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Abstract Atmospheric changes could strongly influ-
ence 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 indepen-
dent 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 Rhine-
lander, 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 litter-
fall 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 nine elements during the incubation was:
K≥P≥mass≥Mg≥B≥Ca≥S≥N≥Mn≥Cu≥Zn. At-
mospheric 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.

Keywords Aspen FACE . Atmospheric change .

Litter bag .Macro and micro nutrient . Nutrient cycling

Introduction

Nutrient release from decomposing litter is important for
sustaining ecosystem production (Chapin et al. 2002).
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The atmospheric concentrations of CO2 and tropo-
spheric 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 decompos-
ing 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 1). The effects of CO2 enrichment on
nutrient concentrations are more complex than a
simple dilution effect, and can depend on element,
species, 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

Table 1 Effect of elevated CO2 on leaf nutrient concentrations: results of previous published studies

Source N P S K Ca Mg B Cu Mn Zn
(%)

Picea abiesa n.s. +14.9 n.s. +5.3 n.s. +15.3 n.s. n.s. n.s.
Erica arboreab n.s. +21.3 +42.0 n.s. n.s. −29.1 n.s. n.s.
Juniperus communisb n.s. n.s. +42.4 +10.0 +21.3 n.s. n.s. +43.4
Myrtus communisb −17.7 −15.8 n.s. n.s. +28.7 +20.0 n.s. +115 n.s.
Citrus aurantiumc −10.0 n.s. −4.2 −3.3 −6.3 −2.6 9.8 0.6 −12.6 −0.9
Gossypium hirsutumd −32.1 n.s. −22.9 −32.0 −25.5 −18.5 n.s. −22.6 −18.5
Trifolium repense −12.8 −13.1 −16.7 −13.7 n.s. n.s. −18.7 −15.3 +4.8 n.s.

Values represent the percentage change of nutrient concentrations at elevated CO2. 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.

− Decrease; + increase; n.s. no significant change
a Pfirrmann et al. (1996)
b Penuelas et al. (2001)
c Penuelas et al. (1997)
d Huluka et al. (1994)
e Heagle et al. (1993)
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elevated O3 on mineral nutrient cycling in aggrading
aspen and birch-aspen stands of 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. 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 con-
densed 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.

Materials and methods

Experimental design

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.
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 Brookhaven National Laboratory web site
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 2 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. 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.
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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 six collections occurred
during the 2-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 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 h.
After cooling for 30 min, the mixture was reacted
with 2 ml high purity H2O2 at 200°C for 15–30 min,
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 concentra-
tion 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 stoichio-
metric relationship between carbon and nutrients during
decomposition (Moore et al. 2006). The proportion of
initial nutrient content was defined as the ratio 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 screen plot and then identifying where the elbow in
the curve occurs (Johnson and Wichern 2002). Differ-
ences 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 2). Elevated O3 decreased leaf litter concen-
trations of P (−11.2%), S (−8.1%), Ca (−12.1%), and
Zn (−19.5%; Table 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

Birch-aspen leaf litter had higher concentrations of B
(+12.6%), Mg (+15.7%) and Mn (+93.8%), and lower
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concentrations of Ca (−20.4%), Cu (−16.4%), N
(−7.5%) and S (−16.2%), compared to aspen leaf
litter (Table 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). Micro-nutrient
fluxes also increased: Cu (+38.9%), Mn (+62.8%),
and Zn (+33.1%). Because of decreased litter produc-
tion, 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).

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.

Nutrient dynamics

Macro-nutrients

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

Table 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

Source N P S K Ca Mg B Cu Mn Zn
(%) (ppm)

Aspen
Ambient Mean 1.53 0.21 0.14 0.39 2.04 0.34 24.12 8.62 332.55 226.04

SE 0.19 0.03 0.02 0.08 0.21 0.07 1.02 1.35 144.46 38.33
+CO2 Mean 1.31 0.24 0.14 0.46 2.38 0.35 21.34 8.78 173.29 208.08

SE 0.12 0.03 0.00 0.10 0.28 0.09 4.45 1.80 11.84 10.91
+O3 Mean 1.43 0.17 0.13 0.32 1.99 0.3 24.29 8.32 141.69 174.49

SE 0.13 0.01 0.01 0.08 0.14 0.03 2.04 1.01 6.06 13.48
+CO2+O3 Mean 1.37 0.21 0.13 0.39 2.17 0.32 21.39 8.38 155.43 188.05

SE 0.10 0.02 0.01 0.08 0.16 0.07 1.83 0.41 67.95 42.10
Birch-Aspen
Ambient Mean 1.53 0.22 0.13 0.37 1.97 0.35 28.93 7.49 276.97 233.26

SE 0.11 0.02 0.01 0.06 0.28 0.03 3.18 0.61 79.08 45.62
+CO2 Mean 1.25 0.23 0.11 0.51 1.83 0.41 22.93 7.10 476.63 194.25

SE 0.05 0.03 0.02 0.11 0.30 0.03 3.62 1.14 80.42 41.03
+O3 Mean 1.25 0.16 0.10 0.37 1.37 0.38 26.16 6.53 300.52 138.43

SE 0.05 0.01 0.01 0.06 0.10 0.01 1.56 0.88 42.75 17.23
+CO2+O3 Mean 1.19 0.25 0.11 0.45 1.62 0.37 24.26 7.26 500.3 186.38

SE 0.10 0.04 0.01 0.08 0.13 0.02 2.26 0.68 139.05 24.62
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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dynamics over the 2-year incubation. In all cases N/C
increased through time (Fig. 1a,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 stages (Fig. 2a,b).
A rapid decrease of P/C was observed during the
early days followed by a gradual increase until the
end of the incubation (Fig. 1c,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; Fig. 1c,d).

Similar to N, sulfur showed alternate release and
accumulation phases (Fig. 2e,f). Elevated CO2 and
elevated O3 had no effects on S/C or S proportion
(Figs. 1e,f and 2e,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 signifi-
cant CO2×time interaction (P=0.01; Fig. 3a,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 (Fig. 4a,b).
Calcium release rates were significantly decreased by
both elevated CO2 (P<0.01) and elevated O3 (P=
0.01; Fig. 4c,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 (Fig. 2a,b).
Aspen litter had higher S/C than birch-aspen litter,
and these differences were consistent throughout the
decomposition process (P=0.03; Fig. 1e,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%; Fig. 2e,f). Aspen litter had higher Ca/C

Table 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)

Source N P S K Ca Mg B Cu Mn Zn

Aspen
Ambient Mean 3.42 0.49 0.32 0.90 4.69 0.78 5.57E-03 1.97E-03 7.61E-02 5.21E-02

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
+CO2 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

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
+O3 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

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
+CO2+O3 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

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
Ambient Mean 3.11 0.46 0.27 0.77 4.18 0.74 6.00E-03 1.60E-03 5.68E-02 4.83E-02

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
+CO2 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

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
+O3 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

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
+CO2+O3 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

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
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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(P<0.01) and lower Mg/C (P<0.01) than birch-aspen
litter across incubation period (Fig. 3c–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 (Fig. 4e,f), which
resulted in a significant community×time (P<0.01)
interaction of Mg proportion.

Micro-nutrients

Trace gas effects. As with macro-nutrients, the
relative nutrient concentrations and nutrient propor-
tions 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
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CO2×time interaction (P=0.01; Fig. 5a,b). Elevated
CO2 significantly reduced the net release of B
compared to the control (P=0.04; Fig. 6a,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
(Fig. 6c,d). There was a general trend of increasing
Mn/C with time (Fig. 5e,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
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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;
Fig. 6g,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
decomposition (Fig. 5a,b, e–h), which resulted in
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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 4). This three-
factor model explained 98.5% of the variation in
nutrient dynamics. Communalities estimate the vari-
ance 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-
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nutrients was less satisfactory, explaining only seven
to 42% of the variance depending on the element.

The first factor, which appears to be an accumu-
lation/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):

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 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 the study of throughfall nutrient fluxes at Oak
Ridge FACE site by Johnson et al. (2004), which

Table 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

 ZnCuMnNSCaBMgmassPK
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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 (1) lower root uptake;
(2) increased translocation; (3) increased leaching; or
(4) 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. 2004), 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 then calculated

by summing litter nutrient pools of the 3 years. We
found the accumulation of the nine elements in forest
floor increased through time for all treatments in the
order: +CO2>+CO2+O3>control>+O3 (Fig. 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 elevat-
ed 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 associ-
ated 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;
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, 2005b). These results suggest that
the soil N supply is still sufficient to meet the increase
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in productivity, even though more N is being immobi-
lized 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 CO2 may have resulted from greater
soil exploration through increasing root biomass,
surface area, and length (King et al. 1997, 2001,
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 2 years of field
incubation, aspen litter lost 34.5±1.5 (%) of the
original biomass while birch/aspen litter lost 48±2.3
(%) 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 immobi-
lization. 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 humidified 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.

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 compar-
isons 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.

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 2 years of decomposition.

Acknowledgements Aspen FACE is principally supported by
the Office of Science (BER), US Department of Energy, Grant
no. DE-FG02-95ER62125 to Michigan Technological Univer-
sity, and Contract no. DE-AC02-98CH10886 to Brookhaven

Plant Soil (2007) 299:65–82 79



National Laboratory, the US Forest Service Northern Global
Change Program and North Central Research Station, Michigan
Technological University, and Natural Resources Canada –
Canadian Forest Service. Additional support for research was at
Aspen FACE was supported by USDA NRI Competitive Grants
Program Nos. 2001-35107-11262 and 2004-35102-16723,
USDA Forest Service, North Central Research Station, the
Northern Institute of Applied Carbon Science, the Pacific
Southwest Research Station and the Graduate School of North
Carolina State University.

References

Akin DE, Kimball BA, Windham WR, Pinter PJ Jr, Wall GW,
Garcia RL, LaMorte WH, Morrison WH III (1995) Effect
of free-air CO2 enrichment (FACE) on forage quality of
wheat. Anim Feed Sci Technol 53:29–43

Barnes JD, Pfirrmann T (1992) The influence of CO2 and O3,
singly and in combination, on gas exchange, growth and
nutrient status of radish (Raphanus sativus L.). New
Phytol 121:403–412

Booker FL, Maier CA (2001) Atmospheric carbon dioxide,
irrigation, and fertilization effects on phenolic and nitro-
gen concentrations in loblolly pine (Pinus taeda) needles.
Tree Physiol 21:609–616

Booker FL, Prior SA, Torbert HA III, Fiscus EL, PursleyWA,Hu S
(2005) Decomposition of soybean grown under elevated
concentrations of CO2 and O3. Glob Chang Biol 11:685–698

Bradford MA, Tordoff GM, Eggers T, Jones TH, Newington JE
(2002) Microbiota, fauna, and mesh size interactions in
litter decomposition. Oikos 99:317–323

Chapin FS III, Matson PA, Mooney HA (2002) Principles of.
terrestrial ecosystem ecology. Springer, New York, p 436

Chapman JA, King JS, Pregitzer KS, Zak DR (2005) Effects of
elevated concentrations of atmospheric CO2 and tropo-
spheric O3 on decomposition of fine roots. Tree Physiol
25:1501–1510

Cotrufo MF, Raschi A, Lanini M, Ineson P (1999) Decompo-
sition and nutrient dynamics of Quercus pubescens leaf
litter in a naturally enriched CO2 Mediterranean ecosys-
tem. Funct Ecol 13:343–351

Dickson RE, Lewin KF, Isebrands JG, ColemanMD, HeilmanWE,
Riemenschneider DE, Sober J, Host GE, Zak DR,
Hendrey GR, Pregitzer KS, Karnosky DF (2000) Forest
atmosphere carbon transfer and storage (FACTS-II) the aspen
Free-air CO2 and O3 Enrichment (FACE) project: an
overview. General Technical Report NC-214. U.S. Dept. of
Agriculture, Forest Service, North Central Forest Experiment
Station, St. Paul, MN, p 68

Fangmeier A, Grüters U, Högy P, Vermehren B, Jäger HJ
(1997) Effects of elevated CO2, nitrogen supply and
tropospheric ozone on spring wheat. II. Nutrients (N, P,
K, S, Ca, Mg, Fe, Mn, Zn). Environ Pollut 96:43–59

Finzi AC, Moore DJP, DeLucia EH, Lichter J, Hofmockel KS,
Jackson RB, Kim HS, Matamala R, McCarthy HR, Oren R,
Pippen JS, Schlesinger WH (2006) Progressive nitrogen
limitation of ecosystem processes under elevated CO2 in a
warm-temperate forest. Ecology 87:15–25

Frehner M, Luscher A, Hebeisen T, Zanetti S, Schubiger F,
Scalet M (1997) Effects of elevated partial pressure of

carbon dioxide and season of the year on forage quality
and cyanide concentration of Trifolium repens L. from a
FACE experiment. Acta Oecol 18:297–304

Giardina CP, Coleman MD, Binkley D, Hancock JE, King JS,
Lilleskov EA, LoyaWM, Pregitzer KS, RyanMG, Trettin CC
(2005) The response of belowground carbon allocation in
forests to global change. In: Binkley D, Menyailo O (eds)
The impacts of global climate change on plant–soil
interactions. NATO Science Series, Kluwer, Dordrecht,
pp 119–154

Heagle AS, Millar J, Sherrill DE, Rawlings JO (1993) Effects
of ozone and carbon dioxide mixtures on two clones of
white clover. New Phytol 123:751–762

Holmes WE, Zak DR, Pregtizer KS, King JS (2006) Elevated
CO2 and O3 alter soil nitrogen transformations beneath
trembling aspen, paper birch, and sugar maple. Ecosys-
tems 9:1354–1363

Huluka G, Hileman DR, Biswas PK, Lewin KF, Nagy J,
Hendrey GR (1994) Effects of elevated CO2 and water
stress on mineral concentration of cotton. Agric For
Meteorol 70:141–152

IPCC (2007) Technical summary. In: Solomon S, Qin D,
Manning M, Chen Z, Marquis M, Averyt KB, Tignor M,
Miller HL (eds) Climate Change 2007: the physical
science basis. Contribution of Working Group I to the
Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press,
Cambridge

Johnson DW (2006) Progressive N limitation in forests: review
and implications for long-term responses to elevated CO2.
Ecology 87:64–75

Johnson RA, Wichern DW (2002) Applied multivariate
statistical analysis, 5th edn. Prentice Hall, Saddle River,
NJ, p 767

Johnson DW, Cheng W, Joslin JD, Norby RJ, Edwards NT, Todd
DE (2004) Effects of elevated CO2 on nutrient cycling in a
sweetgum plantation. Biogeochemistry 69:379–403

Kaakinen S, Kostiainen K, Ek F, Saranpaa P, Kubiske ME,
Sober J, Karnosky DF, Vapaavuori E (2004) Stem wood
properties in Populus tremuloides clones, Betula
papyrifera and Acer saccharum after three years of
treatments to elevated carbon dioxide and ozone. Glob
Chang Biol 10:1513–1525

Karnosky DF, Zak DR, Pregitzer KS, Awmack CS, Bockheim
JG, Dickson RE, Hendry GR, Host GE, King JS, Kopper
BJ, Krueger EL, Kubiske ME, Lindroth RL, Mattson WJ,
McDonald EP, Noormets A, Oksanen E, Parsens WFJ,
Percy KE, Podila GK, Riemenschneider DE, Sharma P,
Thakur R, Sober A, Sober J, Jones WS, Anttonen S,
Vaapavouri E, Mankovska B, Heilman W, Isebrands JG
(2003) Tropospheric O−3 moderates responses of temper-
ate hardwood forests to elevated CO2: a synthesis of
molecular to ecosystem results from the Aspen FACE
project. Funct Ecol 17:289–304

Kasurinen A, Riikonen J, Oksanen E, Vapaavuori E,
Holopainen T (2006) Chemical composition and decom-
position of silver birch leaf litter produced under elevated
CO2 and O3. Plant Soil 282:261–280

Kasurinen A, Peltonen PA, Julkunen-Tiitto R, Vapaavuori E,
Nuutinen V, Holopainen T, Holopainen JK (2007) Effects
of elevated CO2 and O3 on leaf litter phenolics and

80 Plant Soil (2007) 299:65–82



subsequent performance of litter-feeding soil macrofauna.
Plant Soil 292:25–43

King JS, Thomas RB, Strain BR (1997) Morphology and
tissue quality of seedling root systems of Pinus taeda and
Pinus ponderosa as affected by varying CO2, temper-
ature, and nitrogen. Plant Soil 195:107–119

King JS, Pregitzer KS, Zak DR, Sober J, Isebrands JG,
Dickson RE, Hendrey GR, Karnosky DF (2001) Fine-
root biomass and fluxes of soil carbon in young stands of
paper birch and trembling aspen as affected by elevated
atmospheric CO2 and tropospheric O3. Oecologia
128:237–250

King JS, Pregitzer KS, Zak DR, Holmes WE, Schmidt K
(2005a) Fine root chemistry and decomposition in model
communities of north-temperate tree species show little
response to elevated atmospheric CO2 and varying soil
resource availability. Oecologia 146:318–328

King JS, Kubiske ME, Pregitzer KS, Hendrey GR,
McDonald EP, Giardina CP, Quinn VS, Karnosky DF
(2005b) Tropospheric O−3 compromises net primary
production in young stands of trembling aspen, paper
birch and sugar maple in response to elevated atmospheric
CO2. New Phytol 168:623–635

Kopper BJ, Lindroth RL, Nordheim EV (2002) CO2 and O3

effects on paper birch (Betulaceae: Betula papyrifera
Marsh.) phytochemistry and white-marked tussock moth
(Lymantriidae: Orgyia leucostigma) performance. Environ
Entomol 30:1119–1126

Koukoura Z, Mamolos AP, Kalburtji KL (2003) Decomposition
of dominant plant species litter in a semi-arid grassland.
Applied Soil Ecol 23:13–23

Kraus TEC, Dahlgren RA, Zasoski RJ (2003) Tannins in
nutrient dynamics of forest ecosystems – a review. Plant
Soil 256:41–66

Kubiske ME, Godbold DL (2001) Influence of CO2 on the
growth and function of roots and root systems. In:
Karnosky DF, Ceulemans R, Scarascia-Mugnozza GE,
Innes JL (eds) The impact of carbon dioxide and other
greenhouse gases on forest ecosystems. CABI, Wallingford,
Oxon, UK, pp 147–191

Laskowski R, Niklinska M, Maryanski M (1995) The
dynamics of chemical elements in forest litter. Ecology
76:1393–1406

Lindroth RL, Kopper BJ, Parsons WFJ, Bockheim JG,
Karnosky DF, Hendrey GR, Pregitzer KS, Isebrands JG,
Sober J (2001) Consequences of elevated carbon
dioxide and ozone for foliar chemical composition
and dynamics in trembling aspen (Populus tremuloides)
and paper birch (Betula papyrifera). Environ Pollut
115:395–404

Liu LL, King JS, Giardina CP (2005) Effects of elevated
atmospheric CO2 and tropospheric O3 on leaf litter
production and chemistry in trembling aspen and paper
birch ecosystems. Tree Physiol 15:1511–1522

Loranger GI, Pregitzer KS, King JS (2004) Elevated CO2 and
O3t concentrations differentially affect selected groups of
the fauna in temperate forest soils. Soil Biol Biochem
36:1521–1524

Luo YQ, Su B, Currie WS, Dukes JS, Finzi A, Hartwig U,
Hungate B, Mcnurtrie RE, Oren R, Parton WJ, Pataki DE,
Shaw MR, Zak DR, Field CB (2004) Progressive nitrogen

limitation of ecosystem responses to rising atmospheric
carbon dioxide. BioScience 54:731–739

Luo YQ, Hui DF, Zhang DQ (2006) Elevated CO2 stimulates
net accumulations of carbon and nitrogen in land
ecosystems: a meta-analysis. Ecology 87:53–63

Mattson WJ, Julkunen-Tiitto R, Herms DA (2005) CO2

enrichment and carbon partitioning to phenolics: do plant
responses accord better with the protein competition of
the growth-differentiation balance models? Oikos
111:337–347

McLaughlin SB, Wimmer R (1999) Calcium physiology and
terrestrial ecosystem processes. New Phytol 142:73–417

Moore TR, Trofymow JA, Prescott CE, Fyles J, Titus BD
(2006) Patterns of carbon, nitrogen and phosphorus
dynamics in decomposing foliar litter in Canadian forests.
Ecosystem 9:46–62

Moraes RM, Bulbovas P, Furlan CM, Domingos M,
Meirelles ST, Delitti W, Sanz MJ (2004) Physiological
responses of saplings of Caesalpinia echinata Lam., a
Brazilian tree species, under ozone fumigation. Ecotoxicol
Environ Saf 63:306–312

Norby RJ, Iversen CM (2006) Nitrogen uptake, distribution,
turnover, and efficiency of use in a CO2-enriched sweet-
gum forest. Ecology 87:5–14

Norby RJ, Cotrufo MF, Ineson P, O’eill EG, Canadell JG
(2001) Elevated CO2, litter chemistry, and decomposition:
a synthesis. Oecologia 127:153–165

Nowak RS, Smith SD, Ellsworth DS (2004) Functional
responses of plants to elevated atmospheric CO2 – do
photosynthetic and productivity data from FACE experi-
ments support early predictions? New Phytol 162:
253–280

Ogner G (1993) No general effect of ozone on foliar nutrient
concentration in mature scions of grafted Picea abies
trees. Environ Pollut 82:197–200

Parsons WFJ, Lindroth RL, Bockheim JG (2004) Decomposi-
tion of Betula papyrifera leaf litter under the independent
and interactive effects of elevated CO2 and O3. Glob
Chang Biol 10:1666–1677

Paul EA, Clark FE (1996) Soil microbiology and biochemistry.
Academic, San Diego, 340 pp

Penuelas J, Idso SB, Ribas A, Kimball BA (1997) Effects of
long-term atmospheric CO2 enrichment on the mineral
concentration of Citrus aurantium leaves. New Phytol
135:439–444

Penuelas J, Filella I, Tognetti R (2001) Leaf mineral concen-
trations of Erica arborea, Juniperus communis and Myrtus
communis growing in the proximity of a natural CO2

spring. Glob Chang Biol 7:291–301
Percy KE, Awmack CS, Lindroth RL, Kubiske ME, Kopper BJ,

Isebrands JG, Pregitzer KS, Hendrey GR, Dickson RE, Zak
DR, Oksanen E, Sober J, Harrington R, Karnosky DF (2002)
Altered performance of forest pests under atmospheres
enriched by CO2 and O3. Nature 6914:403–407

Pfirrmann T, Barnes JD, Steiner K, Schramel P, Busch U,
Kuchenhoff H, Payer HD (1996) Effects of elevated CO2,
O3, and K deficiency on Norway spruce (Picea abies): nu-
trient supply, content and leaching. New Phytol 134:267–278

Sah RN, Miller RO (1992) Spontaneous reaction for acid
dissolution of biological tissues in closed vessels. Anal
Chem 64:230–233

Plant Soil (2007) 299:65–82 81



Sallas L, Kainulainen P, Utriainen J, Holopainen T,
Holopainen JK (2001) The influence of elevated O3

and CO2 concentrations on secondary metabolites of
Scots pine (Pinus sylvestris L.) seedlings. Glob Chang
Biol 7:303–311

Schädler M, Brandl R (2005) Do invertebrate decomposers
affect the disappearance rate of litter mixtures? Soil Biol
Biochem 3:329–337

Strain BR, Bazzaz FA (1983) Terrestrial plant communities. In:
Lemon ER (ed) CO2 and plants: the response of plants to
rising levels of atmospheric carbon dioxide. AAAS Selected
Symposium 84. Westview, Boulder, CO, pp 177–222

Taiz L, Zeiger E (1998) Plant physiology, 2nd edn. Sinauer,
Sunderland, p 690

Tian G, Kang BT, Brussaard L (1992) Biological effects of
plant residues with contrasting chemical compositions
under humid tropical conditions – decomposition and
nutrient release. Soil Biol Biochem 24:1051–1060

Walin G, Karlsson PE, Sellden G, Ottosson S, Medin EL,
Pleijel H, Skarby L (2002) Impact of four years
exposure to different levels of ozone, phosphorus and
drought on chlorophyll, mineral nutrients, and stem

volume of Norway spruce, Picea abies. Physiol Plant
114:192–206

Wardle DA, Walker LR, Bardgett RD (2004) Ecosystem
properties and forest decline in contrasting long-term
chronosequences. Science 305:509–513

Woo SY, Hinckley TM (2005) The effects of ozone on growth
and stomatal response in the F-2 generation of hybrid
poplar (Populus trichocarpa×Populus deltoides). Biol
Plant 49:395–404

Wustman BA, Oksanen E, Isebrands JG, Pregitzer KS, Hendrey GR,
Sober J, Karnosky DF, Podila GK (2001) Effects of elevated
CO2 and O3 on aspen clones varying in O3 sensitivity: can
CO2 ameliorate the harmful effects of O3? Environ Pollut
115:473–481

Zak DR, Pregitzer KS, Curtis PS, Teeri JA, Fogel R,
Randlett DL (1993) Elevated atmospheric CO2 and
feedback between carbon and nitrogen cycles. Plant Soil
151:105–117

Zak DR, Pregitzer KS, King JS, Holmes WE (2000) Elevated
atmospheric CO2, fine roots, and the response of soil
microorganisms: a review and hypothesis. New Phytol
147:201–222

82 Plant Soil (2007) 299:65–82


	Effects...
	Abstract
	Introduction
	Materials and methods
	Experimental design
	Litter collection and field incubation
	Nutrient analysis
	Calculations and statistical analysis

	Results
	Initial nutrient concentrations
	Trace gas effects
	Species effects

	Litter nutrient fluxes
	Trace gas effects
	Species effects

	Nutrient dynamics
	Macro-nutrients
	Micro-nutrients

	Factor analysis

	Discussion
	Initial litter nutrient content and fluxes
	Nutrient input from 2002 to 2004 at Aspen FACE site
	Nitrogen limitation
	Decomposition and nutrient dynamics

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


