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1 | INTRODUCTION

Temperature is a key factor regulating carbon (C) and nitrogen (N)

biogeochemical processes in terrestrial ecosystems (Van Gestel

Abstract

Warming can accelerate the decomposition of soil organic matter and stimulate the
release of soil greenhouse gases (GHGs), but to what extent soil release of methane
(CH,) and nitrous oxide (N,O) may contribute to soil C loss for driving climate change
under warming remains unresolved. By synthesizing 1,845 measurements from 164
peer-reviewed publications, we show that around 1.5°C (1.16-2.01°C) of experi-
mental warming significantly stimulates soil respiration by 12.9%, N,O emissions by
35.2%, CH, emissions by 23.4% from rice paddies, and by 37.5% from natural wet-
lands. Rising temperature increases CH, uptake of upland soils by 13.8%. Warming-
enhanced emission of soil CH, and N,O corresponds to an overall source strength
of 1.19, 1.84, and 3.12 Pg CO,-equivalent/year under 1°C, 1.5°C, and 2°C warming
scenarios, respectively, interacting with soil C loss of 1.60 Pg CO,/year in terms of
contribution to climate change. The warming-induced rise in soil CH, and N,O emis-
sions (1.84 Pg CO,-equivalent/year) could reduce mitigation potential of terrestrial
net ecosystem production by 8.3% (NEP, 22.25 Pg CO,/year) under warming. Soil
respiration and CH, release are intensified following the mean warming threshold
of 1.5°C scenario, as compared to soil CH, uptake and N,O release with a reduced
and less positive response, respectively. Soil C loss increases to a larger extent under
soil warming than under canopy air warming. Warming-raised emission of soil GHG
increases with the intensity of temperature rise but decreases with the extension of
experimental duration. This synthesis takes the lead to quantify the ecosystem C and
N cycling in response to warming and advances our capacity to predict terrestrial

feedback to climate change under projected warming scenarios.
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et al., 2018; Viogt et al.,, 2017). It has been suggested that, the
projected warming intensity between 1.1°C and 6.4°C over the next
100 years would shape the C balance of terrestrial ecosystems by
altering biogeochemical processes such as soil organic C decompo-

sition and microbial activities driving soil C and N cycling (Crowther
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et al.,, 2016; IPCC, 2013). Indeed, warming has been individually
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documented to either accelerate the decomposition of soil organic
matter or stimulate the release of soil greenhouse gases (GHGs).
However, a full budget of soil GHG fluxes relative to the changes in
terrestrial carbon pools under warming remains poorly understood
(Carter et al., 2011; Melillo et al., 2017; Yue et al., 2017). In recent
decades, a growing number of individual studies spanning a variety
of environment-specific biomes have examined the response of soil
C storage or biogenic GHG fluxes to warming, which would allow us
to use the meta-analysis to assess warming-induced changes in soil
C storage and GHG fluxes (Arora et al., 2013; Crowther et al., 2015;
Viogt et al., 2017; Yvon-Durocher et al., 2014). In particular, an in-
sight into how rising temperature might influence the budget of
GHG exchange between terrestrial ecosystems and the atmosphere
would help to incorporate these potential effects into predictive
biogeochemical models (Van Gestel et al., 2018).

Recently, several studies have concentrated on the effects of ex-
perimental warming on soil C pools by either meta-analysis or mod-
eling approaches, showing a general net loss of soil C under warming
scenarios (Crowther et al., 2016, 2018; Van Gestel et al., 2018; Yue
et al., 2017). However, these synthesis studies are limited in scope
and have not attempted to quantify the changes in soil C pools with a
linkage to GHG fluxes. Besides CO,, methane (CH,) and nitrous oxide
(N,O) are another two potent long-lived atmospheric GHGs. One of
the major sources of atmospheric N,O is ascribed to upland soils,
where N,O is produced mainly through the microbial processes of
nitrification and denitrification (Liu et al., 2017). Wetlands, including
rice paddies, constitute the main source of atmospheric CH,, while
upland soils can act as a sink for atmospheric CH,, depending on the
combined performance of methanogens and methanotrophs (Van
Groenigen, Osenberg, & Hungate, 2011). Given that rising tempera-
ture has been shown to enhance soil C losses and affect soil biotic
and abiotic factors regulating soil CH, and N,O fluxes (Crowther
et al., 2016; Frey, Lee, Melillo, & Six, 2013; Viogt et al., 2017; Yvon-
Durocher et al., 2014), to what extent soil release of CH, and N,O may
contribute to soil C loss to shrink terrestrial C uptake under projected
warming thresholds needs to be quantitatively synthesized globally.

To date, the knowledge gap still exists on warming as a vital
role in driving climate change, especially on how terrestrial C and
N cycling responds to warming and the subsequent feedback to cli-
mate change (Yin, Chen, & Liu, 2012; Yvon-Durocher et al., 2014).
Quantifying soil C losses in response to experimental warming has
been of great concern worldwide (Crowther et al., 2016; Davidson
& Janssens, 2006), but there is still a lack of robust accounting
of soil CH, and N,O fluxes in response to warming, which would
highly limit our ability to predict terrestrial feedback to climate
(Yue et al., 2017). Furthermore, limited studies have integrated the
changes in terrestrial C and N pools to better associate them with
biogenic GHG flux response to warming (Liu et al., 2018). Although
experimental studies can directly warm the soil or canopy air within
an ecosystem, the practical difference in soil GHG flux responses
to increased temperature between soil and canopy air warming ex-
periments remains to be examined (Crowther et al., 2016). It is well

documented that soil CH, and N,O fluxes are greatly affected by

agricultural practices, such as irrigation regime and fertilizer applica-
tion (Liu et al., 2017; Wang et al., 2018), while no synthesis studies
have examined the difference in their responses to warming be-
tween croplands and non-agricultural ecosystems (e.g., rice paddy
vs. natural wetlands, fertilized cropping uplands vs. unfertilized up-
lands). Poor understanding of how agricultural practices might in-
fluence GHG response to warming will limit our access to predict
terrestrial feedback to climate change.

To this end, we compiled global available literature-derived ex-
perimental measurements (Tables S1-S3) using mixed-effect me-
ta-analysis response metrics. The objectives of this study were to
generalize the experimental warming-induced changes in biogenic
GHG fluxes and examine the difference in their responses to soil and
canopy air warming. We also aimed to explore how the potential soil
biotic and abiotic drivers regulate the response of soil GHG fluxes to
warming. We hypothesized that experimental warming would stim-
ulate soil release of GHGs to the atmosphere, reduce soil C and N
storage, thereby shrinking soil C sequestration due to plant-derived
soil C input under warming. We also predicted that this positive re-
sponse of soil GHGs would depend on warming intensity, experi-

mental duration, and habitat-specific environmental conditions.

2 | MATERIALS AND METHODS
2.1 | Data extraction

We launched a detailed review of the literature published in peer-
reviewed journals through the year 2018-2019 (cutoff date on
August 30, 2019). We extracted original experimental results from
publications enclosing individual measurements with soil GHG flux
data and also the data on soil C and N fractions in cases that they
were simultaneously available (Tables S1 and S2). All selected data
were extracted from the Web of Science and Google Scholar, papers
published in the China Knowledge Resource Integrated Database
with English abstract, and also the publication sources by gather-
ing and reevaluating the older literature cited in the prior review
(Yue et al., 2017). A combination of searching terms [“warming” OR
“elevated temperature” OR “rising temperature” OR “increased tem-
perature”, AND “soil”, AND “CO,” OR “soil respiration” OR “CH,” OR
“N,0"] was used for GHG 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).

2.2 | Inclusion criteria

We adhered to the following criteria to avoid publication bias in
GHG data selection. The ambient and warmed treatment within
a given study should have the same warming duration and treat-
ment history. Different treatment durations within the same study
were considered as individual observations in data collection to

allow for duration sensitivity analysis. Besides field or outdoor pot
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experiments conducted using Open Top Chamber, infrared heater,
heating cable, and inflective curtain, the controlled-environment
studies at community level in large-scale Growth Chamber, and
Greenhouse with vegetation growth were also included in this analy-
sis to fully quantitatively understand the effect of warming on ter-
restrial C and N cycling. Aside from continuous warming, long-term
intermittent warming studies were also included in this analysis. The
warming studies through shift in geographical latitude or location to
achieve increased temperature were removed from this analysis to
avoid noise caused by site bias. In order to be more representative
of the real world, laboratory incubation studies were excluded from
this analysis. Studies with no replication or no reported number of
replications and grouping categories with fewer than two data pairs
were excluded from the analysis. Experiments in which N,-fixing
species dominate were excluded from the main analysis to guaran-
tee the sole influence of warming on soil C and N pools. For data
from natural habitats, the occasional field GHG flux measurements
without covering the whole experimental period were excluded. For
data from croplands, the consecutive measurement period covers
at least one whole cropping season and the within or multiyear data
with different cropping seasons were extrapolated or averaged to
obtain annual mean. Seasonal GHG measurement data from natu-
ral and cropping upland ecosystems were assumed to be applicable
and extrapolated to obtain annual-based rates in current analysis.
For data extrapolation from rice paddies, the seasonal cumulative
CH, emissions from rice growing seasons were assumed to be rep-
resentative of the annual total due to the general negligible source
or even sink role of atmospheric CH, for rice-based upland cropping
rotation systems.

When soil parameters were reported with multiple soil depths,
we chose to include the data measured in 0-20 cm topsoil. For multi-
factor studies, we only considered the separate paired observations
under warming alone or both ambient and increased treatments
combined with the other similar climate change factors to minimize
data bias. For upland soils usually acting as a sink of atmospheric
CH,, several positive data on CH, fluxes (referring to CH, source)
in forest soils were finally discarded from the dataset to strengthen
our analysis. When the data were presented in figures, we extracted

120°W

o RIS

means and standard errors using GraphClick. The final database con-
sisted of 1,845 paired measurements derived from 164 publications,
of which 48 simultaneous observations of CH, and N, O fluxes from
17 studies were available in the database (Table S1). The experi-
mental locations were mostly clustered in Asia, Europe, and North
America, with only several studies scattered in South Hemisphere,
and in Northern Hemisphere at high latitudes and tropics (Figure 1).

2.3 | Data compilation and analyses

Data were first subjected to a standardization process to allow for
comparisons. We calculated the balanced means of all investigated
paired values with the residual maximum likelihood procedure using
GENSTAT release 4.2 to minimize 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 grass-
land, tundra, shrubland, and forest) based on current dataset. We
also distinguished the upland data by two levels of N availability with
or without N fertilizer input. In addition, we examined the response
of terrestrial C and N cycling to rising temperature partitioned by
ecosystem warming manipulative options (soil or canopy air warm-
ing) for their different effects on soil processes.

The means of biogenic GHG fluxes, soil moisture, and plant and
soil C and N fractions from treatment (X,) and control (X,) groups
were used to calculate effect size in the form of natural log-trans-
formed response ratio (InR). For upland soils overwhelmingly acting
as the sink of CH,, for both the treatment and control in our dataset,
the absolute values of negative CH, fluxes (indicating soil uptake of
CH,) were adopted for effect size calculation to avoid making InR
problematic during meta-analysis. While three paired observations
showed a shift from source to sink of atmospheric CH, following
warming treatment, which finally led to their exclusion from this
analysis to allow for solid performance of meta-analysis procedures.
Here we calculated the treatment effect of warming on soil C and N
pools as the absolute changes in soil C and N contents (in g C/kg soil
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or g N/kg soil), instead of relative changes to achieve biogeochemical
significance (Hungate et al., 2009). The standard deviations of both
treatment and control were included as a measure of variance:

InR =In(X./X,), 1

where X, and X, are means in the warmed treatment and control

groups. Its pooled variance (v) is estimated as:

2 2
S S
V= 62 + —02, (2)
nx2  nyx2

where n, and n, are the sample sizes for the treatment and control
groups, respectively; s, and s, are the standard deviations for the treat-
ment and control groups, respectively.

In this study, we conducted a weighted meta-analysis using the
metric of InR, where the mean response ratio (RR,,) is calculated
from individual InR of each paired comparison between control and
treatment groups with the weight of each InR using a categorical
random effect model. Groups with less than two paired measure-
ments were excluded from the study to meet the criteria for rigor-
ous meta-analysis. Allowing for the intrinsic relevance across all the
variables under warming, the overall mean effect size and 95% con-
fidence interval (Cl) of each grouping category generated by boot-
strapping (9,999 iterations) were calculated with the mixed-effect
model where treatment effects were considered significant if the
95% Cl did not overlap with the line InR = 0.

In addition to the meta-analysis procedure, one-way ANOVA
was performed to test the differences in all target variables between
ambient and warmed treatments. The ANCOVA was used to test the
differences in sensitivity of GHG response to warming between dif-
ferent terrestrial C and N pools. Linear regressions were also used to
examine the dependence of warming-induced changes in biogenic
GHG fluxes on potential driving factors. All statistical analyses were
carried out using JMP version 7.0 (SAS Institute, USA, 2007) and R
(R Development Core Team, 2016).

2.4 | Estimation of warming-enhanced climatic
impacts of GHGs

Global warming potential (GWP) has been developed to evaluate the
contribution of GHG emissions from a given ecosystem to climate
change. Recently, Neubauer and Megonigal (2015) have moved on
to improve the metrics of GWP evaluation based on sustained-flux
global warming potential (SGWP) for gas emission and sustained-flux
global cooling potential (SGCP) for gas uptake. In this synthesis, we
quantified the combined radiative forcing of CH, and N,O across all
habitats by integrating SGWP and SGCP over a 100 year time ho-
rizon using the following equations (Neubauer & Megonigal, 2015):

Non-upland: climaticimpact (CH, + N,O) -
3
= SGWP x N,O + SGWP x CH, (source),

Upland: climaticimpact (CH, + N,O)
= SGWP x N,0-SGCP x CH, (sink), @)

where climatic impact here refers to the combined radiative forcing of
CH, and N, O expressed as CO,-equivalent (kg CO,-eq/ha); SGWP and
SGCP are the sustained-flux global warming and sustained-flux global
cooling potentials of CH, and N,O on the 100 year time horizon (re-
spective potential values are 45 for CH, emission or uptake and 270
for N,O emission; Neubauer & Megonigal, 2019).

2.5 | Scaling-up estimation

Based on the ecosystem-level absolute mean positive or negative
changes in annual GHG fluxes and the differences in soil organic C
and N pools under warming, both expressed as area-scaled metrics
(U-value), we scaled up the results from this analysis by multiplying
them for target variables with the corresponding total habitat areas
currently summarized (Crowther et al., 2016; Liu et al., 2018; Van
Groenigen et al., 2011):

T=UxA, (5)

where T is the net warming-induced increase or decrease in strength
of carbon sink expressed as Pg CO,-eq/year, and A is the total hab-
itat areas for wetlands, rice paddies, and uplands (equivalent to 5.7,
1.3,and 103.1 M km?, respectively; Aselmann & Crutzen, 1989; World
Resources Institute, 2003). For CO, fluxes, we determined the net eco-
system production (NEP) under warming, referring to the difference
between NPP and soil heterotrophic respiration (R,,). The data used for
estimation of the changes in GHGs and NEP under warming were only
based on those at ecosystem levels. The significant positive effect on
CH,, uptake following warming across upland soils was considered as
potential removal of atmospheric CH, in current estimation. For up-
land soils as hotspots of N,O, we further scaled up N,O fluxes by di-
viding into fertilized upland soils (i.e. 19.0 M km? of fertilized grasslands
and croplands, Stehfest & Bouwman, 2006; minus 1.3 M km? of rice
paddies, Aselmann & Crutzen, 1989) and non-fertilized upland soils (10
3.1-19.0+1.3=854Mkm? receiving no extra fertilizer N in addition
to atmospheric N input from deposition. Meanwhile, given the mean
warming threshold of 1.5°C in this analysis, we used linear regression
models to predict the changes in soil GHG fluxes under projected
warming scenarios for a given individual GHG component.

For paired observation data, we determined the overall warm-
ing-induced mean annual soil organic carbon (SOC) and total ni-
trogen (TN) change rates (MU, g C/N kg™t year™) by plotting them
versus the duration of experiments, directly linking them to changes
in GHG fluxes between the controls and treatments under warm-
ing, which were defined and calculated using the following equation
(Hungate et al., 2009; Tian et al., 2015):

SOC, /TN,—SOC, /TN,
= ; ,

MU (6)
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where the subscripts e and a refer to data from the treatments under
warming and ambient controls, respectively. Positive values indicate
increased SOC and TN change rates under warming; Negative values
indicate declines of those following warming treatment. Then, the
warming-induced net annual soil C and N loss potential was further
estimated by the following equation (Hungate et al., 2009; Shang
etal,, 2011; Tian et al., 2006):

n
SOC,/TN, = 3’ S;x MUxBD x Hx 0.1, 7
i=1

where S; is the habitat area involved in this study corresponding to the
given source area for GHG fluxes (i.e., wetland, rice paddy, and upland);
MU is the same as defined above, SOC /TN, is the C/N loss potential
(t C/N/year); BD is the soil bulk density (g/cms; an average value of
1.25 g/cm3 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).

2.6 | Sensitivity analyses

We performed sensitivity analyses to test the robustness of our
meta-analysis on the response of terrestrial C and N cycling to
warming to reduce uncertainties (Liu et al., 2017). We removed
the outlier studies to perform the same meta-analysis procedure

j 4605
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and compared the results with those of the original meta-analysis.
Besides, we conducted the same meta-analysis procedure by ex-
cluding datasets without variances reported, and then repeated the
comparisons with the results of the original meta-analysis. For both
bias examinations, we obtained similar mean effect sizes with over-
lapped corresponding bias-corrected 95% bootstrap confidences
(Cl) between the complete and reduced database, leading to all data
confidently included in the analysis. The publication bias was as-
sessed using Egger's regression model combined with the trim and
fill method that calculates the number of missing studies related to
publication bias and estimates the effect size and standard error.
The results were adjusted by adding the missing studies to the anal-
ysis (Table S6).

3 | RESULTS

3.1 | Plant Cpools

When pooled the data across all studies, warming enhanced removal
of atmospheric CO, by terrestrial biosphere, leading to a significant
increase in plant C pool [NPP, 9%; 95% Cl: 6%-12%)], with compa-
rable extents between aboveground C (aboveground NPP [ANPP],
12%; Cl: 10%-16%) and belowground C (belowground NPP [BNPP],
11%,; Cl: 8%-14%) components (Figure 2a). A small increase in the
ratio of ANPP/BNPP (A/B-NPP ratio) under warming revealed that

NPP| (a) NPP 213
ANPP 173
BNPP 159
A/B-NPP 135
FIGURE 2 Plant C pools (a), soil 3 T e S T A |
greenhouse gases (b), soil C (c) and N (d) co (b) Soil gas Rs 189
pools, and their C/N ratios (e) in response 2 Ry 221
to experimental warming by pooling Wetland 56
available data under soil warming and CH, Release Rice paddy 25
canopy air warming conditions. Rg and R, Uptake | Upland 73
represent soil respiration with vegetation N,O 100
growth and soil heterotrophic respiration, CO,-eq 48
respectively. CO,-eq, the climatic
impact of CH, and N, O referring to their SoC (c) Soil C pool &5
combined radiative forcing over the DOC -
100 year time horizon; DOC, soil dissolved
organic C content; MBC, soil microbial MBC &1
biomass C content; MBN, soil microbial (d)SoﬂNpooI _________________________________________________________________________
biomass N content; Mineral N, soil N 41
(NH; +NO3)-N content; SOC, soil organic Mineral N 51
C content; TN, soil total N content. The NH,*-N 51
numbers inserted aside the vertical NO;-N 52
axis indicate number of observations. MBN 35
Error bars represent 95% confidence = =000 oo R R T R S S S
intervals. Asterisks refer to significant Soil C/N (€) CIN ratio 36
differences from zero representing the Microbial C/N 31
fz‘bient controls {°p < .05; *p < .01, -0.70 -0 '50 -0 I30 -0 ‘10 0 1'0 0 fI50 0 5‘30 0.70

p < .001) [Colour figure can be viewed
at wileyonlinelibrary.com]

Weighted response ratio (RR,.,)
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the positive temperature response of aboveground C was slightly
stronger than that of belowground C (Figure 2a). This positive effect
of warming on plant C components was enhanced in non-fertilized
soils, in natural wetlands, and under canopy air-warmed conditions
(Tables S3-S5).

3.2 | Soil GHG fluxes

Across the studies warmed through soil and canopy air, the ex-
perimental temperature for the ambient and warmed treatments
averaged 8.75°C and 10.25°C, respectively, referring to an overall
average of 1.5°C of warming scenario. In warmed treatments rela-
tive to the ambient control, on average, soil CO, fluxes were signifi-
cantly greater (13%, Cl: 10%-15%) across all habitats, and soil CH,
fluxes were 23% (Cl: 5%-39%) greater in rice paddies and 37% (Cl:
21%-54%) greater in natural wetlands (Figure 2b). These positive
responses of soil CO, and CH, fluxes were more pronounced under
soil-warmed conditions and in natural wetlands (Tables S4 and S5;
Figure 3a). By pooling all data from soil and canopy air warming
experiments, 1.5°C of warming significantly increased upland soil
uptake of CH, by 15% (Cl: 3%-26%, Figure 2b). This positive re-
sponse of upland soil CH, uptake was enhanced under soil warming
conditions as compared to the use of canopy air warming methods
(Figure 3a).

Similarly, soil N,O fluxes were significantly higher (35%, ClI:
18%-53%) in warmed soils, and this positive effect was amplified
under canopy air-warmed conditions and in non-fertilized soils
(Tables S4 and S5). Overall, a significant enhancement was found for
the combined climatic impact of CH, and N,,O in studies where CH,,
and N, O fluxes’ response to warming was simultaneously examined
(Figure 2b).

3.3 | Soil Cand N pools

Relative to the ambient control, soil organic C pool was slightly lower
(2%, Cl: -5% to 3%) under warming when averaged across all studies,
and this minor negative response was dominated by soil-warming
experiments (Table S5; Figure 2c). For soil labile C components, in
contrast, soil dissolved organic C (DOC, 8%; Cl: 1%-16%) was higher
while microbial biomass C (MBC, -5%; Cl: -11% to 1%) was lower
in warmed soils, particularly in fertilized soils (Table S3; Figure 2c).
Similar to soil organic C pool, soil total N loss (TN, -1%; Cl: -7%
to 4%) only showed a small rise under warming (Figure 2d). Soil min-
eral N (6%, Cl: -6% to 21%) showed a positive response to warm-
ing, largely contributed by a significant increase in nitrate (NO;-N,
24%; Cl: 10%-41%) relative to a minor increase in ammonium (NHZ
-N, 5%; Cl: -7% to 18%). Microbial biomass N, as another essential
indicator of labile N fractions in soils, had a decrease by 3% (Cl: -12%
to 7%) under warming, occurring only in soils with low N availability
(Table S3; Figure 2d). Soil C/N ratio showed a slight decrease by 1%
(Cl: =3% to 1%), while an increase by 5% occurred for microbial C/N
ratio under warming (Cl: -3% to 11%, Figure 2e), particularly in fertil-

ized agricultural soils with a more sensitive response (Table S3).

3.4 | Scaling-up of results

The linear temperature response of GHG fluxes allowed us to adopt
similar scaling-up approach to integrate results of this meta-analysis
into global context. We extrapolated the warming-induced change
rates in area-based GHG fluxes and soil C and N pools under around
1.5°C (1.16°C-2.01°C across different C and N components at eco-
system levels) of warming in this meta-analysis to global scale using
Equations (5-7) by their respective total habitat areas (Table 1;

364 (a) (b) m Canopy air warming 41
+ . X SOC
co, ++ M Soil warming "
46
*1poc
3
77
Release -+ &1
CH, 10 MBC
68
Uptake | ++
5 34 ™
7
46 .
88 Mineral N
N,O + 5
12
46
& NH,*-N
46
corea) * :|+++ “ [Nosn
-06 -04 -02 00 02 04 06 08-05 0.0 05 1.0
InR (%) IR (%)

FIGURE 3 Changes in soil greenhouse gases (a) and soil C and N pools (b) under soil warming and canopy air warming. Related
abbreviations of target variables are defined as in Figure 1. The numbers inserted aside the vertical axis indicate the number of observations.
Error bars represent 95% confidence intervals for a given sub-group mean. Asterisks within each column refer to significant differences

from zero representing the ambient controls (*p < .05; **p < .01; ***p < .001), and plus signs between every two columns indicate significant
differences between two heating ways (p < .05; **p < .01; ***p < .001) [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Summary of estimated results of greenhouse gas source strengths and soil C and N losses in response to experimental warming

Cor N variable Habitat
Soil R (Pg CO,/year) All
Soil R, (Pg CO,/year) All
NPP (Pg CO,/year) All
NEP (Pg CO,/year) All
Soil CH,, flux (Pg CO,-eq/year) All
Wetland
Rice paddy
Upland?
Soil N, O flux (Pg CO,-eq/year) All
Wetland
Rice paddy
Fertilized upland soils
Non-fertilized upland soils
SOC pool (Pg CO,/year) All
Soil N pool (Pg N/year) All

No. of observations Area (M km?) Estimate (95% Cl)
182 110.1 61.54 (42.28, 80.92)
217 110.1 29.62 (20.59, 38.75)
167 110.1 51.87(28.01, 75.82)
= 110.1 22.25

147 110.1 1.12(0.82, 1.36)

56 5.7 1.86(1.05, 2.67)

16 1.3 0.15(0.06, 0.18)

75 103.1 0.89(0.43,1.36)

89 110.1 0.72(0.31, 1.52)

18 5.7 0.18 (0.12,0.79)

6 1.3 0.01 (-0.02, 0.06)
31 17.7 0.28(0.12, 0.45)

34 85.4 0.25(0.11, 0.59))
46 110.1 1.60(-0.18, 4.23)
35 110.1 0.06 (-0.01, 0.11)

Note: The CO,-eq conversion factors (mass basis) used here are 45 for CH, emission or uptake and 270 for N,O over the time horizon of 100 years

(Neubauer & Megonigal, 2015).

“The increase in uptake of CH,, for upland soils under warming was expressed as the decrease in the source of CH, emissions in this estimation.

FIGURE 4 A complete conceptual

diagram illustrating the response and
feedback of terrestrial carbon and

nitrogen cycling to warming. ANPP, Net balance: NEP — CO,-eq (CH, + N,0) = 20.41

above-ground NPP; BNPP, below-
ground NPP; DOC, soil dissolved organic

A 4

C; MBC, microbial biomass C; MBN, NEP [+22.25]
microbial biomass N; NEP, net ecosystem
production; SOC, soil organic C; TN, Ry | NPP

soil total N content; WUE, water use
efficiency. The narrow straight and broad
curved arrows indicate determined
(statistically significant or not) and
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Figure 4). In general, warming-promoted removal of atmospheric
CO, by terrestrial ecosystems contributes an additional increase of
51.87Pg CO,/yearinplant Cpool. The enhancement of soil CO, fluxes
under warming generates an additional source of 43.71 Pg CO,/
year. By linking the changes in NPP and R,;,, NEP was enhanced by
22.25 Pg CO,/year under warming (Table 1; Figure 4). The CH,

fluxes stimulated under warming amount to an additional source of
0.15 Pg CO,-equivalent (eq.)/year (Cl: 0.06-0.18) from rice paddies
and of 1.86 Pg CO,-eq./year (Cl: 1.05-2.67) from natural wetlands
(Table 1). The positive response of soil uptake of CH, to warming
corresponds to a potential reduced source of 0.89 Pg CO,-eq./year
(Cl: 0.43-1.36) for upland soils (Table 1; Figure 4).
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FIGURE 5 Predicted changes in soil
greenhouse gas release or uptake rates
under projected warming scenarios. Soil
CO, loss is represented across all habitats.
Soil CH, loss is estimated by combining
results from both natural wetlands and
rice paddies. Soil CH, uptake and N,O
loss are predicted based on results from
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uplands and all habitats, respectively.
Shaded areas indicate the range of
uncertainty expressed as 95% CI. Soil CO,
and CH,, losses were intensified following
1.5°C warming threshold, as compared

to soil CH, uptake and N, O loss with
areduced and less positive response,
respectively
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Temperature increment (°C)
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The increase in soil N,O emissions under warming contributes to
an additional source of 0.72 Pg CO,-eq./year (Cl: 0.31-1.52), consist-
ing of a source role of 0.18 Pg CO,-eq./year (Cl: 0.12-0.79) for natural
wetland, a source role of 0.01 Pg CO,-eq./year (Cl: -0.02 to 0.06) for
rice paddies, and a source role of 0.28 Pg CO,-eq./year (Cl: 0.12-0.45)
and 0.25 Pg CO,-eq./year (Cl: 0.11-0.59) for fertilized and non-fer-
tilized upland soils, respectively (Table 1). Together, the combined
positive effect of warming on CH, and N,O fluxes corresponds to an
additional total source strength of 1.84 Pg CO,-eq./year.

To quantify soil GHG fluxes under different projected warming
thresholds, we further estimated the warming-induced changes in
soil GHGs under 1°C, 1.5°C, and 2°C warming scenarios based on the
fitted linear regressions (Figure 5). The warming-enhanced soil CO,
emissionsare projected tobe 32.45 Pg CO,-eq./year (Cl: 18.02-52.78),
43.71 Pg CO,-eq./year (Cl: 26.90-57.83), and 59.67 Pg CO,-eq./
year (Cl: 22.34-86.45) when exposed to 1°C, 1.5°C, and 2°C in-
crements, respectively. The enhanced soil N,O emissions amount
to 0.42 Pg CO,-eq./year (Cl: 0.18-0.65), 0.72 Pg CO,-eq./year (Cl:
0.32-1.32), and 1.12 Pg CO,-eq./year (Cl: 0.35-1.56), while soil CH,
emissions by combining both natural wetlands and rice paddies come
up to 1.23 Pg CO,-eq./year (Cl: 0.56-1.85), 2.01 Pg CO,-eq./year
(Cl: 1.10-2.57), and 3.21 Pg CO,-eq./year (Cl: 1.23-4.25) under 1°C,
1.5°C, and 2°C warming scenarios, respectively. The increased upland
soil uptake of CH, due to the raised 1°C, 1.5°C, and 2°C tempera-
ture gradients would reduce a projected source of 0.46 Pg CO,-eq./
year (Cl: 0.28-0.76), 0.89 Pg CO,-eq./year (Cl: 0.34-1.07), and
1.21 Pg CO,-eq./year (Cl: 0.57-1.52), respectively.

Overall, the increases in annual soil CH, and N,O emissions on the
global scale under the projected 1°C, 1.5°C, and 2°C warming scenar-
ios could contribute 1.19 Pg CO,-eq./year, 1.84 Pg CO,-eq./year, and
3.12 Pg CO,-eq./year to shaping the climate change, respectively. In
contrast, soil CO, and CH,, losses were intensified following the mean
warming threshold of 1.5°C, as a contrary to soil CH, uptake and N,O
loss with a reduced and less positive response, respectively (Figure 5).

The annual incremental losses of soil organic C and total N storage

15

Temperature increment (°C)

under warming were estimated to be 1.60 Pg CO,/year (Cl: -0.18 to
4.23) and 0.06 Pg N/year (Cl: -0.01 to 0.11), respectively (Table 1).
These estimates could be projected to drive net soil C and N losses
of 14.03 Pg C and 1.89 Pg N under around 1.5°C of business-as-usual
warming conditions by 2050, respectively.

4 | DISCUSSION

This synthesis takes the lead to provide a full accounting of GHG ex-
changes between terrestrial ecosystems and the atmosphere under
experimental warming. Our meta-analysis builds a link of GHG fluxes
to terrestrial C and N pools with synchronous observational data-
set under warming and advances our current understanding on the
global patterns of terrestrial C and N cycling in a warming climate,
relative to previous synthesized efforts by focusing only on soil res-
piration or other soil C components (Carey et al., 2016; Crowther
et al., 2016; Van Gestel et al., 2018; Yue et al., 2017). Our results
highlight that the warming-stimulated CH, and N,O emissions will
not drive a significant loss of soil organic C storage due to enhanced
terrestrial plant-derived soil C input under warming. However, this
mitigation effect can be realized only under canopy air warming,
rather than under soil warming conditions that will intensify climate
change. The findings also suggest that the changes in soil C and N
substrates under warming would result in profound influences on
soil microbial processes driving GHG release or uptake.

4.1 | Terrestrial ecosystem C and N pools under
experimental warming

Recent meta-analysis studies have shown that warming can stimulate
C storage in plant pools (Lu et al., 2013; Yue et al., 2017). This positive
response of plant C pools to increased temperature can be achieved

by altering plant phenology (Arft et al., 1999), prolonging plant growing
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season (Sherry et al., 2007), or promoting plant growth through shift-
ing species composition (Pefiuelas et al., 2007). In this study, plant C
pools were greater by 9% under warming, which is close to a recent
synthesized estimate of 6% enhancement at community levels based
on limited data volume (Yue et al., 2017). Plant aboveground C pool
tended to be more enhanced than belowground C pool, leading to a
minor increase in shoot/root C ratios under warming (Figure 2a). As
highlighted in previous studies, primary productivity is often N limited
in human-impacted terrestrial ecosystems (Elser et al., 2007), while the
increase in soil mineral N under warming may buffer this limitation to
maintain plant growth as we had determined in this analysis. Soil organic
C pool showed a weak negative response to warming, while soil labile C
components had a significant positive response, particularly in fertilized
soils and under soil-warmed conditions. This suggests that warming
incurs an enhanced supply of microbially accessible C substrates, such
as new labile C input by plant and mobilizing C reserves for potential
risks (Fontaine et al., 2007). As shown in a previous meta-analysis (Lu
etal., 2013), soil organic C pool did not significantly respond to warming
in this study, demonstrating that the enhanced plant-derived soil C gain
(influx) might compensate soil C loss (efflux) under warming. Recently,
several meta-analyses have examined the response of plant or soil C
pools to warming (Wu, Dijkatra, Koch, Pefiuelas, & Hungate, 2011; Yue
et al.,, 2017), generally suggesting that compared with plant C pools,
soil C pools showed a much weaker temperature response. Our syn-
thesized findings with robust expanded data volume further confirmed
the previous results on responses of soil C and MBC pools to warming.
Therefore, compared with soil C pools, the relatively stronger positive
temperature response of plant C pools may largely offset C loss from
soils.

Similarly, warming led to a minor decrease in soil organic N pool
when averaged across studies, contrary to soil mineral N substrates
showing a positive warming response where the nitrate N had the larg-
est extent. This pronounced increase in nitrate N accumulation is asso-
ciated with enhanced soil nitrification in response to warming (Rustad
et al., 2001). Consistent with previous experimental evidence, warming
is usually shown to accelerate N cycling rate, leading to an increase in
soil N availability to the vegetation (Abdalla, Jones, & Williams, 2010;
Yin et al., 2012). Other processes including warming-induced de-
crease in soil water content and stimulation of soil organic N mineral-
ization may increase soil N availability or decrease N loss (Manzoni &
Porporato, 2009). Likewise, soil microbial C and N pools had consis-
tently negative responses to warming, although varying with extents.
Together with the warming responses of soil microbial biomass as well
as microbial C/N ratio, we proposed that warming would shape MBC

and N allocation but need further long-term experimental confirmation.

4.2 | Warming-stimulated release or uptake of
soil GHGs

The increase in soil CO, and CH,, fluxes under warming in this analy-
sis was consistent with previous individual experimental findings,

suggesting that soil microbial CO, production and methanogenesis
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as both temperature-sensitive processes tend to accelerate under
warming conditions due to enhanced soil organic C decomposi-
tion (Schiadel et al., 2016; Yvon-Durocher et al., 2014), although
the temperature sensitivity of aerobic CO, production and anaero-
bic CH, production may differ (Carey et al., 2016; Roy Chowdury
etal., 2015). Indeed, as supported by results in this analysis, warming
increased soil labile C components and thereby enriched soil C sub-
strate for both respiration and methanogenesis (Figure 2c).

Interestingly, soil uptake of CH, was also significantly enhanced
under warming, with a dominated positive response when subject
to soil warming and in non-cropping upland soils with no fertilizer
input. Upland soil CH, uptake occurs first through CH, diffusion
into soils and then through its consumption by soil methanotrophs
(Galbally, Kirstine, Meyer, & Wang, 2008). These two processes
were facilitated by experimental warming due to its lowered soil
water content and then increased soil aeration (Table S5). Moreover,
warming stimulated plant-derived soil labile C input in this analysis
(Figure 2a), causing microbial CH, oxidation less substrate-limited
in upland soils. However, once soil water reaches to its extreme
low limit in dry seasons, soil methanotrophs would cease metab-
olizing and in turn reduce CH, consumption (Galbally et al., 2008).
Therefore, soil water interacts with C substrate to shape the upland
sink role of atmospheric CH,,.

Similar to soil C release, soil N,O fluxes showed a significant in-
crease in warmed soils, to a larger extent under canopy air-warmed
conditions and in non-fertilized soils. This general finding vigorously
confirmed the previous individual field evidence in upland soils
(Cantarel et al., 2012; Carter et al., 2011), primarily attributed to
warming-improved N availability. Cantarel et al. (2012) also found
that in situ N, O fluxes had strong correlations with microbial popu-
lation size of N,O reducers and NH, oxidizers under warming con-
ditions. Denitrification is generally stimulated by high availability of
labile C as a source of energy (Weier, Doran, Power, & Walters, 1993).
Therefore, the observed enhanced microbially accessible soil labile
C and N pools in this analysis may largely account for the massive

release of soil N,O under warming conditions (Figure 2c,d).

4.3 | Soil GHG budget under warming scenarios

Here we extrapolated results of this meta-analysis into global
context and compared with previous syntheses. In this study,
soil organic C losses were estimated to be 1.60 Pg CO,/year or
14.03 Pg C under around 1.5°C of warming by 2050. A recent
modeling result suggests that warming could drive the net loss of
approximately 5.76 Pg CO,/year or 55 Pg C from the upper soil
horizon under 2° of warming by 2050 (Crowther et al., 2016). The
lower soil C loss in this study might have been largely attributed to
the canopy air warming studies dominated the source of dataset
in this analysis (sample size: 41 paired measurements from can-
opy air warming vs. 11 from soil warming experiments, Figure 3b).
Indeed, the significant soil C pool loss was found only under soil

warming, in contrast to its insignificant response to canopy air
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warming in this study (Figure 3b), suggesting that previous syn-
theses or modeling estimates based on soil warming experiments
could have been overestimated due to inherent differences in soil
environment and C turnover between soil and canopy air heating
methods (Crowther et al., 2016; Wang et al., 2018). Nevertheless,
our estimates showed that the combined radiative forcing of CH,
and N,O emissions enhanced by warming corresponded to a total
soil C release of 1.84 Pg CO,/year to the atmosphere, interacting
with soil C loss of 1.60 Pg CO,/year in terms of contribution to
climate change.

When compared with recent synthesized findings on terres-
trial C and N cycling in response to other climate change drivers
such as N deposition and elevated CO, (Deng et al., 2020; Liu
et al.,, 2018), we found that warming-induced increases in GHG
emissions are quite lower than those stimulated by N deposition
and elevated CO, (warming in this study: 1.84 Pg CO,/year; N
deposition: 10.20 Pg CO,/year; elevated CO,: 2.76 Pg CO,/year).
Soil C sink, however, tends to shrink under warming, but is en-
hanced by N deposition and elevated CO, (warming in this study:
1.60 Pg CO,/year; N deposition: 6.34 Pg CO,/year; elevated CO,:
2.42 Pg CO,/year). At ecosystem levels, warming-induced rise
in NEP (22.25 Pg CO,/year) is significantly greater than the ter-
restrial C sink (3.99 Pg CO,/year) enhanced by elevated CO, (Liu
et al., 2018), suggesting that the warming relative to elevated CO,
benefits more of terrestrial C uptake. However, this overall warm-
ing-induced impact on terrestrial C feedback to climate change
should be evaluated by integrating the response of GHG fluxes
with a close link to soil C pools based on synchronous observa-
tional datasets.

Uncertainties, however, still existed in estimating the overall ac-
tual extent on the global scale. Limitations were first rooted from the
simple extrapolation approach using a single number for the global
coverage of the ecosystem types (Liu et al., 2018; Van Groenigen
et al., 2011). Ideally, the sample size of warming experiment mea-
surements should be large enough to be widely and evenly dis-
tributed in Earth's terrestrial habitats. Unfortunately, the warming
experiments available have mostly been clustered in Asia, Europe,
and North America, while only several warming experiments have
been taken in South Hemisphere, and in Northern Hemisphere at
high latitudes and tropics (Figure 1). Future warming experiments
are certainly anticipated to focus on regions that are currently un-
derrepresented in our global database although the synthesis based
on data from a greater number of sites may not change the pat-
terns of soil C stock response to warming as suggested by Crowther
et al. (2016). While this study has stressed on the difference in soil
GHG flux responses to warming between croplands and non-agri-
cultural ecosystems (e.g., rice paddies vs. natural wetlands, fertil-
ized cropping uplands vs. unfertilized uplands), limited available data
would not allow us to better capture more diverse terrestrial habitat
categories in the world. Besides, there was a small difference (with
a variation of 3.5%) in the averages of rising temperature for dif-
ferent GHGs in this synthesis. Furthermore, we assumed that the

changes in GHG fluxes and soil C and N pools under warming over

multiple duration step-change experiments can be extrapolated to
gradual warming effect on them, which had its own problematic is-
sues but can be adequately used for global scale climate predictions
as previously addressed (Luo & Reynolds, 1999). In addition, the
approach itself necessitated a saturated linear function to estimate
the magnitude of soil C and N losses, which likely to some extent un-
derestimate the actual source or sink potential under warming (Gill
et al., 2002). However, despite these uncertainties in our estimates,
the direction of soil GHG response to warming is consistent across
projected scenarios. This suggests that warming raised emission of
GHGs to the atmosphere will intensify with the increasing tempera-

ture gradients in the warmer future.

4.4 | Other factors associating GHG fluxes in
response to warming

In addition to soil Cinput, soil properties also play animportant role in
driving soil GHG responses to warming. Soil GHG emission response
to warming was positively related to soil C/N ratio (Figure Sla-c),
while upland soil uptake of CH, showed a negative correlation with
soil C/N ratio (Figure S1d), indicating an overall increasing trend of
atmospheric GHG source strength with the rise of soil C/N ratio
under warming. Indeed, soil C/N ratio has been reported to drive
soil GHG emissions in response to climate change in particular
(Chen, Zou, Hu, Chen, & Lu, 2014; Stehfest & Bouwman, 2006).
Warming was shown to decrease soil water content by 17% (WFPS;
Tables S3-S5). This is mainly due to lowered efficiency of soil water
use by plants under warming, ultimately leading to an increase in
soil water loss through plants or other pathways. Soil CO, emissions
and CH, uptake response to warming have been found to positively
depend on soil moisture (Figure S2a,c), which might have been asso-
ciated with relatively higher moisture sensitivity of soil organic C de-
composition under warming (Liu et al., 2016). In particular, soil water
content decreased by warming may facilitate upland soil uptake of
CH,, and this stimulation is amplified by soil warming as we found in
this analysis (Figure 3a). Besides, soil the response of CO, emissions
to warming were consistently positively related to plant biomass C
and MBC and N pools (Figure S3), with more sensitive response to
plant belowground C and MBC components, indicating that warm-
ing tends to strengthen the dependence of soil CO, emissions on
microbially accessible C substrate such as plant-derived soil C input
(Davidson & Janssens, 2006). In contrast, warming response of soil
N,O release was shown to be positively dependent on soil initial C
and N levels (Figure S2b), but there was no significant difference in
their responses to warming (Figure S2d). It suggests that soil micro-
bial processes responsible for N,O production such as nitrification
and denitrification might rely to a larger extent on soil initial C and
N availability relative to their balance in a warming climate (Cantarel
etal., 2012).

The intensity of temperature increase was shown to influence
the response of soil GHG fluxes to experimental warming. Soil re-

lease of three major GHGs and the combined radiative forcing of
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CH, and N, O were observed to have a consistently positive depen-
dence on warming intensity (Figure S4a-d), suggesting an enhanced
source strength of atmospheric GHGs as warming intensified. To
our knowledge, however, currently no robust synthesized evidence
has been found to address the gap of soil GHG fluxes as affected by
warming intensity. Plant C pool and microbial biomass to warming
were also shown to be positively dependent on warming intensity,
in contrast to the ratio of ANPP/BNPP with a negative response
(Figure S4e-f). This finding confirms the previous evidence that
plant biomass C accumulation tends to be enhanced with intensify-
ing temperature increase, but this increase can be limited by concur-
rently reduced microbial activity (Arft et al., 1999; Lu et al., 2013).
Particularly, warming-induced changes in microbial C/N ratio and
the combined climatic impact of CH, and N,O were negatively cor-
related with the duration of warming (Figure S5), which suggests
that the impacts of climate warming on soil GHG fluxes will dimin-
ish with the extension of warming duration, associated with the
changes in microbial C and N allocation (Allison & Treseder, 2008;
Peterjohn et al., 1994). Additionally, long-term warming will facil-
itate labile C and N substrate depletion and ultimately constrain
substrate available to microbes involved in soil GHG production
and uptake (Bradford et al., 2008; Frey et al., 2013; Yuste, Ma, &
Baldocchi, 2010).

4.5 | Soil warming versus canopy air warming

Understanding the response of terrestrial C and N cycling to warm-
ing partitioned by different heating ways remains poorly constrained
in previous studies (Crowther et al., 2016; Lu et al., 2013; Melillo
et al., 2017). Based on similar mean warming thresholds in this
analysis, soil warming had a significant positive effect on soil CO,
and CH, fluxes (Figure 3a), a negative effect on soil C storage, in
contrast to canopy air warming without significantly altering soil C
pools, either its total or labile components (Figure 3b). Soil warming
is believed to directly impose on soil microbial processes and rhizo-
sphere activities within a given ecosystem, leading to the depletion
of total soil C storage (Carey et al., 2016; Crowther et al., 2016; van
Gestel et al., 2018). In contrast, canopy air warming can facilitate
plant C fixation and thereby enhance soil C inputs, which may largely
or completely offset warming-induced C loss from soils (Figure 3b).
Due to plant vegetation cover and agricultural practices (e.g., soil
waterlogging, crop residue cover), in addition, soil temperature
may hardly track the controlled air temperature closely in canopy
air warming experiments (Thornton, Lamarque, Rosenbloom, &
Mahowald, 2007), where the C and N turnover rates under canopy
air warming could be largely weakened at the ecosystem scale.
However, compared to canopy air warming, the enhanced mineral
N pools under soil warming did not guarantee the increase in N,O
emissions (Figure 3), which are largely attributed to the decreased
activity of microbes under direct soil warming with greater intensity
(Cantarel et al., 2012). Meanwhile, the enhanced positive response

of mineral N availability under soil warming might have been also

4611
& [Blobal Change Biology g4 ]_EYJ—

associated with the easier loss of soil water relative to under canopy
air warming that constrains plant N uptake (Table S5).

4.6 | Implications for future directions

This study concentrated on the temperature response of soil GHG
fluxes with a close link to terrestrial C and N pools using the meta-
analysis method. However, this meta-analysis mainly focused on effects
of warming alone on terrestrial C and N cycling and did not address
its interaction with other climate change factors (e.g., N deposition,
elevated CO,, drought). Furthermore, the site distribution of present
available dataset was overwhelmingly dominated in temperate and sub-
tropical regions but limited in the tropics, where higher GHG fluxes and
higher N load are generally expected to occur (Thornton et al., 2007). In
particular, how warming affects the key soil essential nutrient cycling or
interacts with them to alter terrestrial C and N cycling is the challenge of
great concern in the future (Galloway et al., 2008), especially in subtropi-
cal and tropical areas, where soil C storage shows greater vulnerability
to rising temperature. Overall, our global compilation of experimental
data allows us to generalize the past conflicting results from single-site
studies and in turn provides quantitative support for the development
of terrestrial C and N cycle-climate feedback models to rigorously cap-

ture the complex response of terrestrial ecosystems to climate change.
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