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ELEVATED CO, STIMULATES NET ACCUMULATIONS OF CARBON
AND NITROGEN IN LAND ECOSYSTEMS: A META-ANALY SIS
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Abstract. The capability of terrestrial ecosystems to sequester carbon (C) plays acrit-
ical role in regulating future climatic change yet depends on nitrogen (N) availability. To
predict long-term ecosystem C storage, it is essential to examine whether soil N becomes
progressively limiting as C and N are sequestered in long-lived plant biomass and soil
organic matter. A critical parameter to indicate the long-term progressive N limitation (PNL)
is net change in ecosystem N content in association with C accumulation in plant and soil
pools under elevated CO,. We compiled data from 104 published papers that study C and
N dynamics at ambient and elevated CO,. The compiled database contains C contents, N
contents, and C:N ratio in various plant and soil pools, and root:shoot ratio. Averaged C
and N pool sizes in plant and soil all significantly increase at elevated CO, in comparison
to those at ambient CO,, ranging from a 5% increase in shoot N content to a 32% increase
in root C content. The C and N contents in litter pools are consistently higher in elevated
than ambient CO, among all the surveyed studies whereas C and N contents in the other
pools increase in some studies and decrease in other studies. The high variability in CO,-
induced changes in C and N pool sizes results from diverse responses of various C and N
processes to elevated CO,. Averaged C:N ratios are higher by 3% in litter and soil pools
and 11% in root and shoot pools at elevated relative to ambient CO,. Elevated CO, slightly
increases root:shoot ratio. The net N accumulation in plant and soil pools at least helps
prevent complete down-regulation of, and likely supports, long-term CO, stimulation of C
sequestration. The concomitant C and N accumulations in response to rising atmospheric
CO, may reflect intrinsic nature of ecosystem development as revealed before by studies
of succession over hundreds to millions of years.

Key words:  carbon sequestration; ecosystem development; global change; meta-analysis; nitro-
gen; stoichiometry.
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INTRODUCTION culation is based on a stoichiochemical relationship
(Hessen et al. 2004) that approximately 0.005 g N is
required for 1 g C stored in long-lived plant biomass
(i.e., wood) and 0.067 g N for 1 g C sequestered in
soil organic matter (SOM). Thus, to realistically predict
future C sequestration in terrestrial ecosystems, we
have to understand how closely C and N processes are
coupled in response to rising C,.

The C and N interactions have been extensively ex-
amined in natural ecosystems with or without manip-
ulations of environmental factors. In manipulative ex-
periments with elevated CO, concentrations, for ex-
ample, scientists have studied numerous N processes,
such as tissue nitrogen concentrations (Peterson et al.
1999), litter quality and decomposition (Norby et al.
2001), soil mineralization (Gill et al. 2002, Zak et al.
2003), N fixation (Hungate et al. 2004), N losses in
aqueous and gaseous forms (Reich et al. 2001, Moiser

The CO, concentration in the atmosphere (C,) has
increased by approximately 35% since the industrial
revolution and is predicted to reach 700 pmol/mol by
the end of this century due to fossil fuel burning and
land cover change (Houghton et al. 2001). To even-
tually stabilize C, and prevent dangerous interference
with the climate system, we have to understand therole
of terrestrial ecosystems in sequestering anthropogenic
CO,. The Third Assessment Report of the Intergov-
ernmental Panel on Climate Change (IPCC) predicts
that the C, increase alone could stimulate terrestrial
carbon (C) sequestration by 350-980 Gt (1 Gt = 1 X
10% g) C in the 21st Century (Houghton et al. 2001).
Sequestering 350-980 Gt C in terrestrial ecosystems
requires 7.7-37.5 Gt of nitrogen (N) according to the
calculation made by Hungate et al. (2003). The cal-
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et a. 2002), and plant—microbial competition (Hu et
al. 2001). Most of the studies have primarily focused
on short-term regulation of plant productivity by soil
N availability. The productivity-oriented studies are
useful for understanding responses of plant growth and
biomass production to rising C,. To predict future eco-
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system C sequestration, we have to study long-term
interactions between C and N cycles in both plant and
soil components of ecosystems. Recently, Luo et al.
(2004) proposed a conceptual framework of progres-
sive N limitation (PNL) in recognition that the long-
term N availability in ecosystems is governed by se-
questration of N in long-lived plant biomass and SOM
in association of C sequestration in those pools. The
key parameters to indicate PNL include C and N ac-
cumulations in plant and soil pools, and stoichiometr-
ical flexibility in C:N ratios in various pools.

In the past decades, scores of experiments have been
conducted to examine interactions between ecosystem
C and N processes under elevated CO,. Experimental
results are highly variable, ranging from substantial net
accumulations of C and N in plant soil and pools (Jas-
trow et al. 2000, Hamilton et al. 2002) to strong N
limitation of plant growth (Oren et al. 2001) and no
change in N processes (Billings et al. 2002) at elevated
CO, compared to those at ambient CO,. Moreover, eco-
system C and N processes vary considerably over time.
N fixation at elevated CO,, for example, is higher than
that at ambient CO, in the first two years, followed by
adecline (Hungate et al. 2004). Theinconsistent results
among studies and over time impede our understanding
of the C-N coupling and hinder the extrapolation of
experimental findings to predict long-term C seques-
tration at the regional and global scales.

The high variability in experimental observations
primarily results from intrinsic heterogeneity in C and
N processes over time and across ecosystems. The high
variability also masks treatment effects of elevated
CO,, which are usually very small relative to the pool
sizes themselves (e.g., Schlesinger and Lichter 2001).
Hungate et al. (1996) conducted a statistical power
analysis for detecting changes in soil C poolsin CO,
experiments. It takes four and nine years before sig-
nificant increases in soil C contents can be statistically
identified if elevated CO, increases new C input into
soil by 70% and 35%, respectively. If the new C input
into soil only increases by 7% in elevated CO,, CO,-
induced changes in soil C contents could be too small
to be statistically detected, even in a very long-term
experiment. Thus, it is crucial to employ other methods
to increase the statistical power for ecosystem C re-
search.

In this study, we conducted a meta-analysis of data
on C and N processes in plant and soil in response to
rising C, to reveal genera patterns among different
studies across ecosystems. The meta-analysis also has
the potential to make the site-specific, temporally var-
iable results useful for regional and global modeling
(Norby et al. 2001, Rustad et al. 2001) and increases
the statistical power to detect changesin C and N pro-
cesses under elevated CO,. The primary focus of this
study is on variables that are critical for testing PNL
hypothesis. The variables include C and N contents in
various plant and soil pools and their stoichiometrial
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flexibility. These variables are presumably indicative
of long-term dynamics of C and N interactions (Ras-
tetter et al. 1997, Luo et al. 2004), being complemen-
tary to studies on short-term C and N dynamics. Our
meta-analysis also included root:shoot (R:S) ratio,
which has been suggested as a mechanism of plants to
take up more nutrients at elevated than ambient CO,
(Rogers et al. 1996).

METHODS
Data sources

We collected data from 104 published papers in the
literature (see Appendix A) that report results from
experiments with ambient and elevated CO, treatments.
All the original data are extracted from figures and
tables in the published papers. The constructed data-
base consists of 940 lines of entries, each containing
sources of data, experimental facilities, ecosystem
types, field sites, exposure times, nitrogen treatments,
CO, concentrations of treatments, and 18 variables (see
Appendix B). Experimental facilities are divided into
free-air CO, Enrichment (FACE), open-top chamber
(OTC), and growth chamber (GC). Studies with plants
grown in pots in greenhouses and growth chambers are
lumped together into the category of GC. Ecosystem
types include forest, grassland, wetland, cropland, and
desert. Exposure times are the durations from the start
of experiments to the time when data are collected and
are in unit of year. Any exposure times that are less
than one year are approximated by one year. Regardless
of experimental duration, the exposure timeis one year
for annual crops if plant biomass is analyzed. Nitrogen
treatments are only qualitatively divided into low and
high. If there are more than two levels of N treatments,
the lowest and highest treatments are included into the
database. Treatments of other factors (e.g., temperature,
O;, and species compositions) are not explicitly ana-
lyzed, but data at all the treatments are included in the
meta-analysis.

The 18 variables collected from papers describe bio-
mass in aboveground shoot, belowground root, and
whole plant; C pools in shoot, root, whole plant, litter,
and soil; N poolsin shoot, root, whole plant, litter, and
soil; ratios of C and N in shoot, root, litter, and soil
pools; and root:shoot ratio. For each of the 18 variables,
we extracted means, standard errors, and sample sizes.
The database is divided into area-based and plant-based
data. The plant-based data are mostly from GC studies
with units of C and N per plant while the area-based
data are mostly from FACE and OTC studies. Data of
C and N pools from the FACE and OTC studies are
expressed in, or converted to if the original data were
presented otherwise, units of g C/m?and g N/m? ground
area, respectively. If pretreatment data are available
and substantial differences exist between treatment
plots, observed values are corrected with the differ-
ences before calculating treatment effects. The correc-
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tions are usually done with simple addition and sub-
traction unless additional information is available for
linear model corrections (e.g., Lichter et al. 2005).

Analysis
We extracted mean and standard error (sg) of each

treatment, from which the standard deviation (sp) is
calculated as

spb = seVn 1)

where n is the sample size. If data are given with a
mean and a confidence interval (ci), the standard de-
viation is calculated as

s = (c1, — c)Vi2z,, @)

where c1, and ci, are the upper and lower limits of ci,
and Z, is Z score for a given level of significance
equal to 1.96 when o = 0.05 and 1.645 when « = 0.10.
In the cases where no standard errors, standard devi-
ations, or confidence intervals are reported, we as-
signed standard deviations that are 1/10 of means. Al-
though units of reported measurements are irrelevant
for calculation of response ratios (Curtis 1996), we did
separate plant- from area-based data. The latter is used
to calculate the amount of C and N accumulated per
unit of ground area. _

_The means in the treatment (X;) and control group
(X,) are used to compute a response ratio by

RR = In(X/X) = In(X) — In(Xy). (3)

The natural log is used for the purpose of statistical
tests. If X, and X, are normally distributed and both are
greater than zero, In(X/X,) is approximately normally
distributed (Curtis and Wang 1998) with a mean equal
to the true response ratio and a variance (v) approxi-
mately equal to
s s
T axe " nxa @

where n, and n, are the sample sizes for the treatment
and control groups, respectively; s and s, are the stan-
dard deviations for all comparisons in the treatment
and control groups, respectively.

In this meta-analysis, we calculated a weighted re-
sponse ratio (RR,.) from individual RR; (i = 1, 2,
.., mj=1 2, ...,k) by giving greater weight to
studies whose estimates have greater precision (lower
V) so that the precision of the combined estimate and
the power of the tests increase (Hedges and Olkin 1985,
Gurevitch and Hedges 1999). Here m is the number of
groups (e.g., different facilities or ecosystem types), k; is
the number of comparisonsin the ith group. The weighted
mean log response ratio (RR, ) is calculated by

=" m Rk ©)
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with the standard error as

s(RR..,) = (6)

Wi = —. (7)

The 95% confidence interval for the log response
ratiois
95% cl = RR,, + 1.965(RR, ). (8)

The corresponding confidence limits for the response
ratio can be obtained by computing their respective
antilogs. If the 95% ci of aresponse variable overlaps
with zero, the response ratio at elevated CO, is not
significantly different from that at ambient CO,. Oth-
erwise, they are statistically different. The meta-anal-
ysisisconducted using the SAS program (SASInstitute
2003).

In addition to the significant test of response ratios
(RR) for CO, treatment effects, we also plotted fre-
quency distributions of RR to reflect variability of in-
dividual studies. The frequency distributions are as-
sumed to follow normal distributions and fitted by a
Gaussian function (i.e., normal distribution):

(X = w)?

y = aexp 202

©)

where x is the mean of RR in individual intervals, yis
the frequency (i.e., number of RR values) inaninterval,
a is a coefficient showing the expected number of RR
values at X = ., n and o are mean and variance of the
frequency distributions of RR, and e is the base of
exponent. We used the software Sigma Plot (Systat
Software, Inc., Point Richmond, California, USA) for
fitting Gaussian functions. The percentage of change
in variables expressed in the text are estimated by (e?R
— 1) X 100%.

RESULTS
Changes in C pools in plant and soil

Averaged C pool sizesin shoot, root, and whole plant
over the compiled database increase by 22.4%, 31.6%,
and 23.0%, respectively, at elevated CO, in comparison
with those at ambient CO, (Fig. 1, Table 1). This is
consistent with results from other meta-analyses that
biomass increases by approximately 30% at elevated
CO, (Kimball et al. 1993). Averaged litter and soil C
pool sizes are higher by 20.6% and 5.6%, respectively,
at elevated relative to ambient CO, (Fig. 2). We cal-
culated averaged C contents from all the ground-area-
based data in our database, which are higher by ap-
proximately 110, 70, and 200 g C/m? at elevated than
ambient CO, in plant, litter, and soil pools, respectively.
The duration of exposure of those experimental plots
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Fic. 1. Frequency distributions of response ratios (RR) of carbon and nitrogen pools in (a and b) shoot, (c and d) root,
and (e and f) whole plants. The black part of bars indicates data points from ground-area-based measurements while the gray
part of bars indicates data points from plant-based measurements. The solid line is the fitted Gaussian (normal) distribution

to frequency data. The vertical lines were drawn at RR = 0.

to elevated CO, varies from one to eight years and is
used to calculate annual rates of C accumulation. The
averaged rate of C accumulation in ecosystems is ap-
proximately 100 g C-m~2yr-! more at elevated than
ambient CO,.

The increases in plant and soil C pool sizes vary
with CO, experimental facilities, ecosystem types, and
N treatments (Table 2). Elevated CO, using the FACE
facility resultsin larger responses in belowground root

C pool than other facilities while C contents in all the
plant poolsincrease substantially at elevated CO, using
growth chambers. Forest is generally the most respon-
sive to elevated CO, in term of C accumulations in
plant and soil pools whereas the wetland is the least
responsive among the ecosystem types. Grassland sig-
nificantly accumulates C in soil and belowground root
pools. Additional N supply enhances effects of CO, on
C accumulations in both plant and soil pools. Although
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TaBLE 1. Parameters of frequency distributions and fitted Gaussian (normal) distributions of
response ratios (RR) of C pools, N pools, C:N ratio, and root:shoot ratio.

Frequency distribution

Gaussian distribution

Variable  Sample size Mean SE P a g W
ACP 186 0.202 0.017 <0.001 33.30 0.210 0.181
BCP 168 0.275 0.029 <0.001 23.44 0.263 0.219
WCP 189 0.207 0.023 <0.001 28.95 0.255 0.131
LCP 14 0.187 0.038 <0.001

SCP 40 0.054 0.012 <0.001 9.95 0.082 0.057
ANP 113 0.045 0.021 <0.001 26.49 0.153 0.019
BNP 84 0.096 0.026 <0.001 15.52 0.211 0.144
WNP 53 0.098 0.027 <0.001 17.40 0.099 0.065
LNP 7 0.227 0.067 0.011

SNP 36 0.106 0.032 0.002 13.22 0.093 0.050
A-C:N 57 0.110 0.021 <0.001 17.61 0.123 0.101
B-C:N 39 0.103 0.024 <0.001 13.33 0.107 0.088
L-C:N 8 0.026 0.036 0.490 3.03 0.108 0.038
S-C:N 36 0.028 0.011 0.015 17.71 0.082 0.035
R:S 76 0.067 0.0338 0.0524 16.59 0.162 0.026

Notes: P is the probability that the mean of RR equals zero. Parameters a, o, and p are
defined in Eq. 9, and all differ statistically from zero. Abbreviationsfor C poolsin aboveground
shoot, belowground root, whole plants, litter, and soil are ACP, BCP, WCP, LCPR, and SCPR,
respectively; N pools in aboveground shoot, belowground root, whole plant, litter, and soil are
ANPR, BNP, WNP, LNP, and SNP, respectively; C:N ratio in aboveground shoot and bel owground
root, litter, and soil are A-C:N, B-C:N, L-C:N, and S-C:N, respectively; and root:shoot ratio

is abbreviated R:S.

duration of CO, exposure is a major factor that deter-
mines the amounts of accumulated C in ecosystems
(Idso 1999), our analysis did not show significant cor-
relations of any of the 18 variables in question with
exposure time, due to high variability in baseline data
in control plots among ecosystems.

Changes in N pools in plant and soil

In association with net C accumulations, N contents
in plant and soil pools significantly increase at elevated
CO.,. Averaged N pool sizes in shoot, root, and whole
plant over the database are 4.6%, 10.0%, and 10.2%,
respectively, higher at elevated than ambient CO, (Fig.
1). Averaged litter and soil N contents also increase by
25.4% and 11.2%, respectively, at elevated CO, in com-
parison with those at ambient CO, (Fig. 2). We aver-
aged area-based data to estimate N accumulations in
plant and soil pools. Averaged N contents increase by
1.75, 3.17, and 1.87 g N/m? in plant, litter, and soil
pools, respectively, at elevated CO, relative to those at
ambient CO,. Thus, the averaged increase in the whole
ecosystem N content is 6.77 g N/m? and an averaged
annual rate of ecosystem N accumulation is approxi-
mately 1.0 g N-m~2-yr—* more at elevated than ambient
CO.,.

Nitrogen accumulations in plant and soil pools also
vary with CO, experimental facilities, ecosystem types,
and N treatments (Table 2). Averaged N contents in
plant pools increase more in elevated CO, plots using
FA CE than open-top chambers (OTC) or growth cham-
bers (GC). CO, treatments with OTC result in a larger
increasein the soil N pool sizethan with FACE. Among
the ecosystem types, CO,-induced N accumulations are
higher in forests and grasslands than in deserts and

wetlands. Averaged N accumulations in all the plant
pools at elevated CO, are statistically significant re-
gardless of N treatments. However, the averaged soil
N pool at elevated CO, significantly increases with ad-
ditional N supply but decreases in the control plots of
N treatments in comparison to that at ambient CO..

Flexibility in C:N ratio and R:Sratio

The CO,-induced percent increases in C contents in
plant pools are larger than theincreasesin plant N pools
(Fig. 1), resulting in significant increases in C:N ratios
in all the plant pools. Averaged C:N ratios in shoot and
root pools over the entire database increase by 11.6%
and 10.8%, respectively, at elevated CO, in comparison
to those at ambient CO, (Fig. 3). Averaged soil C:N
ratio is also higher by 2.9% at elevated than ambient
CO, in spite of the percent increase averaged over RR
values of soil C pools is smaller than that of the soil
N pools (Fig. 2c and d). This mismatch between chang-
esin C:N ratio and changesin C and N contents occurs
because the meta-analysis uses different sets of datain
computation of averaged changes in RR. However, the
estimated mean changes (i.e., n values) from fitted
Gaussian equations are 0.057 and 0.050 for soil C and
N contents, respectively, which is logically consistent
with the mean change of 0.035 in soil C:N ratio (Table
1). In addition, CO,-induced change in litter C:N ratio
is not statistically significant. The averaged change in
R:S ratio in response to elevated CO, is marginally
significant (Fig. 4), similar to results from other studies
(e.g., Rogers et al. 1996).

Forest, on average, is more flexible in adjusting C:N
ratios than the other ecosystemsin response to elevated
CO, (Table 2). CO,-induced increases in C:N ratio are
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Fic. 2. Response ratios (RR, mean = st for each data set) of (a) litter C pools and (b) litter N pools, and frequency
distributions of response ratios for (c) soil C and (d) soil N pools. Solid linesin (c) and (d) are fitted Gaussian distributions
to frequency data; vertical lines are drawn at RR = 0. Data in (a) and (b) are from Torbert et al. (2000) for soybean and
sorghum (experiment using open-top chambers (OTC) in Auburn, Alabama, USA); Niklaus et al. (2001) for Swiss 3 yr,
Niklaus et al. (2003) for Swiss 6 yr, Leadley et al. (1999) for Swiss 1 yr, 2 yr, and 3 yr (OTC experiment in a grassland in
Switzerland); Johnson et al. (2003) for Florida (OTC experiment in an oak woodland in Florida, USA); Lichter et al. (2005)
for Duke 6 yr; Schlesinger and Lichter (2001) for Duke 3 yr (free-air CO, enrichment [FACE] experiment in the Duke loblolly
pine forest in North Carolina, USA); Calfapietra et al. (2003) for P. nigra, P. alba, and P. X auramericana (pure stands of
the three species used in a FACE experiment in Italy); Higgins et al. (2002) for CA grassland (OTC experiment in California,
USA); Johnson et al. (2004) for Oak Ridge (FACE experiment in the sweetgum forest in Oak Ridge, Tennessee, USA).
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TABLE 2. Response ratios (X 100) of C contents, N contents, and C:N in various plant and soil pools under different facilities,
ecosystems types, and nitrogen treatments. See Table 1 for the abbreviations of variables.

Facility Ecosystem type Nitrogen treatment
Variable FACEt OTCt GC8 Cropland Forest Grassland Desert Wetland Control +N
ACP 11.59* 13.87* 16.22* 14.21*  21.50* 9.80* 9.66 3.43 2.98 22.42*
BCP 47.23* 1.33  36.47* 22.54*  48.76*  40.49* 114 -12.97* 38.98* 51.96*
WCP 4.57* 7.94*  21.22* 15.72*  26.72* 0.54 24.60* —8.51 12.26* 28.35*
SCP 5.75* 6.62% 2.81 5.56*  10.49* -0.73 -4.28 13.35*
ANP 21.11* 12.58* 4.35 -16 31.28*  20.46* 2.9 -10.5* 20.45* 31.02*
BNP 27.73* 1941 12.27* 24.49*  26.76* -3.64 —0.60 14.07* 30.73*
WNP 26.25¢ 12.80* 14.66* 15.08* 25.67* -0.91 8.98* 24.90% 27.71*
SNP 3.52 11.52* 18.29* 5.71* —8.52 —9.18* 13.35*
A-C:N 9.79*  11.47* 5.70* 15.22*  11.05* 8.69 12.13* 7.84
B-C:N 4.90* 10.86* 4.34* 14.02* 5.46* 9.29 7.99 5.64
S-C:N 0.74 1.88* 1.26 1.67 0.39 -1.63 -1.90
R:S 490  10.35* 4.35% 14.01* 5.46% 9.29 7.99 5.64

* P < 0.05.

T FACE, free-air CO, enrichment.
$ OTC, open-top chamber.
§ GC, greenhouse.
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C:N ratio in plant pools
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C:N ratio in litter and soil pools
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Fic. 3. Frequency distributions of response ratios (RR) of carbon:nitrogen (C:N) ratios in (a) shoot, (b) root, (c) litter,
and (d) soil. The solid line is the fitted Gaussian distribution to frequency data; the vertical lines is drawn at RR = 0.

much higher in aboveground shoot than in below-
ground root and soil regardless of CO, experimental
facilities, ecosystem types, and nitrogen treatments. Al-
though the CO,-induced change in soil C:N ratio av-
eraged over all the studies is statistically significant,
none of the changes except with OTC is significant
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FiG. 4. Frequency distribution of response ratios (RR) of
root:shoot ratios. The solid line is the fitted Gaussian distri-
bution to frequency data; the vertical linesis drawn at RR = 0.

when evaluated under different facilities, ecosystem
types, or N treatments (Table 2) due to smaller sample
sizes. Averaged R:S ratio is more responsive to ele-
vated CO, using OTC than the other experimental fa-
cilities and more responsive in forest than in the other
ecosystems.

Among the 18 variables evaluated in this study, var-
iability among different studies as measured by the o
value in Table 1 is highest for belowground root C
content and lowest for soil C:N ratio and soil C pool
sizes. Variability is also very high for aboveground
shoot C content, whole plant C content, and below-
ground root N content. The low-variability variables
include soil N pool sizes and whole plant N content.

DiscussioN

Our results indicate that C and N contents in all the
plant and soil pools significantly increase, leading to
more net C and N accumulations in ecosystems at el-
evated than ambient CO,. The CO,-induced net accu-
mulations of C and N contents in ecosystems at |east
suggest that complete down-regulation of CO, stimu-
lation of plant growth and other C processes is not
pervasive across ecosystems. The net N accumulation
likely supports long-term C sequestration in response
to rising atmospheric CO, concentration. Our meta-
analysis also reveals that CO,-induced changes in C
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and N pools are highly variable among studies. The
high variability reflects diverse responses of various C
and N processes to elevated CO,. Despite the vari-
ability, the CO, effects on ecosystem C and N contents
can be detected in this study largely because meta-
synthesis increases statistical power of significance
test. The net C and N accumulations revealed in this
study, together with studies of C and N dynamics dur-
ing succession over hundreds to millions of years (Vi-
tousek 2004), suggest that ecosystems may have in-
trinsic capabilities to stimulate N accumulation by C
input.

Net carbon and nitrogen accumulations
at elevated CO,

Accumulation of organic Cin plants and soil as dem-
onstrated in this study may result from severa pro-
cesses. These processes include increased C input into
ecosystems, decreased litter quality and decompos-
ability, and enhanced physical protection through for-
mation of either intra-aggregate or organomineral com-
plexes. Rising atmospheric CO, concentration by 200—
350 ppm generally stimulates photosynthetic C fixation
by 30-70% (Luo and Mooney 1996). As a conse-
quence, plant biomass growth and C input into eco-
systems increase by an average of approximately 30%
(Kimball et al. 1993) (Fig. 1). A meta-synthesis indi-
cates that elevated CO, generally does not alter litter
quality (Norby et al. 2001) and consequently may not
affect decomposition rates of litter. Increased C input
into soil (Zak et a. 2000) (Fig. 2a) and mycorrhizal
growth at elevated CO, probably enhance protection of
organic matter in soil aggregates from microbial de-
composition (Rillig 2004).

Ecosystems have anumber of processes that can lead
to net N accumulation under elevated CO,. Those pro-
cesses include biological N fixation, retention of at-
mospheric N deposition, reduced N loss in gaseous and
liquid forms, and extended root growth to root-free
zones for N uptake (Luo et al. 2004). The increase in
R:Sratio (Fig. 4), combined with increases in biomass
growth of both roots and shoots (Fig. 1a and b), pre-
sumably results in expansion of rooting systems at el-
evated CO,. The expanded rooting systems may take
up nutrients from soil zones that may not be exploited
by roots at ambient CO,. Biological N fixation is stim-
ulated in many studies (Dakora and Drake 2000, Cheng
et al. 2001) but either does not change or even de-
creases in other studies (Billings et al. 2002, Hungate
et al. 2004) at elevated CO, compared to that at ambient
CO,. Elevated CO, usually stimulates plant N uptake
and decreases standing pools of inorganic N, leading
to decreased ammonia volatilization and nitrate leach-
ing (Reich et al. 2001, Mosier et al. 2002). Other pro-
cesses, such as increased soil water content (Hungate
et al. 2002, Schafer et al. 2002) and limitationsimposed
by other nutrient elements (Hungate et al. 2004), may
result in decreased N fixation or increased N losses.
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Such diverse responses are reflected by the variability
of frequency distributions in Figs. 1-3. Nevertheless,
the averaged N contents in all the plant, litter, and soil
pools significantly increase at elevated CO, compared
with those at ambient CO,.

In all the studies compiled in our database, litter C
and N pool sizes consistently increase at elevated CO,
(Fig. 2a and b). CO,-induced changesin C and N con-
tents in other pools, however, vary from increases in
some studies to decreases in other studies (Fig. 1 and
Fig. 2c and d). Overall, the percent increases in C con-
tents (Fig. 1la, ¢, and €) are larger than the percent
increasesin N contentsin all the three plant pools (Fig.
1b, d, and f). In contrast, the percentage of increase in
soil C content (Fig. 2¢) is smaller than the percentage
of increase in soil N content (Fig. 2d). Whether the
contrasting changes between soil and plant pools result
purely from sampling errors in the meta-synthesis or
signify any fundamental ecological principlesisyet to
be carefully examined. In nature, N isfixed in soil and
translocated to plant whereas C is synthesized in plant
and transferred to soil. Thus, it is conceivable that el-
evated CO, stimulates more C than N accumulations
in plant pools but conversely more N than C accu-
mulations in soil pools.

Long-term stimulation of C sequestration
by elevated CO,

One of the most crucial issuesin global change ecol-
ogy is how long CO, stimulation of plant growth and
C sequestration would last (Luo et al. 2003). Cases
have been reported on either complete, partial, or no
down-regulation of CO, stimulation of photosynthesis,
plant growth, or other C processes (Long et al. 2004,
Nowak et al. 2004). It has been widely suggested that
the CO, stimulation of plant growth and C sequestration
is regulated by N availability (Luo et al. 1994, Field
1999, Oren et al. 2001). Modeling studies (e.g., Ras-
tetter et al. 1997) suggest that the CO, stimulation of
C processes is primarily regulated by redistribution of
N among plant and soil pools on atime scale of years
or shorter. The long-term CO, stimulation of ecosystem
C sequestration on a time scale of decades or longer
relies on increases in total ecosystem N stocks (Ras-
tetter et al. 1997, 2005, Luo et al. 2004). While it is
unlikely that ecosystem CO, experiments would last
for decades, this meta-analysis provides a critical as-
sessment on N stocks in plant and soil pools, which
are the key parameters to indicate long-term C se-
questration.

The significant net N accumulations revealed in this
meta-analysis, at the minimum, suggest that complete
down-regulation of CO, stimulation of ecosystem C
processes would not be pervasive across ecosystems.
If the long-term C sequestration is indeed regulated
primarily by N availability, the substantial N accu-
mulations in all the plant, litter and soil pools at ele-
vated CO, would support long-term C sequestration in
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terrestrial ecosystems in response to rising C,. Ad-
justmentsin C:N ratiosin the plant, litter and soil pools
(Fig. 3), redistribution of ecosystem N stocks among
the pools, and increased rooting systems (Fig. 4) likely
support short-term CO, stimulation of plant growth and
C sequestration. Concomitant increasesin C and N con-
tents in plant and soil pools at elevated CO, as shown
in this study point toward a long-term trend of terres-
trial C sequestration in response to rising C,.

The meta-analysis conducted in this study could not
precisely assess to what extent C sequestration in eco-
systems is constrained by N availability at elevated
CO,. Photosynthetic C fixation rate can instantaneously
respond to elevated CO, with a 20—70% increase when
the ambient CO, concentration increases by 200—350
ppm. But changes in the C and N pool sizes are cu-
mulative and presumably increase gradually from 0%
in the very beginning of a CO, experiment until the
pool sizes are fully equilibrated to the new state of
elevated CO, (Luo and Reynolds 1999). Therefore, the
magnitudes of increases in pool sizes would not equal
those in flux rates. But the smaller percent increases
in plant N poolsthan in plant C pools and the increased
C:N ratios could suggest that rising C, primarily stim-
ulates ecosystem C storage followed by N accumula-
tion with time lags. Also, additional N fertilization in
CO, experiments results in larger stimulation of C ac-
cumulations than no N addition treatments (Table 2).
Thus, three lines of evidence likely indicate that N at
least partially constrains C accumulation in the CO,
experiments. Nevertheless, N isless likely to constrain
C accumulation in the real-world ecosystems, which
are exposed to a gradual increase in C, and require
much less N to balance additional C influx thanin CO,
experimental plots (Luo and Reynolds 1999).

Long-term coupling between C and N cycles
in terrestrial ecosystems

The net N accumulation revealed in this study is
consistent with results from other studies on long-term
C and N processes. N accumulations in ecosystems
have long been documented in association with C ac-
cumulations during both primary and secondary suc-
cessions (Crocker and Major 1955, Binkley et al. 2000,
Vitousek 2004). The rate of N accumulation in soil
pools varies with ecosystems and can reach 5 g
N-m~2yr=t or more. For example, the rate of N accu-
mulation is 0.83 g N-m-2:yr-tin the mineral soil during
the alder-tree stage of the primary succession at Glacial
Bay, Alaska (Chapin et al. 1994). During the same
stage, therate of the C accumulationis80 g C-m-2.yr-1,
Along a chronosequence of 10-, 50-, and 142-yr-old
‘a’alavaflows on Mauna Loa, Hawaii, total N content
is 4.8, 10.9, and 85.7 g N/m?, respectively, while the
mass of organic matter are 600, 2200, and 7600 g/m?
(Crews et al. 2001). The mean rate of N accumulation
is between 0.2-0.31 g N-m~2:yr—%. During a secondary
succession over 15 years after harvesting at the Walker
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Branch watershed, Tennessee, Johnson and Todd
(1998) observed that rate of N accumulation is as high
as 5.3-8.0 g N-m-2.yr-1,

The close coupling between C and N cycles during
ecosystem development over the earth history (Vitou-
sek 2004) and under elevated CO, suggests that C and
N processes are mutually regulated by each other. Al-
though the past research in the CO, research commu-
nity has focused on regulation of C processes by soil
N availability, regulation of N fixation and loss pro-
cesses by C input under elevated CO, is indeed an
equally important issue in global change ecology that
has to be carefully examined. The close coupling be-
tween C and N cycles also must be considered when
we predict C sequestration in future global change sce-
narios.
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APPENDIX A

A list of papers from which the data were extracted for this metadata analysis (Ecological Archives E087-001-A1).

APPENDIX B
A table of variables extracted from each of the papers (Ecological Archives E087-001-A2).
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