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Abstract

The net balance of greenhouse gas (GHG) exchanges between terrestrial ecosystems and the atmo-
sphere under elevated atmospheric carbon dioxide (CO2) remains poorly understood. Here, we
synthesise 1655 measurements from 169 published studies to assess GHGs budget of terrestrial
ecosystems under elevated CO2. We show that elevated CO2 significantly stimulates plant C pool
(NPP) by 20%, soil CO2 fluxes by 24%, and methane (CH4) fluxes by 34% from rice paddies and
by 12% from natural wetlands, while it slightly decreases CH4 uptake of upland soils by 3.8%.
Elevated CO2 causes insignificant increases in soil nitrous oxide (N2O) fluxes (4.6%), soil organic
C (4.3%) and N (3.6%) pools. The elevated CO2-induced increase in GHG emissions may decline
with CO2 enrichment levels. An elevated CO2-induced rise in soil CH4 and N2O emissions (2.76
Pg CO2-equivalent year

�1) could negate soil C enrichment (2.42 Pg CO2 year�1) or reduce mitiga-
tion potential of terrestrial net ecosystem production by as much as 69% (NEP, 3.99 Pg CO2

year�1) under elevated CO2. Our analysis highlights that the capacity of terrestrial ecosystems to
act as a sink to slow climate warming under elevated CO2 might have been largely offset by its
induced increases in soil GHGs source strength.
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INTRODUCTION

Atmospheric carbon dioxide (CO2) enrichment constitutes one
of the primary components of human-induced global change,
directly threatening the sustainability of terrestrial ecosystems
(IPCC 2013). Soils contain the largest pool of terrestrial
organic carbon (C) and nitrogen (N), and rising atmospheric
CO2 has altered soil C and N biogeochemical cycles. Plant
photosynthesis and growth are known to increase under ele-
vated atmospheric CO2 (Long et al. 2004; van Groenigen
et al. 2011), ultimately promoting terrestrial net primary pro-
duction (NPP) and soil C storage (Yue et al. 2017). On the
other hand, soil C input enhanced by elevated atmospheric
CO2 may also increase soil CO2 emissions, stimulating some
soil C release back to the atmosphere (van Groenigen et al.
2014). However, the increment of the net ecosystem produc-
tion (NEP) and soil C storage as a trade-off with stimulated
soil greenhouse gases (GHGs) under elevated CO2 has not
been quantitatively synthesised.
Besides CO2, methane (CH4) and nitrous oxide (N2O) are

two more potent long-lived atmospheric GHGs. Upland soils
are the major source of atmospheric N2O, mainly through the
microbial processes of nitrification and denitrification. Soil

N2O emissions are closely associated with soil nitrifiers and
denitrifiers and soil physicochemical properties, such as soil
mineral N, soil carbon substrate and water content (Liu et al.
2017). Wetlands, including rice paddies, constitute the main
source of atmospheric CH4, while upland soils can act as a
sink for atmospheric CH4, dependent on the combined perfor-
mance of methanogenic and methanotrophic bacteria. The
CH4 fluxes from wetlands are highly related to plant growth,
soil C substrate and soil water status (Mosier et al. 2002). Ele-
vated atmospheric CO2 has been shown to affect soil biotic
and abiotic properties that are key drivers for soil CH4 and
N2O emissions, such as GHGs-related soil functional
microbes, the root-oriented soil C input, soil mineral N avail-
ability and soil moisture (Hu et al. 1999, 2005; Mosier et al.
2002). The elevated CO2-enhanced soil C storage may have
the risk of being offset by altered soil GHGs fluxes (Pendall
et al. 2004; van Groenigen et al. 2011; Dijkstra et al. 2012;
Zhou et al. 2016). Thus, a full understanding of the net bal-
ance of CO2, CH4 and N2O exchange between terrestrial
ecosystems and the atmosphere under elevated atmospheric
CO2 would help to predict to what extent terrestrial ecosys-
tems shape the climate.
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Despite recent concerns about the vital role of elevated CO2

in driving global warming and climate change, our knowledge
of its effects on soil C and N cycling and the subsequent feed-
back to climate change through GHGs emissions still remains
highly elusive. The role of elevated CO2 in influencing soil
GHGs fluxes or soil C and N interactions is inconsistent
across individual studies and varies with habitat-specific envi-
ronmental and experimental conditions (van Groenigen et al.
2011; Dijkstra et al. 2012). The high variability in experimen-
tal results primarily results from intrinsic heterogeneity in C
and N processes over time and across ecosystems, which is
also likely to mask the real treatment effects of elevated CO2

(Zhou et al. 2016). Recently, several meta-analyses have
examined the response of major biogenic GHG fluxes or soil
C sequestration to elevated CO2, but they are limited in data
volume or only focused on one or two soil greenhouse gases
(e.g. CH4 and/or N2O) (Schlesinger & Lichter 2001; Jastrow
et al. 2005; De Graaff et al. 2006; Luo et al. 2006; Hungate
et al. 2009; van Groenigen et al. 2011, 2014; Yue et al. 2017).
A full accounting of NEP, CH4 and N2O exchanges between
terrestrial ecosystems and the atmosphere under elevated CO2

is therefore urgently needed. In particular, limited studies have
integrated the changes in soil C and N pools to better under-
stand their linkages with biogenic GHGs fluxes in response to
elevated CO2. Poor understanding of how soil abiotic and
biotic drivers might influence GHGs response to elevated
atmospheric CO2 will limit our ability to predict terrestrial
ecosystems feedback to climate change.
Here, 1655 measurements derived from 169 peer-reviewed

publications within an updated and comprehensive data set
(Table S1 and Data set) were synthesised using meta-analysis
to examine the effect of elevated CO2 on GHG fluxes and soil
C and N pools (Table S2). The main objective of this study
was to gain an insight into the net budget of GHGs balance
between terrestrial ecosystems and the atmosphere. We pre-
dicted that the capacity of terrestrial ecosystems to act as a
sink under elevated CO2 and slow climate warming might
have been largely weakened by the enhancement of soil GHGs
source strength under elevated CO2. This work also attempts
to build the linkages between the abiotic/biotic drivers and
GHG fluxes under elevated CO2.

MATERIALS AND METHODS

Data extraction

We launched a detailed review of the literature published in
peer-reviewed journals through the year 2016 (cutoff date on
September 30, 2016). We extracted original experimental
results from publications that included individual measure-
ments with soil GHG flux data. We also included data from
these studies on plant C pool, soil moisture, and soil C and N
fractions in the cases that they were individually or simultane-
ously available (Table S1 and Data set). All selected data were
extracted from the Web of Science and Google Scholar, and
papers published in the China Knowledge Resource Inte-
grated Database (CNKI) with English abstracts. In addition,
we gathered and re-evaluated the older literature cited in the
prior reviews (Reich et al. 2001; van Groenigen et al. 2011).

A combination of searching terms [‘elevated CO2’ OR ‘CO2

enrichment’, AND ‘soil’, AND ‘CO2’ OR ‘CH4’ OR ‘N2O’]
was used for GHGs flux data extraction. Search terms for
plant and soil C pools and the data select criteria were similar
to those used in a recent meta-analysis (Yue et al. 2017).
Across the studies included in our data set, the atmospheric
CO2 concentrations for the ambient and elevated treatments
fell within the ranges of 320–420 ppmv and 400–780 ppmv,
respectively. The concentration of CO2 was, on average, ele-
vated by 210–270 ppmv for different GHGs in the database.
The experimental duration ranged from 0.01 to 12.00 mea-
surement years.

Inclusion criteria

We adhered to the following criteria to avoid bias in data
selection. Besides field experiments under open-top chamber
and Free-air CO2 Enrichment (FACE) conditions, pot studies
in growth chamber (GC) and greenhouse (GH) facilities were
also included in this analysis to better quantitatively under-
stand the effect of elevated CO2 on soil C and N cycling. The
ambient and elevated treatments within a given study should
have the same CO2-treatment duration and history. The treat-
ments with no replication or no reported number of replica-
tions, or grouping categories with fewer than two data pairs
were excluded from the analysis to meet the criteria for rigor-
ous meta-analysis. For data from natural habitats, the occa-
sional field GHG flux measurements without covering the
whole experimental period or where the number of consecu-
tive measurements was less than three data-points were
excluded. For data from croplands, the consecutive measure-
ment period had to cover at least one whole cropping season
and the within or multi-year data with different cropping sea-
sons were averaged to obtain an annual mean. The daily
mean of GHG measurement data from natural and cropping
upland ecosystems during plant-growing seasons were
assumed to be applicable to the non-growing seasons, which
was thereby extrapolated to obtain annual values in this anal-
ysis. Seasonal cumulative CH4 emissions from rice growing
seasons were assumed to be representive of the annual total
due to the negligible source or sink role of atmospheric CH4

during the following seasons without waterlogging. Experi-
ments in which the most abundant species were N2-fixing spe-
cies were excluded to guarantee the sole effect of elevated
CO2 on soil C and N pools rather than the combined effect of
elevated CO2 with plant fixation of atmospheric N2 (Luo
et al. 2006). For biomass data derived from natural ecosys-
tems, where multiple measurements were taken at different
times within a year, we only adopted the final measurement
data. Studies on soil C and N fractions, soil moisture, plant
N uptake and biomass were only included in the analysis if
there was also GHG flux data available from the experiment
under elevated CO2.
When soil parameters were reported with multiple soil

depths, we calculated the overall treatment effects across the
entire soil profile. For multi-factor studies, we only considered
the separate paired observations under elevated CO2 alone or
under both ambient and elevated CO2 treatments combined
with the same other global-change factors. One paired data
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on CH4 uptake in wetlands (Wolf et al. 2007) and another
paired negative data on N2O fluxes in forests (Martins et al.
2016) were finally discarded from our data set to minimise
analysis bias. When the data were presented in figures, we
extracted mean values and standard error using GraphClick.
The final database consisted of 1655 measurements derived
from 169 publications, including 37 simultaneous observations
of CH4 and N2O fluxes from 12 studies (Supporting Informa-
tion and Data set).

Data compilation and analyses

Data were first subjected to a standardisation process to
allow for comparisons. We calculated the balanced means of
all investigated paired values with the residual maximum like-
lihood procedure, using GENSTAT release 4.2 to minimise
the heterogeneity resulting from missing values and unequal
number of observations among reviewed literature (Payne
2000). In further data compiling prior to analysis, we divided
the soils into four land-use types as wetland, rice paddy,
cropping upland and non-cropping upland (including natural
grassland and forest). To address whether the response of soil
C and N cycling to elevated CO2 might be affected by experi-
mental method, N fertiliser and vegetation cover, we cate-
gorised these data into two groups: field or pot experiment,
with or without N fertiliser input, and vegetation present or
not, respectively.
The means of biogenic GHG fluxes, plant biomass and N

uptake, soil moisture as well as soil C and N fractions from
treatment (Xe) and control (Xa) groups were used to calculate
effect size in the form of natural log-transformed response
ratio (lnR). For upland soils overwhelmingly acting as the
sink of CH4 for both the treatment and control in our data
set, the absolute values of negative CH4 fluxes (referring to
soil uptake of CH4) were adopted for effect size calculation
to avoid making lnR problematic during meta-analysis. How-
ever, seven paired observations showed a shift from source to
sink of atmospheric CH4 following elevated CO2 and five
paired observations witnessed a shift from sink to source of
CH4 in grassland and forest soils. These twelve paired obser-
vations were finally excluded to allow for solid performance
of meta-analysis procedures. We calculated the treatment
effect of elevated CO2 on soil C and N pools as the absolute
changes in soil C and N contents (in g C/N kg�1 soil),
instead of relative changes to achieve biogeochemical signifi-
cance (Schlesinger & Lichter 2001). The standard deviations
of both treatment and control were included as a measure of
variance:

InR ¼ InðXe=XaÞ; ð1Þ
where Xe and Xa are means in the treatment and control
groups exposed to elevated CO2. Its pooled variance (v) is
estimated as follows:

v ¼ s2e
nex2e

þ s2a
nax2a

; ð2Þ

where ne and na are the sample sizes for the treatment and
control groups, respectively; se and sa are the standard devia-
tions for the treatment and control groups, respectively.

We conducted a weighted meta-analysis using the metric of
lnR, where the mean response ratio (lnR++) is calculated from
individual lnR of each paired comparison between control and
treatment groups with the weight of each lnR using a categori-
cal random effect model. Allowing for the intrinsic relevance
across all the variables under elevated CO2, the overall mean
effect size and 95% confidential interval (CI) of each grouping
category generated by bootstrapping (9999 iterations) were cal-
culated with the mixed-effect model by R (R Development Core
Team, 2016). Treatment effects were considered significant if
the 95% CI did not overlap with the line lnR = 0.
In addition to the meta-analysis procedure, One-way ANOVA

was performed to test the differences in all target variables
between ambient and elevated CO2 treatments. Linear regres-
sions were used to examine the correlations of lnR of biogenic
GHG fluxes as well as soil C and N parameters with the
potential driving factors, including plant C components, soil
initial C and N levels, soil C/N ratio and the intensity of CO2

enrichment. All statistical analyses were carried out using
JMP version 7.0 (SAS Institute, USA, 2007).

Scaling-up estimation

Based on the absolute mean positive or negative changes in
annual GHG fluxes and the differences in soil labile C and N
pools under elevated CO2, both expressed as area-scaled met-
rics (U-value), we scaled up the results from this analysis by
multiplying them for target variables with the corresponding
total habitat areas currently summarised:

T ¼ �U� A; ð3Þ
where T is the net elevated CO2-induced increase or decrease

in strength of carbon sink expressed as Pg CO2-eq. year�1

(Shang et al. 2011; IPCC 2013), and A is the total habitat areas
for wetlands, rice paddies and uplands, being equivalent to 5.7,
1.3 and 103.1 M km2, respectively (Aselmann & Crutzen 1989;
van Groenigen et al. 2011). For CO2 fluxes, we determined the
net ecosystem production (NEP) under elevated CO2, which
refers to the difference between NPP and soil heterotrophic res-
piration (RH). The estimation of NEP under elevated CO2 was
only based on the NPP data in community or ecosystem levels.
The significant negative effect on CH4 uptake following CO2

enrichment across upland soils was inversely considered as
potentially intensified atmospheric CH4 emissions in current
estimation. For upland soils as hotspots of N2O, we further
scaled up N2O fluxes by dividing into fertilised upland soils [i.e.
19.0 M km2 of fertilised grasslands and croplands (Stehfest &
Bouwman 2006), minus 1.3 M km2 of rice paddies (Aselmann
& Crutzen 1989)] and non-fertilised upland soils (103.1–
19.0+1.3 = 85.4 M km2) receiving no extra fertiliser N in addi-
tion to atmospheric N input.
For paired data, we determined the overall elevated CO2-

induced mean annual soil organic carbon (SOC) and total
nitrogen (TN) change rates (MU, g C/N kg�1 year�1) by plot-
ting them versus the duration of experiments, directly linking
them to changes in GHG fluxes between the controls and
treatments under elevated CO2, which was defined and calcu-
lated using the following equation (Hungate et al. 2009; Tian
et al. 2015):
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MU ¼ ðSOCe=TNe � SOCa=TNaÞ=t ð4Þ
where the subscripts e and a refer to data from the treatments
under elevated CO2 and ambient controls, respectively. Posi-
tive values indicate increased SOC and TN change rates under
elevated CO2, while negative values represent their decreases
following CO2 enrichment. Furthermore, the elevated CO2-
induced annual soil C and N sequestration potential was esti-
mated by the following equation (Tian et al. 2006, 2015;
Shang et al. 2011):

SOCs=TNs ¼
Xn

i¼1

Si �MU� BD�H� 0:1; ð5Þ

where Si is the habitat area involved in this study correspond-
ing to the given source area for GHG fluxes (i.e. wetland, rice
paddy and upland); MU is the same as defined above, SOCs/
TNs is the C/N sequestration potential (t C/N year�1); BD is
the soil bulk density (g cm�3; an average value of 1.25 g cm�3

was used here); and H is the thickness of the soil layer (cm; a
general investigated soil depth of 20 cm was used here to
reduce uncertainties, despite the grand mean of 23.5 cm as
provided in the Supporting Data set). In this estimate, we
could not differentiate the response of GHGs emission to ele-
vated CO2 at different CO2 enrichment years due to limited
data size.

RESULTS

Plant C and N pools

Elevated atmospheric CO2 promotes C uptake by the terrestrial
biosphere, leading to an increase in plant and soil C pools. When
averaged across all studies, plant C pool was significantly
increased by elevated CO2 (NPP, 20%; 95% CI: 17–28%), vary-
ing with extents for above-ground C (above-ground NPP, ANPP,
18%; 95% CI: 16–24%) and below-ground C (below-ground
NPP, BNPP, 32%; 95% CI: 28–42%) components (Fig. 1a). A
significant increase in the ratio of BNPP/ANPP under elevated
CO2 revealed that below-ground C response to elevated CO2 was
stronger than above-ground C (A/B-NPP ratio, Fig. 1a). Positive
response of plant C components to elevated CO2 was greater in
fertilised soils, in natural wetlands and in controlled-environment
studies. On the other hand, elevated CO2 slightly increased plant
N uptake (2.0%; 95% CI: -3 to 6%) although it was not statisti-
cally significant (Tables S3-S5).

Soil GHG fluxes

On average, elevated atmospheric CO2 significantly increased
soil CO2 fluxes (RS, soil respiration) by 24% (95% CI: 15–
27%) and soil heterotrophic respiration (RH) by 26% (95%
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Figure 1 Plant C pools (a), soil trace gases (b), soil carbon (c) and nitrogen (d) fractions, as well as soil and microbial C/N ratios in response to elevated

atmospheric CO2. ANPP, above-ground net primary production; BNPP, below-ground net primary production; RS, soil respiration; RH, soil heterotrophic

respiration; SGWP, sustained flux global warming potential of CH4 and N2O over the 100-year time horizon; SOC, soil organic carbon; DOC, soil

dissolved organic carbon; MBC, soil microbial biomass carbon; TN, soil total nitrogen; Mineral N, soil (NH4
++NO3

�)-N; MBN, soil microbial biomass

N. The numerals following the column ends indicate number of observations. Error bars represent 95% confidence intervals. Asterisks refer to statistical

differences from zero representing the ambient controls (*P < 0.05; **P < 0.01; ***P < 0.001).
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CI: 18–32%). Elevated CO2 stimulated CH4 fluxes by 34%
(95% CI: 4–118%) in rice paddies and by 12% (95% CI: 7–
25%) in natural wetlands (Fig. 1b). These positive responses
of soil CO2 and CH4 fluxes were more pronounced in pot
studies, and in natural wetlands and rice paddies (Tables S4
and S5). For upland soils, elevated CO2 slightly decreased soil
CH4 uptake by 4.5% (95% CI: 1–15%) (Fig. 1b), largely con-
tributed by a significant response in fertilised soils and under
field conditions (Tables S3–S5, Fig. 1b). When averaged
across all studies, elevated CO2 induced a small and insignifi-
cant increase in soil N2O fluxes (5.2%; 95% CI: �7 to 16%).
This positive response was statistically significant only in fer-
tilised upland soils and in natural wetlands. Elevated CO2 sig-
nificantly enhanced the combined sustained global warming
potential (SGWP: IPCC, 2013) of CH4 and N2O emissions in
studies where CH4 and N2O fluxes response to elevated atmo-
spheric CO2 were simultaneously examined (Tables S3–S5,
Fig. 1b).

Soil C and N pools

Although elevated atmospheric CO2 significantly stimulated
plant growth and soil C input, it only caused a small and
insignificant enhancement of soil organic C pools (SOC,
4.3%; 95% CI: 1–6%) when averaged across all studies
(Fig. 1c). For soil labile organic C components, positive
response of soil dissolved organic C (DOC, 6.1%; 95% CI: 2–
18%) was insignificant, whereas microbial biomass C (MBC,
14%; 95% CI: 8–18%) pools were significantly enhanced by
elevated CO2, particularly in fertilised soils and in cropping
uplands (Tables S3 and S4, Fig. 1c).
Similar to soil C pools, soil N pools (3.6%; 95% CI: 1–7%)

were slightly stimulated by elevated CO2 (Fig. 1d). Soil min-
eral N availability (�10%; 95% CI: �21% to 10%) showed a
significant negative response to elevated CO2, largely con-
tributed by a significant decrease in nitrate (NO3

�-N, �15%;
95% CI: �27 to �1%) rather than a minor decrease in
ammonium (NH4

+-N, -1.2%; 95% CI: �4% to 14) (Fig. 1d).
In contrast, soil microbial biomass N, as another essential
indicator of labile N fractions in soils, was increased by 7.4%
(95% CI: 1–14%) when averaged across all paired observa-
tions, more enhanced in fertilised agricultural soils (Tables S3
and S4, Fig. 1d). Elevated CO2 did not significantly alter soil
C/N ratio, while it significantly increased soil microbial C/N
ratio by 10% (95% CI: �4% to 26%) (Fig. 1e), particularly
in cropping upland soils with fertiliser input (Tables S3 and
S4). In addition, elevated CO2-induced changes in soil micro-
bial C and N pools as well as microbial C/N ratios increased
with the level of CO2 enrichment (Fig. S1a and b). In con-
trast, the change in soil NH4

+-N under elevated CO2

decreased with the level of CO2 enrichment in this analysis
(Fig. S1c).

Scaling-up of results

To compare with the results obtained by the earlier meta-ana-
lysis (van Groenigen et al. 2011), we adopted similar scaling-
up approach to integrate results of this meta-analysis into glo-
bal context. We extrapolated the elevated CO2-induced change

rates in area-based GHG fluxes and soil C and N pools to
global scale using Eqns (3–5) by their respective total habitat
areas (Table 1, Fig. 2). Overall, plant C pool promoted by
elevated CO2 generates an additional 29.42 Pg CO2 year�1 of
NPP in terrestrial ecosystems. The increase in soil CO2 fluxes
with rising atmospheric CO2 corresponds to an additional
source of 20.15 Pg CO2 year�1. By taking NPP and RH into
consideration together, elevated CO2 stimulates NEP of ter-
restrial ecosystems by 3.99 Pg CO2 year�1. The CH4 fluxes
stimulated under CO2 enrichment amount to an additional
source of 0.30 Pg CO2-equivalent (eq.) year�1 from rice pad-
dies and of 1.90 Pg CO2-eq. year�1 from natural wetlands.
Moreover, an insignificant negative response of soil CH4

uptake to elevated CO2 corresponds to an additional source
of 0.05 Pg CO2-eq. year�1 for upland soils. The elevated
CO2-stimulated soil N2O emissions cause an additional source
of 0.51 Pg CO2-eq. year

�1, consisting of comparable strengths
in fertilised (0.27 Pg CO2-eq. year

�1) and non-fertilised upland
soils (0.24 Pg CO2-eq. year

�1). In total, the combined effect of
elevated CO2 on CH4 and N2O fluxes yields an additional
source strength of 2.76 Pg CO2-eq. year

�1.
The elevated CO2-enhanced soil organic C and total N

sequestration potentials were estimated to be 2.42 Pg
CO2 year�1 and 0.02 Pg N year�1, respectively (Table 1,
Fig. 2). Results of this study suggest that the elevated CO2-
enhanced CH4 and N2O emissions add to the radiative forcing
of terrestrial ecosystems, and these increased emissions (2.76
Pg CO2-eq. year

�1) could negate soil C enrichment (2.42 Pg
CO2 year�1) under elevated CO2. The elevated CO2-enhanced
CH4 and N2O emissions are expected to reduce mitigation
potential of terrestrial net ecosystem production by as much
as 69% (NEP, 3.99 Pg CO2 year�1) under elevated CO2.

DISCUSSION

To our knowledge, this synthesis is one of the first to provide
a comprehensive accounting of GHG exchanges between ter-
restrial ecosystems and the atmosphere under elevated CO2.
Our meta-analysis builds an earlier synthesis of soil CH4 and
N2O emissions under elevated CO2 by van Groenigen et al.
(2011). It encompasses a much expanded database (e.g. 63 vs.
21 for CH4 in rice paddies; 88 vs. 73 for N2O) that includes
recent studies in China and other geographic and climatic
regions not previously evaluated (Table S1 and Data set). On
average, elevated CO2-induced changes in soil CH4 and N2O
fluxes in our meta-analysis were much larger based on more
current data than the earlier meta-analysis of van Groenigen
et al. (2011). Besides our relatively large and extensive data-
base, the difference in budget estimates of CH4 and N2O
under elevated CO2 would be associated with the latest IPCC
SGWP factors (IPCC 2013) for CH4 and N2O in our meta-
analysis instead of GWP factors in van Groenigen et al.
(2011). Nevertheless, we gained a much smaller 95% confi-
dence interval of GHGs in response to elevated CO2, suggest-
ing that our meta-analysis with larger data size would be
helpful to minimise the uncertainty in estimates. For instance,
the 95% confidence interval of estimates was much smaller
for the elevated CO2-stimulated CH4 emissions from rice pad-
dies (0.23–0.40 vs. 0.11–0.48) and N2O emissions from
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uplands (0.12–0.86 vs. 0.10–1.66) in this analysis than the
meta-analysis of van Groenigen et al. (2011) (Table 1).

Terrestrial ecosystem C and soil N pools under elevated CO2

The effect of elevated CO2 on plant C pools has been well
synthesised in previous studies (Jablonski et al. 2002; Luo
et al. 2006; Yue et al. 2017), generally showing a positive
response of plant C pools to CO2 enrichment. The stimulation
of plant C pools under elevated CO2 has been largely attribu-
ted to its direct positive effects on photosynthesis and growth

(K€orner 2006) and indirect effects on reduced stomatal con-
ductance (Volk et al. 2000; Morgan et al. 2004). Overall, our
estimate of plant C pools (20%) stimulated by elevated CO2 is
generally comparable to the recent synthesis of CO2-induced
rise in plant C pools (18%) at community-level with smaller
data volume (Yue et al. 2017). Similar to previous reported
individual experimental evidence and meta-analysis syntheses
(Luo et al. 2006; Dieleman et al. 2012), plant below-ground C
was enhanced at elevated CO2 to a larger extent than above-
ground C, leading to a significant increase in root/shoot plant
C ratios (Fig. 1a). The progressive N limitation hypothesis

Table 1 Summary of estimated results of elevated CO2-induced GHGs source strength, total NPP C fixed, and soil C and N sequestration potentials

C or N variable Habitat No. of observations Area (M km2) Estimate (95% CI)

Soil CO2 flux (Pg CO2 year1) Overall (all) 149 110.1 20.15 (14.64, 25.64)

Soil RH (Pg CO2 year�1)† Overall (all) 89 110.1 25.43 (17.39, 33.47)

NPP (Pg CO2 year�1) Overall (all) 206 110.1 29.42 (32.26, 56.32)

NEP (Pg CO2 year�1) Overall (all) — 110.1 3.99

Soil CH4 flux (Pg CO2-eq. year
�1) Overall (all) 123 110.1 2.25 (0.05, 3.95)

Wetland 25 5.7 1.90 (0.51, 3.25)

Rice paddy 63 1.3 0.30 (0.23, 0.40)

Upland* 35 103.1 0.05 (�0.02, 0.10)

Soil N2O flux (Pg CO2-eq. year
�1) Overall (upland) 80 103.1 0.51 (0.12, 0.86)

Fertilised upland soils 45 17.7 0.27 (�0.35, 1.07)

Non-fertilised upland soils 35 85.4 0.24 (�0.01, 1.45)

SOC pool (Pg CO2 year�1) Overall (all) 89 110.1 2.42 (�1.01, 5.85)

Soil N pool (Pg N year�1) Overall (all) 69 110.1 0.02 (�0.27, 0.38)

*The significant decrease in uptake of CH4 for upland soils under elevated CO2 was expressed as the increase in source strength of atmospheric CH4.
†Soil heterotrophic respiration (RH) was approximately represented by soil CO2 fluxes measured without vegetation growth involvement in present estima-

tion; the latest IPCC SGWP factors (mass basis) used here for CH4 and N2O are 45 and 270 over the time horizon of 100 years respectively (IPCC, 2013).

Figure 2 A complete conceptual diagram illustrating the effects of elevated CO2 on soil C and N pools as well as greenhouse gases fluxes. ANPP, above-

ground NPP; BNPP, below-ground NPP. All the figures in bold within the panel show the source or sink strengths of elevated CO2-induced GHG fluxes

expressed as Pg CO2-eq. year
�1, as well as soil C sequestration potentials. Details shown in Table 1.
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proposed that plant growth under elevated CO2 is generally
limited by soil nutrients and N in particular (Luo et al. 2004;
Hu et al. 2005), and thus plants expand rooting systems to
take up nutrients from soils as supported by a decrease in soil
mineral N under elevated CO2 in this synthesis (Fig. 1d).
Soil organic C pools showed a weak positive response to

elevated CO2, of which soil labile C pools had a more vigor-
ous positive response. It suggests that elevated atmospheric
CO2 induces an enhanced supply of easily metabolised sub-
strates, such as new labile C input and mobilising C reserves
assumed to be protected from microbial attack (Fontaine
et al. 2007; Paterson et al. 2008; van Groenigen et al. 2014).
Similar to soil organic C pools, soil N pools (3.6%) showed a
minor stimulation under elevated CO2, as a contrast to soil
mineral N availability with a significant negative response
(Fig. 1d). Elevated CO2 is usually shown to decrease soil min-
eral N pools in individual manipulation studies (Reich et al.
2001; Mosier et al. 2002; Luo et al. 2004; Hu et al. 2005).
Other processes, such as increased soil water content (Hun-
gate et al. 2002; Schafer et al. 2002; van Groenigen et al.
2011) and N availability constrained by other nutrient ele-
ments (Hungate et al. 2004) under elevated CO2, may decrease
soil N availability or increase N losses. Moreover, soil micro-
bial N pool was also increased under elevated CO2, although
its response was insignificant and smaller than soil microbial
C pool response to elevated CO2. Together with the response
of soil microbial C and N pools as well as microbial C/N
ratios to elevated CO2, elevated CO2 tended to enhance soil
microbial activities and shape microbial biomass C and N
allocation (Hu et al. 1999; Zak et al. 2000).

Below-ground C input driving GHG fluxes response to elevated

CO2

Enhanced soil C input under elevated CO2 incurred an
increase in soil GHG emissions. Larger soil labile C under ele-
vated atmospheric CO2 often causes priming effect on soil
organic decomposition (Ross et al. 2004; van Groenigen et al.
2014). Methane is produced under anaerobic conditions where
methanogenic archaea depends on C assimilation by plants as
their ultimate source of organic substrates. Nitrous oxide is
produced mainly through nitrification and denitrification.
Increased soil C input under elevated CO2 may not increase
N2O emissions from nitrification, which is largely performed
by chemoautotrophs. However, given that denitrification is
generally stimulated by high availability of labile C as a
source of energy, and new C enters mineral soils primarily
through the root system, this increase in root biomass would
facilitate denitrification rates and thereby N2O emissions (van
Groenigen et al. 2011). This is well supported by the evidence
that the negative response of soil mineral N to elevated CO2

was substantially contributed by the decrease in NO3
�-N

(Fig. 1d), suggesting an elevated CO2-stimulated denitrifica-
tion. Nevertheless, this benefit from the extra soil C supply
under elevated CO2 could be constrained both directly by N
availability and indirectly by nutrients mobilised to support
N2 fixation (van Groenigen et al. 2006). Indeed, as shown in
this analysis, elevated CO2-induced increases in soil CH4 and
N2O fluxes were positively and significantly correlated with

the changes in below-ground C pools under elevated CO2

(Fig. 3), indicating that elevated CO2 stimulates soil CH4 and
N2O production largely through its positive effect on plant
growth and root-oriented soil C input (Long et al. 2004; van
Groenigen et al. 2011).

Other factors associated with GHG fluxes in response to elevated

CO2

In addition to soil C input, soil properties may also play an
important role in soil GHG responses to elevated CO2. Ele-
vated CO2 was shown to increase soil water content (WFPS,
7.5%) (Table S4), which would enhance soil respiration, par-
ticularly in arid and semiarid ecosystems. This is mainly due
to improved efficiency of soil water use by plants under CO2-
enriched environments (Wullschleger et al. 2002; Ross et al.
2004; van Groenigen et al. 2011). Interestingly, soil CH4 and
N2O fluxes response to elevated CO2 negatively depended on
soil C/N ratio in this analysis (Fig. 4), suggesting that the ele-
vated CO2-stimulated CH4 and N2O fluxes will diminish with
the increase in soil C/N ratio. Indeed, soil C/N ratio has been
well documented to be factors important to soil GHGs emis-
sions (Stehfest & Bouwman 2006; Chen et al. 2014). Besides
soil physicochemical properties, soil functional microbes may
play an important role in the response of GHGs to elevated
CO2, although we failed here to synthesise the general conclu-
sion due to currently limited data available in this meta-analy-
sis. As also observed in this analysis, soil microbial biomass
components were increased under elevated CO2 (Fig. 1c–e)
and this increase would be intensified with the level of CO2

enrichment (Fig. S1a and b). Given that the activity of
GHGs-related soil microbial communities largely relies on
root-oriented C input and N availability under elevated CO2,
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elevated CO2 would improve the performance of soil
microbes, including the functional microbes related to soil
GHGs production (Hu et al. 1999; Zak et al. 2000).
Besides, the response of soil GHG fluxes to elevated CO2

may depend on the level of CO2 enrichment. Elevated CO2-
induced changes in soil CH4 uptake were positively and signif-
icantly correlated with the level of CO2 enrichment (Fig. S2a).
Although we did not find strong relationships between ele-
vated CO2-induced changes in CH4 and N2O fluxes with the
level of CO2 enrichment, the changes in net SGWP of CH4

and N2O under elevated CO2 significantly decreased with CO2

enrichment levels in studies where soil CH4 and N2O fluxes
were simultaneously measured (Fig. S2b). Together, these
results suggest that the elevated CO2-induced increase in
GHG emissions may decline with the level of CO2 enrichment,
which is primarily ascribed to soil C/N ratio (soil microbial
C/N ratio in particular) increased under elevated CO2. Indeed,
soil microbial C/N ratio significantly increased with the level
of CO2 enrichment (Fig. S1b) and elevated CO2-induced
changes in CH4 and N2O fluxes decreased with soil C/N ratio

(Fig. 4). On the other hand, elevated CO2-induced changes in
CH4 and N2O fluxes highly relied on plant biomass (Fig. 3)
and the stimulation of plant biomass under elevated CO2 is
well documented to diminish with the level of CO2 enrichment
(Wang et al. 2015). Therefore, the declined response of soil
GHGs to the level of CO2 enrichment would be associated
with changes in soil properties and plant growth under ele-
vated CO2. In addition, responses of soil CO2 fluxes to ele-
vated atmospheric CO2 were negatively dependent on the
initial levels of soil C and N contents (Fig. S3).

GHGs budget of terrestrial ecosystems under elevated CO2

Here, we extrapolated results of this meta-analysis into global
context and compared with previous syntheses. Our findings
are generally comparable to the previous estimate of 0.25 Pg
CO2-eq. year�1 for elevated CO2-induced rise in CH4 fluxes
from rice paddies, but significantly greater than the value of
0.31 Pg CO2-eq. year�1 for elevated CO2-raised CH4 fluxes
from natural wetlands (van Groenigen et al. 2011). The com-
bined effect of elevated CO2 on CH4 and N2O fluxes corre-
sponds to an additional total source strength of 2.76 Pg CO2-
eq. year�1, greater than the estimates of earlier syntheses
based on individual land sources and incomplete estimation of
GHGs (Ziska et al. 1998; van Groenigen et al. 2011).
Soil organic C and total N sink strengths enhanced under

elevated CO2 were estimated to be 2.42 Pg CO2 year�1 and
0.02 Pg N year�1, respectively (Table 1, Fig. 2). Our estimate
of soil C sequestration was lower than that of 4 Pg
CO2 year�1 in a previous meta-analysis with limited data vol-
ume in forest soils (Schlesinger & Lichter 2001). Biogeochemi-
cal models predict that rising atmospheric CO2 may stimulate
the terrestrial C sink by 6.8 Pg CO2 year�1, far greater than
the estimate of CO2-induced rise in NEP (3.99 Pg CO2 year�1)
in this synthesis (Thornton et al. 2007). However, the slight
increment (4.3%) of SOC under elevated CO2 in this synthesis
was comparable to the difference between the increase in C
input (19.8%) and the C turnover (16.5%) in soils under
atmospheric CO2 enrichment in an earlier synthesis study (van
Groenigen et al. 2014).
Obviously, uncertainties were involved using our approach

to estimate the overall actual extent at the global scale due to
inherent limitations in experimental and statistical methodolo-
gies. First, we assumed that the changes in GHG fluxes and
soil C and N pools induced by elevated CO2 over 1–12 years
step-change experiments can be extrapolated to gradual CO2

effect on them expressed as area basis, which had its own
problematic issues but can be adequately used for global scale
climate predictions as previously addressed (Luo & Reynolds
1999). Moreover, the approach itself necessitated a saturated
linear function to estimate the soil C and N sink strength,
which may lead to an underestimate of the actual sequestra-
tion rate under elevated CO2 (Gill et al. 2002).

CONCLUSIONS

We showed a comprehensive accounting of GHG (CO2, CH4,
N2O and NEP) exchanges between terrestrial ecosystems and
the atmosphere, linked to soil C and N pools under elevated
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CO2. Our synthesis suggests that an elevated CO2-induced rise
in soil CH4 and N2O emissions could negate soil C enrich-
ment or largely reduce mitigation potential of terrestrial NEP
under elevated CO2. Elevated CO2-induced changes in GHG
fluxes are associated with soil physicochemical properties,
including soil water content, soil C/N ratio, soil C input under
elevated CO2, and the level of CO2 enrichment. Clearly, soil
biotic factors also play important roles in driving soil GHGs
response to elevated CO2, such as soil microbial C/N ratio,
soil functional microbes related to GHGs production and con-
sumption, although we failed here to synthesise the general
conclusion due to limited data available in this meta-analysis.
Nevertheless, our results highlight that the capacity of terres-
trial ecosystems to act as a sink to slow climate warming
under elevated CO2 might have been largely offset by its
induced increases in source strength of soil GHGs.

Future directions

This meta-analysis concentrated on the effects of elevated
CO2 alone on soil C and N cycling, and failed to take its
interaction with other climate change factors (e.g. warming
or drought) into account due to limitation of available data
size. We also did not find any solid relationships between
the responses of soil C and N fluxes to elevated CO2 and
experimental duration in this analysis. Despite the additive
effects of multiple global change factors on soil C and N
biogeochemistry may be common, the need for more long-
term well-designed multifactor manipulation experiments
should be highlighted in future research efforts (Dieleman
et al. 2012; Zhou et al. 2016; Yue et al. 2017). Furthermore,
the site distribution of present available data set was over-
whelmingly dominated in temperate and subtropical regions,
still lack of studies in the tropics, where GHG fluxes and N
inputs are generally expected to be higher (Thornton et al.
2007). In addition, soils are nowadays generally subject to
different rates of atmospheric N deposition, especially in
subtropical and tropical areas, where N deposition is pre-
dicted to increase in the coming decades (Galloway et al.
2008). As suggested by earlier studies (van Groenigen et al.
2006; Galloway et al. 2008), elevated CO2-induced soil C
sequestration would be largely constrained by soil N avail-
ability, and hence atmospheric N deposition should also be
addressed to deal with its interactive impacts with CO2

enrichment and other climate factors on soil C and N
dynamics in order to be more representative of future world.
Besides, how elevated CO2 affects other key soil essential
nutrients (e.g. soil phosphorus or potassium) cycling or inter-
acts with them to alter soil C and N cycling is the challenge
of great concern in the future. Meanwhile, a better ecologi-
cally relevant metric also needs to be developed to further
underpin nutrient cycling response to climate by integrating
more biogeochemical factors. In particular, understanding
the microbial mechanisms of GHG response to climate
change is particularly important as it is widely believed that
microorganisms play important roles in global C and N bio-
geochemical cycles, yet they are generally not included in
current biogeochemical models to predict terrestrial ecosys-
tems feedback to climate change.
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