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No-tillage (NT) has been touted as one of several climate-smart agriculture (CSA) management practices that
improve food security and enhance agroecosystem resilience to climate change. However, the sustainable effectiveness of NT greatly depends on trade-oﬀs between NT-induced changes in crop yield and greenhouse gas
(GHG, i.e. CH4, CO2, and N2O) emissions. Such trade-oﬀs are regulated by climate ﬂuctuations and heterogeneous soil conditions and have not been well addressed. Supporting CSA management decisions requires
advancing our understanding of how NT aﬀects crop yield and GHG emissions in diﬀerent agroecological regions. In this study, a meta-analysis was conducted using 740 paired measurements from 90 peer-reviewed
articles to assess the eﬀects of NT on crop yield, GHG emissions, and the global warming potential (GWP) of
major cereal cropping systems. Compared to conventional tillage (CT), NT reduced in GHG emissions and increased crop yield in dry, but not humid, climates, and reduced in the GWP at sites with acidic soils. Across
diﬀerent cropping systems, NT enhanced barley yield by 49%, particularly in dry climates, and it decreased the
GWP of rice ﬁelds through a 22% reduction in both CO2 and CH4 emissions. Our synthesis suggests that NT is an
eﬀective CSA management practice because of its potential for climate change mitigation and crop yield improvement. However, the net eﬀect of NT (relative to CT) was inﬂuenced by several environmental and agronomic factors (climatic conditions, tillage duration, soil texture, pH, crop species). Therefore, agroecological
setting must be taken into consideration when conducting a comparative evaluation of diﬀerent tillage practices.

1. Introduction
Among all anthropogenic sources, agriculture is estimated to be
responsible for 12% of total greenhouse gas (GHG) emissions (IPCC,
2014), particularly global anthropogenic CH4 (39%) and N2O (76%)
emissions (FAO, 2014; WRI, 2014). With increasing demands on agriculture to feed a growing world population, GHG emissions from
agroecosystems will likely continue to rise. Climate-smart agriculture
(CSA) focuses on methods to maintain or increase food production
while simultaneously reducing agriculture’s GHG emissions and other
environmental side eﬀects under various climate scenarios (FAO,
2013). No-tillage (NT) management has been proposed as a component
of CSA (Lipper et al., 2014). In NT, crop residues are left on the soil
surface and only in-row soil is disturbed during seeding (Dinnes, 2004).

⁎

Compared to conventional tillage (CT), NT exhibits greater potential for
soil carbon sequestration, soil quality improvement, and sustained crop
productivity (Lal et al., 2007; Lal, 2015; Abdalla et al., 2016). No-tillage
was practiced on approximately 111 million ha worldwide in 2009
(Derpsch et al., 2010), and this number reached 155 million ha in 2014
(FAO, 2014). One may reasonably speculate that NT management can
potentially have global scale impact on the magnitude and spatial
patterns of soil GHG emissions and crop production (Fig. 1). However,
from a sustainability perspective, the net eﬀect of NT greatly depends
on the trade-oﬀs between NT-induced changes in crop yield and GHG
emissions. These trade-oﬀs are regulated by a suite of climatic and soil
factors, which have not been well addressed in past studies.
The precise eﬀects of NT on soil GHG emissions remain controversial and greatly vary among past studies (Van Kessel et al., 2013;
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Fig. 1. Conceptual framework of diverse tillage practices impact on soil processes (biophysical, biophysiological, and biogeochemical), greenhouse gas (GHG)
emissions, and crop yields.

duration) factors (Daryanto et al., 2017a). These factors may determine
the extent to which NT aﬀects the soil carbon and nitrogen cycles and,
consequently, soil GHG emissions and crop productivity. Climate, in
particular, inﬂuences the frequency and amount of precipitation, soil
moisture regime, and the production of soil GHGs. Several recent metaanalyses have synthesized data on GHG emissions and crop yield, but
these syntheses focused largely on either one GHG species, a speciﬁc
cropping system, or a speciﬁc geographical region. For example,
Abdalla et al. (2016) examined CO2 emission in response to NT, and van
Kessel et al. (2013) emphasized the central tendency of N2O emission
and the decreasing crop yield trend in NT. While Zhao et al. (2016)
assessed N2O and CH4 emissions in response to NT, their study was
restricted to China. Pittelkow et al. (2015) evaluated the inﬂuence of
crop species and environmental variables on NT and CT crop yields, but
they did not account for soil GHG emissions. Assessing the eﬃcacy of
NT as a CSA practice requires a simultaneous examination of NT impacts on crop productivity and GHG emissions across diﬀerent crops
and climatic regions.
In light of interest in NT as a CSA practice, and uncertainties associated with NT impacts, we conducted a meta-analysis to simultaneously evaluate NT eﬀects on soil GHG (i.e. CH4, CO2, and N2O)
emissions and crop yield. Speciﬁcally, we focused on four major cereal
crops (barley, maize, rice, and wheat) which, combined, contribute
more than half of all calories consumed by humans and cover more than
45% of global cropland (FAO, 2014). Our objectives were to: (1) examine soil GHG emissions and crop yield with NT soil management in
various environmental and management conditions; (2) identify factors
contributing to food security and climate change mitigation in support
of NT as an eﬀective CSA management practice.

Zhao et al., 2016). Some studies showed a substantial decrease in soil
CO2, CH4, and N2O emissions with NT (e.g., Li et al., 2011; Drury et al.,
2012; Lu et al., 2016), while others reported a signiﬁcant increase or no
diﬀerence (e.g., Oorts et al., 2007; Yao et al., 2013; Zhang et al.,
2016b). For example, a long-term study in a Mediterranean dryland
agroecosystem exhibited a 50% increase in CO2 emission but no difference in N2O emission in NT compared to CT (Plaza-Bonilla et al.,
2014a,b). Kim et al. (2016) reported that total CH4 ﬂux from NT rice
ﬁelds decreased by 20–27% in the ﬁrst and second years after NT imposition, but it was approximately 36% higher than that from CT ﬁelds
by the ﬁfth year. Zhang et al. (2016a) also observed a substantial decline in CH4 and CO2 emissions from NT rice ﬁelds compared to CT
ﬁelds. Another rice ﬁeld experiment exhibited signiﬁcant CO2 emission
reduction but increased N2O emission in NT (Fangueiro et al., 2017).
Therefore, the climate change mitigation eﬃcacy of NT is still uncertain.
Several hypotheses have been proposed to explain the diﬀerent soil
GHG emission responses due to NT. For example, a decrease in soil CO2
emission in NT might be due to carbon protection associated with enhanced soil aggregation and decreased soil temperature (He et al.,
2011; Lu et al., 2016), while an acceleration in soil CO2 emission might
be due to enhanced microbial activity caused by greater soil moisture
availability (Plaza-Bonilla et al., 2014b). Elevated CH4 emission could
be attributed to greater abundance of organic substrates and coincident
formation of anaerobic microsites (Zhang et al., 2015). Reduced CH4
emission might be associated with improved soil porosity and gas diffusivity, facilitating the transport of CH4 to methanotrophs (Ball et al.,
1997; Prajapati and Jacinthe, 2014). NT-induced increases in soil
carbon and water content (and therefore higher water-ﬁlled pore space)
could favor denitriﬁcation, ultimately resulting in elevated soil N2O
emission (Ma et al., 2013; Sheehy et al., 2013). In contrast, factors that
may contribute to decreased N2O emission include improved soil
structure, lower soil temperature, a limited pool of decomposable organic carbon and low availability of mineral nitrogen due to a slow rate
of soil organic matter (SOM) mineralization (Grandy et al., 2006;
Chatskikh and Olesen, 2007; Ruan and Robertson, 2013).
With regard to the response of crop productivity to NT, there is also
little consensus from the literature (FAO, 2011; Pittelkow et al., 2015).
Some studies concluded that crop yield in water-limited conditions
often increases with NT adoption (Farooq et al., 2011; Rusinamhodzi
et al., 2011). Other studies reported decreased crop productivity in NT
due to cooler soil temperatures, soil compaction, and altered soil fertility requirements (e.g., micronutrient deﬁciencies; Ogle et al., 2012).
These contradictory reports suggest that NT eﬀects may be regulated by many variables, including environment (e.g., climate and soil
properties) and management (e.g., crop type, fertilization, tillage

2. Materials and methods
2.1. Data compilation
The data in this meta-analysis were collected from peer-reviewed
publications reporting in situ soil GHG emissions and crop yield in both
CT and NT soil management. A literature survey was performed using
the Web of Science and Google Scholar (1900–2017). Key words used
for the initial search included “tillage,” “greenhouse gases,” “CO2,”
“CH4,”, and “N2O.” The literature survey focused on GHG emissions
from four cereal crops (barley, maize, rice, and wheat). Three criteria
were considered to minimize bias and ensure database quality when
selecting studies. First, GHG emissions were measured in situ for the
entire cropping season. Second, the CT versus NT comparison was done
under otherwise similar agronomic management practices. Third, information regarding means, standard deviations (or standard errors),
145
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Fig. 2. Global distribution of the study sites.

“ﬁne textured;” silt, silt loam, silty clay loam, loam, sandy clay loam,
and clay loam were considered “medium textured;” and sand, loamy
sand, and sandy loam were grouped as “coarse textured” (Daryanto
et al., 2017a,b). Nitrogen (N) fertilization rates were grouped into four
categories: control (no fertilizer applied), low (less than 100 kg N
ha−1yr−1), medium (between 100 and 200 kg N ha−1yr−1), and high
(greater than 200 kg N ha−1yr−1). Fertilizer N placement was grouped
into “surface application” and “subsurface application.” Methods such
as injection, drilling, and side-dressing (depths of placement were
clearly described in the literature) were considered to be subsurface N
fertilizer applications. Crop residue management was classiﬁed as either “removed” or “retained.” No-tillage management duration was
determined according to NT establishment in each experiment. The NT
treatment was considered “short” duration when imposed for less than
5 years, “medium” duration when present for 5 to 10 years, and “long”
duration when exceeding 10 years.
The variation in observed emission and yield was recorded and
converted to standard deviation (SD). The SD values were computed
from standard error (SE) by the equation: SD = SE × n , where n is the
number of replications. When SD and SE were missing, SD was estimated from the average coeﬃcient of variation for the known data
(Zhao et al., 2016).

replications, and the magnitude of seasonal cumulative GHG emissions
was either available or could be calculated.
Based on these criteria, 90 peer-reviewed articles with 139 comparisons for CO2 emission, 65 for CH4 emission, 56 for CH4 uptake, 299
for N2O emission, and 181 for crop yield were collected for the metaanalysis (Data S1). These studies came from 20 diﬀerent countries
(Fig. 2). The GHG and crop yield data were either derived from tables or
extracted from ﬁgures using WebPlotDigitizer (Rohatgi, 2012). Other
related information, including location (longitude and latitude), mean
annual temperature (MAT), mean annual precipitation (MAP), land use,
duration of the experiment, soil type, soil pH, crop residue management, and the rate and placement of N fertilizer inputs was recorded. To
disentangle the eﬀects of other co-varying factors on GHG emissions
and crop yield, data were further analyzed with two major categorical
variables (i.e. environment and management), except when data
availability constraints existed (Table 1). Climate regions were classiﬁed using global aridity values according to a generalized climate
classiﬁcation scheme (UNEP, 1997). The aridity index of each study site
was extracted from the WorldClim database (Hijmans et al., 2005).
Study sites with an aridity index > 0.65 were considered “humid”
whereas study areas with a lower index (< 0.65) were grouped as
“dry.” Soil pH was classiﬁed into three categories following Havlin et al.
(2013): acidic (pH < 6.6), neutral (6.6 ≤ pH ≤ 7.3), and alkaline
(pH > 7.3). Soil texture was classiﬁed according to the USDA soil
texture triangle. Clay, sandy clay, and silty clay classes were designated

2.2. Data analysis
Meta-analysis combines and compares results from pertinent independent studies by weighting these results according to their diﬀerences in precision. A random-eﬀect meta-analysis was performed to
explore environmental and management variables that might explain
the response of GHG emissions and crop yield to NT. In this metaanalysis, response ratios (R) comparing NT and CT, for GHG emissions
and crop yield, were calculated as follows:

Table 1
Categories used in describing the environmental and management conditions.
Factors

Categories

Environmental factors
Climate
Dry
Soil texture
Fine
Soil pH
Acid
(< 6.6)
Management practices
Crop type
Rice
Tillage duration
< 5 years
N fertilizer
Control
(0)
N placement
Crop residue
management

Surface
(SUR)
Removed
(RM)

Humid
Medium
Neutral
(6.6–7.3)
Wheat
5–10 years
Low
(< 100 kg N
ha−1yr−1)
Subsurface
(SUB)
Retained
(RT)

Coarse
Alkaline
(> 7.3)
Maize
> 10 years
Medium
(100–200 kg N
ha−1yr−1)

X
R = ⎛ NT ⎞
⎝ XCT ⎠
⎜

Barley

⎟

(1)

where X is the variate (CO2, CH4, N2O, GWP, or crop yield) mean, for
either the NT or the CT treatment. The natural logarithm of R (lnR), the
eﬀect size, was calculated for each treatment in every trial/experiment
(Hedges et al., 1999; Deng et al., 2017). The variance (υ) of lnR was
computed as:

High
( > 200 kg
N ha−1yr−1)

υ=
146

2
2
SDNT
SDCT
+
2
2
nNT XNT
nCT XCT

(2)
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where SD and n are standard deviation and sample sizes, respectively,
either in CT or NT. The weight of each eﬀect size was:

ω=

1
υ

(3)

The mean eﬀect sizes were estimated as:

lnR =

∑ (lnRi × ωi )
∑ ωi

(4)

where lnRi and ωi were the eﬀect size and weight from the ith comparison, respectively. The 95% conﬁdence interval (CI) of lnR was
computed as:

95%CI = lnR ± 1.96SElnR

(5)

where SElnR is the standard error of lnR and was computed as:

SElnR =

1/ ∑ ωi

(6)

Fig. 3. Overall changes in soil greenhouse gas (GHG) emissions and crop yields
between NT and CT. Numerals indicate the number of observations. * represents p < 0.05.

SAS software was used to analyze the data by applying the macros
for meta-analysis procedure (Lipsey and Wilson, 2001). The eﬀect size
means were signiﬁcantly diﬀerent if their 95% CI do not overlap with
zero. The percent change in selected variables was computed using the
equation:

(elnR − 1) × 100%

residue management. No-tillage-induced changes in CH4 ﬂux were
signiﬁcantly inﬂuenced by crop species, soil pH, and NT duration. Notillage-induced changes in N2O ﬂux were signiﬁcantly impacted by N
fertilizer placement. Diﬀerences in crop yield due to NT were signiﬁcantly related to crop species, climate, and both N fertilizer rate and
placement (Table 2).

(7)

Global warming potential was calculated when ﬂuxes for all three
GHG species (i.e. CH4, CO2, and N2O) were reported in each single
study. The units of soil CH4, and N2O ﬂuxes were converted into CO2equivalent units before GWP calculation. We used the IPCC factors
(IPCC, 2013) to calculate GWP in CO2-equivalents ha−1 yr−1 over a
100-year time horizon:
GWP = CO2 × 1 + CH4 × 34 + N2O × 298

3.2. Eﬀects of environment on NT vs. CT comparison
3.2.1. Climate
Compared to CT, NT signiﬁcantly decreased CO2 emission (-9.9%)
in dry climates, but not in humid climates (Fig. 4a). However, signiﬁcant reductions in soil CH4 emission (-18.9%) with NT occurred in
humid climates (Fig. 4b). Similarly, NT increased soil CH4 uptake (47%)
in humid climates (Fig. S1a). Although climate did not signiﬁcantly
aﬀect the diﬀerence in N2O emission between the tillage practices
(Table 2), N2O emission in NT was greater (12.3%) than in CT for
humid climates (Fig. 4c). The eﬀect of NT on crop yield in diﬀerent
climates was not consistent. In arid climates, NT soil management
caused 10.2% greater crop yield, but in humid climates, NT decreased
yield by 7.5%, compared to CT (Fig. 4d).

(8)

Each categorical environment and management variable was
treated as a moderator in analyzing the whole dataset. The Chi-square
test was then used to calculate the between-group heterogeneity for a
given variable across all the data to further analyze the NT eﬀect for
diﬀerent sub-categories. Publication bias was tested by the funnel plot
method and assessed using Kendell’s rank correlation (Begg and
Mazumdar, 1994). If the mean eﬀect exhibited a signiﬁcant diﬀerence
from zero (i.e. indicating publication bias), Rosenthal’s fail-safe or ﬁle
drawer number was calculated (METAFOR package in R) to estimate if
our conclusion was likely aﬀected by nonpublished studies (Rosenberg,
2005).

3.2.2. Soil texture and pH
Generally, soil texture had no statistically signiﬁcant eﬀect on the
diﬀerence between NT and CT in terms of soil GHG emissions or crop
yield (Table 2). In ﬁne textured soils, NT resulted in signiﬁcantly higher
(32.2%) N2O emission (Fig. 4c). With NT, CO2 emission was signiﬁcantly lower, by 15.3% and 18.4%, in acidic and neutral soils, respectively (Fig. 4a). No-tillage also signiﬁcantly reduced CH4 emission
by 25.2% in acidic soils (Fig. 4b). We found a signiﬁcant decrease
(31.2%) in CH4 uptake in neutral soils with NT (Fig. S1a). Diﬀerences in
N2O emissions between NT and CT were not signiﬁcantly inﬂuenced by
soil pH although there was a nearly 15% greater emission from acidic
soils in NT (Fig. 4c, Table 2). For crop yield, our results suggested that
NT improved yield (13.1%) in alkaline soils (Fig. 4d).

3. Results
3.1. Overall eﬀects of NT on GHG emissions and crop yield
On average, CO2 emission rate was not signiﬁcantly diﬀerent between NT and CT (CI overlapped with zero; Fig. 3). In contrast, NT
signiﬁcantly increased N2O emission by 10.4% with a mean weighted
lnR of 0.10 [CI = (0.02, 0.17)] (Fig. 3). For locations exhibiting net
CH4 uptake, we found no diﬀerence between NT and CT. Whereas for
sites with net CH4 emission, NT reduced CH4 emission by 15.5%, with
an lnR of -0.17 [CI = (-0.30, -0.03)] (Fig. 3). Therefore, a reduction in
CH4 emission was the major contribution of NT management to GHG
mitigation. Crop yields were similar between NT and CT (CI overlapped
with zero, Fig. 3), suggesting that yield loss should not be a deterrent to
NT adoption as a CSA practice. Publication bias for CH4 uptake analysis
was suggested by Rosenthal’s fail-safe number method, but it was not
found for the other variables (Table S1).
Our analysis revealed several environment and management variables aﬀecting GHG emissions and crop yield in NT (versus CT) management. The response of soil CO2 emission to NT varied signiﬁcantly
with crop species, climate regime, NT duration, soil pH, and crop

3.3. Interactive controls of management practices with CT and NT
3.3.1. Nitrogen fertilization
Nitrogen fertilizer application rate did not signiﬁcantly aﬀect the
diﬀerence in soil GHG emissions between NT and CT (Table 2). Compared to CT, NT signiﬁcantly reduced CH4 emission (24.7%) at the
medium N fertilizer rate (Fig. 5b), and it resulted in signiﬁcantly higher
N2O emission (16.7%) at the high fertilizer rate (Fig. 5c). However, N
fertilizer rate played a signiﬁcant role in crop yield diﬀerences between
147
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Table 2
Summary of the Chi square test for the variables controlling the comparative eﬀect of tillage (no tillage vs. conventional tillage) on GHG emissions and crop yield.
Variables

Crop types
Climate
Duration
Texture
pH
N rate
N placement
Residue

CO2

CH4

N2O

GHG

df

χ

df

χ12

χ22

df

χ

3
1
1
2
2
3
1
1

18.24***
5.42**
13.96***
1.07
11.71**
0.53
0.6
4.04*

2
1
1
2
2
3
1
1

9.56**
1.12
18.11***
0.74
9.57**
3.88
0.13
0.63

7.76*
4.9*
5.25
1.71
18.4***
6.9
0.56
2.46

3
1
2
2
2
3
1
1

1.14
0.22
0.23
5.92
2.42
2.56
10.44**
0.15

2

2

Yield

df

χ

df

χ2

3
1
1
2
2
3
1
1

13.77**
0.2
2.69
2.57
7.6*
2.21
0.21
0.8

3
1
2
2
2
3
1
1

42.96***
10.95***
2.69
1.85
5.91
10.08*
5.09*
0.16

2

df

represents degrees of freedom. χ12 represents CH4 emissions, χ22 represents CH4 uptakes.
Statistical signiﬁcance: *P < 0.05; **P < 0.01; ***P < 0.001.

3.3.2. Residue management and duration of no-tillage
Crop residue management only signiﬁcantly aﬀected CO2 emission
(Table 2). With crop residue removal, CO2 emission was signiﬁcantly
lower (-15.8%) in NT (Fig.5a). However, with residue retention, there
was no signiﬁcant diﬀerence in CO2 emission between the tillage
practices. Changes in CH4 and N2O ﬂuxes and crop yield due to NT were
not inﬂuenced by residue management. The duration of NT had inconsistent eﬀects on CO2 and CH4 emissions. Emissions of CO2 and CH4
were reduced by 13.3% and 21.4%, respectively, with short NT duration (Fig. 5a, b), but there was no diﬀerence between NT and CT for
studies where NT duration was longer than 5 years. The duration of NT
had no impact on the diﬀerences in CH4 uptake, N2O emission, or crop

NT and CT (Table 2). Speciﬁcally, NT enhanced crop yield (25.2%) at
the low fertilizer N rate (Fig. 5d). Additionally, though the NT versus
CT response patterns in N2O emission and crop yield due to N fertilizer
placement were similar (Fig. 5c, d), there was a signiﬁcant diﬀerence
between the two fertilization sub-groups (Table 2). Compared to CT,
surface N fertilizer placement in NT exhibited 18.6% higher N2O
emission (Fig. 5c). Changes in N2O emission due to the tillage practices
were not signiﬁcant with subsurface N placement. Fertilizer N placement had no eﬀect on the diﬀerences in CO2 emission or CH4 ﬂux between the tillage practices (Table 2).

Fig. 4. The eﬀect of NT on soil greenhouse gas (GHG) emissions and crop yields diﬀered with environmental factors (a) CO2 (b) CH4 (c) N2O (d) Yield. Numerals
indicate the number of observations. * represents p < 0.05.
148
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Fig. 5. The eﬀect of NT on soil greenhouse gas (GHG) emissions and crop yields diﬀered with management factors. (a) CO2 (b) CH4 (c) N2O (d) Yield. Numerals
indicate the number of observations. * represents p < 0.05.

yield.
3.3.3. Crop species
The crop species being grown played a signiﬁcant role in the differences in GHG emissions and crop yield due to tillage (Table 2). The
diﬀerence in CO2 emission between NT and CT was largest with rice,
where NT soils emitted 22.5% less CO2 than CT soils (Fig. 5a). Notillage also reduced CH4 emission in rice production systems by 22.4%
(Fig. 5b), but it increased CH4 uptake in wheat by 31.1% (Fig. S1b).
There were no signiﬁcant diﬀerences in CO2 emission and CH4 ﬂux
between the tillage practices in barley or maize production systems.
Changes in N2O emission between NT and CT were only signiﬁcantly
diﬀerent with wheat production, where a 15.2% increase in emission
under NT was noted (Fig. 5c). Crop yield diﬀerences between NT and
CT were signiﬁcant in barley and maize production systems, with
barley yield being 49% higher and maize yield 9.3% lower in NT
(Fig. 5d).
Fig. 6. The eﬀect of NT on the global warming potential (GWP) of greenhouse
gas (GHG) emissions. Numerals indicate the number of observations. * represents p < 0.05.

3.4. Eﬀect of no-tillage on global warming potential
For those studies that measured ﬂuxes of all three GHGs, NT exhibited no diﬀerence in GWP compared to CT (Fig. 6). Further examination of relevant environment and management variables showed
that soil pH and crop species signiﬁcantly aﬀected the diﬀerence in
GWP between tillage systems (Table 2). No-tillage decreased GWP by

31.2% in acidic soils and by 24.8% in rice ﬁelds (Fig. 6). This pattern
generally matched the eﬀect of NT on CO2 ﬂux (Figs. 4 and 5). However, with the realization that ﬂuxes of all three GHGs and crop yield
149
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and CT in dry climates can be attributed to the diﬀerences in soil
temperature (Lu et al., 2016) and soil water availability (ÁlvaroFuentes et al., 2008). No-tillage normally causes greater soil water
content than does CT (Abdalla et al., 2013). The resulting diﬀerence in
soil moisture between tillage practices tends to be large at dry sites
(Feiziene et al., 2012) and so does the diﬀerence in soil temperature (Lu
et al., 2016). In terms of the tillage eﬀects on CH4 emission, although
there was a great reduction with NT in humid climates, climate regime
had no signiﬁcant inﬂuence (Table 2). A 90% decrease in the NT soil
CH4 emission was observed by Sapkota et al. (2015) in a semi-arid rice
ﬁeld, which was largely attributed to a diﬀerent water management
strategy that caused a shorter ﬂooding period in the NT plots. Continuous ﬂooding can be a major factor controlling CH4 production because as soil redox potential falls below −150 mV, methanogenesis is
favored (Masscheleyn et al., 1993). Considering that NT soils maintain
an improved moisture regime, irrigation schedules with shortened
ﬂooding periods can be expected to reduce rice ﬁeld CH4 emission,
regardless of the climate regime. In regard to N2O, there was signiﬁcantly higher emission with NT, relative to CT, in humid climates.
Humid climates, which exhibit higher precipitation frequency, combined with greater NT soil moisture promote denitriﬁcation driven N2O
emission. Total N2O emission depends on how long favorable conditions persist (Hunt et al., 2016). This is supported by Almaraz et al.
(2009), who found that precipitation is the major driver of N2O emission and that diﬀerences between NT and CT in N2O emission are signiﬁcantly larger in a wet year than a dry year.
The signiﬁcant increase in N2O emission in ﬁne-textured NT soils
(Fig. 4c) is noteworthy, and it is consistent with previous studies
(Rochette, 2008). Soil texture may modify the eﬀects of NT on N2O
emission via diﬀerences in soil water content (Abdalla et al., 2013).
Rochette (2008) reported increased N2O emission from poorly-drained
ﬁne-textured soils in NT located in regions with humid climates. Implementing NT in ﬁne-textured soils in humid areas increased N2O
emission by approximately 38% compared to CT (Table S2). This indicates that climate-soil interactions should be considered before
adopting NT as a CSA practice in a certain region.
The impact of NT on GHG emissions was sensitive to soil acidity. In
acidic soils, CO2 and CH4 emissions were reduced but N2O emission
increased with NT management. Soil pH can aﬀect GHG production in
soils and pH can also be aﬀected by diﬀerent tillage regimes. Microbial
activity, the major source of soil CO2 emission and often globally expressed as respiration, is sensitive to soil pH. Increased basal respiration
with increased pH has been widely reported (Lundström et al., 2003).
As NT management is known to result in reduced topsoil pH (Dick,
1983), decreased dissolved organic carbon and CO2 emission is expected. The optimum soil pH for CH4 production is near neutrality.
Considering methanogenic bacteria are acid sensitive, a small decrease
in soil pH can substantially reduce CH4 production, whereas a slight
increase in soil pH can produce the opposite response (Wang et al.,
1993). Higher N2O emission from acidic soils can be ascribed to the
greater sensitivity of N2O reductase to low pH than that of the other
denitriﬁcation reductases (Thomsen et al., 1994). This can result in a
higher ratio of N2O to N2 as pH declines, and therefore greater N2O loss
from low pH soils (Baggs et al., 2010).

were reported in few studies comparing NT and CT, these results were
likely aﬀected by publication bias (Table S1), and therefore should be
interpreted cautiously.
4. Discussion
4.1. Responses of GHG emissions to NT
Our meta-analysis found no signiﬁcant eﬀect of NT on CO2 emission. This contrasts with the results of an earlier meta-analysis documenting a signiﬁcant decrease in CO2 emission (-21%) with NT
(Abdalla et al., 2016). This discrepancy might be related to data source
diﬀerences. In Abdalla et al. (2016), data were collected from experiments in which CO2 emission was only measured for a period immediately after tillage - not for the entire growing season. This shortened measurement period may have ampliﬁed the impact of tillage on
CO2 emission, as it possibly captures the release of CO2 previously
trapped in soil pores (Oorts et al., 2007). The immediate stimulation of
tillage on CO2 production was likely due to the breakdown of aggregates and exposure of otherwise protected SOM (Fiedler et al.,
2016). Thus, short-duration studies might not be suﬃcient to capture
the magnitude of CO2 emission associated with season-long decay of
surface crop residues in NT (Oorts et al., 2007). The response of GHG
ﬂuxes to NT varies considerably with GHG ﬂux measurement timing
(Regina and Alakukku, 2010). Although NT management has often
been touted to reduce CO2 emission (Kessavalou et al., 1998), greater
CO2 emission in NT has also been reported. This is likely due to the
decomposition of crop residues accumulated in long-term NT (Oorts
et al., 2007) or to enhanced soil respiration by a more abundant soil
microbial population (Plaza-Bonilla et al., 2014b).
No-tillage decreased soil CH4 emission by 15.5% and had no eﬀect
on soil CH4 uptake, which is consistent with another meta-analysis
reported for Chinese rice paddies (Zhao et al., 2016). Generally, rice
paddies act as atmospheric CH4 sources, while upland soils are either
CH4 sinks or sources, depending on the balance between soil methanogenic and methanotrophic activities (Topp and Pattey, 1997). Soil
properties such as SOC, temperature, and bulk density play a leading
role in controlling the activity of methanogens and methanotrophs,
aﬀecting the direction of CH4 ﬂux (Mitra et al., 2002). On one hand, NT
results in higher surface SOC, soil water content and bulk density
(Ahmad et al., 2009; Zhang et al., 2015), thus increasing the potential
for CH4 production due to greater availability of organic substrates and
formation of anaerobic microsites. On the other hand, NT increases soil
macroporosity and soil pore continuity (Ball et al., 1999), thus improving gas diﬀusivity and increasing CH4 oxidation.
Our meta-analysis found that NT signiﬁcantly increased soil N2O
emission by 10.4%. Higher N2O emission in NT is usually ascribed to
enhanced soil microbial activities, especially denitriﬁcation, due to
increased soil moisture and decreased soil aeration (Venterea et al.,
2005; Almaraz et al., 2009; Ma et al., 2013). Our results were diﬀerent
from some other studies. For example, Gregorich et al. (2008) observed
higher N2O emission from CT soils, and these authors suggested that
nitriﬁcation (NO3− formation) was controlling N2O emission from soils
in CT due to greater soil aeration and lower soil water content. The
contradictory ﬁndings might result from diﬀerent microbial activity in
responses to site-speciﬁc conditions. Microbial community may vary
from site to site and interact with NT management, leading to diﬀerent
responses of N2O emission.

4.2.2. Management factors
Diﬀerences in CO2 emission between NT and CT did not diﬀer with
N fertilizer rate or placement, which agreed with Plaza-Bonilla et al.
(2014b) and Snyder et al. (2009). Similar results were reported by
Abdalla et al. (2016) and may be attributed to the overriding impact of
N fertilization in enhancing productivity and carbon inputs to both NT
and CT soils. Similarly, N fertilization did not signiﬁcantly alter the
diﬀerences in CH4 emission between the tillage practices. However, N
fertilization is considered the main stimulus to increased agroecosystem
N2O emission (Grace et al., 2011). A sharp rise in N2O emission within
days of fertilization is commonly observed in both NT and CT

4.2. Factors in regulating GHG emissions
4.2.1. Environmental factors
Climate greatly inﬂuenced the diﬀerences in GHG emissions between tillage practices (Table 2). For instance, NT strongly reduced CO2
emission in dry climates. Similar trends in CO2 emission in NT have
been reported (Abdalla et al., 2016). The larger diﬀerence between NT
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sequestration, particularly in NT (Wright et al., 2007), which provides
suﬃcient substrate for N2O production and possibly explains the larger
increase in N2O emission with NT wheat production.

(Halvorson et al., 2008; Sapkota et al., 2015). Compared with CT, soil
environmental and physical conditions in NT are expected to be conducive to greater denitrifying activity and greater likelihood of N2O
emission following surface application of N fertilizer (Venterea et al.,
2005). Soil organic matter and microbial population are usually more
uniformly distributed with depth in CT. The vertical distribution of
potential denitrifying activity varies with tillage, with higher facultative anaerobe populations and potential denitriﬁcation rates in the
topsoil of NT compared to CT (Linn and Doran, 1984aa; Groﬀman,
1985).
Surface placement of N fertilizer likely provides adequate substrate
to the more abundant population of denitriﬁers in the NT soil surface.
This, together with a wetter and denser soil environment, enhances
denitrifying N2O emission. With subsurface N fertilizer application, less
N2O emission under NT could result from lower denitriﬁer populations
and/or available C concentration at the greater depth (Drury et al.,
2006), relative to CT soils. The greater water-ﬁlled pore space observed
in NT may also increase the probability of reduction of N2O to N2
during upward diﬀusion (Linn and Doran, 1984b), further reducing
N2O emission with subsurface N fertilizer placement.
Tillage is often associated with residue management. There were
indirect eﬀects of residue management on diﬀerences in GHG emissions
between the tillage practices. With residue removal, the reduction in
CO2 emission was greater in NT than CT. This was expected considering
that NT has little eﬀect on SOM turnover rate, while CT accelerates
SOM turnover via thorough surface soil disturbance. However, large
uncertainties in the responses of GHG emissions exist when considering
the opposite operation, residue retention, as both residue quantity and
quality are important to soil physical and chemical properties (Abdalla
et al., 2016). For example, the quantity of maize residue is usually twice
that of soybean, but soybean residue decomposes rapidly due to a lower
C:N ratio. These, together, can lead to higher SOM with maize residues.
Residue retained in NT remains at the soil surface with minimal disturbance while CT causes some residue incorporation. Consequently,
the content of SOM is higher in the uppermost surface 20 cm of NT soils
but it is relatively homogeneously distributed with depth in the surface
20 cm of CT soils (Ziadi et al., 2014). Therefore, the decomposition rate
of SOM was largely aﬀected by its distribution in the upper soil layer.
As the duration of NT management increases, the contribution of older
weathered residue to CO2 emission rises (Oorts et al., 2007). In our
analysis, long-term NT with residue retention gave a nearly 26% greater
CO2 emission (Table S3).
Diﬀerences in CO2 and CH4 emissions between the tillage practices
became non-signiﬁcant with time (Fig. 5a, b). With short-term NT
duration, CO2 and CH4 emissions were signiﬁcantly reduced relative to
those with CT, but the diﬀerences decreased with longer NT duration.
Signiﬁcantly larger soil carbon stocks in long-term NT made carbon
emissions equal to those from the smaller CT soil carbon stocks (Oorts
et al., 2007). A new equilibrium, in both tillage systems, between
carbon inputs and outputs may have formed. However, in experiments
where NT was short-term, the CT and NT soils may not have yet
reached the anticipated equilibrium.
Diﬀerences in GHG emissions between the tillage practices varied
with crop species. Rice production is more likely, among the four crop
species evaluated, to exhibit reduced CO2 and CH4 emissions with NT
adoption. The surface NT soil bulk density was signiﬁcantly greater
than that of CT soil (Ahmad et al., 2009; Li et al., 2013). Li et al. (2013)
speculated that CH4 produced in NT soil might be better retained due to
soil surface compaction, thereby making CH4 oxidation by methanotrophic bacteria more likely. Increased bulk density reduces macroporosity, which inhibits organic matter decomposition (Ahmad et al.,
2009). This reduces dissolved organic carbon concentration that restricts substrate supply to methanogens and further reduces CH4 production. These NT eﬀects are exclusively signiﬁcant in paddy rice
production because the waterlogged environment otherwise favors CH4
production. Wheat production can enhance SOC and total N

4.3. Crop yield and the GWP of GHG emissions
In general, our meta-analysis found no signiﬁcant eﬀect of NT, relative to CT, on crop yield. Previous studies reported slight yield reduction (about 5%) with NT (van Kessel et al., 2013; Pittelkow et al.,
2015). The diﬀerence might be because we only analyzed yield data
from research trials that included GHG measurements. Great variation
was found in the yield dataset. Much of the increased yield in NT was
contributed by studies in barley production (Fig. 5d). Plaza-Bonilla
et al. (2014a) reported six-fold greater NT barley yield in a rain fed
Mediterranean climate due to better water use eﬃciency. Pittelkow
et al. (2015) further suggested that NT performs better than CT in rain
fed conditions in dry climates. Our results concur with these observations. Most (24 out of 25) of the barley yield trials in this meta-analysis
were in the dry climate subgroup. Considering there was less of an N2O
emission increase, and a greater decrease in CO2 emission in NT in dry
climates (Fig. 4a, c), NT would be the better management practice for
climate change mitigation goals. Our observations that NT increased
crop yield by 13.1% in alkaline soils (Fig. 4d) and by 25.2% at the low
N fertilizer rate (Fig. 5d) were also noteworthy. Additionally, NT exhibited similar GHG emissions to CT in alkaline soils or with low N
fertilizer input. These observations suggest that NT can be the better
choice under such circumstances.
In terms of climate change mitigation, there is a general consensus
that NT can enhance soil carbon sequestration. However, whether this
beneﬁt would be oﬀset by NT’s stimulation of N2O emission is still
under debate. In this meta-analysis, overall GWP was not diﬀerent
between NT and CT. This suggested that a balance between N2O
emission and carbon sequestration under NT can be reached (Halvorson
et al., 2008). Moreover, NT induced GWP reductions may not be coincident with yield loss, particularly on acidic soils and with rice production. Considering the other beneﬁts that accompany NT adoption
such as lower labor and machinery inputs, NT may be an eﬀective
practice that further mitigates climate change through reduced fossil
fuel consumption.
Accordingly, NT implementation can contribute to food security and
climate change mitigation. However, interactions between NT and sitespeciﬁc conditions, including other management practices, could oﬀset
NT’s beneﬁts. Future NT research should include more ﬁeld measurements chosen to consider other complicating environment or management factors. For example, measurements of GHG emissions should be
for the whole year as this may better reﬂect the full expression of
emission diﬀerences between NT and CT. Due to the limitations in
available data, this study focused only on the GHG emissions during the
growing season. Emissions during non-growing season, especially in
regions that experience freeze-thaw cycles and snow cover, could be
signiﬁcant and should not be ignored at study sites in these regions.
Moreover, analysis of the NT eﬀect from diﬀerent space and time scales
is needed to better identify NT’s eﬀectiveness in the context of global
change. While meta-analysis is better positioned than individual studies
as an eﬀective methodology to generate more informed and accurate
conclusions, it depends on data quality and quantity, especially for
large scale assessment. The lack of certain meta-data (e.g., fertilization
methods, residue management, and soil properties) in some studies
made it diﬃcult to include their results in this meta-analysis. Thus,
publications should clearly describe weather conditions, site management/ﬁeld operations, and soil properties. In addition, more tillage
research regarding all three GHG emissions, measured using similar
methods, is needed to draw more representative conclusions regarding
tillage choices and resulting GWP.
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This study provided a comprehensive and quantitative synthesis of
NT and CT eﬀects on GHG emissions and crop yield in diﬀerent cropping systems. In general, NT can reduce CH4 emission by 15.5% with a
concomitant increase in N2O emission of 10.4%. These eﬀects seem to
diminish with long-term duration of NT. Thus, the combination of NT
with other climate-smart agriculture (CSA) components might be
needed. Although NT cannot reduce all three GHG emissions simultaneously, there is some evidence of a reduction in overall GWP in NT
given speciﬁc conditions, which needs to be veriﬁed with further observations. Emission of CO2 can be signiﬁcantly reduced, with a yield
beneﬁt, with NT adoption in dry climates. However, in humid climates,
NT tended to increase N2O emission and reduce crop yield, suggesting
cautious consideration of NT adoption in humid regions. Soil pH was
also important, and implementing NT can help mitigate climate change
on acidic soils and enhance food security on alkaline soils because total
GWP was reduced in NT without yield penalty on acidic soils, and NT
increased crop yield without aﬀecting GWP on alkaline soils. No-tillage
and a low N fertilizer rate increased crop yield without exacerbating
GHG emissions compared to CT. Furthermore, subsurface N fertilizer
placement in NT should be considered to reduce N2O emission. Among
the four cereal crops, there was a large reduction in GWP with NT rice
production, with no yield penalty. A yield beneﬁt was only observed for
barley, while there was a maize yield loss. These results credit NT for
enhancing climate change mitigation and food security in rice and
barley production, respectively. Overall, this study provides both support and caution to the adoption of NT as a CSA management practice.
To identify other CSA management practices that are suitable at local,
regional and/or global scales, future CSA research programs that systematically investigate agroecosystem responses (e.g., crop yield, GHG
emissions) using diverse methods (e.g., observation, meta-analysis, and
agroecosystem modeling) are needed.
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