the current Aspen FACE experiment, mean lignin 

concentration was higher under elevated CO2 than under ambient conditions, but this was 

not statistically significant, which is consistent with findings at Duke FACE (Finzi et al. 

2002) and in an earlier study at Aspen FACE (Parsons et al. 2004).  Again, the limited 

statistical power of individual FACE experiments may obscure real but small effects of 

elevated CO2 on tissue chemistry.  Across experiments, Norby et al. (2001) showed a 

significant increase (6.5%) in litter lignin concentration under elevated CO2.    

Chemical fluxes 

It has been hypothesized that elevated CO2 could trigger a negative feedback 

between biomass production and nutrient availability if lower nutrient concentrations of 

litter slow decomposition, nutrient release rates, and nutrient supply growing plants 

(Strain and Bazzaz 1983). In the current Aspen FACE experiment, elevated CO2 reduced 

mean litter N concentration and increased stand-level N-use efficiency by 12.5% 

compared with control plots (P = 0.05), but also increased by 13.9% the flux of litterfall 

N to the forest floor. Given lower N concentrations, this increase probably did not result 

from reduced translocation rates under elevated CO2. More likely, increased N flux 

relates to enhanced uptake from soil (Finzi et al. 2001) or perhaps enhanced N 

translocation from wood.  Evidence for the former includes the finding at the current 

Aspen FACE experiment that N transferred from inorganic pools to organic pools was 

greater under elevated CO2 (Holmes et al. 2003), which indicates that trees may absorb 
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more N from soil to support increased growth. Johnson et al. (2004) also found that 

elevated CO2 resulted in an increased uptake of N in sweetgum. This increased capacity 

may relate to higher total belowground carbon allocation under elevated CO2 (King et al. 

2001b, Giardina et al. 2005).  

Elevated CO2 had no significant effects on concentrations of soluble sugars, soluble 

phenolics, condensed tannins, or cellulose, but did significantly elevate litter production 

rates resulting in higher fluxes of these compounds to soil. From an ecosystem 

perspective, increased fluxes of soluble sugars and cellulose to the forest floor provide 

labile C sources to soil microbial communities, in part explaining higher soil respiration 

rates observed in elevated CO2 plots (King et al. 2001b, King et al. 2004). Higher 

concentrations of cellobiohydrolase, an extracellular microbial enzyme that degrades 

cellulose, have been observed in soil under elevated CO2 (Larson et al. 2002, Phillips et 

al. 2002).  

Elevated O3 significantly increased litter C/N in the current Aspen FACE experiment, 

and the combination of lower N concentrations and lower litter production rates reduced 

N fluxes to the forest floor. Further, the reduced N flux resulting from elevated O3 was 

associated with increased returns of tannins and phenolics. These findings lead us to 

conclude that regional increases in tropospheric O3 will retard litter decomposition rates 

and N cycling in northern hardwood forests.  This prediction is consistent with the 

finding of Holmes et al. (2003) who found that elevated O3 reduced gross N 

mineralization rates and microbial biomass N. 

We found a near significant CO2 × O3 interaction for leaf litter lignin flux to the 
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forest floor (P = 0.065). To address this interaction, we conducted a paired t-test analysis 

that showed that under ambient O3, lignin flux under elevated CO2 was significantly 

higher than under ambient CO2 (P = 0.037). However, under elevated O3, the effect of 

elevated CO2 was not significant indicating that elevated O3 may offset CO2 related 

increases in lignin input to soil. The result is consistent with the finding that elevated O3 

could reduce soil carbon formation under elevated CO2 (Loya et al. 2004).  Further, 

elevated CO2 and elevated O3 treatments can impact the soil microorganisms that control 

litter decomposition (Phillips et al. 2002, Larson et al. 2002, Loranger et al. 2004). 

Additional studies clearly are needed to elucidate these multi-level controls on C and N 

cycling and retention in forests exposed to changing atmospheric conditions. 

Conclusions 

Elevated CO2 significantly increased litter production, while elevated O3 decreased 

it, and in plots exposed to both trace gases the positive effects of CO2 were largely 

eliminated by elevated O3.  We found that increases in soluble sugars and soluble 

phenolics caused by elevated O3 were most pronounced under elevated CO2. Overall, 

elevated CO2 had little effect on the concentrations of soluble sugars, soluble phenolics, 

condensed tannins and cellulose, but did reduce N concentrations in litter. Because of 

higher litter production rates, however, fluxes of these constituents all increased 

significantly under elevated CO2. Similarly, elevated O3 had little impact on litter N and 

lignin concentrations, but reduced litter production led to significantly lower N and lignin 

fluxes to the forest floor. Results from this study indicate that the small changes in litter 

chemistry caused by elevated CO2 or elevated O3, combined with changes in litter 

production rates will significantly alter stand-level chemical inputs to soil.    
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Table 2.1 Sources of observations of effects of elevated CO2 and/or elevated O3 on litter 
chemistry.  
Reference Exposure 

system 
Species Plant part 

Booker (2000) OTC Gossypium hirsutum L. live foliage 
Booker and Maier (2001) OTC Pinus tadeda L. live foliage 
Booker and Miller (1998) OTC Glycine max (L.) Merr. live foliage 
Booker et al. (2005) OTC Gossypium hirsutum L. litter 
Chapman (2004) FACE Populus tremuloides Michx. live Fine roots 
Chapman (2004) FACE Betula papyrifera Marsh. live Fine roots 
Chapman (2004) FACE Acer saccharum Marsh. live Fine roots 
Friend et al. (1992) OTC Pinus taeda L. live foliage, stems 

and roots 

Gebauer et al. (1998) OTC Pinus taeda L. live foliage 
Heyworth et al. (1998) OTC Pinus sylvestris L. live foliage 
Holton et al. (2003) FACE Populus tremuloides Michx. live foliage 
Kainulainen et al. (1998) OTC Pinus sylvestris L. live foliage 
King et al. (2001a) OTC Acer saccharum Marsh. live foliage and foliar 

litter 

King et al. (2001c) OTC Populus tremuloides Michx. foliar litter 
Kull et al. (1996) OTC Populus tremuloides Michx. live foliage 
Lindroth et al. (2001) FACE Populus tremuloides Michx. live foliage 
Lindroth et al. (2001) FACE Betula papyrifera Marsh. live foliage 
Parsons et al. (2004) FACE Betula papyrifera Marsh. foliar litter 
Peñuelas et al. (2002) CS Myrtus communis L. foliar litter 

Peñuelas et al. (2002) CS Erica arborea L. foliar litter 

Peñuelas et al. (2002) CS Juniperus communis L. foliar litter 

Pfirrmann et al. (1996) Phytotron Picea abies (L.) Karst. live fine roots and 
foliage 

Sallas et al. (2001) OTC Pinus sylvestris L. live foliage 
Scherzer et al. (1998) OTC Liriodendron tulipifera L. live foliage 
Scherzer et al. (1998) OTC Pinus strobus L. live foliage 
Utriainen et al. (2000) OTC Pinus sylvestris L. live foliage 

OTC: open top chambers, FACE: free air enrichment, CS: natural CO2 enrichment.  
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Table 2.2 Mean ± standard error of the mean (N=3) and P-values of biochemical constituents of aspen and birch/aspen litter 
produced under the experimental treatments at the Aspen FACE experiment, Rhinelander, WI. (Units for biomass are g m-2; 
soluble sugars, soluble phenolics, condensed tannins, lipids, hemicellulose, cellulose, lignin and nitrogen are all mg g-1) 

  Biomass N C C/N Soluble 
sugars 

Soluble 
phe. 

Condensed 
tannins 

Lipids Hemi- 
cellulose

Cellu-l
ose 

Lignin

Aspen            
Control Mean 

(SE) 
230.0 
(4.6) 

15.3 
(1.9)

512.9
(4.3)

34.0 
(4.4)

15.5 
(2.1) 

18.7 
(2.3) 

21.1 
(6.1) 

56.6 
(6.4) 

154.7 
(26.1) 

462.0 
(43.8)

286.3 
(49.0)

+CO2 Mean 
(SE) 

302.0 
(36.8) 

13.1 
(1.2)

502.1
(5.9)

38.5 
(3.2)

22.3 
(7.7) 

21.8 
(9.7) 

17.5 
(5.3) 

60.3 
(23.7)

155.0 
(20.9) 

342.3 
(78.5)

392.1 
(108.1)

+O3 Mean 
(SE) 

182.1 
(26.7) 

14.3 
(1.3)

516.5
(6.0)

36.3 
(3.3)

26.2 
(9.3) 

27.5 
(2.4) 

37.7 
(8.2) 

54.6 
(7.3) 

170.9 
(65.0) 

361.1 
(83.9)

359.6 
(73.1)

+CO2 +O3 Mean 
(SE) 

246.3 
(7.3) 

13.7 
(0.1)

503.0
(6.1)

36.8 
(0.1)

32.4 
(13.2) 

31.4 
(3.2) 

33.9 
(6.0) 

52.2 
(3.2) 

132.1 
(8.0) 

527.6 
(42.7)

232.4 
(28.2)

Birch / Aspen            
Control 
 

Mean 
(SE) 

209.8 
(28.5) 

15.3 
(1.1)

510.6
(8.3)

33.6 
(2.7)

11.9 
(5.0) 

19.6 
(7.0) 

17.2 
(4.8) 

73.7 
(33.0)

164.0 
(40.5) 

407.0 
(32.9)

323.9 
(75.0)

+CO2 
 

Mean 
(SE) 

288.7 
(42.0) 

12.5 
(0.5)

501.2
(9.6)

40.2 
(2.0)

20.2 
(5.3) 

20.4 
(5.3) 

28.0 
(3.5) 

70.9 
(18.8)

168.9 
(21.4) 

375.7 
(31.0)

343.8 
(40.9)

+O3 
 

Mean 
(SE) 

186.7 
(7.7) 

12.5 
(0.5)

516.4
(7.4)

41.3 
(1.5)

26.4 
(8.8) 

29.1 
(3.4) 

33.3 
(4.8) 

68.0 
(14.4)

168.8 
(27.0) 

400.4 
(61.1)

307.2 
(73.3)

+CO2 +O3 Mean 
(SE) 

241.1 
(13.0) 

11.9 
(1.0)

502.3
(3.4)

42.4 
(3.3)

39.4 
(19.7) 

35.1 
(7.8) 

43.5 
(13.1) 

56.2 
(16.8)

147.9 
(29.9) 

483.3 
(122.8)

238.1 
(126.0)

Source            
CO2 0.001 0.012 0.003 0.022 0.088 0.185 0.276 0.404 0.407 0.509 0.684 
O3 0.004 0.073 0.294 0.043 0.017 0.004 0.001 0.082 0.722 0.234 0.254 
CO2×O3 0.441 0.076 0.481 0.059 0.823 0.539 0.949 0.343 0.329 0.029 0.099 
Community 0.439 0.030 0.731 0.013 0.935 0.533 0.253 0.042 0.310 0.778 0.568 
CO2×Community 0.946 0.704 0.959 0.483 0.648 0.996 0.017 0.424 0.523 0.960 0.78 
O3×Community 0.453 0.107 0.825 0.040 0.475 0.458 0.901 0.597 0.790 0.862 0.719 
CO2×O3×Community  0.702 0.715 0.864 0.722 0.765 0.581 0.961 0.881 0.707 0.097 0.173 
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Table 2.3 P-values (N=3) for chemical constituent inputs to soil through leaf litter produced under the experimental treatments at the Aspen 
FACE project.  

Source C N Soluble 
phenolics

Soluble 
sugars. 

Condense
d tannins 

Lipids Hemicell
ulose 

Cellulose Lig. 

CO2 0.007 0.005 0.030 0.008 0.005 0.105 0.059 0.020 0.115 
O3 0.005 0.008 0.019 0.049 0.007 0.041 0.035 0.684 0.038 
CO2×O3 0.425 0.406 0.342 0.668 0.650 0.437 0.210 0.074 0.065 
Community 0.451 0.124 0.880 0.972 0.297 0.136 0.496 0.346 0.444 
CO2×Community 0.951 0.734 0.974 0.713 0.056 0.687 0.636 0.838 0.742 
O3×Community 0.465 0.925 0.328 0.386 0.995 0.715 0.801 0.672 0.729 
CO2×O3× 
Community 

0.697 0.844 0.744 0.811 0.685 0.757 0.887 0.038 0.396 
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Figure 2.1 Chemical fluxes from foliar litterfall to the forest floor of aspen and birch/aspen litter produced under the experimental treatments at 
the Aspen FACE experiment, Rhinelander, WI. Values are means (n = 3), and bars indicate ±S.E.  
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Figure 2.2 Nitrogen use efficiency of aspen and birch/aspen communities under the 
experimental treatments at the Aspen FACE project. Values are means (n = 3), and 
bars indicate ±S.E.  
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Figure 2.3 Response ratios of leaf litter N concentration to elevated CO2 and elevated 
O3, where response ratio under atmospheric treatment = N concentration under 
atmospheric treatment / N concentration under ambient atmosphere. Shown are means 
and the 95% confidence interval (CI); lowercase n indicates the number of 
observations. The dashed line corresponds to a response ratio of 1. The effect is 
considered significant if the 95% CI does not overlap 1. (Sources of data: Kull et al. 
1996; Scherzer et al. 1998; Booker 2000; Utriainen et al. 2000; Booker et al. 2005; 
Pfirrmann et al. 1996; Lindroth et al. 2001; Parsons et al. 2004)   
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Figure 2.4 Response ratios for concentrations of sugars (A), phenolics (B) and 
condensed tannins (C) to elevated CO2 or/and O3, where response ratio under 
atmospheric treatment = chemical concentration under atmospheric treatment / 
chemical concentration under ambient atmosphere. Shown are means and the 95% 
confidence interval (CI); lowercase n indicates the number of observations.  The 
dashed line corresponds to a response ratio of 1. The effect is considered significant if 
the 95% CI does not overlap 1. (Sources of data: Friend et al. 1992; Heyworth et al. 
1998; Booker and Miller 1998; Gebauer et al. 1998; Kainulainen et al. 1998; Sallas et 
al. 2001; Booker and Maier 2001; King et al. 2001a; King et al. 2001c; Peñuelas et al. 
2002; Lindroth et al. 2001; Holton et al. 2003; Parsons et al. 2004; Chapman 2004; 
Booker et al. 2005).  
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CHAPTER 3 

Effects of elevated atmospheric CO2 and tropospheric O3 on nutrient dynamics: 
decomposition of leaf litter in trembling aspen and paper birch communities  
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Abstract  

Atmospheric changes could strongly influence how terrestrial ecosystems 

function by altering nutrient cycling. We examined how the dynamics of nutrient 

release from leaf litter responded to two important atmospheric changes: rising 

atmospheric CO2 and tropospheric O3. We evaluated the independent and combined 

effects of these gases on foliar litter nutrient dynamics in aspen (Populus tremuloides 

Michx) and birch (Betula papyrifera Marsh) /aspen communities at the Aspen FACE 

Project in Rhinelander, WI. Naturally senesced leaf litter was incubated in litter bags 

in the field for 735 days. Decomposing litter was sampled six times during 

incubation and was analyzed for carbon, and both macro (N, P, K, S, Ca, and Mg) 

and micro (Mn, B, Zn and Cu) nutrient concentrations. Elevated CO2 significantly 

decreased the initial litter concentrations of N (-10.7 %) and B (-14.4 %), and 

increased the concentrations of K (+23.7 %) and P (+19.7 %), with no change in the 

other elements. Elevated O3 significantly decreased the initial litter concentrations of 

P (-11.2 %), S (-8.1 %), Ca (-12.1 %), and Zn (-19.5 %), with no change in the other 

elements. Pairing concentration data with litterfall data, we estimated that elevated 

CO2 significantly increased the fluxes to soil of all nutrients: N (+12.5 %), P (+61.0 

%), K (+67.1 %), S (+28.0 %), and Mg (+40.7 %), Ca (+44.0 %), Cu (+38.9 %), Mn 

(+62.8 %), and Zn (+33.1 %). Elevated O3 had the opposite effect: N (-22.4 %), P 

(-25.4 %), K (-27.2 %), S (-23.6 %), Ca (-27.6 %), Mg (-21.7 %), B (-16.2 %), Cu 

(-20.8 %), and Zn (-31.6 %). The relative release rates of the 9 elements during the 

incubation was: ZnCu Mn   N  S Ca B Mg  mass PK ≥>≥≥≥≥≥≥≥≥ . Atmospheric 
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changes had little effect on nutrient release rates, except for decreasing Ca and B 

release under elevated CO2 and decreasing N and Ca release under elevated O3. We 

conclude that elevated CO2 and elevated O3 will alter nutrient cycling more through 

effects on litter production, rather than litter nutrient concentrations or release rates. 

Key words: Aspen FACE; atmospheric change; litter bag, macro and micro nutrient; 

nutrient cycling. 
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Introduction 

Nutrient release from decomposing litter is important for sustaining ecosystem 

production (Chapin et al. 2002). The atmospheric concentrations of CO2 and 

tropospheric O3 have increased substantially as a result of human activities (IPCC 

2007). These atmospheric changes can have important impacts on litter chemistry. 

Elevated CO2 caused a 37 % increase in lignin concentration relative to control in 

oak leaves (Cotrufo et al. 1999), while concentration of total phenolics increased by 

25 % in Scots pine needles (Sallas et al. 2001). Elevated O3 has been shown to 

increase acid soluble lignin concentration in birch leaves (Kasurinen et al. 2006) and 

decrease non-structural carbohydrate concentration in soybean leaf litter (Booker et 

al. 2005).  

Changes in litter quality have the potential to alter nutrient dynamics by changing 

substrate availability for microbial metabolism (Zak et al. 1993). However, the 

response of mineral nutrient cycling to elevated CO2 and O3 is not well understood 

(Zak et al. 2000), and impacts on tissue chemistry are not universal (Liu et al. 2005). 

In particular, the effects of altered atmospheric chemistry on the release of nutrients 

from decomposing litter remain poorly quantified. Detailed studies are lacking that 

quantify both changes in tissue chemistry and subsequent changes in litter nutrient 

dynamics in response to elevated CO2 and O3, especially for forest species (Parsons et 

al. 2004). This severely constrains efforts to predict how biogeochemical process rates 

will respond to atmospheric change.   

Increased atmospheric CO2 is predicted to reduce nutrient concentrations of plant 

tissues (Strain and Bazzaz 1983). This has been attributed to either decreased 

nutrient uptake relative to C accumulation, or altered patterns of nutrient allocation 

under elevated CO2 (Penuelas et al. 1997). However, published data for several 

species show no consistent response of foliar nutrient concentrations to elevated CO2 

(Table 3.3.1). The effects of CO2 enrichment on nutrient concentrations are more 

complex than a simple dilution effect, and can depend on element, species, 
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developmental stage, season, environmental stress, site variables, and management.  

By comparison, far fewer studies have examined nutrient dynamics under 

elevated O3. Ogner (1993) found O3 increased K concentration of Norway spruce 

foliage. Barnes and Pfirrmann (1992) found O3 increased the P and K concentration 

of radish root. Most studies, however, suggest that O3 exposure does not modify 

nutrient concentrations of shoots or roots (Heagle et al. 1993; Fangmeier et al. 1997; 

Walin et al. 2002). 

Litter decomposition is the key process influencing nutrient release from litter, 

controlling uptake by plants and microbes (Paul and Clark 1996). To date the 

consensus of research results seems to support the conclusion that elevated CO2 and 

O3 have little or no direct effect on specific rates of decomposition (Norby et al. 2001; 

Booker et al. 2005; Chapman et al. 2005; King et al. 2005a).  

The objective of this study was to investigate the independent and combined 

effects of elevated CO2 and elevated O3 on mineral nutrient cycling in aggrading 

aspen and birch-aspen stands at the Aspen FACE project in Rhinelander, WI. 

Elevated CO2 increased total biomass production by 43 % and elevated O3 decreased 

it by 17 % in this long-term experiment (King et al. 2005b). We therefore expect 

nutrient demand to increase under elevated CO2 due to the higher productivity, and 

to decrease under elevated O3 due to lower productivity. Total belowground C 

allocation (TBCA) was 15% higher under elevated CO2 (Giardina et al. 2005), with 

much of the increase attributable to increased fine root production at this site. 

Several possible mechanisms that could be responsible for mitigating nutrient 

limitation under elevated CO2, such as increasing the volume of soil exploited by 

increasing the production of fine roots (Giardina et al. 2005) and colonization of 

mycorrhizal fungus (Kubiske and Godbold, 2001). 

Effects of elevated CO2 on leaf chemistry at the Aspen FACE experiment have 

been intensively examined in the past decade (Lindroth et al. 2001; Kopper et al. 
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2002; Parsons et al. 2004; Mattson et al. 2005). Recently, Liu et al. (2005) examined 

the concentrations of sugar, hemi-cellulose, cellulose, tannins, phenolics and lignin 

in leaf litter, and found that elevated CO2 had little effect on tissue chemistry. 

However, elevated O3 increased condensed tannins (77.2 %) and soluble phenolics 

(53.1 %). These findings provide an important base for formulating hypotheses about 

how CO2 and O3 will impact nutrient dynamics in decomposing leaf litter. In the 

current study, our first hypothesis was that elevated CO2 would have a small effect 

on nutrient concentrations because of adequate soil supply. All nutrient fluxes would 

increase due to higher litter production (Liu et al. 2005). Our second hypothesis was 

that elevated O3 would have little effect on nutrient concentrations, but would 

decrease nutrient fluxes because of low biomass productivity. Our final hypothesis 

was that elevated CO2 would have small effects on nutrient release, but elevated O3 

would decrease it due to increased concentrations of condensed tannins and soluble 

phenolics.  

Methods 

Field site  

The study was conducted at the Aspen FACE project in Rhinelander, Wisconsin 

(45°40.5′N, 89°37.5′E). The Aspen FACE project was established in 1997 and is the 

only open-air facility to study the response of whole forest communities to elevated 

CO2 and elevated O3 (Dickson et al. 2000). The experiment is divided into three 

blocks, each block consisting of four 30 m diameter circular plots. Two main effect 

treatments (CO2 and O3) with two levels each (ambient and elevated) were randomly 

assigned to the four plots in each block. One half of each plot was planted with five 

aspen (Populus tremuloides Michx) genotypes of differing O3 sensitivity. 

One-quarter of each plot was planted with a single aspen clone and paper birch 

(Betula papyrifera Marsh), and the remaining quarter was planted with the same 

aspen clone and sugar maple (Acer saccharum Marsh). The trees were planted at 1 × 

1 m spacing and have been exposed to the CO2 and O3 treatments since 1997. 
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Fumigation is conducted only during daylight hours of the growing season from May 

to October. In the elevated CO2 treatment, the target level of CO2 was 560 ppm, 

which is about 200 ppm above ambient atmospheric CO2. Elevated O3 was applied at 

a level of 1.5 times the ambient ozone concentration, about 90-100 ppb on sunny 

days, 50-60 ppb on cloudy days, and no O3 fumigation on cool (< 15 °C) or rainy 

days. The treatment gas concentrations are available at the web site of Brookhaven 

National Laboratory (http://oasd-ebi.das.bnl.gov/FACE_Graph_Images/). A complete 

description of the experimental design and operation of this FACE facility are 

provided by Dickson et al. (2000). 

Litter collection and field incubation 

Naturally senesced leaf litter samples were collected in plastic baskets of 43 cm 

diameter from aspen and birch-aspen communities every two weeks from June to 

October 2003 (Liu et al. 2005). After removing understory litter and other coarse 

woody material, leaf litter was composited across collection baskets and dates by 

community type for each plot, resulting in 24 samples used for analyses. 

Immediately after each bi-weekly collection, samples were air-dried at room 

temperature. From each of the 24 samples, about 2.5 g dry litter was put into 11 × 7 

cm litter bags with 1 mm mesh size. The biomass production ratio of aspen to birch 

in birch/aspen community showed high variation, ranged from 0.15 to 2.29. For 

birch-aspen community, the 2.5 g leaf litter was composited according to the mass 

ratio of total annual aspen leaf litter to total annual birch leaf litter for that 

community within each plot. Duplicate sets of litter bags were deployed on the soil 

surface in the respective treatment section from which the litter was collected. Field 

incubation was begun on November 6, 2003, and 6 collections occurred during the 

two-year incubation (May 2004, July 2004, November 2004, May 2005, August 

2005 and November 2005). Two litter bags were sampled from each treatment 

section at each collection. After freeze-drying, the recovered litter was analyzed for 

mass loss, and then ground in liquid N and stored at -20 °C until nutrient analysis 
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was performed. 

Nutrient analysis 

Total N and C were analyzed on a NC 2100 CHN auto-analyzer (CE 

Instruments Ltd., Hindley Green, Wigan, UK). Litter concentrations of other macro 

(P, K, S, Ca, Mg) and micro (Mn, B, Zn, Cu) nutrients were determined by wet 

digestion (Sah and Miller 1992). Briefly, a litter subsample (800 mg) was mixed with 

10 ml concentrated HNO3, reacted overnight at room temperature and then digested 

at 105 °C for 2 hours. After cooling for 30 minutes, the mixture was reacted with 2 

ml high purity H2O2 at 200 °C for 15 to 30 minutes, cooled, and then brought to 

volume (50 ml) with distilled deionized water. The digested sample was analyzed for 

macro and micro nutrients on an ICP-AES spectrophotometer (ICP-AES Liberty 

Series II, Varian, Palo Alto, CA, USA). Ash content was determined for each 

litterbag sample by combusting a subsample overnight in a muffle furnace at 500 °C. 

This estimate of ash content was used to ash correct all estimates of chemical 

composition and decomposition. 

Calculations and statistical analysis 

Initial nutrient flux was defined as annual nutrient input from litter to the forest 

floor and was estimated by multiplying nutrient concentration of litter (g g-1) by litter 

production (g m-2) in 2003. Nutrient dynamics, defined as the release or 

accumulation of a nutrient during decomposition, was estimated by the change of the 

relative nutrient concentrations and the proportion of initial nutrient content 

remaining during the incubation. Here, the relative nutrient concentration was 

expressed as the ratio between nutrient concentration and carbon concentration 

([nutrient]/[C]) in decomposing litter. The relative nutrient concentration revealed the 

release or accumulation of nutrient relative to C, which can elucidate the 

stoichiometric relationship between carbon and nutrients during decomposition 

(Moore et al. 2006). The proportion of initial nutrient content was defined as the ratio 
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of remaining nutrient content in decomposing litter to the initial nutrient content.  

Effects of CO2 and O3 on initial litter nutrient concentrations and fluxes were 

analyzed by ANOVA using a model developed by King et al. (2001) for Aspen FACE. 

To identify the potential factors affecting nutrient dynamics across treatments and 

communities, principle-component factor analysis with equimax rotation was used 

(Johnson and Wichern, 2002). The factor analysis was computed based on a 

correlation matrix to eliminate the effect of different concentration ranges of macro 

and micro nutrients. The number of factors was determined using a scree plot and 

then identifying where the elbow in the curve occurs (Johnson and Wichern, 2002). 

Differences in the remaining proportion of the nine elements at the end of incubation 

were determined by Tukey multiple comparisons (P < 0.05). All statistical analyses 

were done using SAS® (Statistical Analysis System, Version 9, SAS Institute Inc., 

Cary, NC). 

Results 

Initial nutrient concentrations 

Trace gas effects  

Elevated CO2 decreased leaf litter N (-10.7 %) and B (-14.4 %) concentrations 

and increased P (+19.7 %) and K (+23.7 %) concentrations relative to the control, 

but did not change other element concentrations (Table 3.2). Elevated O3 decreased 

leaf litter concentrations of P (-11.2 %), S (-8.1 %), Ca (-12.1 %), and Zn (-19.5 %) 

(Table 3.2). The negative effect of O3 on Zn concentration was moderated by CO2. 

Averaged across species, elevated CO2 reduced Zn (-13 %) concentration under 

ambient O3, but increased Zn concentration (+19 %) under elevated O3, resulting in a 

significant interaction of CO2 × O3 (P = 0.04).  

Species effects  
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Birch-aspen leaf litter had higher concentrations of B (+12.6 %), Mg (+15.7 %) 

and Mn (+93.8 %), and lower concentrations of Ca (-20.4 %), Cu (-16.4 %), N (-7.5 

%) and S (-16.2 %), compared to aspen leaf litter (Table 3.2).   

Litter nutrient fluxes 

Trace gas effects 

 In 2003, elevated CO2 increased litter biomass production by 34.5 % averaged 

across aspen and birch-aspen communities (Liu et al. 2005). The increased litter 

production resulted in a significant increase in the fluxes of macro-nutrients to soil: 

N (+12.5 %), P (+61.0 %), S (+28.0 %), K (+67.1 %), Ca (+44.0 %), and Mg (+40.7 

%) (Table 3.3). Micro-nutrient fluxes also increased: Cu (+38.9 %), Mn (+62.8 %), 

and Zn (+33.1 %). Because of decreased litter production, elevated O3 significantly 

decreased the fluxes of N (-22.4 %), P (-25.4), S (-23.6 %), K (-27.2 %), Ca (-27.6 

%), Mg (-21.7 %), Cu (-20.8 %), B (-16.2 %) and Zn (-31.6 %) (Table 3.3).  

Species effects 

Averaged across the CO2 and O3 treatments, the birch-aspen community had 

lower fluxes of Ca (-23 %), S (-19.9 %) and Cu (-28.0 %), and higher fluxes of Mn 

(+92.4 %), compared to the aspen community. 

Macro-nutrients dynamics 

Trace gas effects 

The relative nutrient concentrations and nutrient proportions exhibited diverse 

responses to the elevated CO2 and O3 treatments. Decomposing litter under the four 

treatments showed similar N dynamics over the two-year incubation. In all cases N/C 

increased through time (Figure 3.1A and B). A significant interaction of O3 × time (P 

< 0.01) of N proportion suggests that elevated O3 tended to decrease N 

mineralization during early decomposition, and caused accumulation of N at later 
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stages (Figure 3.2A and B). A rapid decrease of P/C was observed during the early 

days followed by a gradual increase until the end of the incubation (Figure 3.1C and 

D). The initial P/C was higher under elevated CO2 and lower under elevated O3, but 

this difference disappeared by day 180, which resulted in significant CO2 × time (P < 

0.01) and O3 × time interactions (P < 0.01) (Figure 3.1C and D).   

Similar to N, sulfur showed alternate release and accumulation phases (Figure 3.2E 

and F). Elevated CO2 and elevated O3 had no effects on S/C or S proportion (Figure 

3.1E and F, 2E and F). Litter from elevated CO2 had lower initial K/C, but converged 

to a similar level as ambient CO2 by day 180, which resulted in significant CO2 × 

time interaction ( P = 0.01) (Figure 3.3A and B). About 70 % of the initial K was 

released from litter during the first 180 days. Thereafter the proportion of K 

remained unchanged in all treatments (Figure 3.4A and B). Calcium release rates 

were significantly decreased by both elevated CO2 (P < 0.01) and elevated O3 (P = 

0.01) (Figure 3.4C and D). There were overall trends of increasing Ca/C and 

decrease Ca proportion with time. Elevated CO2 and O3 had no impact on Mg/C and 

Mg proportion. 

Species effects 

The relative nutrient concentrations and nutrient proportions also exhibited 

diverse responses to species. At the end of incubation, aspen litter showed 8 % net 

increase in the total amount of N, while birch-aspen litter showed a 7 % net loss of N, 

which resulted in a significant community × time interaction (P < 0.01) of N 

proportion (Figure 3.2A and B). Aspen litter had higher S/C than birch-aspen litter, 

and these differences were consistent throughout the decomposition process (P = 

0.03) (Figure 3.1E and F). The two communities showed different S release patterns, 

with a significant community × time interaction (P = 0.01) of S proportion. By the 

end of the incubation, more S was retained in aspen litter (96 %) than in birch-aspen 

litter (82 %) (Figure 3.2E and F). Aspen litter had higher Ca/C (P < 0.01) and lower 

Mg/C (P < 0.01) than birch-aspen litter across incubation period (Figure 3.3C and D; 
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3E and F). After losing about 50 % of the initial Mg, the proportion of Mg in aspen 

litter continued to increase to 67 % by the end of the incubation, while the proportion 

of Mg in birch-aspen litter showed little change (Figure 3.4E and F), which resulted 

in a significant community × time (P < 0.01) interaction of Mg proportion.  

Micro-nutrients dynamics 

Trace gas effects 

As with macro-nutrients, the relative nutrient concentrations and nutrient 

proportions of micro-nutrients showed diverse responses to the atmospheric 

treatments. Litter from elevated CO2 had lower B/C early in the incubation. This 

difference disappeared by day 360 and resulted in a significant CO2 × time 

interaction (P = 0.01) (Figure 3.5A and B). Elevated CO2 significantly reduced the 

net release of B compared to the control (P = 0.04) (Figure 3.6A and B). Elevated 

CO2 and elevated O3 had no significant impact on Cu dynamics. The proportion of 

Cu remained unchanged in the first 540 days, followed by a rapid increase 

throughout the rest of the incubation. The proportion of Cu increased by 70 % by the 

end of incubation (Figure 3.6C and D). There was a general trend of increasing Mn/C 

with time (Figure 3.5E and F). The significant CO2 × community interaction (P = 

0.03) was due to the fact that elevated CO2 tended to increase Mn/C of birch-aspen 

litter but had no impact in aspen litter. The relative Zn concentration (Zn/C) and 

proportion showed a rapid increase in the first year and then decreased. Elevated 

CO2 tended to increase Zn release rate in birch-aspen litter under elevated O3, but 

had no impact in aspen litter, which led to a significant CO2 × community × O3 

interaction of Zn proportion (P = 0.01) (Figure 3.6G and H). 

Species effects 

For all micro-nutrients, aspen litter had lower B/C, Mn/C, Cu/C and Zn/C levels 

than birch-aspen litter during the decomposition period. Aspen litter showed a slower 

increase of B/C, Mn/C and Zn/C with time than that of birch-aspen during 



 51

decomposition (Figure 3.5 A , B, E , F and G, H), which resulted in significant 

community × time interactions of B/C (P < 0.01), Mn/C ( P < 0.01) and Zn/C ( P = 

0.01).  

Factor Analysis 

   Principle component factor analysis was used to group the original variables of 

relative nutrient concentration into fewer composite variables. The total variables of 

the relative nutrient concentration were allocated into three factors (Table 3.4). This 

three-factor model explained 98.5 % of the variation in nutrient dynamics. 

Communalities estimate the variance in each variable explained by this model. The 

model explained about 70 % of the variance for most macro-nutrients (N, P, S, K, 

and Ca) and 52 % of the variance for Mg. The model performance for 

micro-nutrients was less satisfactory, explaining only 7 to 42 % of the variance 

depending on the element. 

The first factor, which appears to be an accumulation/immobilization factor 

dominated by N, S and Ca, explained 64.4 % of total variance. These nutrients were 

lost more slowly than C and were retained or even imported into the litter to meet the 

requirements of microorganisms. The second factor, which appears to be a 

release/mineralization factor dominated by P, K and Mg, explained 31.1 % of total 

variance. These nutrients were lost faster than C, especially during the initial 

leaching phase. Finally, the third factor explained only 3.0 % of the total variation, 

with high loadings from N, Mg, Mn and B. We limited interpretation of the third 

factor, which appears to be mixed effects of Factor 1 and Factor 2: release 

dominating the early incubation and accumulation dominating later in the incubation 

for those elements.  

Comparing the proportion of the nine elements at the end of the incubation, a 

mobility series was suggested as follows (elements that did not differ significantly in 

their proportion are underlined together): 
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Discussion 

In the current study, we hypothesized that elevated CO2 would have little effect 

on litter nutrient concentrations and that nutrient fluxes to soil would increase due to 

higher rates of litter production. Secondly, we hypothesized that elevated O3 would 

also have little effect on nutrient concentrations, but would decrease nutrient fluxes 

to soil. Our final hypothesis was that elevated CO2 would have little effect on 

nutrient release rate, but that elevated O3 would decrease it due the effects of 

increased concentrations of condensed tannins and soluble phenolics on litter 

decomposition. On balance, our results support these hypotheses, although initial 

concentrations of several elements were affected by elevated CO2 and O3. Specific 

release rates of nutrients from decomposing litter, however, were little affected by 

the treatments, causing nutrient fluxes to soil to be dominated by productivity 

responses of the trees. 

Initial litter nutrient content and fluxes 

We found elevated CO2 decreased N, S and B concentrations, increased K and P 

concentrations, and had no effect on the other six elements in aspen and birch leaf 

litter. The decrease in N concentration is commonly observed for leaves exposed to 

elevated CO2 (Heagle et al. 1993; Fangmeier et al. 1997; Booker and Maier 2001; 

Norby et al. 2001; Kasurinen et al. 2006; Norby and Iversen 2006). Carbohydrate 

dilution did not explain N concentration change in the current study because no 

carbohydrate accumulation was observed in leaf litter (Liu et al. 2005). The lower N 

concentration under elevated CO2 may be due to low nitrogen demand because the 

capacity of Rubisco to fix CO2 is enhanced under elevated CO2 (Nowak et al. 2004). 

Sulfur showed a nearly identical response to elevated CO2 as N, with strong positive 

correlation between the two elements (R = 0.74, P < 0.01). The lower S concentration 

 ZnCu Mn   N  S Ca B Mg  mass  P K ≥≥≥≥≥≥≥≥≥≥
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may be an indirect effect of decreased Rubisco and other proteins under elevated CO2 

(Wustman et al. 2001; Frehner et al. 1997; Akin et al. 1995). Concentrations of K and 

P increased and a possible factor contributing to this may have been that leaf surface 

properties changed under elevated CO2. Percy et al. (2002) found cuticular wax 

production of aspen was stimulated by elevated CO2 at this site, which could change 

leaf wettability and reduced cation leaching. This hypothesis is supported by Johnson 

et al.’s (2004) study of throughfall nutrient fluxes at Oak Ridge FACE site, which 

reported reduced N, P, Ca and Mg concentrations under elevated CO2.  

In this experiment, we found that O3 tended to decrease litter nutrient 

concentrations (significant for S, P, Ca, and Zn, and marginally significant for N). 

This may have been caused by i) lower root uptake; ii) increased translocation; iii) 

increased leaching; or iv) other related physiological processes. Rubisco 

concentration has been shown to decrease under elevated O3 (Wustman et al 2001), 

which could partly explain the decrease of N and S concentrations. Low 

carboxylation efficiency under O3 (Karnosky et al 2003) decreases inorganic P 

consumption for ATP synthesis and could result in lower P demand. Calcium 

transport is considered to be governed by transpiration (McLaughlin and Wimmer 

1999). Elevated O3 has been shown to decrease transpiration rates (Woo and 

Hinckley 2005; Moraes et al. 2006), which may have contributed to the decreased Ca 

accumulation in leaf litter reported here.    

Nutrient input from 2002 to 2004 at Aspen FACE site 

We estimated the nutrient pool (g/m2) of decomposing litter by multiplying the 

remaining biomass (g/m2) with corresponding nutrient concentration (g/g). Litter 

biomass was measured from 2002 to 2004 at Aspen FACE site (data not shown). 

Based on nutrient dynamics and biomass decomposition of the litter produced in 

2003, nutrient pools of the litter produced in 2002 and 2004 were estimated, 

assuming litter produced in different years had the same initial nutrient 

concentrations and decomposition rates. Nutrient inputs from 2002 to 2004 were 
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then calculated by summing litter nutrient pools of the three years. We found the 

accumulation of the 9 elements in forest floor increased through time for all 

treatments in the order: +CO2 > +CO2+O3 > control > +O3 (Figure 3.7).   

Concentrations of most nutrients in plant tissue are constrained to relatively narrow 

ranges (Taiz and Zeiger, 1998; Chapin et al. 2002). We observed small changes in 

litter nutrient concentrations under elevated CO2 and O3. However, the increase in 

litter biomass production under elevated CO2 and the decrease under elevated O3 

resulted in significant changes in nutrient inputs to the forest floor. Our findings of 

reduced nutrient inputs under elevated O3, and possibly decreased nutrient release 

rates associated with higher concentrations of carbon based secondary compounds 

(Liu et al. 2005), suggest that regional increases in tropospheric O3 may slow rates of 

nutrient cycling in northern hardwood forests. 

Nitrogen limitation 

The hypothesis of progressive N limitation (PNL) of forest productivity in 

response to elevated CO2 is currently an area of active investigation (Norby and 

Iversen. 2006; Finzi et al. 2006; Luo et al. 2006 and Johnson 2006). Luo et al. (2004) 

hypothesized that limitation by N is mostly due to N allocation to long lived biomass 

and soil organic carbon. Studies at the Aspen FACE project show that elevated CO2 

has had no impact on N concentration of wood and fine roots (Kaakinen et al 2004; 

Chapman et al. 2005), and has caused a sustained increase in stand productivity 

(King et al. 2001, King et al. 2005b). These results suggest that the soil N supply is 

still sufficient to meet the increase in productivity, even though more N is being 

immobilized in plant biomass. Litter decomposition from leaves and fine roots and 

soil N availability have not been significantly altered by elevated CO2 (Chapman et 

al. 2005; Holmes et al. 2006; this study). Combined with increased N inputs from 

fine roots (Chapman et al. 2005; King et al. 2005b) and leaf litter (Liu et al. 2005), N 

incorporated into soil organic C would be expected increase at our site, in agreement 

with the PNL hypothesis. However, greater plant acquisition of N under elevated 
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CO2 may have resulted from greater soil exploration through increasing root biomass, 

surface area, and length (King et al. 1997; King et al. 2001; King et al. 2005b), or 

increased carbon allocation to roots and mycorrhizal fungi (Giardina et al. 2005). 

Thus we expect the potential for PNL to occur will be moderated by native soil N 

supply and plant and microbial responses to elevated CO2. At more fertile sites, soil 

supply may be sufficient to sustain an increased demand for N under elevated CO2 

and PNL may be delayed or avoided altogether compared to less favorable sites.  

Decomposition and nutrient dynamics 

Although aspen and birch are both fast-growing, early-successional species, they 

showed different nutrient dynamics in the current study. This could be related to 

different litter decomposition rates of the two communities. During the two years of 

field incubation, aspen litter lost 34.5 ±1.5 percent of the original biomass while 

birch/aspen litter lost 48 ± 2.3 percent of the original biomass (data not shown). 

Because of the faster biomass loss, birch/aspen litter retained less N, S, Ca, Mg and 

B than did aspen by the end of the incubation.  

In terms of nutrient dynamics, the accumulation of N and S may have been 

controlled by microbial immobilization. The loss of K and Mg may have been related 

more to their chemical characteristics. These elements are relatively mobile in litter 

and the abiotic adsorption of humified litter has low effect on them (Laskowski et 

al.1995; Kraus et al. 2003). The proportion of P in litter decreased rapidly during the 

first 180 days, followed by a stable stage for the remainder of the incubation period. 

This pattern may be because P was recycled during litter decomposition processes, 

which hindered release to the soil solution (Wardle et al. 2004). Heavy metal 

elements, such as Cu and Zn, can chelate with humic matter and therefore 

accumulate in later decomposition stages (Laskowski et al.1995). However, the 

accumulation may also be due to nutrient import from other sources, such as 

transport by soil microbes, leaching from overlying litter and canopy, and 

atmospheric deposition.  
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It should be kept in mind that our estimates of decomposition were based on a 

litterbag study, and interpretation of results is based on relative comparisons between 

the treatments at Aspen FACE. Decomposition of litter unconfined in bags may or 

may not have differed from that reported here. Litterbags with 1 mm mesh size were 

used in our study, which excluded macro and some meso-fauna from the litter. Macro 

fauna have strong effects on litter decomposition by fragmenting litter, mixing litter 

into the soil or grazing soil microorganisms (Chapin et al. 2002). Excluding macro 

fauna can reduce litter mass loss and nutrient release (Tian et al. 1992; Bradford et al. 

2002; Koukoura et al. 2003; Schädler and Brandl 2005). Elevated CO2 and O3 can 

alter soil fauna abundance and composition (Loranger et al. 2004), also affecting 

litter consumption rates by soil fauna through changing litter chemistry (Kasurinen et 

al. 2007), thereby complicating litterbag-based efforts to evaluate the potential 

effects of macro fauna on nutrient dynamics. Additional research is clearly needed to 

better understand how soil fauna influence nutrient cycles under elevated CO2 and 

O3.  

Conclusion 

In conclusion, results from our study indicate that although leaf litter nutrient 

concentrations did not show consistent responses to elevated CO2, all nutrient fluxes 

to soil, except B, were increased by elevated CO2. Nutrient concentrations tended to 

be lower under elevated O3. Combined with lower biomass production, all nutrient 

fluxes to soil, except Mn, were decreased by elevated O3. Elevated CO2 and O3 also 

influenced nutrient release rates, but overall, microbial requirements and chemical 

properties of those elements had much more important effects on the patterns of 

nutrient dynamics. The forest floor in these aggrading stands acted as a nutrient sink 

for N, S, Mn, Cu and Zn, but as a source for K, P, Mg, Ca and B during the first two 

years of decomposition. 
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Table 3.1. Effect of elevated CO2 on leaf nutrient concentrations: results of previous published studies. Values represent the percentage change 
of nutrient concentrations at elevated CO2.* (-: decrease; +: increase; n.s.: no significant change) 

Source N P S K Ca Mg B Cu Mn Zn 
Picea abies  1 n.s. +14.9% n.s. +5.3% n.s. +15.3%  n.s. n.s. n.s. 
Erica arborea 2 n.s. +21.3%  +42.0% n.s. n.s. -29.1% n.s.  n.s. 
Juniperus 
communis 2 

n.s. n.s.  +42.4% +10.0% +21.3% n.s. n.s.  +43.4%

Myrtus 
communis 2 

-17.7% -15.8%  n.s. n.s. +28.7% +20.0% n.s. +115% n.s. 

Citrus 
aurantium 3 

-10.0% n.s. -4.2% -3.3% -6.3% -2.6% 9.8% 0.6% -12.6% -0.9% 

Gossypium 
hirsutum 4 

-32.1% n.s.  -22.9% -32.0% -25.5% -18.5% n.s. -22.6% -18.5%

Trifolium 
repens 5 

-12.8% -13.1% -16.7% -13.7% n.s. n.s. -18.7% -15.3% +4.8% n.s. 

1: Pfirrmann et al. 1996; 2: Penuelas et al. 2001; 3: Penuelas et al. 1997; 4: Huluka et al. 1994; 5:  Heagle et al. 1993; 

* Data were selected according to two criteria 1) elevated CO2 treatment was between 450 to 700 ppm; 2) concentrations of nutrient were 
reported on a mass basis. 
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Table 3.2. Mean ± SE (n=3) and P-values of nutrient concentrations of aspen and birch-aspen litter produced under the experimental treatments 
at the Aspen FACE project, Rhinelander, WI. 

  N (%) P (%) S (%) K (%) Ca (%) Mg (%) B (ppm) Cu (ppm) Mn (ppm) Zn (ppm)
Aspen            

Mean 1.53 0.21 0.14 0.39 2.04 0.34 24.12 8.62 332.55 226.04 Control 
SE 0.19 0.03 0.02 0.08 0.21 0.07 1.02 1.35 144.46 38.33 
Mean 1.31 0.24 0.14 0.46 2.38 0.35 21.34 8.78 173.29 208.08 +CO2 
SE 0.12 0.03 0 0.1 0.28 0.09 4.45 1.8 11.84 10.91 
Mean 1.43 0.17 0.13 0.32 1.99 0.3 24.29 8.32 141.69 174.49 +O3 
SE 0.13 0.01 0.01 0.08 0.14 0.03 2.04 1.01 6.06 13.48 
Mean 1.37 0.21 0.13 0.39 2.17 0.32 21.39 8.38 155.43 188.05 +CO2+O3 
SE 0.1 0.02 0.01 0.08 0.16 0.07 1.83 0.41 67.95 42.1 

Birch - Aspen           
Mean 1.53 0.22 0.13 0.37 1.97 0.35 28.93 7.49 276.97 233.26 Control 
SE 0.11 0.02 0.01 0.06 0.28 0.03 3.18 0.61 79.08 45.62 
Mean 1.25 0.23 0.11 0.51 1.83 0.41 22.93 7.1 476.63 194.25 +CO2 
SE 0.05 0.03 0.02 0.11 0.3 0.03 3.62 1.14 80.42 41.03 
Mean 1.25 0.16 0.1 0.37 1.37 0.38 26.16 6.53 300.52 138.43 +O3 
SE 0.05 0.01 0.01 0.06 0.1 0.01 1.56 0.88 42.75 17.23 
Mean 1.19 0.25 0.11 0.45 1.62 0.37 24.26 7.26 500.3 186.38 +CO2+O3 
SE 0.10 0.04 0.01 0.08 0.13 0.02 2.26 0.68 139.05 24.62 

Source           
CO2 0.01 0.01 0.06 0.07 0.20 0.35 0.01 0.94 0.15 0.91 
O3 0.07 0.05 0.01 0.23 0.03 0.21 0.96 0.57 0.34 0.01 
CO2×O3 0.08 0.08 0.15 0.64 0.59 0.30 0.45 0.68 0.29 0.04 
Com 0.03 0.63 0.00 0.29 0.00 0.03 0.01 0.01 0.00 0.34 
CO2×Com 0.70 0.38 0.87 0.56 0.27 0.97 0.53 0.92 0.01 0.74 
O3×Com 0.11 0.63 0.28 0.53 0.13 0.43 0.67 0.95 0.13 0.48 
CO2×O3×Com 0.72 0.17 0.28 0.66 0.13 0.24 0.26 0.48 0.28 0.22 
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Table 3.3. Mean ± SE (n=3) and P-values for nutrient inputs (g m-2) to soil through leaf litter produced in the experimental treatments at the 
Aspen FACE project (n = 3)  

  N P S K Ca Mg B Cu Mn Zn 

Aspen            
Mean 3.42 0.49 0.32 0.90 4.69 0.78 5.57E-03 1.97E-03 7.61E-02 5.21E-02Ambient SE 0.52 0.09 0.05 0.17 0.55 0.15 1.53E-04 3.21E-04 3.15E-02 9.82E-03
Mean 3.90 0.73 0.41 1.41 7.14 1.04 6.40E-03 2.70E-03 5.25E-02 6.28E-02+CO2 
SE 0.65 0.14 0.06 0.42 0.64 0.28 1.32E-03 8.19E-04 8.95E-03 7.35E-03
Mean 2.50 0.31 0.25 0.58 3.61 0.53 4.40E-03 1.53E-03 2.58E-02 3.20E-02+O3 
SE 0.46 0.04 0.05 0.22 0.35 0.04 5.00E-04 3.79E-04 4.00E-03 6.49E-03
Mean 3.30 0.52 0.32 0.95 5.33 0.79 5.27E-03 2.07E-03 3.84E-02 4.64E-02+CO2+O3 
SE 0.10 0.04 0.02 0.21 0.38 0.18 5.86E-04 1.53E-04 1.75E-02 1.13E-02

Birch - Aspen           
Mean 3.11 0.46 0.27 0.77 4.18 0.74 6.00E-03 1.60E-03 5.68E-02 4.83E-02Ambient 
SE 0.48 0.03 0.05 0.06 1.12 0.12 1.00E-04 3.46E-04 1.12E-02 5.60E-03
Mean 3.51 0.66 0.33 1.46 5.28 1.17 6.63E-03 2.03E-03 1.38E-01 5.59E-02+CO2 
SE 0.37 0.08 0.02 0.17 1.04 0.21 1.34E-03 3.06E-04 3.42E-02 1.28E-02
Mean 2.23 0.30 0.19 0.69 2.56 0.71 4.87E-03 1.20E-03 5.61E-02 2.59E-02+O3 
SE 0.06 0.03 0.01 0.13 0.22 0.02 3.06E-04 1.73E-04 7.77E-03 4.25E-03
Mean 2.78 0.60 0.26 1.08 3.91 0.88 5.87E-03 1.77E-03 1.20E-01 4.49E-02+CO2+O3 
SE 0.11 0.13 0.03 0.24 0.41 0.08 6.51E-04 2.52E-04 3.13E-02 6.04E-03

Source           
CO2  0.01 0.00 0.00 0.01 0.00 0.00 0.08 0.01 0.01 0.00 
O3  0.01 0.00 0.00 0.04 0.00 0.02 0.04 0.05 0.08 0.00 
CO2×O3  0.41 0.61 0.88 0.38 0.60 0.34 0.68 0.64 0.64 0.22 
Com  0.12 0.83 0.01 0.59 0.00 0.02 0.22 0.01 0.00 0.27 
CO2×Com  0.73 0.65 0.51 0.48 0.20 0.52 0.52 0.63 0.00 0.95 
O3×Com  0.93 0.28 0.74 0.27 0.95 0.21 1.00 0.63 0.23 0.88 
CO2×O3×Com   0.84 0.36 0.68 0.59 0.45 0.07 0.52 0.63 0.17 0.62 
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Table 3.4. Results of principle components analysis (equimax rotated factor loadings 
and communalities) of the relative nutrient concentrations ([nutrient]/[C]) in 
decomposing leaf litter from Aspen FACE experiment, Rhinelander, WI.  

 Factor1
(64.4 %)

Factor2
(31.1 %)

Factor3
(3.0 %)

Communalities 

N/C 0.90 -0.09 0.42 1.00 
S/C 0.86 0.00 0.02 0.74 
P/C 0.37 0.75 0.20 0.75 
K/C -0.21 0.91 0.26 0.94 
Ca/C 0.72 0.23 -0.66 1.00 
Mg/C 0.06 0.49 0.53 0.52 
Mn/C 0.15 0.05 0.48 0.25 
B/C 0.19 0.29 0.42 0.30 
Cu/C 0.60 -0.02 0.24 0.42 
Zn/C 0.04 -0.28 0.02 0.08 
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Table 3.5. P-values for relative nutrient concentration of decomposing aspen and birch/aspen leaf litter produced under elevated CO2 and O3 
treatment at the Aspen FACE.  

 
Source N/C P/C S/C K/C Ca/C Mg/C B/C Cu/C Mn/C Zn/C 
CO2 0.194 0.334 0.079 0.135 0.053 0.118  0.033 0.644 0.296 0.982 
O3 0.249 0.487 0.100 0.216 0.020 0.686  0.085 0.921 0.621 0.329 
CO2*O3 0.443 0.121 0.397 0.824 0.494 0.039  0.003 0.613 0.220 0.056 
Comm 0.411 0.988 0.027 0.233 0.000 0.001  0.000 0.346 <.0001 0.012 
CO2*Comm 0.716 0.833 0.799 0.484 0.679 0.714  0.627 0.319 0.025 0.605 
O3*Com 0.957 0.972 0.979 0.964 0.389 0.338  0.028 0.706 0.659 0.617 
CO2*O3*Comm 0.757 0.923 0.700 0.881 0.357 0.980  0.188 0.109 0.868 0.078 
Time <.001 <.001 <.001 <.001 0.000 0.154  0.000 <.001 <.001 0.001 
CO2*Time 0.683 0.001 0.190 0.007 0.003 0.039  0.009 0.989 0.355 0.665 
O3*Time 0.374 0.001 0.251 0.201 0.010 0.004  0.911 0.981 0.856 0.901 
CO2*O3*Time 0.009 0.174 0.234 0.840 0.184 0.002  0.443 0.754 0.085 0.007 
Comm*Time 0.228 0.573 0.013 0.529 <.001 <.001 <.001 0.945 <.001 0.006 
CO2*Comm*Time 0.213 0.162 0.937 0.140 0.587 0.296  0.004 0.040 0.111 0.179 
O3*Comm*Time 0.107 0.210 0.598 0.888 0.032 0.705  0.631 0.990 0.058 0.785 
CO2*O3*Comm*Time 0.185 0.001 0.091 0.113 0.071 0.232  0.215 0.018 0.092 0.257 
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Table 3.6. P-values for nutrient proportion of decomposing aspen and birch/aspen leaf litter produced under elevated CO2 and O3 treatment at 
the Aspen FACE.  

 
Source N P S K Ca Mg B Cu Mn Zn 

CO2 0.146  0.513  0.067  0.162  0.138  0.345  0.044  0.684  0.316  0.928  
O3 0.184  0.441  0.072  0.168  0.026  0.367  0.457  0.814  0.513  0.290  
CO2*O3 0.368  0.131  0.309  0.742  0.443  0.027  0.011  0.557  0.196  0.064  
Comm 0.238  0.862  0.016  0.242  0.000  0.001  0.000  0.291  <.0001 0.014  
CO2*Comm 0.579  0.787  0.725  0.459  0.633  0.597  0.834  0.267  0.017  0.613  
O3*Com 0.861  0.938  0.899  0.957  0.346  0.303  0.023  0.699  0.759  0.579  
CO2*O3*Comm 0.567  0.832  0.530  0.833  0.447  0.890  0.296  0.187  0.966  0.072  
Time <.0001 <.0001 <.0001 <.0001 0.001  <.0001 0.000  <.0001 <.0001 0.001  
CO2*Time 0.850  0.000  0.511  0.003  0.020  0.253  0.004  0.990  0.577  0.682  
O3*Time 0.378  0.003  0.723  0.285  0.058  0.189  0.991  0.992  0.963  0.864  
CO2*O3*Time 0.113  0.181  0.518  0.867  0.466  0.025  0.437  0.812  0.143  0.006  
Comm*Time 0.639  0.694  0.048  0.399  <.0001 0.011  <.0001 0.945  <.0001 0.006  
CO2*Comm*Time 0.642  0.285  0.982  0.277  0.592  0.296  0.004  0.040  0.111  0.179  
O3*Comm*Time 0.230  0.292  0.580  0.785  0.053  0.705  0.631  0.990  0.058  0.785  
CO2*O3*Comm*Time 0.924  0.008  0.398  0.249  0.243  0.232  0.215  0.018  0.092  0.257  
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Figure 3.1: Trends in N/C, P/C and S/C levels in decomposing aspen and birch/aspen 
leaf litter samples from trees previously treated with elevated CO2 and O3 at the 
Aspen FACE site (n=3) 
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Figure 3.2: Litter N, P and S proportion dynamics over 735 days in decomposing 
aspen and birch/aspen litter under experimental treatments at the Aspen FACE project 
(n=3). 
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Figure 3.3: Trends in K/C, Ca/C and Mg/C levels in decomposing aspen and 
birch/aspen leaf litter samples from trees previously treated with elevated CO2 and O3 
at the Aspen FACE project (n=3). 
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Figure 3.4: Litter K, Ca and Mg proportion dynamics over 735 days in decomposing 
aspen and birch/aspen litter under experimental treatments at the Aspen FACE project 
(n=3).  
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Figure 3.5: Trends in B/C, Cu/C, Mn/C and Zn/C levels in decomposing aspen and 
birch/aspen leaf litter samples from trees previously treated with elevated CO2 and O3 
at the Aspen FACE project (n=3).  
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Figure 3.6: Litter B, Cu , Mn and Zn proportion dynamics over 735 days in 
decomposing aspen and birch/aspen litter under experimental treatments at the Aspen 
FACE project (n=3).  
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Figure 3.7: Calculated nutrient inputs to soil (N, P and S) from 2002 to 2004 under the 
experimental treatments the Aspen FACE project.   
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CHAPTER 4 

Plant community composition and stages of decomposition influence the 
dynamics of mass and carbon constituents loss under elevated atmospheric CO2 

and tropospheric O3 
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Abstract 

Rising concentrations of atmospheric CO2 and tropospheric O3 have the potential 

to alter leaf litter production and chemistry, which in turn could influence forest 

productivity, soil carbon formation and nutrient cycling. The aim of this study was to 

examine the effects of elevated CO2 and O3 and their interaction on leaf litter 

chemistry and decomposition in an  aspen (Populus tremuloides Michx) and birch 

(Betula papyrifera Marsh)-aspen communities. We performed a 935-day incubation 

study at the Aspen-FACE experiment in Rhinelander, WI, with naturally senesced leaf 

litter using in situ litter bags. Decomposing litter was sampled seven times during the 

incubation period and was analyzed for biomass loss, and concentrations of soluble 

sugars, soluble phenolics, condensed tannins, lipids, hemicellulose, and lignin. We 

found that mass loss of litter from the elevated CO2 treatments was significantly 

reduced (-10%) in the first year, but increased (+ 46%) in the second year. Elevated 

O3 reduced litter mass loss (-13%) in the first year, and had no effect on mass loss in 

the second year. Most soluble components (94% of soluble sugars, 99% of condensed 

tannins and 91% of soluble phenolics) and any treatment effects on initial 

concentrations disappeared rapidly. Most lignin loss occurred in the second year and 

elevated CO2 accelerated its decomposition. The mean residence time of litter from 

the birch/aspen community litter (3.1 years) was significantly lower than that of pure 

aspen (4.8 years). Our results indicate that elevated CO2 and O3 are likely to alter 

short-term litter decomposition dynamics while longer-term trends depend more on 

forest community composition.      

Keyword: atmospheric change; condensed tannins; soluble phenolics; N; lignin; mean 

residence time 
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Introduction 

Human activities have dramatically altered atmospheric chemistry. According to 

the most recent IPCC report (2007), carbon dioxide (CO2) has increased from a 

pre-industrial concentration of 280 ppm to 379 ppm by 2005, with the most rapid 

increase (1.9 ppm / year) occurring in  the last 10 years. Also of concern is 

tropospheric ozone (O3), a secondary pollutant formed via photo-oxidation of volatile 

organic compounds in the presence of nitrogen oxides (IPCC 2001; Unger et al. 2006). 

On a global level, tropospheric O3 concentrations have increased from pre-industrial 

levels of 10-20 ppb to the current background of about 40 ppb (IPCC 2001).  Peak 

O3 concentrations may be declining in some geographic regions, but background 

levels continue to rise. Fully 50% of forested lands worldwide are predicated to be 

exposed to O3 higher than 60 ppb by 2100 (Percy et al. 2003). 

In temperate deciduous forests, about 50% of the net primary productivity 

allocated to leaf production enters the decomposition pathway after being shed 

(Saugier et al. 2001). Over the past decade, numerous studies have demonstrated that 

elevated CO2 and O3 alter leaf litter production and its biochemical composition 

(Norby et al. 2001; Scherzer et al. 1998; Kainulainen et al. 2003; Parsons et al. 2004; 

Booker et al. 2005; Liu et al. 2005; King et al. 2005a; Giardina et al. 2005). At the 

Aspen FACE project, elevated CO2 increased leaf biomass production by 43%, while 

elevated O3 decreased it by 20% (King et al. 2005b). Decreased litter N concentration 

under elevated CO2 has been reported in many studies (Scherzer et al. 1998; Booker 

and Maier 2001; Parsons et al. 2004; Cotrufo et al. 2005; Liu et al. 2005; King et al. 

2005a). Increased concentrations of carbon-based secondary compounds under 

elevated CO2, such as lignin, tannins and phenolics, have also been reported (Booker 

et al. 2005; King et al. 2001b; Parsons et al. 2004), although other studies have found 

that elevated CO2 had little or no effect on these constituents (Finzi et al. 2001; 

Kainulainen et al. 2003; Liu et al. 2005). It is well known that O3 has detrimental 

effects on plant growth and development (EPA 2006). Elevated O3 has also been 
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shown to trigger antioxidant defense responses and increase foliage/litter 

concentrations of phenolic acids (Yamaji et al. 2003; Peltonen et al. 2005; Sager et al. 

2005), tannins (Jordan et al. 1991; Liu et al. 2005) and terpenes ( Kainulainen et al. 

2003; Sallas et al. 2001). Such changes in litter quality and quantity could have 

profound effects on substrate availability for microbial metabolism (Zak et al. 1993), 

in turn impacting decomposition, forest nutrient availability and carbon storage 

(Chapin et al. 2002). 

Elevated CO2 and O3 have the potential to alter litter decomposition not only by 

changing litter chemistry, but also by modifying forest floor environmental conditions 

such as soil moisture content, temperature and soil biota composition. In model 

simulations, Pendall et al. (2003) found that litter decomposition rates were doubled 

under elevated CO2, mostly due to higher soil moisture content under elevated CO2. 

Carney et al. (2007) recently found that elevated CO2 significantly increased the 

relative abundance of soil fungi and the activity of phenoloxidase, a critical enzyme in 

the decomposition of recalcitrant organic materials such as lignin. Loranger et al. 

(2004) found that elevated CO2 and O3 significantly decreased the abundance of 

several groups of soil fauna. Changes such as these in the physical, chemical and 

biological conditions of the forest soil environment could significantly affect 

biogeochemical process rates responding to atmospheric change. Therefore, it is 

important to conduct studies to assess the effects of elevated CO2 and O3 on 

decomposition dynamics under realistic field conditions that integrate the relevant 

level of ecological complexity, such as are permitted by FACE experiments.  

A number of studies have examined changes in litter chemistry and decomposition 

under elevated CO2 and elevated O3 (Scherzer et al. 1998; Kainulainen et al. 2003; 

Pendall et al. 2003; Parsons et al. 2004; Cotrufo et al. 2005; Booker et al. 2005; 

Chapman et al. 2005; King et al. 2005a; Carney et al. 2007). These studies show that 

some effects of atmospheric changes on litter production, chemistry and 

decomposition are species specific. Therefore, to understand how atmospheric 
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changes might affect decomposition dynamics and trends in various ecosystems, 

direct studies remain the best approach among currently available means. Trembling 

aspen and paper birch are both widely distributed species in north-temperate forests. 

Effects of atmospheric changes on their litter decomposition have important 

implications for regional carbon cycling and sequestration in northern forest 

ecosystems. According to our earlier leaf litter chemistry study at the Aspen FACE 

site (Liu et al. 2005), elevated CO2 has had a small effect on the concentrations of 

carbon-based secondary compounds although N concentration was lower. Elevated O3 

has increased the concentrations of condensed tannins and soluble phenolics. Litter 

from the birch/aspen community had significantly lower initial N and S 

concentrations compared with litter from the aspen community. The objective of this 

study was to determine if the observed chemical changes in leaf litter caused by 

elevated CO2 and O3 would alter decomposing litter chemistry and mass loss in 

trembling aspen and paper birch stands. We collected naturally senesced leaf litter and 

conducted a 2.5-year field incubation study. We hypothesized that: 1) low N 

concentration would decrease litter decomposition under elevated CO2; 2) high 

condensed tannins and soluble phenolics concentration would decrease litter 

decomposition under elevated O3; and 3) birch/aspen litter would decompose more 

slowly than aspen litter due to lower N and S concentrations.   

Method and materials 

Site description 

This study was conducted at the Aspen FACE experiment in Rhinelander, 

Wisconsin (45°40.5′N, 89°37.5′E), established in 1997. The experiment is a 

randomized complete block split plot design with three blocks. Each block contains 

four 30-m diameter circular plots: control (ambient CO2, ambient O3), elevated CO2 

(target 560 ppm CO2, ambient O3), elevated O3 (ambient CO2, target 1.5 × ambient O3) 

and elevated CO2 plus elevated O3. One half of each plot was planted with five 

trembling aspen (Populus tremuloides Michx.) clones differing in O3 sensitivity. One 
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quarter of each plot was planted with a single aspen clone and paper birch (Betula 

papyrifera Marsh). Trees were planted in June 1997 in a 1 × 1 m spacing and have 

been exposed to the atmospheric treatments during daylight hours throughout the 

growing season (May to October) since 1997. A complete description of the 

experimental design and operation of this FACE facility are provided by Dickson et al. 

(2000). 

Litter collection and field incubation 

Naturally senesced leaf litter was collected every two weeks from June to October 

in 2003 in plastic litter traps 43 cm in diameter in each aspen and birch/aspen 

sub-plot. Litter was composited by community within each plot, air dried and pooled 

across collection dates. About 2.5 g of leaf litter was placed in 11 × 7 cm litter bags 

with 1 mm mesh size. For the birch/aspen community samples, leaf litter was 

composited according to the dry biomass ratio of total annual aspen leaf litter to total 

annual birch leaf litter of the respective subplots in 2003. Litter bags were placed 

onto the soil surface in the respective plots from which the litter was collected. 

Decomposition was followed for 2.5 years from November 2003 to May 2006. Two 

litter bags were retrieved on the following dates from each treatment sub-plot: May 

2004 (180 d), July 2004 (270 d), November 2004 (360 d), May 2005 (540 d), August 

2005 (660 d), November 2005 (735 d) and May 2006 (915 d). After freeze-drying, 

the recovered litter was analyzed for mass loss, and then ground in liquid N and 

stored at -20 °C for chemical analysis. 

Litter chemistry 

Soluble sugars were extracted from litter samples (25 mg) with 2 ml of 

methanol:chloroform:water (60:25:15) (v/v) (3x) and quantified colorimetrically by 

the phenol-sulfuric acid method (Poorter and Villar 1997).  Absorbance was 

measured at 490 nm and soluble sugar concentration was expressed as 

glucose-equivalents using a standard curve (Tissue et al. 1995; Dubois et al. 1956). 
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After evaporating off the chloroform from the sugar extracts, lipid content was 

determined as the weight of the dried residue (Poorter and Villar 1997).  

The concentration of soluble phenolics was determined by the Folin-Ciocalteu 

method (Booker et al. 1996). Samples (50 mg) were extracted with 1.5 ml of 70% 

acetone (3x) and 50-µl aliquots of the extracts were then reacted with 0.475 ml of 0.2 

N Folin-Ciocalteu reagent and 0.475 ml of 1 M Na2CO3 for 1 h.  Absorbance of the 

solutions was measured at 724 nm and total phenolic concentrations were expressed 

as catechin-equivalents using a standard curve (Booker et al. 1996).  

Condensed tannins were measured by the acid-butanol method (Porter et al. 1986). 

Samples of litter residue (100 mg) were extracted with  1 ml ice-cold 

acetone-ascorbic acid mixture (70% acetone + 10 mM ascorbic acid) (5x). Aliquots 

(150 µl) of extract were diluted with 350 μl of 70% acetone-ascorbic acid solution, 

and mixed with 3.0 ml of 1 N butanol (95%) containing 5% HCl (v/v) and 100 μl of 

iron reagent (0.02 g ml-1 FeNH4(SO4)2·12H2O in 2 N HCl). After incubation for 50 

min at 100 °C, absorbance of the solutions was measured at 550 nm. A standard 

curve was prepared using purified condensed tannins extracted from senesced aspen 

and birch leaves as described previously (Booker, 2000). The acetone-extracted 

pellets used in the condensed tannins assay were dried and then extracted with 10% 

KOH (w/v) at 30 °C for 24 hours. The extracts were mixed with ice-cold absolute 

ethanol - 4 M acetic acid solution, stored at -20 °C for 24 hours and then centrifuged. 

Hemicellulose was determined by the dry weight of the precipitate (Dickson 1979).  

Lignin concentration was measured according to the method of Booker et al. 

(1996). Litter samples (50 mg) were first extracted with 50% MeOH (v/v) (3x), 

methanol:chloroform:water (53:26:21) (v/v) (2x), phenol:acetic acid:water (51:25:24) 

(v/v) (2x) , and then washed with EtOH (5x). The extractive-free cell wall material 

was oven-dried at 70 °C, treated with 5% H2SO4 (w/w) at 100 °C for 1 h and 72% 

H2SO4 (w/w) at 20 °C for 2 h. The digested samples were diluted with water and 

incubated in boiling water for 2 h. Lignin was determined by the residue weight. Ash 
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content was determined by combustion of sub-samples overnight in a muffle furnace 

at 450 °C. 

Calculations and statistical analysis 

Effects of CO2 and O3 on decomposition of litter mass and carbon-based 

constituents were analyzed with an ANOVA model developed by King et al. (2001a) 

for Aspen FACE. Data were tested for normality and outliers, which were defined as 

observations more than three standard deviations from the mean, were removed 

before analysis. Litter mass loss was calculated as the fraction of initial litter mass 

remaining (%) at each collection date. Litter mass decay rates (k) were estimated from 

a simple negative exponential model as: kt
ot emm −= , where om  is the initial litter 

mass, tm  is the litter mass at time t and k is the decay rate constant (Olson, 1963). 

The mean residence time (MRT) is calculated as 1/k. The differences in decay rates 

were analyzed by the Fisher's LSD (Least Significant Different) means test. All 

statistical analyses were done using SAS (Version 9, SAS Institute Inc., Cary, NC). 

Mass loss of decomposing litter in each year was separated into seven 

components: soluble sugars, condensed tannins, soluble phenolics, hemicelluose, 

lignin and ‘other compounds.’ Here, ‘other compounds’ were composed mainly of 

cellulose, protein and mineral nutrients. The contribution of litter mass loss from each 

component in each year was calculated as: [chemical]c× RMc - [chemical]p× RMp, 

where [chemical]c and RMc are the chemical concentration (%) and the remaining 

litter mass (%) of the last collection in the calculated year; [chemical]p and RMp are 

the chemical concentration (%) and the remaining litter mass (%) of the last collection 

in the previous year, respectively.  
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Results 

Litter decomposition 

Litter samples from the aspen and birch/aspen communities had similar 

decomposition rates in the first 270 days (Fig. 1). Thereafter, birch/aspen litter 

decomposed faster than aspen and the difference in mass remaining increased over 

time, resulting in a significant community × time interaction (P < 0.01) (Table 4.1). A 

significant CO2 × time interaction occurred because elevated CO2 reduced mass loss 

early in the incubation, but increased it later on. Litter produced under elevated O3 

decomposed slower (13%) than litter produced under ambient O3 (P = 0.01) (Table 

4.1). Litter mass loss was least in the elevated CO2 plus O3 treatment during the 200 

to 500 d incubation period, but it approximated or was less than control levels 

thereafter, resulting in a significant CO2 × O3 × time interaction (P = 0.04). 

The mean residence times (MRT) calculated over the 935 d incubation of aspen 

(4.8 years) was significantly longer than birch/aspen litter (3.1 years) (P = 0.01). 

Among all treatments, aspen litter from the elevated CO2 plus O3 treatment had the 

longest MRT (5.57 years), while aspen/birch litter from the same treatment had the 

shortest MRT (2.69 years), mainly due to rapid mass loss late in the incubation period 

(Table 4.2; Figure 4.1).  

Litter chemistry during decomposition 

The initial concentrations of soluble sugars, condensed tannins and soluble 

phenolics were higher in extracts of litter samples from the elevated O3 treatments for 

both communities, but those differences disappeared by day 180 (Figure 4.2). This 

resulted in a significant O3 × time interaction (Table 4.1). A significant CO2 × 

community interaction (P = 0.04) occurred for condensed tannins because 

concentrations were lower in aspen but higher in birch/aspen litter samples from the 

elevated CO2 treatments compared with ambient CO2 during the first 180 day (Figure 

4.2C, 4.2D).  Across treatments, litter samples from the birch/aspen community had 
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significantly higher lipid concentrations than those from the aspen community (P = 

0.01).  Elevated CO2 and O3 fumigation had no significant effect on lipid levels 

(Table 4.1). Averaged across the incubation period, hemicellulose concentration was 

higher in aspen litter and lower in birch/aspen litter under both elevated CO2 and 

elevated O3 treatments, which resulted in significant CO2 × community (P < 0.01) and 

O3 × community interactions (P = 0.01). A significant community × time interaction 

(P < 0.01) occurred because aspen litter had higher hemicellulose concentrations early 

in the incubation period, but lower levels after day 270 compared with birch/aspen 

litter samples (Figs. 4.3C, 4.3D). Lignin concentrations showed a rapid increase 

during early decomposition stages and were significantly higher under elevated O3 by 

day 180, but this difference became statistically nonsignificant by day 360, resulting 

in a statistically significant O3 × time interaction (P = 0.01) (Figure 4.3E, 4.3F). 

Carbon-based constituents versus litter mass loss 

Carbon-based constituents and litter mass loss showed diverse responses to 

elevated CO2 and O3. Litter mass loss was significantly decreased under elevated CO2 

(-10%) and elevated O3 (-13%) (P = 0.05) during the first year (Figure 4.4). Most 

soluble chemical compounds were lost during the first year: 94% of total soluble 

sugars, 99% of total condensed tannins and 91% of total soluble phenolics 

disappeared. The significant effect of elevated O3 on the loss of soluble sugars (P = 

0.02) and condensed tannins (P < 0.01) was due to the higher initial contents of the 

two constituents (Figure 4.4A, 4.4B). About 48% of the total lipid and 14% of the 

total hemicellulose content were lost in the first year as well. Averaged across 

treatments, litter sample mass decreased by 25% during the first year. The highest 

contribution of mass loss in the first year was due to ‘other compounds’ (11%), most 

of which was cellulose. Sugar (2%), condensed tannins (3%), soluble phenolics (2%), 

lipid (3%) and hemicellulose (2%) had similar contributions to mass loss in the first 

year. Lignin mass loss was highly variable during the first year. The amount of total 

lignin increased by 7.9% in litter samples from the elevated CO2 plus O3 treatment in 
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the aspen community, and was not significantly different from initial content in the 

other treatments in the first year. 

Elevated CO2 significantly increased litter mass loss (45%) from litter samples 

from both communities in the second year (P = 0.03). The statistically significant 

community effect on mass loss occurred because birch/aspen litter showed faster mass 

loss (22%) than aspen litter (11%) during the second year (Figure 4.4C, 4.4D). Lignin 

decomposition in the second year increased by 72% in aspen and by 38% in 

birch/aspen samples under elevated CO2.  Elevated O3 reduced lignin loss by 25% in 

aspen litter, but increased lignin loss by 36% in birch-aspen litter, resulting in a 

significant O3 × community interaction (Figure 4.4C, 4.4D). About 4% of total 

phenolics, 9% of total lipid, 35% of total hemicellulose and 31% of total lignin were 

lost during the second year. The proportion of soluble sugars and condensed tannin 

increased slightly in the second year – 9% and 1%, respectively, relative to their initial 

levels in the second year. Biomass loss during the second year was mostly due to 

losses of lignin (7% in aspen and 12% in birch/aspen) and hemicellulose (5% in aspen 

and 6% in birch-aspen). The mass change of ‘other compounds’ showed large 

variation during the second year and contributed a 4% mass increase in aspen and a 

1% increase in birch-aspen litter samples. 

Discussion  

In this long-term experiment, elevated CO2 and O3 were both shown to alter leaf 

litter chemistry (Liu et al. 2005), which in turn modified litter decomposition 

dynamics. We hypothesized that lower litter N concentrations would reduce 

decomposition rates under elevated CO2 and higher condensed tannin and soluble 

phenolic levels would reduce litter decomposition rates under elevated O3. We found 

that elevated CO2 treatment effects depended on the stage of decomposition while O3 

marginally suppressed litter mass loss. 
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Constituent dynamics  

The concentration of soluble phenolics and condensed tannins in the litter 

samples dropped quickly to near zero during the first 270 days of the incubation 

period. This observation is consistent with several previous studies (King et al. 2001b; 

Parsons et al. 2003; Chapman et al. 2005), suggesting that these constituents are 

rapidly leached and or catabolized by microorganisms. In our studies, we observed 

that slower N release (Liu et al. 2007) and lower mass loss rates under elevated O3 

were associated with higher initial concentrations of condensed tannin and soluble 

phenolics. Although treatment effects on the initial concentrations of the two 

constituents disappeared rapidly, we reasoned that the fraction of those chemicals 

leaching into the soil could have long-term effects on litter decomposition and 

nutrient cycling processes through inhibitory effects on soil microbial activity and 

formation of protein-polyphenol complexes resistant to decomposition 

(Hättenschwiler and Vitousek 2000; Kraus et al. 2003).  

Lignin concentration increased by 43% for both communities during the first 200 

days of the incubation. Relatively faster mass loss of other constituents is one possible 

factor driving the increase in proportion. Also, fine root growth into litter bags could 

have imported lignin and resulted in higher lignin levels. A rapid increase in 

hemicellulose concentration was also observed from day 360 to day 540. We used 

10% KOH to extract hemicellulose from leaf litter (after Dickson 1979). Some 

hemicelluloses closely attached to cellulose or lignin may not be removed from the 

cell wall by this procedure (Dickson 1979). With the decomposition of cellulose and 

lignin, those bound hemicelluloses were released, which may lead to an increase of 

the detectable hemicelluoses.  

Impacts of elevated CO2 

Results of previous elevated CO2 studies on litter decay have been mixed, with 

decreases (Parsons et al. 2004; Cotrufo et al. 2005), no change (King et al 2001b; 
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Norby et al. 2001; Booker et al. 2005; Chapman et al. 2005; King et al. 2005a) and 

increases reported (Pendall et al. 2003; Carney et al. 2007) reported. In the current 

study, elevated CO2 decreased litter decomposition during the first year, which is 

consistent with the results of Parsons et al’s (2004) one year decomposition study at 

the Aspen FACE site. However, elevated CO2 accelerated litter mass loss in the 

second year. Such patterns could be due to elevated CO2 decreasing leaf litter N 

concentration (Liu et al. 2005). Nitrogen concentration is a critical factor controlling 

soil microbial activity and could have positive and negative impacts on litter 

decomposition, depending on the decomposition stages (Berg and Laskowski 2006). 

Lower N availability to decomposers has been shown to reduce litter decomposition 

in the early stage (Berg and Laskowski 2006). In the current study, biomass loss in the 

first year was mainly due to soluble chemicals, hemicelluloses and cellulose 

decomposition. This large loss of high C concentration constituents may induce N 

limitation in the soil microbial community after C limitation is mitigated by the 

current year's fresh litter deposition.    

It is known that higher N concentration will reduce lignin decomposition by 

reducing the efficiency of ligninolytic enzymes (Berg and Laskowski 2006). In 

agreement with this expectation, we found that lignin decomposition occurred in the 

second year, and its decomposition rate was significantly faster in litter with low [N] 

from elevated CO2. However, a change in soil microbial community composition may 

be another contributing factor. Fungi have higher C/N, ranging from 10 to 15, than do 

bacteria, which ranges from 4 to 6. The increased litter inputs with a high C/N in the 

elevated CO2 treatment likely benefit fungi over bacteria in soils (Sylvia et al. 1998). 

Carney et al (2007) found that elevated CO2 stimulated soil organic carbon 

decomposition in a scrub oak ecosystem, and suggested that such a decrease was 

driven by high fungi abundance and soil carbon degrading enzymes. Although we 

found that litter from the elevated CO2 treatment had similar mass left as litter from 

the ambient CO2 treatment after the 935-d incubation, there is a reasonable possibility 

that elevated CO2 could actually increase carbon losses by stimulating decomposition 



 83

of recalcitrant carbon. 

Impacts of elevated O3 

In our study litter decomposition was suppressed under elevated O3, which is in 

line with the observation of Booker et al. (2005) who reported that elevated O3 

significantly decreased leaf residue decomposition of soybean in a 20-week field 

incubation.  Similar findings were reported for O3-treated blackberry (Rubus 

cuneifolus Pursh.) and broomsedge bluestem (Andropogon virginicus L.) shoots (Kim 

et al., 1998).  Decreased decomposition may have been due to lower litter quality. 

Compared to elevated CO2, elevated O3 had different impacts on leaf litter chemistry 

at our site, with higher tannins and phenolics concentrations, and lower S, P, Ca and N 

concentrations. The carbon sequestration capacity of forest soils depends on the net 

balance of C inputs (litter production) and C loss (litter decomposition) (Olson 1963). 

The slower decomposition rate under elevated O3 may ameliorate the effects of lower 

biomass production on soil C accumulation. This is in agreement with Loya et al. 

(2003) who reported that soil under O3 fumigation had the highest acid-insoluble C 

content, compared to other treatments at Aspen FACE. Loya et al. (2003) also found 

that elevated O3 reduced soil C formation under elevated CO2. Mean residence times 

of fine root (Chapman et al. 2005) and leaf litter (this study) under elevated CO2 and 

elevated CO2 plus O3 were not significantly different at Aspen FACE. We expect such 

reduction was mostly due to elevated O3 decreasing plant biomass production (King et 

al. 2005b), instead of accelerating litter decomposition under elevated CO2.  

Results of the LSD test on mean residence time suggested that elevated O3 had no 

significant impacts on litter decomposition rate, which is different from the results of 

the ANOVA. This discrepancy could be due to that we used negative exponential 

regression model to calculate MRT, but used general linear model for ANOVA. The 

suppression of elevated O3 on litter decomposition was not large enough to be 

detected by the negative exponential model.  
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Impacts of species composition 

Species composition is an important but often ignored factor in determining litter 

decomposition. Substantial experimental evidence indicates mixed-species litter 

decomposition patterns cannot be predicted from single-species decomposition studies 

(Gartner and Cardon, 2004; Smith and Bradford, 2003). At the Aspen FACE site, 

species composition of the birch/aspen community has been altered by elevated CO2 

and O3, with elevated O3 accelerating conversion of stands to dominance by birch, and 

elevated CO2 delaying it (Kubiske et al. 2007). There was an apparent trend of 

litterfall biomass shift from aspen to birch in the aspen-birch community from 2001 to 

2004 (Giardina et al, unpublished data). How variation in the composition of litter 

mixtures impacts overall litter decomposition is an interesting and important question 

that has received little attention in the literature. In the current study, we mixed aspen 

and birch litter according to the production ratio of the two species in the birch/aspen 

community in 2003. Compared to pure aspen litter, the birch/aspen mixture had 

significantly lower initial N and S concentrations, and similar lignin, tannin and 

phenolics concentrations (Liu et al. 2005). We expected that the birch/aspen mixture 

would have a lower decomposition rate due to the relatively poorer litter quality. 

Surprisingly, the mean residence time of birch-aspen litter was significantly lower 

than that of pure aspen. Chung et al. (2007) found that plant species richness had a 

strong positive effect on soil microbial activity, with higher biodiversity resulting in 

higher total microbial biomass, fungal abundance, and cellulolytic activity. Litter from 

different species affects decomposition rates of individual leaf types in mixtures 

through physical, chemical and biological interaction. We speculate that the 

birch-aspen mixture may improve decomposition conditions by providing 

heterogeneous litter substrates, which may change the microenvironment and 

diversity of the decomposer community (Gartner and Cardon 2004; Hector et al 

2000).  
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Conclusion  

In this study, decomposition patterns are shown to be dependent on incubation time 

and species composition. Elevated CO2 decreased litter mass loss during the early 

stage, but increased it later on. Elevated O3 reduced litter decomposition, which was 

associated with high condensed tannin and soluble phenolics concentrations in the 

initial litter. This might result in higher recalcitrant carbon accumulation in the soil 

even with lower mass input. Atmospheric change has the potential to alter species 

composition in ecosystems, but few studies investigated litter decomposition based 

community composition. We found that a birch/aspen mixture of litter decomposed 

faster than pure aspen litter even with poorer litter quality, suggesting that litter 

decomposition rate can not predicted from single species studies. 
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Table 4. 1. P-values for mass and carbon-based constituents of decomposing aspen and birch/aspen leaf litter produced under elevated CO2 and 
O3 treatment at the Aspen FACE site (n=3).  
 

Source Mass Sugars Tannins Phenolics Lipids Hemi-cellulose Lignin 
CO2 0.98  0.49  0.31  0.33  0.59  0.33 0.20  
O3 <.01 0.17  <.01 0.04  0.07  0.60 0.36  
CO2*O3 0.59  0.44  0.93  0.83  0.46  0.62 0.18  
Comm <.01 0.34  0.35  0.81  <.01 <.01 0.39  
CO2*Comm 0.43  0.67  0.04  0.83  0.71  <.01 0.75  
O3*Com 0.42  0.72  0.99  0.18  0.75  0.01 0.45  
CO2*O3*Comm 0.84  0.59  0.97  0.43  0.95  0.58 0.56  
Time <.01 <.01 <.01 <.01 <.01 <.01 <.01 
CO2*Time 0.01  0.04  0.32  0.23  0.97  0.01 0.92  
O3*Time 0.78  0.00  <.01 0.02  0.94  0.01 0.01  
CO2*O3*Time 0.04  0.93  1.00  1.00  0.69  0.44 0.33  
Comm*Time <.01 0.59  0.27  0.87  0.34  <.01 0.69  
CO2*Comm*Time 0.38  0.98  <.01 0.70  0.22  0.23 0.09  
O3*Comm*Time 0.25  0.72  1.00  0.40  0.37  0.07 0.68  
CO2*O3*Comm*Time 0.05  0.89  1.00  0.51  0.52  0.20 0.14  
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Table 4. 2 Decomposition rate constants (k0) and mean residence time (MRT) of for 
aspen and birch-aspen litter at Aspen FACE site. The MRT values followed by 
different letters are significantly different (P ≤ 0.05).  
 

Treatment Litter source Parameter 
Control CO2 O3 CO2 + O3 

k0 0.23 0.23 0.20 0.18 Aspen 
MRT (year) 4.43 ± 0.19 bc 4.56±0.59 abc 5.01±0.51 ab 5.57±0.45 a 

k0 0.32 0.32 0.28 0.37 Birch/Aspen 
MRT(year) 3.19±0.26 d 3.14±0.30 d 3.56±0.20 cd 2.69±0.12 d 
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Figure 4.1: Dynamics of aspen and birch/aspen litter decomposition (% mass 
remaining in litter bags) over 925 days in field incubation under elevated CO2 and O3 
treatments at the Aspen FACE project. Litter used in this study was collected from 
each gas treatment plot during the 2003 growing season and placed in its respective 
plot for the incubation.  Values are means of three replicate plots per treatment 
combination.   
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Figure 4.2: Trends in soluble sugar, condensed tannins and soluble phenolics 
concentrations in decomposing aspen and birch/aspen leaf litter samples from trees 
grown under all combinations of elevated CO2 and O3 at the Aspen FACE site (n=3). 
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Figure 4.3: Trends in lipid, hemicellulose and lignin concentrations in decomposing 
aspen and birch/aspen leaf litter samples from trees grown under all combinations of 
elevated CO2 and O3 at the Aspen FACE site (n=3). 
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Figure 4.4: Contribution of C-based constituents and other litter components to leaf 
litter mass loss of aspen and birch-aspen litter at Aspen FACE site during two year- 
field incubation. (Phe:. Soluble phenolics; Sug:. Soluble sugars; Tan: Condensed 
tannins; Hemi: Hemicellulose; Lig: Lignin; other: other compounds).  
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CHAPTER 5 

Effects of elevated CO2-related changes in aspen litter quantity and chemistry on 

soil carbon and nitrogen cycling: a microcosm study  
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Abstract 

Elevated CO2 has been shown to stimulate plant productivity and change litter 

biochemistry, which may alter soil microbial processes by changing substrate 

availability, leading to feedback effects on N availability. However, it is still uncertain 

if increased primary productivity under elevated CO2 will lead to increased long-term 

C storage in soil and buffer atmospheric CO2 concentrations in the future. To examine 

how changes in litter biochemistry and productivity under elevated CO2 influence 

microbial activity and soil C formation, we conducted a 230-day microcosm 

incubation with five levels of litter mass addition representative of field observations. 

Litter and soil were collected from the aspen community under control and elevated 

CO2 treatments at the Aspen FACE experiment in Rhinelander, WI. Throughout the 

incubation, we measured microbial respiration, microbial biomass C (MBC), 

microbial biomass N (MBN), dissolved organic C (DOC), dissolved inorganic N 

(DIN), and δ13C, % C and % N of soil. We found that small decreases in litter [N] 

under elevated CO2 had minor impacts on MBC, MBN and DIN. Compared to 

unamended microcosms, MBC and MBN were higher in litter-amended soil. DIN was 

low at the early decomposition stage, but increased later.  Increasing mass addition 

resulted in higher total C and new C accumulating in whole soil and mineral soil 

fractions, associated with higher cumulative C loss by respiration, and greater old C 

breakdown. Higher litter mass addition led to more total N retained in whole soil and 

mineral soil fractions, but also greater C sequestration per unit N. Combining the 

results of microbial activity and soil C turnover, we conclude that litter chemistry and 

productivity changes under elevated CO2 could alter soil C and N cycling and increase 

soil C storage. 

Keyword: microbial respiration; MBC; MBN; DOC; DIN; soil organic C formation; 

soil organic C turnover; new C; old C 
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Introduction: 

Atmospheric CO2 has risen for the past 250 years, with the rate actually 

increasing during the last 10 years (IPCC 2007). Elevated CO2 is known to stimulate 

plant growth as long as other factors are not limiting. Norby et al. (2005) analyzed the 

response of net primary production to elevated CO2 in four forest FACE experiments 

and found a median stimulation of 23 ± 2 %. A large number of studies have shown 

that increases in plant growth and productivity under elevated CO2 were associated 

with decreased litter N concentration (Norby et al. 2001; Parsons et al. 2004; Liu et al. 

2005; King et al. 2005a). Soil microbes are generally more competitive for existing 

soil N than plants (Sylvia et al. 1998). It has been hypothesized that increased litter 

input with higher C/N may increase microbial nitrogen immobilization and decrease 

litter decomposition rate, which could decrease N availability for plant growth and 

produce a negative feedback (Melillo 1983, Strain and Bazzaz 1983). However, many 

studies have suggested that the decrease in N concentration will have small impact on 

specific litter decomposition rates under elevated CO2 (King et al 2001; Norby et al. 

2001; Booker et al. 2005; Chapman et al. 2005; King et al. 2005a). Rates of gross and 

net N mineralization have also been found not to be significantly altered by elevated 

CO2 (Finzi et al. 2001; Zak et al. 2003; de Graaff et al. 2006).  

Even if the observed enhancement in NPP is sustainable, we are still not sure if 

increased C fixation in the biosphere will lead to a significant and long-term C sink to 

offset rising atmospheric CO2. The critical uncertainty is the portion of increased C 

addition to the soil that will result in accumulation of recalcitrant soil organic C (SOC) 

rather than litter with high turnover rates (Lichter et al. 2005; de Graaff et al. 2006; 

Luo et al. 2006). Research results on the effects of elevated CO2 on soil C formation 

have been mixed. Studies conducted in open-top chambers on native prairie in Kansas 

showed that soil C stocks increased under elevated CO2, with more C accumulation in 

the physically protected SOC (Jastrow et al. 2000; Williams et al. 2000). In contrast, 
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Carney et al. (2007) found that elevated CO2 increased phenol oxidase activity and 

fungal abundance in soil, which caused faster SOC decomposition than in soils under 

ambient CO2 in a scrub oak ecosystem. 

Our previous results suggested that litter biomass production of aspen and birch 

stands increased by 33% under elevated CO2, which resulted in a significant increase 

of labile C fluxes at the Aspen FACE experiment , in Rhinelander, Wisconsin (Liu et 

al. 2005). Soil microbes preferentially utilize simple organic compounds over 

complex polymers, thus an increase of plant litter addition to the soil could reduce the 

decomposition of more resistant C, resulting in an increase in sequestered soil C 

(Sylvia et al. 1998; Cardon et al. 2001). On the other hand, soil microbes are generally 

C limited (Anderson and Domsch 1978).  Higher labile C flux to the soil could 

increase microbial activity, acting as a priming effect, resulting in increased SOC 

decomposition (Zak et al. 1993). Most of the information about the relationship of 

litter mass inputs and soil C formation are based on C budget assessments. Very few 

studies have directly investigated the effect of the litter mass inputs under elevated 

CO2 on litter decomposition and C mineralization (Torbert et al. 1998). To address 

this data gap we conducted a 230-d microcosm study designed to separate the effects 

of changes in litter production quantity vs. changes in biochemical quality on 

microbial metabolism and SOC formation. We collected leaf litter and soil from 

control and elevated CO2 treatments in the aspen community at Aspen FACE 

experiment. The signature of 13C in aspen litter was more negative than soil, −2.1 ‰ 

under ambient CO2 and −13.3 ‰ under elevated CO2, which enabled us to use 13C as 

an isotopic tracer to determine the dynamics of soil organic C in all treatments. We 

hypothesized that: 1) at equal mass additions, litter from the elevated CO2 treatment 

would result in lower respiration rates due to lower N concentration compared to 

control litter; 2) increased litter addition would result in higher microbial respiration 

and higher microbial biomass; 3) increased litter addition would accelerate old SOC 

turnover due to the ‘priming’ effect.   
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Method 

Study site 

Litter and soil were collected from the Aspen FACE experiment in Rhinelander, 

WI. The Aspen FACE experiment is a randomized completed block design with three 

replications. Each block contains four treatments: control (ambient CO2, ambient O3), 

elevated CO2 (560 ppm CO2), elevated O3 (1.5 × ambient O3), and elevated CO2 plus 

elevated O3 (560 ppm CO2, 1.5×ambient O3). One half of each plot was planted with 

trembling aspen clones (Populus tremuloides Michx), one quarter contained paper 

birch (Betula papyrifera Marsh) and aspen, and the other quarter contained sugar 

maple (Acer saccharum Marsh) and aspen.  To address the objectives the current 

study, litter and soil were collected only from aspen plots treated with either ambient 

or elevated CO2 at ambient O3 levels.  Fumigation began in May 1998, and has been 

conducted during daylight hours of the growing season ever since. A more complete 

description of the Aspen FACE project is provided by Dickson et al. (2000).  

Soil and litter sampling 

Soils at Aspen FACE experiment are classified as coarse loamy Alfic 

Haplorthods. In July 2005, three soil cores, 10 cm diameter × 25 cm deep were 

collected from the aspen section of each plot with a Giddings soil corer (Windsor, CO, 

USA) and immediately frozen. Cores were shipped frozen to NCSU, where they were 

thawed individually and cleaned of all root material and coarse organic matter. Soils 

were composited by CO2 treatment and sieved (1 mm mesh) to remove rocks, roots, 

and debris. Naturally senesced leaf litter was collected using litter traps (43 cm 

diameter) from the aspen community in control and elevated CO2 plots from June to 

October in 2004. After removing understory litter and other coarse woody material, 

litter was pooled by CO2 treatment, air dried and ground in liquid nitrogen. Initial 

litter biochemistry was analyzed according to the procedure detailed in Liu et al. 

(2005).  
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Microcosm design 

Our microcosms were designed so that the base level of litter addition simulated 

natural aspen litterfall in the Lake States (Randlett et al. 1996). To achieve this, 1.0 

and 1.4 g of pulverized litter were each mixed into 40 g of soil, which was equivalent 

to, respectively, litterfall under control (230 g C m-2 yr-1) and elevated CO2 (302 g C 

m-2 yr-1) in 2003 at Aspen FACE.  To characterize a wider range of litter production 

values, we expanded the range to five mass addition levels by adding 0 (blank soil), 

0.5, 1.0, 1.4 and 1.8 g litter from control and elevated CO2 treatments into 40 g of soil 

from their original treatments, totaling 10 treatment combinations (5 mass levels × 2 

CO2 levels). Litter was mixed well with soil in 120 ml jars with septa-fitted lids to 

allow sampling of headspace gas.  

Laboratory incubation 

Microcosms were incubated in the dark at 28 oC. Microbial respiration was 

measured at least weekly through out the 230-d incubation. Headspace gas samples 

were analyzed for CO2 concentration using an infrared gas analyzer (EGM-4; PP 

Systems, Hitchin, UK). To avoid excessive CO2 accumulation in the headspace, jars 

were sealed only for two h before gas sampling. Water (2 ml) was added into each jar 

every day to maintain constant soil moisture.  

For each treatment combination, three jars were sampled at day 26, 120 and 230 

for determinations of soil microbial carbon (MBC), microbial N (MBN), dissolved 

organic carbon (DOC), and dissolved inorganic N (NO3
- and NH4

+). MBC and MBN 

were measured using the chloroform fumigation extraction method (Vance et al. 1987). 

For each soil sample, two subsamples (10 g dry equivalent) were weighed out. One 

was directly extracted by shaking for 45 min with 35 ml of 2 M KCl and filtered 

through No. 1 Whatman filter paper. The second subsample was fumigated with 

chloroform for 48 hr in the dark, followed by the same KCl extraction as the first 

subsample. All extracts were stored frozen at -20 ºC until analysis. Dissolved organic 
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C in the extracts was measured on a TOC analyzer (TOC-5050A, Shimadzu 

Corporation, Kyoto, Japan). Nitrogen in the extracts was quantified using a Lachat 

Automated Ion Analyzer (Lachat Quickchem Systems, Milwaukee, USA). DOC was 

determined as the total dissolved organic C in extracts of nonfumigated soil. MBC 

was estimated by subtracting the total DOC of nonfumigated subsamples from the 

fumigated subsamples, using a conversion factor of 0.33 (Tu et al. 2006). MBN was 

calculated as the difference in extractable N between the fumigated and unfumigated 

samples after alkaline persulfate digestion (Cabrera and Beare 1993), using a 

conversion factor of 0.45 (Tu et al. 2006). DIN was determined as dissolved N 

concentration from nonfumigated extracts without alkaline persulfate digestion. 

Soil fractionation and C determination  

Density fractionation of soil samples was performed at the time of microcosm 

construction and at the end of the 230-d incubation, following a procedure adapted 

from Sollins et al. (1984) and Tu et al. (2006). Soil samples (10 g) were placed in 50 

ml polycarbonate centrifuge tubes and filled with 45 ml of 1.6 g ml-1 KI solution. The 

tubes were shaken by hand and left at room temperature for 2 h. The supernatant 

containing organic matter (OM) with density lower than 1.6 g ml-1, regarded as the 

first fraction, was gently removed from tubes by pipetting. The residual > 1.6 g 

ml-1-dense fraction, regarded as the second fraction, was then washed with 10 ml of 

DI water by centrifugation (3x), oven dried at 60 °C and ground to fine powder for 

future isotope analysis. Here, the first fraction (d < 1.6 g ml-1), is considered 

mineral-free particulate organic matter (POM), and the second fraction (d > 1.6 g ml-1) 

is the mineral soil fraction, containing completely humified fine POM, relatively 

OM-free sand and OM-rich clays (Baisden and Amundson 2002). 

The whole soil, mineral soil fraction (d > 1.6 g ml-1) and initial litter were 

analyzed for %N, δ13C and %C by a Thermo Finnigan DELTA plus mass spectrometer. 

The percentage soil C derived from litter in soil was calculated using a two-source 

mixing model (Phillips and Gregg 2001) as: Pl = (δt − δsom)/ (δlit − δsom) × 100, where 
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Pl is % C from litter; δt is the δ13C of whole soil or mineral soil fraction after 230 days 

incubation; δsom is the δ13C of initial whole soil or mineral soil fraction; and the δlit is 

the δ13C of inital litter.  

Calculation and statistical analyses 

The cumulative C lost by respiration during incubation was calculated as: 

cumulative C loss ∑
=

=
n

i
iiTR

0
, where n is the number of incubation days; Ri is the 

mean respiration rate (g C h-1kg-1soil) between two successive respiration 

measurements; Ti is the hours between two successive respiration measurements.  

New C was defined as soil C derived from litter, and its concentration was 

estimated by: totallnew cPc ×= , where Pl is %C derived from litter; ctotal is total C 

concentration in soil. Old C was defined as remaining initial soil C, and its 

concentration was estimated by: newtotalold ccc −= . 

Effects of mass addition and CO2 treatments on microbial respiration rate were 

analyzed using repeated measured analysis of variance. At the same mass addition 

level, cumulative C loss by microbial respiration was analyzed for the differences of 

means between ambient and elevated CO2 by T test (P < 0.05). MBC, MBN, DOC 

and DIN were analyzed using an ANOVA with microcosm harvest time included as 

a split plot treatment. For C and N in whole soil and mineral soil fractions, post hoc 

multiple comparisons among treatment means were performed using the Fisher's 

least significant difference (LSD) procedure (P < 0.05). Data were transformed to 

meet the assumptions of normality and homogeneity of variances when necessary. 

All statistical analyses were done using SAS (Statistical Analysis System, Version 9, 

SAS Institute Inc., Cary, NC). 
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Results 

Initial soil and litter chemistry 

Elevated CO2 decreased litter N concentration by 13%, but did not alter the 

concentrations of soluble sugars, condensed tannins, soluble phenolics, lipids, 

hemicellulose or lignin (Table 1). The concentrations of C and N in soil samples from 

the ambient CO2 treatment were 1.04 ± 0.02% and 0.09 ± 0.002% respectively. 

Elevated CO2 increased soil C concentration by 10% and reduced soil N concentration 

by 3%.  

Microbial respiration 

Microbial respiration rate of samples from the ambient and elevated CO2 

treatments showed a similar temporal pattern, with the first and highest peak 

occurring during day 1- 3, and the second peak occurring during day 25-75 (Fig. 1). 

Increasing litter mass additions resulted in higher microbial respiration rates (P < 

0.01), with a trend toward convergence among treatments over time (Fig. 1). The 

microbial respiration rate of samples from the elevated CO2 treatment was 

consistently lower than that of the ambient CO2 treatment samples during the early 

incubation period (0 to 60 d) for all mass treatments except blank soil. However, such 

difference disappeared in later decomposition stages. 

Most C lost by respiration occurred during the early incubation stages, with 78% 

of total C mineralized in the first half of the incubation period (the first 115 day). The 

cumulative C lost by microbial respiration increased with mass addition (Fig. 2). 

Blank soil from the elevated CO2 treatment had significantly higher cumulative C loss 

(7.4%) during the early incubation (first 40 days) compared with the ambient CO2 

treatment (Table 2). Cumulative C losses from the other four mass addition treatments 

were significantly higher for the ambient CO2 treatment during early incubation 

(Table 2). Over time, this difference persisted only in the 1.8 g litter-addition 

treatment, and C losses were similar for the 0.5, 1.0 and 1.4 g litter additions by the 
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end of the incubation for the ambient and elevated CO2 treatments (Fig. 2; Table 2).   

MBC, MBN, DOC and DIN 

In general, higher litter mass addition resulted in higher MBC, but the 

differences were only significant at day 120 and 230, which resulted in a significant 

mass × time interaction (P = 0.05) (Fig. 3; Table 3). MBN was higher with litter 

additions compared to blank soil, but the change of MBN was not in proportion to 

mass additions (Fig. 4). The significant CO2 × time effect (P = 0.01) for MBN 

occurred because MBN increased over incubation time in the ambient CO2 samples, 

but showed no significant change at elevated CO2 (Fig. 4; Table 3).   

The significant mass × time interaction (P = 0.01) on DOC occurred because 

DOC increased with increasing mass addition, but tended to converge to a similar 

value by the end of the incubation period (Fig. 5; Table 3). Elevated CO2 showed no 

impact on DOC at day 26, but significantly decreased it at day 120 and 230, resulting 

in a significant CO2 × time interaction (P = 0.01) (Fig. 5; Table 3).  

Compared to blank soil, litter addition significantly reduced DIN in soil samples 

at day 26 and day 120. This suppression disappeared by day 230 and litter mass 

additions actually resulted in higher DIN levels in ambient but not elevated CO2 

treatments (Fig. 6). Litter-amended soil showed a rapid DIN increase over time 

compared with blank soil, producing a significant mass × time interaction (P = 0.01) 

(Fig. 6; Table 3). 

Soil C and N 

About 93% of the total C in whole soil was allocated to the mineral soil fraction 

and this proportion was similar for all treatments. Higher litter additions resulted in 

higher total C in whole soil and mineral soil fractions (Table 4). Elevated CO2 

generally had no significant effects on total C concentration in whole soil and mineral 

soil fractions, except by decreasing it at 1.8 g litter addition in mineral soil (Table 4). 
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Averaged across all treatments, the mineral soil fraction contained 87% of total N 

in whole soil, and mass input and CO2 treatments had no significant effects on this 

proportion. Nitrogen accumulation in whole soil and mineral soil fractions increased 

with increasing mass addition. Elevated CO2 had no significant effect on N 

concentration in whole soil and mineral soil fractions (Table 4). 

Higher litter mass additions usually led to higher new C accumulation in both 

whole soil and mineral soil fractions. The significant effect of elevated CO2 on new C 

in whole soil was only observed in the 1.8 g mass addition, with lower new C 

accumulating in soil under elevated CO2.  However, new C in the mineral soil 

fraction was significantly lower under elevated CO2 at all mass addition levels 

compared to ambient CO2. Compared to blank soil, adding litter tended to decrease 

old C concentration in both whole soil and mineral soil fractions in samples from the 

ambient CO2 but not elevated CO2 treatments.  

Discussion 

The balance between C uptake by plant growth and C release by litter and SOC 

decomposition will be critical in determining the rate of atmospheric CO2 

sequestration over the next century. Our results indicate that higher litter inputs 

increased microbial respiration, MBC and MBN, as well as C storage and C turnover 

in a microcosm system. Adding low [N] litter from the elevated CO2 treatment 

decreased microbial respiration at the early incubation stage, but the effect diminished 

later on.  Our study suggests that increasing litter production can exert a strong 

influence on C and N cycling and regulation of soil C formation, and that increased 

litter quantity may be the most important effect of elevated CO2 on C sequestration in 

the soil.  This is because increased litter inputs under elevated CO2 increases the 

amount of recalcitrant C added to the soil even though higher respiration rates occur 

in response to increased litter input levels. In our study, there was a higher net gain in 

SOC with increased litter mass additions, despite higher respiration rates, due in part 

to increased inputs of recalcitrant C. Other mechanism potentially involved in this 
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response is that low litter [N] under elevated CO2 reduces the priming effect, which 

slows the old soil C turnover. 

Microbial decomposition 

In the current study, we found that microbial respiration rate increased with 

increased litter input. These results are consistent with the hypothesis that soil 

microbes are C-limited and that the addition of organic C can stimulate microbial 

activity in the soil (Anderson and Domsch 1978). To simulate the effect of litter 

production on soil C respiration at the Aspen FACE experiment, we compared 

microbial respiration rates between microcosms amended with 1 g of pulverized litter 

from the ambient CO2 treatment (equal to litter production of 230 g C·m-2· yr-1) and 

microcosms amended with 1.4 g of litter from the elevated CO2 treatment (equal to 

litter production of 302 g C·m-2· yr-1). We found that this increase in litter addition 

significantly stimulated microbial respiration by 8-24 % compared to the control litter 

addition rate. This range was remarkably similar to the results of field measurements 

reported by Pregitzer et al. (2006), who found that elevated CO2 increased soil 

respiration by 8-26 % at the Aspen FACE experiment. However, at equal litter mass 

additions, elevated CO2 tended to decrease microbial respiration. This negative effect 

diminished with incubation time and no significant differences in cumulative C loss 

were found by the end of the incubation period. These results were consistent with our 

previous 2-year field decomposition study (Liu et al. unpublished data), which 

showed that elevated CO2 significantly reduced litter mass loss in the first year, but 

accelerated it in the second year. This pattern could be related to a cycling of C-N 

nutrient limitations for microbial processes. For example, following the input and 

metabolism of fresh litter, a C-limited microbial community could shift to a N-limited 

one during the early decomposition stage. Thus litter from the elevated CO2 treatment, 

which had a lower [N], was less favorable to soil microbial communities than litter 

from ambient CO2 exposures (Berg and Laskowski 2006). At this point, low [N] could 

stimulate the decomposition of recalcitrant C due to its positive effects on lignolytic 
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enzymes (Berg and Laskowski 2006) and possible shifts from bacterial to fungal 

microbial communities.  This would lead to more C released under elevated CO2 in 

the later incubation period and result in a similar cumulative C loss by the end of the 

incubation.  Carbon would eventually become limiting again after available C in the 

litter was exhausted and increasing [N] inhibited decomposition of recalcitrant C.  

Microbial communities would likely shift back to a bacteria-dominated composition 

as well.  

As reported in a recent literature review by Hu et al. (2006), elevated CO2 alters 

microbial biomass, microbial activity and N acquisition mainly through increased 

litter C input. They compared 40 studies on MBC and 34 studies on MBN under 

elevated CO2 and found that 19 studies observed that elevated CO2 increased MBC an 

average 26% while 12 studies reported that elevated CO2 increased MBN an average 

25%. In the current study, we that found litter addition had a significant positive 

influence on MBC. Similarly, Lagomarsino et al. (2006) found that elevated CO2 

significantly increased MBC, which was associated with greater labile C inputs to the 

forest floor at POPFACE experiment, indicating that higher litter production can 

increase microbial biomass. We found MBN in litter-amended soil was significantly 

higher than blank soil during the whole incubation. Compared to blank soil, increased 

MBN on day 26 and day 120 was primarily because microbial biomass was stimulated 

by litter inputs at the same time. The high MBN on day 230 was most likely caused 

by higher N availability, as indicated by the relatively higher DIN concentration at 

that time. However, there was no clear relationship between MBN and mass addition 

among the four litter-amended treatments. Also, there was no significant difference in 

MBN in microcosms designed to simulate natural litter inputs at Aspen FACE (1.0 g 

versus 1.4 g litter additions for the ambient and elevated CO2 treatments, respectively). 

These results are consistent with previous studies at several FACE experiments (Zak 

et al. 2003; Holmes et al. 2006), which reported no significant effect of elevated CO2 

on MBN. Elevated CO2 caused a small decrease in leaf litter [N], but did not 

significantly affect the concentrations of C constituents. Compared at equal mass 
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additions, MBC, MBN and microbial C/N was not significantly altered by elevated 

CO2 treatments, which indicates that small decreases in litter [N] are unlikely to 

induce a detectable change in microbial communities. Further, molecular studies that 

can detect the change of microbial community composition are needed to ascertain 

this.  

Compared to blank soil, DIN was significantly lower in litter-amended soil on 

day 26 and day 120, which indicated that a net N immobilization occurred. We 

expected that adding low [N] litter from elevated CO2 would result in lower DIN 

concentration during the whole incubation period due to higher N immobilization in 

the early stage and lower N mineralization in the later stage. However, we observed 

no significant effect of elevated CO2 on DIN among the four litter-amended 

treatments, suggesting the small change in litter [N] was not adequate to modify soil 

N cycling. We also found no significant difference in DIN between the 1.0 and 1.4 g 

litter additions that simulated the ambient and elevated CO2 treatments, respectively.  

Our results are consistent with Zak et al. (2003) for three forest FACE experiments in 

which no effects of elevated CO2 on microbial N cycling, pools or processes was 

observed. However, Holmes et al. (2006) reported that gross N mineralization and N 

immobilization were enhanced under elevated CO2 at the Aspen FACE experiment.    

Soil carbon formation 

Changes in litter production and chemistry under elevated CO2 have the potential 

to modify soil C turnover and storage by altering microbial community composition 

or activity (Phillips et al. 2002; Larson et al. 2002; Carney et al. 2007).  However, no 

consistent response of SOC under elevated CO2 has been reported from FACE 

experiments. Although more litter accumulated in the forest floor, C content in the soil 

was not changed at the Duke FACE experiment after six years of elevated CO2 

treatment (Lichter et al, 2005). Elevated CO2 resulted in more new C accumulated in 

the soil after three years of CO2 enrichment at POPFACE experiment, but the total 

soil C pool was decreased compared to ambient CO2 (Gielen et al. 2005). At the Oak 
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Ridge FACE experiment, SOC increased linearly in the surface 5 cm of soil during the 

first five years of exposure to elevated CO2, but no significant change in SOC was 

found in the 15 cm-depth fraction for both elevated and ambient CO2 treatments 

(Jastrow et al. 2005). The mixed results may reflect the diverse responses of different 

communities or could be due to the difficulty of detecting small change in SOC, 

which is a large and spatially heterogeneous.   

In this study, microcosm system have induced artificial changes of 

decomposition environment, such as pulverized litter mixing with homogeneous soil, 

soil incubating under constant temperature and regular moisture renewal, and no 

faunal disturbance, which limited our ability to extrapolate the result to natural 

systems. However, results of this study revealed the general responses of soil C and N 

cycling to the changes in litter biomass production and biochemistry. The differences 

in stable isotopic composition among microcosm components also allowed us to 

separate litter chemistry and quantity effects on soil C formation and detect 

statistically significant changes in old C decomposition and new C incorporation.  

We also found that although adding litter fuels microbial metabolism and 

resulted in more cumulative C lost by respiration, increases in mass addition still led 

to more new C incorporated into whole soil and mineral soil fractions. Our results 

suggest that greater litter production under elevated CO2 will increase soil C 

sequestration, which may be due in part to enhanced physical protection of organic 

matter by formation of intra-aggregate or organomineral complexes (Luo et al. 2006).   

Compared at same mass addition, new C concentration was significantly higher in 

mineral soil under ambient CO2, but total C concentration was similar, suggesting that 

higher new C incorporated was accompanied with higher old C loss under ambient 

CO2. Our mass balance calculations confirmed the expectation that less old C 

remained under ambient CO2 after 230 days incubation, indicating that elevated CO2 

may reduce old C breakdown if litter biomass production is not changed. The 

contrasting responses of soil C turnover under ambient and elevated CO2 may be 
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partially explained by their difference in litter [N], which is a critical factor regulating 

labile C decomposition. Microbial respiration under ambient CO2 was significantly 

higher during the early decomposition stage, demonstrating higher microbial 

metabolism with greater N supply. Although we did not measure C isotope 

composition of respired CO2, we anticipated that higher microbial activity under 

ambient CO2 may have lead to a greater ‘priming effect’ and resulted in higher 

absolute amount of C respired from old C.  

To predict if elevated CO2 will induce a negative feedback between plant growth 

and soil nutrient cycling, it is essential to examine whether soil N availability 

decreased progressively (Oren et al. 2001; Luo et al. 2004). In the current study, 

increased mass addition resulted in greater N sequestrated, but higher C/N in both 

whole soil and mineral soil fractions. We also found that soil under elevated CO2 had 

higher C/N averaged across mass treatments. Taken together, our results indicate that 

lower litter [N] and higher litter production may actually increase C sequestration per 

unit N. 

Conclusion 

Our microbial respiration, DIN, MBC and MBN data suggest that the change in 

litter production at elevated CO2 had a greater overall effect on microbial activity than 

the small decrease in litter [N]. Our results also suggest that greater plant productivity 

leads to higher long-term C sequestration and also tends to alter soil C turnover, with 

greater older C loss associating with new C incorporating into soil. The results of this 

study were reflected in the direction of microbial responses and soil C change under 

elevated CO2. After accounting for the effects of litter chemistry and production on 

microbial activities and soil C formation, we expect that elevated CO2 could alter soil 

C and N cycling. 
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Table 5.1. Biochemical constituents of aspen litter produced under ambient and elevated CO2 treatments at the Aspen FACE experiment, 
Rhinelander, WI.  Values are means ± SE.  Within a column, means with different letters are significantly different (P < 0.05, n = 3). 

 
 Constituent (mg g-1) CO2 Treatment 

Soluble 
sugars 

 
Lipids 

 
Tannins 

 
Phenolics 

Hemi- 
celluose 

 
Lignin 

 
N 

 
C 

Ambient  15.4 ± 1.85a 56.5 ± 2.49a 18.5±1.05a 16.4±0.55a 194.6±11.0a 203.9±4.56a 11.1±0.00a 500.7±15.0a 

Elevated 22.8±4.68a 59.8±4.14a 15.5±2.25a 15.9±0.80a 211.0±3.04a 200.7±13.4a 9.5±0.25b 489.2±24.0a
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 1 
Table 5.2 P-values of t-test comparing cumulative C loss from soil between ambient 2 
and elevated CO2 treatments at same litter mass addition. (N =5) 3 

 4 
Incubation 
time (d) 

Litter addition rate 

 0 g 0.5 g 1 g 1.4 g 1.8 g 
11 0.01  0.001  0.001  0.0001  0.001  
21 0.05  0.001  0.001  0.0001  0.001  
41 0.01  0.01  0.001  0.0001  0.001  
60 0.19  0.001  0.01  0.02  0.001  
82 0.19  0.001  0.03  0.08  0.001  
101 0.51  0.001  0.05  0.08  0.001  
129 0.72  0.04  0.52  0.20  0.001  
164 0.98  0.14  0.76  0.31  0.01  
184 0.98  0.15  0.90  0.46  0.02  
221 0.86  0.11  0.95  0.39  0.03  

 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
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 1 
Table 3. P-value of microbial biomass C (MBC), microbial biomass N (MBN), 2 
dissolved organic C (DOC) and dissolved N (DIN) during incubation under different 3 
mass addition and CO2 treatments. 4 

 5 
 Parameter MBC MBN DOC DIN 
Mass <.001 0.001  <.001 <.001 
CO2 0.47  0.99  <.01 0.25  
Mass × CO2 0.94  0.38  0.26  0.00  
Time <.001 <.001 <.001 <.001  
CO2 × time 0.78  0.001  0.001  0.31 
mass × time 0.05  0.11  0.01  0.001 
Mass × CO2 × time 0.04  0.44  0.59  0.001  
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Table 5.4 Carbon (g C kg-1 soil) and N (g N kg-1 soil) concentrations in whole soil and mineral soil fractions after incubation for 230 d. Values 
are means ± SE. Means with different letters are significantly different (P < 0.05, n = 5); not determined: nd 
 

 
Parameter 

CO2 
treatment

 Litter 
amendments 

   

  0 g 0.5 g  1 g 1.4 g 1.8 g 
Ambient 10.59 ± 0.20f 12.88 ± 0.53e 16.71 ± 0.35d 19.01 ± 0.87bc 20.87 ± 0.86a Total C in   

whole soil Elevated 9.94 ± 0.13f 13.05 ± 0.23e 16.57 ± 0.52d 17.82 ± 0.40bdc 20.00 ± 0.22ab

Ambient 9.94 ± 0.24f 11.55±0.70de 15.06±0.14c 17.68±0.66b 19.38±0.80a Total C in  
mineral soil  Elevated 10.19± 0.24ef 12.46±0.20d 14.82±0.40c 16.24±0.58bc 17.68±0.64b 
       

Ambient 0.92 ± 0.02f 1.03 ± 0.04e 1.29 ± 0.03c 1.43 ± 0.04b 1.57 ± 0.06a  N in  
whole soil Elevated 0.97 ± 0.02fe 1.13 ± 0.01d 1.30 ± 0.02c 1.34 ± 0.03c 1.43 ± 0.01b 

Ambient 0.81 ± 0.02g 0.91 ± 0.05f 1.12 ± 0.01de 1.26 ± 0.04bc 1.34 ± 0.01a N in  
mineral soil Elevated 0.81 ± 0.02g 0.97 ± 0.04f 1.08 ± 0.02e 1.19 ± 0.03cd 1.26 ± 0.03b 
       

Ambient 10.59 ± 0.20a 10.79 ± 0.38a 10.31 ± 0.37a 7.81 ± 0.50c 7.24 ± 0.76c Old C in 
whole soil Elevated 9.94 ± 0.13ab 10.42 ± 0.18a 10.04 ± 0.28ab 9.08 ± 0.30b 9.93 ± 0.11ab 

Ambient 9.94 ± 0.24a 8.69 ± 0.23bc  8.05 ± 0.32c  7.96 ± 0.62c  7.73 ± 0.64c  Old C in  
mineral soil  Elevated 10.19 ± 0.24a 9.93 ± 0.15a  9.93 ± 0.57a  9.32 ± 0.41ab  9.53 ± 0.28ab 
       

Ambient nd 2.06 ± 0.22d 6.46 ± 0.57c 9.67 ± 0.78b 12.78 ± 0.82a New C in 
whole soil Elevated nd 2.62 ± 0.19d 6.45 ± 0.52c 8.71 ± 0.43b 10.05 ± 0.25b 

Ambient nd 3.35 ± 0.12e  7.01 ± 0.33c 9.18 ± 0.55 b 10.35 ± 0.21a New C in 
mineral soil Elevated nd 2.48 ± 0.14d  4.89 ± 0.27d  7.20 ± 0.26c  7.98 ± 0.57c 



 112

ambient CO2

pp
m

 C
O

2 
h-1

 g-1
so

il

0

30

60

90

120

150

blank soil
0.5 g litter
1.0 g litter
1.4 g litter
1.8 g litter

elevated CO2

days

0 50 100 150 200 250

pp
m

 C
O

2 
h-1

 g-1
so

il

0

30

60

90

120

150

A

B

 
Figure 5.1: Responses of microbial respiration rate to litter mass addition and CO2 
treatments. Litter and soil were collected from ambient and elevated CO2 treatments at 
the Aspen FACE experiment, Rhinelander, WI. Values are means (N =5) and SE. 
 
 
 
 
 
 
 
 

Mass       P < 0.001 
CO2        P < 0.001 
Mass×CO2  P < 0.001 
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Figure 5.2: Effect of litter addition on cumulative C loss by microbial respiration 
under ambient (open symbols) and elevated CO2 (filled symbols) treatments. Values 
are means (N =5) and SE. 
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Figure 5.3. Responses of microbial biomass C (MBC) to litter mass addition and CO2 
treatments. Litter and soil were collected from ambient and elevated CO2 treatments at 
the Aspen FACE experiment, Rhinelander, WI. Values are means (N =3) and SE. 
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Figure 5.4. Responses of microbial biomass N (MBN) to litter mass addition and CO2 
treatments. Litter and soil were collected from ambient and elevated CO2 treatments at 
the Aspen FACE experiment, Rhinelander, WI. Values are means (N =3) and SE. 
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Figure 5.5. Responses of dissolved organic carbon (DOC) to litter mass addition and 
CO2 treatments. Litter and soil were collected from ambient and elevated CO2 
treatments at the Aspen FACE experiment, Rhinelander, WI. Values are means (N =3) 
and SE. 
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Figure 5.6. Responses of dissolved inorganic nitrogen (DIN) to litter mass addition 
and CO2 treatments. Litter and soil were collected from ambient and elevated CO2 
treatments at the Aspen FACE experiment, Rhinelander, WI. Values are means (N =3) 
and SE. 
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The aims of this thesis were to investigate if the changes in leaf litter production 

and biochemistry caused by elevated CO2 and O3 would alter the decomposition rates 

of carbon-based constituents, the cycling of nutrients and the formation of soil C in 

aggrading aspen and birch-aspen stands at the Aspen FACE experiment.  

The results indicated that elevated CO2 significantly increased litter production 

(+ 33.3 %), while elevated O3 decreased it (- 17.3 %), and the positive effects of CO2 

were largely eliminated by elevated O3. Elevated CO2 had little effect on the 

concentrations of carbon-based constituents, but significantly decreased the initial 

concentrations of N (-10.7 %) and B (-14.4 %), and increased the concentrations of K 

(+23.7 %) and P (+19.7 %). Elevated O3 significantly increased the concentration of 

soluble sugars (+78.1%), soluble phenolics (+53.1%) and condensed tannins (+77.2), 

and decreased the concentrations of P (-11.2 %), S (-8.1 %), Ca (-12.1 %), and Zn 

(-19.5 %). The fluxes of carbon-based constituents, micro and macro nutrients 

generally increased under elevated CO2 because of higher litter production and 

decreased under elevated O3 due to lower litter production.  

Elevated CO2 decreased litter mass loss (-10 %) during the first year of 

incubation, but increased it (+46 %) during the second year, resulted in a similar litter 

mass remaining compared to ambient CO2 by the end of incubation. Most soluble C 

loss was observed during the first year, and most lignin loss happened in the second 

year. In general, elevated CO2 had little impact on the decomposition of carbon-based 

constituents and the release of nutrients. Litter mass loss and N release was decreased 

under elevated O3, suggesting that high initial condensed tannins and soluble 

phenolics concentrations may result in a more recalcitrant carbon accumulation in soil 

and slow N cycling under elevated O3. 

Elevated CO2 and O3 have the potential to affect competition between species and 

alter the direction of forest succession. However, the effects of species composition on 

litter decomposition under atmospheric change have not received enough attention. In 

my study, birch/aspen mixture had significantly lower initial N and S concentration, 

and similar lignin, tannins and phenolics concentrations as pure aspen litter. However, 

it decomposed much faster than pure aspen, which resulted in different nutrient 

dynamics for the two communities. These results suggest that effects of species 

composition may be more pronounced on C and nutrient cycling than changes in 
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biochemistry under elevated CO2 and O3.  

My field decomposition results suggest that litter production dominated 

atmospheric impacts on C and nutrients fluxes. Limited studies have directly 

investigated effect of the litter mass inputs on microbial activity and soil C turnover 

under elevated CO2. To address this data gap, a 230 d laboratory microcosm study was 

designed to separate the effects of the changes in litter production vs changes in litter 

biochemistry on microbial metabolism and SOC formation. Results of the microcosm 

study shows that adding litter from elevated CO2 reduced C loss by microbial 

respiration in the early incubation stage, but increased it in the late stage, resulting in a 

similar C loss compared to litter from ambient CO2. This finding is consistent with the 

results of the field decomposition, suggesting that low N concentration in litter could 

have a negative effect on the decomposition of liable C, but a positive effect on the 

decomposition of recalcitrant C, such as lignin. The microcosm study also indicated 

that increasing litter input resulted in a net soil C sequestration in whole soil and 

mineral soil fraction with higher new soil C accumulation and higher old soil C loss, 

suggesting increased C input to soil could lead to a significant and long-term C sink to 

offset rising atmospheric CO2. 

 Experimental design of this thesis had several limitations, which restricts our 

ability to explain the observed phenomena and to predict future changes in ecosystem. 

Further studies on the following topics will help to better understand the role of leaf 

litter in C and nutrient cycling under atmospheric changes:  

1) Plant species composition       

Results of this study suggest that species compositions could have more 

significant effects on litter decomposition than the changes of litter production or 

chemistry under elevated CO2 and O3. However, information derived from the current 

study was not appropriate to evaluate community composition effects on C and 

nutrient cycling during forest succession. Decomposition data, such as litter 

composited in proportion to species composition in different successional stages, are 

needed.  

2) Litter manipulation  
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For the field decomposition study, the litterbag method was used because it is  

simple, economic and good for looking at relative treatment effects to measure 

decomposition rate. For the microcosm study, pulverized litter was mixed with soil to 

achieve a relatively complete decomposition in a short incubation period. Results of 

the field and microcosm studies revealed general trends and the data from different 

treatments were comparable. However, both studies induced artificial changes in 

decomposition conditions, such as litterbags excluding soil macro fauna from 

decomposition processes, and mixing pulverized litter with soil significantly increased 

litter surface area for leaching and microbial attack. To estimate the discrepancies 

caused by experimental design, further decomposition studies should be conducted 

under more natural conditions. Although alternative methods are very limited, several 

techniques can be used to complement the limitations of the litterbag method, such as 

direct observation (Kurz et al. 2000), or litter size-density fractionation (Magid et al. 

1997).  

3) Effects of decomposition condition  

The decomposition process was not only affected by litter production and 

biochemistry, but also by other biotic and abiotic factors, which may be altered by the 

atmospheric changes. In addition to directly measuring those biotic (such as microbial 

composition and microbial enzyme actives) and abiotic factors (such as soil moisture 

and temperature) during litter incubation period, future study could use cotton-strip 

assay technique (Latter and Howson 1977) to determine if elevated CO2 and O3 

treatments will change litter decomposition conditions. 
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