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SCIENCE FOR SOCIETY Plants, through various ecosystem functions, provide society with vital services,
including important carbon sinks to combat climate change and a crucial food source. Over the past 100
years, atmospheric concentrations of two greenhouse gases that impair (ozone [O3]) and enhance (carbon
dioxide [CO2]) plant growth have strongly increased. However, little is known about their net effects on plant
traits and the associated ecosystem functions and services. In this work, we synthesize current knowledge
and show that increased CO2 concentration negates or even overcompensates the detrimental effects of
increasedO3 on ecosystem functions and carbon and nitrogen cycles. Our assessment reveals the complex
interactive impacts of changes in two key atmospheric constituents on terrestrial ecosystems and high-
lights the need to understand the complex effects of atmospheric composition changes on ecosystems
while assessing options to mitigate human perturbation of the global environment.
SUMMARY
Increasing tropospheric concentrations of ozone (e[O3]) and carbon dioxide (e[CO2]) profoundly perturb
terrestrial ecosystem functions through carbon andnitrogen cycles, affecting beneficial services such as their
capacity to combat climate change and provide food. However, the interactive effects of e[O3] and e[CO2] on
these functions and services remain unclear. Here, we synthesize the results of 810 studies (9,109 observa-
tions), spanningboreal to tropical regionsaround theworld, andshow that e[O3] significantly decreasesglobal
net primary productivity and food production as well as the capacity of ecosystems to store carbon and
nitrogen, which are stimulated by e[CO2]. More importantly, simultaneous increases in [CO2] and [O3] negate
or evenovercompensate thenegativeeffectsof e[O3] onecosystem functionsandcarbonandnitrogencycles.
Therefore, thenegative effects of e[O3] on terrestrial ecosystemswouldbeoverestimated if e[CO2] impacts are
not considered, stressing the need for evaluating terrestrial carbon and nitrogen feedbacks to concurrent
changes in global atmospheric composition.
1752 One Earth 4, 1752–1763, December 17, 2021 ª 2021 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

Since the Industrial Revolution, anthropogenic activities have

been changing global atmospheric composition (e.g., increasing

ozone and carbon dioxide concentrations).1,2 This has pro-

foundly disturbed terrestrial ecosystem functions that provide

services vital to human life and health, such as combating

climate change through sustaining ecosystem carbon storage

and safeguarding food security.1 The increased emissions of ni-

trogen oxides (NOx) and volatile organic compounds (VOCs) in

conjunction with fossil fuel burning have increased the global

tropospheric ozone (O3) concentrations by 40% since preindus-

trial times.2 As a strong oxidant and air pollutant, O3 enters plant

leaves through the stomata, generating reactive oxygen species

and causing oxidative stress,3,4 which in turn reduces leaf photo-

synthesis, plant biomass, and crop yield.4–6 A previous study

suggests that an elevated O3 concentration (e[O3]) significantly

decreased tree photosynthesis by 12%, shoot biomass by 9%,

and root biomass by 12%.7 This decrease in plant productivity

may slow down the carbon (C) and nitrogen (N) cycling in terres-

trial ecosystems.8–11

Decreased aboveground (ANPP) and belowground net pri-

mary productivity (BNPP) under e[O3] result in lower C emissions

through ecosystem respiration,12,13 and less soil C inputs

through leaf and root litter, thereby likely decreasing soil organic

C (SOC) and N stocks.14,15 Elevated [O3] can also directly

impose physiological stress on soil microorganisms and may

decrease soil C turnover (e.g., SOC decomposition) and N trans-

formation rates (e.g., mineralization, nitrification, and denitrifica-

tion),8,16–18 which in turn down-regulates the size of soil labile C

and N pools and emissions of greenhouse gases (GHGs) from

soils (carbon dioxide [CO2], methane [CH4], and nitrous oxide

[N2O]).19–21 Recent studies have examined the response of

ecosystem C pools to e[O3] in forest ecosystems,15,21,22 but

are largely limited to C components (e.g., ANPP and BNPP).

So far, no study has comprehensively assessed the effects of

e[O3] on various C and N pools in global terrestrial ecosystems,

which limits our understanding of the impact of future [O3] on

terrestrial C and N cycles.

In parallel to e[O3], atmospheric CO2 concentrations have

increased by nearly 47% since preindustrial times.2 In contrast

with e[O3], elevated CO2 concentrations (e[CO2]) stimulate plant

photosynthesis, promote NPP23,24 and accelerate terrestrial C

and N cycling.25–27 Recent meta-analyses indicate that e[CO2]

significantly increased plant and soil C pools by 4%–23% in

terrestrial ecosystems.28,29 These results raise the question of

whether e[CO2] could overcome the negative effects of e[O3]

on terrestrial C and N pools.5,15,22 Only a few studies have exam-

ined the interactive effects of e[CO2]3 e[O3], but only on plant C

pools in forest ecosystems and with limited data,22,30 whereas

the effects on N pools and other ecosystem types such as crop-

land and grassland were not considered. For example, tree

ANPP was reported to be significantly decreased by 11%–

16% under [O3], but was increased by 12%–21% under e[O3]

3 e[CO2],
22 indicating an overcompensating effect of e[CO2]

on plant C pools. Whether this net positive effect also exists

for plant N pools, soil C and N pools, and the associated GHG

emissions in terrestrial ecosystems remains unclear. Moreover,

it remains unknown whether the interactive effects of e[O3] and
e[CO2] on plant and soil C and N pools are additive, antagonistic,

or synergistic. This uncertainty makes it difficult to predict the

response of terrestrial C and N cycles to multiple global change

drivers.27,31 Addressing these knowledge gapswill reveal the ca-

pacity of terrestrial ecosystems to sustain global feed and food

production and combat global warming under increasing O3

and CO2 concentrations.
32,33 Moreover, it will guide the develop-

ment of ecosystem-based climate change mitigation strategies

to improve the resilience of terrestrial ecosystems to concurrent

changes in atmospheric composition and reduce the risks of

climate change impacts on global environment and humans

(e.g., heat waves and flooding).32,33

Here, we synthesized the results of 810 studies with 9,109 ob-

servations (see experimental procedures and Figure S1) to (1)

quantify the effects of e[O3], e[CO2], and e[O3] 3 e[CO2] on key

C and N cycling variables (viz. plant photosynthesis, plant

biomass, crop yield, NPP, plant N pools, soil organic and labile

C and N pools, ecosystem and soil respiration and GHG emis-

sions) in global terrestrial ecosystems; (2) evaluate the interactive

effects of e[O3] and e[CO2] on these C and N variables; and (3)

explore whether e[CO2] can overcome the negative effects of e

[O3] on terrestrial C and N pools. We found that e[O3] and e

[CO2] exerted opposite effects on the targeted C and N cycling

variables, and the interactive effects of e[O3] and e[CO2] were

mostly additive. Simultaneous increases in [CO2] and [O3]

negated or even overcompensated the negative effects of e

[O3] on terrestrial C and N pools and fluxes. These results high-

light the importance of evaluating terrestrial C and N feedbacks

to concurrent climate changes.

RESULTS AND DISCUSSION

Elevated O3 and CO2 concentrations
In total, 810 peer-reviewed publications (9,109 observations) re-

porting results from global terrestrial ecosystems, spanning

boreal to tropical regions, were included in the meta-analysis

(Figure S1). Most studies included in our dataset were conduct-

ed in the northern hemisphere; only 32 studies were conducted

in the southern hemisphere. Across all studies included in our

dataset, ambient atmospheric O3 and CO2 concentrations

ranged between 15 and 50 ppbv (on average 36 ppbv) and

340–410 ppmv (on average 388 ppmv), respectively, while those

of elevated O3 and CO2 concentrations ranged between 29 and

150 ppbv (on average 72 ppbv) and 400–880 ppmv (on average

615 ppmv). Models predict that the atmospheric [O3] and [CO2]

will increase to 70–80 ppbv and 560–720 ppmv (RCP4.5–6.0)

by 2100,1 respectively. Thus, the magnitudes of [O3] and [CO2]

enrichment of the studies in our dataset are consistent with pro-

jections for the end of this century.

Effects of e[O3] on plant NPP and N pools
Averaged across all studies in our dataset, e[O3] significantly

decreased leaf net photosynthetic rate (Pn) by 26.0% compared

with ambient [O3] (Figures 1D and S6). The strong oxidative

stress due to e[O3] may cause leaf cell damage and decrease

the supply of carbohydrate precursors,4,5 which caused signifi-

cantly decrease in stomatal conductance (gs), carboxylation ef-

ficiency (Vcmax), and leaf chlorophyll content (Chll) (Figure 1D).

This explains the observed decreases in photosynthesis and
One Earth 4, 1752–1763, December 17, 2021 1753



Figure 1. Responses of plant growth and

photosynthesis to e[O3], e[CO2], and e[O3] 3

e[CO2]

Effects of elevated O3 (e[O3], on average 72 ppbv),

elevated CO2 (e[CO2], on average 615 ppmv) and e

[O3] (on average 67 ppbv) 3 e[CO2] (on average 612

ppmv) on plant biomass (A, B, and C), plant photo-

synthesis (D, E, and F), plant C (G, H, and I), and N

concentrations (J, K, and L) in global terrestrial eco-

systems. Pn, net photosynthetic rate; Vcmax, the

maximum carboxylation rate; WUE, water use effi-

ciency. Yield N concentration denotes the N con-

centration in the harvest part in croplands. The num-

ber of experimental observations is in parentheses.
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accelerated leaf senescence. As a result, the biomass of plant

tissues (shoot, root, leaf, and stem) was significantly decreased

by 15.1%–17.9% (Figures 1A and S5; Table S6). Root growth

was more negatively affected by e[O3] than aboveground

biomass as evidenced by the decreased root/shoot ratio (Fig-

ure S2). These results might be explained by the fact that leaves

in the lower and upper canopies were the preferential sources of

photosynthesis for root and shoot growth, respectively.34 As e

[O3] accelerates the senescence of older (mature) leaves in the

lower canopy, less C is allocated to roots, which explains the

observed reductions of root/shoot ratio.7 Compared with the

varied responses of leaf Pn resulting from the vertical gradient

of light intensity, the decrease in canopy photosynthesis (Pc)

may better reflect the damage of e[O3] on the capacity of plant

assimilation of atmospheric CO2.
3,35 Pc was not assessed in

this study due to data deficiency. However, a previous study

found that the Pc decreased significantly with increasing [O3]

and the decreasing rate (percentage reduction per unit [O3] in-

crease) was similar to the magnitude of decrease in plant above-

ground biomass under e[O3].
35

Across all studies, e[O3] significantly decreased crop yield by

25.6% (Figure 1A), which is within the range of reduction (23%–

29%) reported in previous meta-analyses.36,37 Moreover, the
1754 One Earth 4, 1752–1763, December 17, 2021
decrease in crop yield increased signifi-

cantly with the level of [O3] enrichment

(Figure 3). Model simulations suggest that

e[O3] decreased global crop yield by 227

Tg year�1 (1 Tg = 1012 g) during 2010–

2012,38 accounting for 9% of global crop

production. These results highlight the ur-

gency to implement measures to lower

tropospheric O3 concentrations, or at least

to halt its increase, and to develop O3-

tolerant crop cultivars to safeguard global

food security.39

Beside plant biomass and crop yield,

plant NPP and its components (ANPP,

BNPP, leaf, and stem C pools) were also

significantly reduced by 21.6%–28.6% by

e[O3] (Figures 2A and S9) because of the

decreased plant biomass and unaffected

plant C concentrations (Figures 1A, 1G,

and S7). Interestingly, e[O3] significantly

increased N concentrations in plant com-
ponents (except for leaf) (Figures 1J and S8) and decreased plant

C/N ratios (Figure S2). This might be explained by the decreased

plant biomass relative to the amount of available N5,40 or by N re-

translocation from prematurely senescing leaves under e[O3].
41

However, the increase in plant N concentrations was negligible

compared with the magnitude of plant biomass reduction under

e[O3], which led to significant decreases in various plant N pools

(10.0%–14.0%) (Figures 2D and S10).

We extrapolated our results on ecosystem C and N pools and

fluxes to the global scale bymultiplying averaged area-scaled ef-

fect sizes with the corresponding total land area (see experi-

mental procedures). We found that e[O3] significantly decreased

plant NPP and total N pool (TNP) by 24.1 (95% confidence inter-

val [CI], 11.5–36.7) Pg CO2-equivalent (CO2-eq) year
�1 and 0.18

(95% CI, 0.03–0.32) Pg N year�1, respectively, in terrestrial eco-

systems (Figures 2 and 6). The consistent decrease in plant NPP

and N pools across all terrestrial ecosystems analyzed suggests

that e[O3] significantly reduces the capacity of plant biomass to

store C and N. More importantly, the magnitude of decrease in

plant NPP and N pools increased significantly with the level of

[O3] enrichment (Figure 3), suggesting that the losses in terres-

trial plant C and N storage would be aggravated if [O3] continues

to increase.5,42



Figure 2. Responses of C and N pools and

fluxes to e[O3], e[CO2], and e[O3] 3 e[CO2]

Effects of elevated O3 (e[O3], on average 72 ppbv),

elevated CO2 (e[CO2], on average 615 ppmv) and e

[O3] (on average 67 ppbv)3 e[CO2] (on average 612

ppmv) on plant NPP components (A, B, and C) and

N pools (D, E and F), and soil C and N pools (G, H,

and I) and greenhouse gas emissions (J, K, and L) in

global terrestrial ecosystems. CH4 emissions

represent the average emissions from paddy fields

and wetlands. The number of experimental obser-

vations is in parentheses.
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Apart from [O3] concentration, climate conditions and

ecosystem types also regulate the responses of plant NPP and

N pools to e[O3] (see Note S1 for details).5 Decreases in plant

NPP (ANPP and BNPP) and (leaf) N pools with e[O3] were signif-

icantly and positively correlated with mean annual temperature

(MAT) and precipitation (MAP), suggesting that the plant produc-

tivity of subtropical and tropical terrestrial ecosystemsmay be hit

hardest by elevated [O3]. For ecosystems in cold and arid re-

gions, plant photosynthesis and growth are relatively less likely

to be inhibited by e[O3] because the physiological stresses

from low temperature and water deficiency make plants less

susceptible to the additional e[O3] stress.43,44 In contrast,

when e[O3] becomes the primary stress in subtropical and trop-

ical regions, reductions in plant photosynthesis and productivity

aremore severe.4,5 These findings corroborate simulations of the

impact of e[O3] on global gross primary production (GPP), which

showed that decreases in GPP in equatorial regions with higher

MAT and MAP were greater than in North America and Asia.42

Thus, to minimize the damages of e[O3] on global C and N stor-

ages, there is an urgent need for air pollution control specifically

in subtropical and tropical regions from the Middle East to India

and East Asia where tropospheric O3 concentrations have

strongly increased in recent decades.45
One Ea
Effects of e[O3] on soil C and N pools
and GHG emissions
As the largest C reservoir in terrestrial eco-

systems, soils (0–1 m layer) store about

1,500 Pg (1 Pg = 1015 g) of organic C,46

which is 3–4 times more than that stored

in atmospheric and plant pools.47 SOC

storage depends on the balance between

soil C input (e.g., root and leaf litters) and

output (soil respiration).26,48 e[O3] reduces

soil C inputs from root exudates and leaf

litters by decreasing plant root and leaf

biomass (Figure 1A). In addition, the phys-

iological stress caused by e[O3] might

directly inhibit soil microbial activities,18,49

as evidenced by the decreases in soil mi-

crobial biomass (phospholipid-derived

fatty acids, �12.2%) and the activities of

C-degrading (ligninase to cellulase) en-

zymes (10.4%–28.0%) (Figure 2G; Table

S7). This reduction in microbial activity

and the associated microbial respiration
may partly explain the decrease in soil respiration under e[O3]

(10.4%) (Figure 2J),8,50 along with the determinant cause of

decreased litter inputs and root biomass (root respiration). How-

ever, e[O3] reduces soil C inputs more strongly than soil respira-

tion, which is consistent with a decrease in SOC and soil total N

(TN) contents by 5.8% and 6.2% (Figure 2G), respectively, and a

slight increase in soil C/N ratio by 1.3% (Figure S2). However, the

responses of soil C and N pools to e[O3] vary with ecosystem

type and e[O3] duration (see Note S2). Overall, on a global scale,

e[O3] could potentially reduce SOC storage and TNP (0–20 cm

layer) by 22.3 (95% CI, 7.5–37.2) Pg CO2-eq year�1 and 0.08

(95%CI,�0.35 to 0.19) Pg N year�1, respectively (Figure 6), sug-

gesting that e[O3] largely damages the capacity of terrestrial eco-

systems to store C and N in soils.

The various soil labile C and N pools also decreased under e

[O3], but to a greater extent than SOC and TN (dissolved organic

C [DOC], 15.2%; microbial biomass C [MBC], 15.5%; microbial

biomass N [MBN], 22.9%; and NH +
4 ; 16.4%) (Figure 2). Soil

labile C and N serve as metabolized substrates or energy sour-

ces for microbial organisms to produce GHGs (see also Note

S5).25,28 For example, methanogenic archaea utilize organic C

substrates (e.g., DOC) under anaerobic conditions to produce

CH4,
19 while NH +

4 and NO --
3 are the primary N substrates for
rth 4, 1752–1763, December 17, 2021 1755



Figure 3. Environmental and edaphic factors

regulating e[O3] impacts on C and N pools

and fluxes

Linear regression analysis between terrestrial eco-

systems C and N pools and fluxes with climate

conditions, initial soil properties, and elevated O3

conditions. The lnRR of variables represents the

response ratio of a given variable to elevated O3.

Claycontent, initial soil clay content; MAP, mean

annual precipitation; [O3]hours/day, elevated O3

running hours/day in the treatment plot; [O3]lnRR,

natural log of the response ratio (RR) of elevated O3

concentration/ambient O3 concentration; Pn, net

photosynthetic rate; SOCcontent, initial SOC content;

Vcmax, themaximum carboxylation rate;WUE, water

use efficiency. Negative (positive) R value denotes a

negative (positive) linear relationship (*0.01 < p <

0.05, **0.001 < p < 0.01, ***p < 0.001).
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N2O production through heterotrophic nitrification and denitrifi-

cation,51 with DOC acting as an energy source.52 Across all

studies, the decreased availability of soil inorganic N and DOC

under e[O3] significantly reduced the rates of soil nitrification

(�18.0%) and denitrification (�9.2%) (Figure 4; Tables S8 and

S9), thereby decreasing N2O emissions (�12.1%, equivalent to

�1.36 Pg CO2-eq year�1; Figures 2J, 4, and S12). CH4 emissions

from paddy fields and wetlands were also decreased by 19.2%

(�0.57 Pg CO2-eq year�1) (Figures 2J, 6, and S3), likely owing to

a lower supply of organic C substrates.19,20 Previous studies

postulated that e[O3]-induced reductions in soil CH4 and N2O

emissionsmay negate the decreases in terrestrial net ecosystem

production (NEP) and SOC storage.5,16,19 However, according to

our analysis this was unlikely, as the decreases in soil CH4 and

N2O emissions (�1.9 Pg CO2-eq year�1) under e[O3] were

smaller than the decreases in NEP (�3 Pg CO2-eq year�1) and

SOC pool (�22.3 Pg CO2-eq year�1) (Figure 6). As a result, the

overall source strength of global terrestrial ecosystems for

GHGs under e[O3] was increased by 20.4 Pg CO2-eq

year�1 (nGWP).

e[CO2] negates e[O3] impacts on terrestrial C and N
cycles
In contrast with e[O3], e[CO2] generally increases plant photo-

synthesis and growth.24,27,29 Averaged across all studies in our
1756 One Earth 4, 1752–1763, December 17, 2021
dataset, e[CO2] significantly stimulated

plant photosynthesis by 32.6% (Figure 1E)

and various plant tissue biomass by

19.4%–33.7% in global terrestrial ecosys-

tems (Figure 1B). Plants exposed to e

[CO2] showed reduced gs (13.0%) (Fig-

ure 1E), which decreases O3 flux into

plants and consequently its detrimental ef-

fects on plant photosynthesis.5,41,53 Our

results showed that e[O3] 3 e[CO2] largely

alleviated the decrease in Vcmax and leaf

Chll under e[O3] and significantly stimu-

lated photosynthetic WUE (Figure 1F). As

a result, plant photosynthesis was signifi-

cantly increased by 16.7% under e[O3] 3
e[CO2], leading to an overall increase in the biomass of plant tis-

sues (12.8%–20.8%) and crop yield (7.4%) (Figures 1C and S5).

Also, the root/shoot ratio under e[O3] 3 e[CO2] remained un-

changed compared with ambient conditions (Figure S2), which

suggests that e[CO2] enhanced the tolerance of plants to e[O3]

damage.5,53 As the stimulation in plant Pn increased significantly

with the level of [CO2] enrichment (Tables S1 and S10), the in-

creases in e[CO2] can overcome the decreased terrestrial plant

productivity under e[O3].

Plant NPP and its components (ANPP, BNPP, leaf, and stemC

pools) were significantly increased by 19.8%–31.6% under e

[CO2] and by 17.3%–33.2% under e[O3] 3 e[CO2] (Figures 2B,

2C, and S9), because of the enhanced plant biomass and unaf-

fected or stimulated plant C concentrations (Figure 1). In contrast

to e[O3], e[CO2] and e[O3] 3 e[CO2] decreased plant N concen-

trations (Figures 1K and 1L), also reported in other studies,23,48,54

which resulted in an increase of plant C/N ratios (Figure S2). The

negative effects of e[CO2] on plant N concentrations were likely

due to the growth dilution effect.54 The decrease in plant N con-

centrations was comparable in magnitude with the increase in

plant biomass under e[O3] 3 e[CO2] and led to a slight but

nonsignificant increase in various plant N pools (2.1%–10.7%).

These N pools were significantly increased (5.4%–17.1%) under

e[CO2] alone (Figures 2E and 2F). Regarding the interactive ef-

fects of e[O3] and e[CO2], additive effects were observed for



Figure 4. Responses of factors regulating

N2O and CH4 emissions to e[O3], e[CO2],

and e[O3] 3 e[CO2]

Changes in soil N transformation rates, soil N

availability, and the functional gene copy number

associated with N2O and CH4 emissions under

elevated O3 (e[O3], on average 72 ppbv, blue color),

elevated CO2 (e[CO2], on average 615 ppmv, red

color), and e[O3] (on average 67 ppbv) 3 e[CO2] (on

average 612 ppmv, dark green color) in terrestrial

ecosystems. The number of experimental obser-

vations is in parentheses.
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plant C and N pools (Figure 5). On a global scale, the increases in

NPP and TNP of terrestrial ecosystems under e[CO2] (31.3 Pg

CO2-eq year�1 and 0.37 Pg N year�1) exceed the decreases

induced by e[O3] (�24.1 Pg CO2-eq year�1 and �0.18 Pg N

year�1). Thus, we expect that the combined effect of e[O3] and

e[CO2] is positive, i.e., will result in a net gain in terrestrial plant

NPP and N pools by 7.1 Pg CO2-eq year�1 and 0.19 Pg N year�1,

respectively (Figure 6). These results further strengthen our argu-

ment that e[CO2] alleviates or even overcompensates the nega-

tive effects of e[O3] on global terrestrial ecosystems (Figure 7).

The increase in plant biomass under e[CO2] stimulates soil

belowground C and N processes.31,48 Our results showed that

SOC and TN contents were slightly increased by 0.3% and

1.2% under e[O3] 3 e[CO2] (Figure 2G), mainly due to the

enhanced soil C inputs through root and leaf litters.28 These per-

centage changes are smaller than those observed under e[CO2]

alone (6.8% for SOC and 5.7% for TN) (Figure 2H). The difference

was attributed to e[O3] offsetting the positive effect of e[CO2] on

soil C and N pools.8 Soil labile C (MBC and DOC) and N (MBN

and NH +
4 ) contents were also slightly stimulated, respectively,

by 0.2%–2.2% and 1.3%–4.3% under e[O3] 3 e[CO2], although

these effects were not significant (Figure 2F). The positive effects

of e[CO2] on soil C and N pools may becomemore evident under

long-term [CO2] elevation (Figure S4).
15 Globally, the increases in

SOC storage and TNP (0–20 cm layer) under e[CO2] outweigh the

expected negative effects by e[O3], resulting in a net increase of

the soil C and N stocks in terrestrial ecosystems by 6.3 Pg CO2-
One Ea
eq year�1 and 0.011 Pg N year�1 under e

[CO2] and e[O3], respectively (Figure 6).

The e[CO2]-induced increase in soil

organic and labile C and N pools are

known to promote soil GHG emis-

sions.25,54,55 We found that, on average,

e[CO2] increased soil emissions of CO2

by 29.0% (equivalent to 23.7 Pg CO2-eq

year�1), CH4 by 31.8% (1.1 Pg CO2-eq

year�1) (paddy fields and wetlands), and

N2O by 16.4% (1.5 Pg CO2-eq year�1) (Fig-

ures 2K and 6). Partially offset by the nega-

tive effects of e[O3] (Figure 2L), the in-

creases in soil CO2 (2.6 Pg CO2-eq

year�1), CH4 (0.50 Pg CO2-eq year�1),

and N2O (0.15 Pg CO2-eq year�1) emis-

sions under e[CO2] and e[O3] were lower

than e[CO2] only (Figure 6). Our analyses
suggest that simultaneous increase in [CO2] and [O3] significantly

diminishes the expected increase in the sink strength of terres-

trial ecosystems for GHGs under e[CO2] alone by 81.5%. Never-

theless, global terrestrial ecosystems remain a C sink of about

5.7 Pg CO2-eq year�1 (nGWP) under e[CO2] and e[O3], largely

owing to the increases in SOC storage (6.3 Pg CO2-eq year�1),

which are not fully compensated by the increases in soil CH4

and N2O emissions. These results suggest that the negative ef-

fects of e[O3] on terrestrial ecosystems are overestimated if e

[CO2] impacts are not considered, stressing the need for revising

current global CN-models regarding the parameterization of e

[O3] and e[CO2] interactive effects.

Summary and the way forward
Our meta-analysis showed that, compared with ambient con-

centrations, elevated [O3] significantly decreased plant pro-

ductivity, and plant and soil C and N pools in global terrestrial

ecosystems (Figure 7). However, the reductions in these C

and N fluxes will be offset by the positive effects of e[CO2]

on ecosystem C and N cycling, since the interactive effects

of e[O3] and e[CO2] are mostly additive (Figure 5). Regardless

of the levels of [O3] and [CO2] enrichment, elevated CO2 ne-

gates O3 impacts on terrestrial C and N cycles (Figures

S20�S24; Note S3). These results did not necessarily indicate

that e[CO2] is beneficial to ecosystem sustainability. Instead,

we highlight that the complex interactive impacts of e[O3]

and e[CO2] need to be considered when implementing
rth 4, 1752–1763, December 17, 2021 1757



Figure 5. Interactions between e[O3] and e

[CO2] on C and N pools and fluxes

Interactive effects of elevated O3 (e[O3]) and

elevated CO2 (e[CO2]) on plant biomass (A), plant

NPP (B), plant photosynthesis (C), plant N pools (D),

plant C concentrations (E), soil C and N pools (F),

plant N concentrations (G), and greenhouse gas

emissions (H) in global terrestrial ecosystems. The

number of experimental observations is in paren-

theses. Weighted mean Hedges’ d values labeled

with black, blue, and red represent the interactive

effects between e[O3] and e[CO2] are additive,

antagonistic, and synergistic, respectively.
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mitigation measures to curb the rising levels of CO2 or O3. Our

findings further emphasize the importance of exploring the

interactive effects of multiple global change drivers, to better

understand how changes in the global atmospheric composi-

tion will affect the C and N cycles of terrestrial ecosystems.

Moreover, the interactive effects of other global change fac-

tors (e.g., warming and drought) should also be explored,

and the likely complicated responses of ecosystem processes

to dynamically changing environmental factors need to be

studied by well-designed multifactorial experiments,31,56,57

to develop a more realistic view on future ecosystem

functioning.

Most studies in our dataset were conducted in temperate re-

gions, although the countries in the subtropics and tropics might

be hit hardest by e[O3]
42 and are more vulnerable to environ-

mental changes owing to the importance of agriculture to their

economies. Thus, there is an urgent need for more e[O3] exper-

iments in tropical regions. Overall, our study provides new in-

sights into improving the prediction of C and N models in

capturing the complex responses of terrestrial ecosystems to

future atmospheric conditions.
1758 One Earth 4, 1752–1763, December 17, 2021
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Resource availability

Lead contact

Further information and requests for resources and reagents should be

directed to and will be fulfilled by the lead contact, Dr. Longlong Xia

(longlong.xia2@kit.edu).

Materials availability

This study did not generate new unique materials.

Data and code availability

The datasets generated during this study are available at https://doi.org/10.

17632/4xft935wvy.1.

Data compilation

Peer-reviewed publications before July 2020 that reported the effects of e

[O3], e[CO2], and e[O3] 3 e[CO2] on terrestrial C and N cycles were collected

using the databases such as Web of Science, Scopus, Google Scholar, CAB

Abstracts, Academic Search Complete (EBSCO), Current Contents Connect

(ISI), China National Knowledge Infrastructure Database (CNKI), and China

Wanfang Database. The keywords used in the search included ‘‘elevated

O3, elevated CO2, or elevated O3 and CO2,’’ ‘‘plant photosynthesis (net Pn,

gs, water use efficiency (WUE), the maximum carboxylation rate (Vcmax) and

leaf chlorophyll concentration (Chll)),’’ ‘‘plant and its above- and belowground

components biomass (shoot, root, leaf, and stem),’’ ‘‘root/shoot ratio,’’ ‘‘food

mailto:longlong.xia2@kit.edu
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Figure 6. Net changes in global terrestrial

ecosystem C and N pools and fluxes in

response to e[O3], e[CO2], and e[O3]3 e[CO2]

All C pools and GHG emissions were converted to

CO2-eq. CO2-eq emissions were calculated using

the 100-year global warming potentials of 34 and

298 for CH4 and N2O, respectively. CH4 emissions

represent the changed emissions from global paddy

fields and wetlands; nGWP (net global warming

potential) = CH4 + N2O – SOC, positive nGWP de-

notes the increased source strength due to changes

in atmospheric composition; NEP = NPP – Rh; NPP,

net primary productivity; Rh, soil heterotrophic

respiration; Rs, soil respiration; SOC, SOC pool

(0–20 cm layer); TN, soil TNP (0–20 cm layer); TNP,

plant TN pool. The asterisks represent the changes

are significant (*0.01 < p < 0.05, **0.001 < p < 0.01,

***p < 0.001). The error bars represent the 95% CIs.

Since the interactive effects of e[O3] and e[CO2] on

plant, soil C and N pools, and GHG emissions were

additive (Figure 5), the changes for various C and N

variables under simultaneous e[O3] and e[CO2] were

calculated by summing the values for e[O3] alone

and e[CO2] alone (i.e., e[O3] and e[CO2]variable = e

[O3]variable + e[CO2]variable).
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security (crop yield),’’ ‘‘plant and its components C concentrations,’’ ‘‘plant

NPP and its components C pools,’’ ‘‘plant and its components N concentra-

tions,’’ ‘‘plant and its components N pools,’’ ‘‘plant C/N ratio (shoot C/N ratio,

root C/N ratio, leaf C/N ratio and stem C/N ratio)’’ ‘‘soil C and N pool and their

ratios (0–20 cm layer) (SOC and TN contents, and soil C/N ratio),’’ ‘‘soil labile

C and N pools (DOC, microbial C and N biomass and their ratios (MBC and

MBN, and MBC/MBN), and ammonium ðNH +
4 Þ and nitrate ðNO --

3 Þ contents,’’
‘‘GHG emissions (ecosystem and soil respiration, and CH4 and N2O emis-

sions),’’ ‘‘N2O-related N transformation rates (mineralization, nitrification,

and denitrification),’’ ‘‘N2O-related functional gene (AOA-amoA, AOB-amoA

and nosZ) copies’’ and ‘‘CH4-related functional gene (mcrA and pmoA)

copies.’’ Studies that met the following criteria were included in this meta-

analysis: (a) at least one of the target variables for the control (ambient con-

centration) and treatment (e[O3], e[CO2], or e[O3] 3 e[CO2]) plots was

included; (b) the experimental duration and e[O3], e[CO2], or e[O3] 3 e[CO2]

fumigation details (e.g., fumigation time and duration) were reported; and

(c) the mean values and sample sizes for the control and treatment plots

were provided. The multiple observations that were conducted at the same

experimental site over several years were averaged. Besides, to better repre-

sent the canopy effects, we averaged the measurements of photosynthetic

traits (Pn, gs, Vcmax, and Chll) of leaves located in different positions of the

canopy when available. In total, 810 peer-reviewed publications (9,109 obser-

vations) reporting results from global terrestrial ecosystems, mainly grassland

(123 studies), forest (246 studies), and croplands (408 studies), were included

in the meta-analysis (Figure S1).

Meta-analysis

The natural log-transformed response ratio (lnRR) was used to quantify the ef-

fects of e[O3], e[CO2], or e[O3]3 e[CO2] on the variables (X) using the following

equation:

ln RR = ln ðXt =XcÞ (Equation 1)

where Xt and Xc represent the mean of the treatment (e[O3], e[CO2], or e[O3]3

e[CO2]) and control groups (ambient concentration) for the variable X, respec-

tively. The results are presented as the percentage of changes ((RR – 1)3 100)

in the variables under e[O3], e[CO2], or e[O3] 3 e[CO2]. Positive percentage

changes denote an increase due to e[O3], e[CO2], or e[O3] 3 e[CO2], whereas

negative values indicate a decrease in the respective variables. The effect size

was weighted by the inverse of its variance and the missing variance was esti-

mated using the average coefficient of variation across the dataset.58 We
performed a mixed-effects meta-analysis in R, using the rma.mv function in

‘‘metaphor’’ package which included ‘‘paper’’ as a random effect.59

The effects of e[O3], e[CO2], or e[O3]3 e[CO2] were considered significant if

the 95% CIs did not overlap with zero. The means of the categorical variables

(ecosystem types and fumigation methods) were considered significantly

different from each other if their 95%CIs did not overlap. For each variable, to-

tal heterogeneity among the categorical group (Qt) was partitioned into within-

group (Qw) and between-group (Qb). A significance of Qb (p < 0.05) represents

a significant difference between different levels of the categorical group (Ta-

bles S4 and S5). Meta-regression was conducted between lnRR of the target

variables and climate parameters (MAT andMAP), soil properties (SOC and TN

contents and clay content), and [O3] and [CO2] concentrations (Figure 3; Ta-

bles S1 and S2). Publication bias for the variables included in this meta-anal-

ysis was assessed using funnel plots.

Interactive effects

The interactive effects of e[O3] and e[CO2] on the variables were evaluated us-

ing Hedges’ d. The interactive effect size (dI) between e[O3] and e[CO2] was

calculated using the following equation27,60:

dI =
ðXAB � XAÞ � ðXB � XCÞ

2s
3 JðmÞ (Equation 2)

where XC, XA, XB, and XAB denote the mean of a variable in the control, e[O3], e

[CO2], and their combination (e[O3] 3 e[CO2]), respectively; s and J(m) denote

the pooled standard deviation and correction term for small sample bias,

respectively, which were calculated using the following equations:

s =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðnc � 1Þs2c + ðnA � 1Þs2A + ðnB � 1Þs2B + ðnAB � 1Þs2AB

nc + nA + nB + nAB � 4

s
(Equation 3)

JðmÞ = 1� 3

4m� 1
(Equation 4)

where nc, nA, nB, and nAB denote the sample size, and sc, sA, sB, and sAB repre-

sent the standard deviation in the control e[O3], e[CO2], and their combination

(e[O3] 3 e[CO2]), respectively; m is the degree of freedom (m = nc + nA + nB +

nAB � 4). We calculated the variance of dI (v) using the following equation:

v =
1

4

�
1

nc

+
1

nA

+
1

nB

+
1

nAB

+
d2
I

2ðnc + nA + nB + nABÞ
�

(Equation 5)
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Figure 7. A conceptual model summarizing

terrestrial C and N feedbacks to e[O3], e

[CO2] and e[O3] 3 e[CO2]

Overall effects of elevated [O3] (blue), elevated [CO2]

(red), and e[O3]3 e[CO2] (dark green) on plant C and

N pools, soil C and N pools, and greenhouse gas

emissions in terrestrial ecosystems. ANPP, above-

ground net primary productivity; BNPP, below-

ground net primary productivity; AGNP, above-

ground N pool; BGNP, belowground N pool; SOC,

soil organic C; DOC, dissolved organic C; MBC,

microbial biomass C; MBN, microbial biomass N.
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The weighted mean dI (d++) was calculated using the following equation:

d+ + =

Pl
i = 1

Pk
j =1wijdijPl

i = 1

Pk
j = 1wij

(Equation 6)

where l represents the group number, k is the number of comparisons in the ith

group, andw is the weight that is the reciprocal of the variance (1/v). Weighted

mean dI and the 95% CIs were calculated using the ‘‘metaphor’’ package in R

software.59 The interactive effects of e[O3] and e[CO2] on the variables were

additive, synergistic, or antagonistic.60 The interactive effect was considered

to be additive if the 95% CI overlapped with zero. For two-driver pairs whose

individual effects were either both negative or had opposite directions, the

interactive effect sizes less than zero were synergistic whereas those greater

than zero were antagonistic.

Upscaling and uncertainty analysis

We scaled up the weighted and averaged results (area-scaled metrics,
�U-value) from this meta-analysis by multiplying them for target variables with

the corresponding total land area25,28:

T = U 3 A (Equation 7)
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where T is expressed in PgCO2-eq year�1 or PgN year�1 andA is the total land

area for wetlands (5.7 million km2), rice paddies (1.3 million km2), and upland

(103 million km2).25,28 When scaling up N2O emissions, we distinguished be-

tween fertilized upland soils (i.e., 19 million km2 of fertilized grasslands and

croplands minus 1.3 million km2 rice paddies) and nonfertilized upland soils

(85.4 million km2).28 U was weighted by the inverse of its variance. CO2-eq

emissions were calculated using the 100-year global warming potentials of

34 and 298 for CH4 and N2O, respectively.1

For paired data, we determined the SOC and TN change rate (MU, g C, or N

kg�1 year�1) under atmospheric composition changes by plotting them versus

the experimental duration, which was defined and calculated using the

following equation:28

MU = ðSOCt ðTNtÞ � SOCc ðTNcÞÞ=t (Equation 8)

where SOCt (TNt) and SOCc (TNc) represent the mean SOC (TN) change rate in

treatment (e[O3], e[CO2] or e[O3] 3 e[CO2]) and control groups (ambient con-

centration), respectively. Furthermore, the SOC and TN pool (SOCp and TNp,

t C or N year�1) change rate (0–20 cm layer) was estimated using the following

equation61,62:
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SOCp ðTNpÞ =
Xm
i = 1

Ai 3 MU 3 BD 3 H 3 0:1 (Equation 9)

where Ai is the habitat area (i.e., upland, wetland, and paddy field); BD is the

bulk density (g cm�3) andH is the depth of the soil layer (20 cm). Since the inter-

active effects of e[O3] and e[CO2] on plant and soil C and N pools, and GHG

emissions were additive (Figure 6), the changes for various C and N variables

under simultaneous e[O3] and e[CO2] were calculated by summing the values

for e[O3] alone and e[CO2] alone (i.e., e[O3] and e[CO2]variable = e[O3]variable + e

[CO2]variable) (Figure 6).

Uncertainties exist in our estimation of changes in C and N pools and GHG

emissions on a global scale. First, the responses of GHG emissions, and soil C

and N pools to e[O3] and e[CO2] may change over the experimental duration

(Figure S4), whichwas not considered in the current estimation due to data lim-

itation for long-term studies. Second, we assumed that the effects of e[O3] and

e[CO2] mainly occur during the plant-growing season when converting sea-

sonal fluxes to annual data, which may affect the upscaling results.25 Third,

the responses of soil C and N pools and GHG emissions to e[O3] and e[CO2]

may vary with climate conditions (e.g., temperature and precipitation) and

soil properties (e.g., initial SOC content) (Figure 3 and S13), which was not as-

sessed in the analysis. Fourth, the effects of O3 are dose dependent and plants

often exhibit threshold responses to cumulative doses of O3 (Figures

S14�S19). For example, staple crop species (e.g., rice, wheat, and corn) are

less tolerant to e[O3] than tree species (e.g., spruce, silver fir, and pine) based

on the AOT40 index values (accumulated exposure over threshold of 40 ppbv)

(Table S3). Our results further show that e[O3] levels of around 70 ppbv in com-

bination with e[CO2] levels of around 550 ppmv increased the aboveground

biomass of food crops (e.g., wheat, bean, and vegetables) at a similar or

even greater magnitude than for tree species (e.g., pine and spruce) being

exposed to a combination of e[O3] of about 70 ppbv and e[CO2] of about

700 ppmv (Figure S15). These results indicate that food crops respond more

dramatically than tree species to concurrently changing e[O3] and e[CO2]

levels. However, due to a lack of data, especially on the responses of plant/

soil C and N pools to e[O3] and e[CO2] and the species effects (Data S7), we

did not upscale the results for individual plant species (see Note S2 for details).

This underscores the importance of the inclusion of these factors into future

studies to reduce the uncertainties.
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