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Abstract 
 

Wheat-corn cropping system is one of the most important grain production systems in the 
world. However, the integrative impacts of soil tillage on crop yield, N use efficiency (NUE) 
and greenhouse gases (GHGS) emissions are not well documented in this system. Thus, a two-
year field experiment was carried out in a typical wheat-corn cropping system with four tillage 
regimes during the wheat season, including no-tillage (NT), rotary tillage (RT), sub-soiling 
tillage (ST) and sub-soiling with rotary tillage (SRT) in a randomized block design with three 
replicates. No-tillage was conducted for all treatments during corn season. Over the two years, 
the highest yields of wheat, corn and annual were found in the SRT treatment, while the lowest 
annual yield was found in the NT treatment averagely. Two-year average annual yield in the 
SRT was 19643.9 kg ha-1, which was 4.8, 5.9 and 7.7% higher than that in the ST, RT and NT 
treatments, respectively (P<0.05). SRT also stimulated plant N uptake with a higher N harvest 
index and higher partial factor productivity (PFP) than those under the other tillage practices 
(P<0.05). Although SRT stimulated N2O emission in wheat season, it significantly reduced the 
emission in corn season compared with the NT (P<0.05). Thus, no significant differences in 
total GHGS emissions, area-scaled and yield-scaled global warming potential (GWP) were 
found among the tillage practices. Our results indicate that sub-soiling with rotary tillage might 
benefit crop production for high yield and N use efficiency with less GHGS emissions for 
wheat-corn cropping system in North China Plain.  
 
Keywords: Soil management; Available N; Grain production; N2O; CH4; Global warming 
potential.  
 
Introduction  
 

Wheat (Triticum. aestivum L.) and corn (Zea mays L.) are the most important food 
crops, accounting for 26% and 36% of the total grain production in the world, 
respectively (FAO, 2013). Global grain production needs to increase by 60% from its 
2005-2007 productions to meet the food demand for the growing population by 2050 
(FAO, 2013). In order to increase crop yield, excessive nitrogen (N) fertilizer has been 
applied for wheat and corn production, causing serious environmental problem due to a 
low N use efficiency (NUE) (Cui et al., 2008; Ju et al., 2009). Meanwhile, the radiative 
forcing of the earth’s atmosphere has increased significantly because of the increases in 
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the concentrations of atmospheric GHGs, particularly N2O and CH4, which are the 
second and third important GHGs (IPCC, 2013). Existing evidences demonstrate that 
agricultural lands are the main sources of anthropogenic emissions of N2O and CH4 and 
agronomy plays an important role in affecting the emissions (Zheng et al., 2007). 
Wheat-corn cropping system is one of the most important cropping systems in the 
world, therefore, it is necessary to optimize agronomic practices for high yield and high 
NUE with less GHGs emissions from this cropping system. 

Among the agronomic practices, soil tillage plays significant impacts on crop yields 
and environmental health by affecting the belowground biotic and abiotic processes 
(Strudley et al., 2008; Jonard et al., 2013). As compared with conventional tillage, for 
example, no-tillage could improve the water content of soil status and physical quality 
under drought conditions, resulting in great increases in wheat yield and water use 
efficiency (WUE) (He et al., 2009). Other evidence showed that no-tillage might not 
significantly affect crop yields (Lampurlanés et al., 2002), but it could significantly 
affect GHGs emissions (Mangalassery et al., 2014). Recently, some observations 
reported that sub-soiling could increase wheat and corn yields with higher WUE and 
NUE through breaking soil depth to crop root growth and water and nutrient 
availabilities (Pikul and Kristian, 2003; Huang et al., 2006; Qin et al., 2008; Hu et al., 
2013a). According to our knowledge, existing observations mainly addressed crop yield 
and resource use efficiency only on one crop growing season and fewer were known 
about the integrative effects on the cropping system annually. Moreover, the integrative 
impacts of soil tillage on crop yield and GHGs emissions were not well documented for 
each crop season and the cropping system to date (Mangalassery et al., 2014; Powlson 
et al., 2014). Since multiple cropping dominates the production systems of wheat and 
corn in most developing countries, it is necessary to learn the integrative effects of soil 
tillage improvement on crop productivity and environmental costs. 

China by producing 17.9% of wheat and 23.8% of corn production in the world is 
one of the largest countries of wheat and corn production (Sadras and Calderini, 2014) 
and carbon emission (Zou et al., 2015) and wheat-corn cropping system is a dominant 
cropping system particularly in North China Plain. In order to further enhance crop 
yields and NUE, great efforts have been made on agronomic innovations such as soil 
tillage in this region (Bai et al., 2010; Bhatia et al., 2010). Although some field 
observations have been implemented about tillage impacts on crop yields and GHGs 
emissions (Han et al., 2007; Rieger et al., 2008; Smith et al., 2012; Tellez-Rio et al., 
2015), the integrative effects of tillage were not clear on crop yields, NUE and GHGs 
emissions. Therefore, a two-year field experiment was conducted for an entire cropping 
duration and annual crop yields, NUE and GHGs emissions were determined in this 
experiment. The study objectives were to evaluate the integrative impacts of tillage on 
crop yields, NUE and GHGs emissions at seasonal and annual scales, so as to provide 
important references to agronomic innovations for improving regional air quality 
through reducing GHGs emissions.  
 
Materials and Methods 
 
Experimental site 
 

The field experiment was conducted under a wheat-corn cropping system located in 
Institute of Agricultural Science of Dongping County, Dongping (35° 89' N, 116° 36' E), 
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Shandong Province, China from 2012 to 2014. The experiment location is a typical site 
of Chinese wheat and corn cropping regions. Wheat-corn cropping system with rotary 
tillage in wheat season and no-tillage in corn season is typical in North China Plain. The 
annual average air temperature is 14.4 °C with an average precipitation of 609.2 mm 
which is concentrated in April–August. During the experiment, the total precipitation 
from the seeding stage of wheat to maturity stage of corn was 550.0 and 517.1 mm 
during 2012-2013 and 2013-2014 seasons, respectively (Figure 1). The soil is a 
cumulated irrigated fluvo-aquic soil in the soil taxonomy classification system of the 
USA (Soil Survey Staff 1999). Soil organic matter, total N, available N, available 
phosphorus, available potassium at 0-20 cm depth were 18.6 g kg−1, 1.2 g kg−1, 104.9 
mg kg−1, 40.5 mg kg−1, 108.7 mg kg−1, respectively.  
 

 
 
Figure 1. Daily precipitation and mean air temperature during the entire growing period of wheat-corn 
cropping system in the experimental station (dotted line arrows indicate the time of harvest in each crop). 
 
Experimental Design and management 
 

The experiment was conducted during the wheat growing season with four tillage 
regimes, including no-tillage (NT), rotary tillage (RT), sub-soiling tillage (ST) and sub-
soiling with rotary tillage (SRT). The operation procedures of the four tillage practices 
are listed in Table 1. For the corn growing season, no-tillage was conducted in all 
treatments. Only one wheat cultivar, Jimai 22 and one corn cultivar, Zhongdan 909, 
were used in this experiment. The experiment was a randomized block design with three 
replicates. Each plot was 55 m long and 5.2 m wide. The distance between treatments 
was 2 meters and between the replications was 1.5 meters. The wheat sowing dates were 
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10 October, 2012 and 2013, the harvested dates were 15 June, 2013 and 10 June, 2014, 
respectively. Two days after harvesting wheat, the corn was sown (on 17 June, 2013 and 
12 June, 2014). The corn were harvested on 25 September, 2013 and 26 September, 
2014, respectively. During the wheat growing season, the same quantity of chemical 
fertilizers (135 kg N ha−1, 130 kg P2O5 ha−1 and 77 kg K2O ha−1) were applied as base 
fertilizers and another 90 kg N ha−1 was added as a side dressing at the jointing stage. 
During the corn growing season, 150 kg N ha−1, 140 kg P2O5 ha−1 and 84 kg K2O ha−1 
were used as base fertilizers and 140 kg N ha−1 was applied as a side dressing at the 
jointing stage. Common irrigation and other agronomic managements were also 
provided in all treatments with the same regime as applied in the local cropping system 
for high yield. 
 
Table 1. Operation procedure of the four tillage practices. 
 
Tillage practices Operation procedure 

NT 
Corn and wheat straw incorporation in field, no-tillage for corn season, strip rotary 
tillage only on wheat sowing row in wheat season (15 cm in depth) 

ST 
Corn and wheat straw incorporation in field, no-tillage for corn season, sub-soiling 
once (35 cm in depth) followed strip rotary tillage only on wheat sowing row for 
wheat season (15 cm in depth) 

RT 
Corn and wheat straw incorporation in field, no-tillage for corn season, completely 
rotary tillage two times for wheat season (15 cm in depth) 

SRT 
Corn and wheat straw incorporation in field, no-tillage for corn season, sub-soiling 
once (35 cm in depth) followed completely rotary tillage two times (15 cm in depth) 

 
Plant sampling and N determinations 
 

At maturity, twenty wheat plants and three corn plants were sampled from each 
treatment in each replicate, respectively. The plants were separated into leaves, stems 
and spikes. Spikes were further separated into vegetative components and grain. All 
plant samples were oven-dried to a constant weight at 80 °C and weighed. Nitrogen 
concentrations of leaf, stem, vegetative components of spike and grain were quantified 
using the Kjeldahl digestion method (Bremner, 1996). Plant samples were placed in 
digestion tubes and digested with a salt-catalyst-sulfuric acid mixture by heating the 
tubes in an aluminum block. One sub-plot of 2 m2 for wheat and 12 m2 for corn in area 
without sampling disturbance were harvested to determine the grain yield and yield 
components for each replicate. Harvest index (HI) was calculated as grain biomass with 
total aboveground biomass.  

Nitrogen uptake was plant total N content at maturity. Some agronomic indices 
commonly used to describe NUE include nitrogen harvest index (NHI), partial factor 
productivity (PFP), agronomic nitrogen use efficiency (ANUE), physiological nitrogen 
use efficiency (PNUE). In this study, two types of NUE were calculated using the 
following equations (Cheng et al., 2015; Tomohiro et al., 2015; Xu et al., 2016): 
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Partial factor productivity (PFP) = Grain yield /Amount of N applied.  
 
Nitrogen harvest index (NHI) = Total N in grain / Total N in the above-ground parts at 
maturity. 
 
Soil sampling and determinations 
 

The field fresh topsoil (0-20 cm) samples were collected from each treatment on 
April 30, 2014 and August 14, 2014. In each treatment, nine cores (5 cm in diameter) 
were taken to a depth of 20 cm and then pooled as a composite sample. All visible  
roots and fresh litter materials were removed from the samples, passed through a 2-mm 
sieve as soon as possible and then stored in the refrigerator (4 °C). NH4

+-N and NO3
--N 

were then measured using the sub-samples (<2 mm) of fresh soil extracted with  
KCl solution by traditional Indophenol blue colorimetric method (Dorich and Nelson, 
1983) and Ultraviolet spectrophotometry method (UV-1800, Norman and Stuck, 1981), 
respectively. 
 
Gas sampling and measurement 
 

The measurements of N2O and CH4 were continued from wheat planting in October 
2013 to corn harvesting in September 2014. The gas fluxes were measured using a 
static closed chamber method (Hutchinson and Livingston, 1993). During the entire 
growing season, a PVC rectangular chamber base (30 cm long, 20 cm wide and 10 cm 
high) was randomly inserted into the soil to a depth of approximately 10 cm in the 
space between rows in each plot. The top edge of the base had a groove for filling 
with water to seal the rim of the chamber. Sampling chamber was made of PVC with a 
size of 30 cm × 20 cm × 30 cm. Gas samples were taken from 09:00 through 11:00 in 
the morning to minimize the diurnal variation in flux patterns. To test the linearity of 
gas accumulation gas samples (20 ml) were taken by syringe at 0, 10, 20 and 30 
minutes after chamber closure and then stored in pre-evacuated vials (40 ml) fitted 
with butyl rubber stoppers. The air temperature inside the chamber was monitored 
with a mercury thermometer during gas collection. Water content of soil (0-20 cm, 
w/w) of each plot was measured using the tachometer and sensor (WET brand, made 
in the UK) after gas sampling. Samples were taken every ten days, except for longer 
interval in the winter and no sample was collected at the interval of two seasons. 
Collected gas samples were analyzed with a modified gas chromatograph (GC) 
(Agilent 7890A, California, USA) equipped with a flame ionization detector (FID) 
and electron capture detector (ECD) for quantifying CH4 and N2O concentrations, 
respectively. Fluxes were calculated with the linear increase in concentrations of 
selected sample sets that yield to a linear regression value of r2 > 0.90. Average fluxes 
and standard errors of CH4 and N2O were determined from triplicate plots. 
Cumulative CH4 and N2O emissions per plot were estimated by linear interpolations 
between every two adjacent sample days of the measurements (Zou et al., 2005).  
 
Global warming potential of CH4 and N2O 
 

The global warming potential (GWP) was calculated as CO2 equivalent (CO2-eq) on 
a time horizon of 100-year using 25 as the radioactive forcing potential for CH4 and 298 
for N2O (IPCC, 2007). The equation was as follows: 
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Area-scaled GWP (kg CO2-eq ha−1 yr−1) = 25 × CH4 (kg ha−1 yr−1) + 298 × N2O  
(kg ha−1 yr−1).  
 

Additionally, to associate with GWP and crop production, GWP per unit grain yield, 
as yield-scaled GWP (g CO2-eq kg-1), was introduced and calculated following the 
equation (Pittelkow et al., 2013). 
 
Yield-scaled GWP (g CO2-eq kg-1) = Area-scaled GWP / Grain Yield 
 
Data analysis 
 

To test the differences among the treatments, the data were analyzed using an 
analysis of (ANOVA) one & two-way variance (SAS 9.2- 2009 for windows). The 
treatment means were compared with the least significant difference (Duncan) test 
(P<0.05). The standard deviation of the means was calculated using Microsoft Excel 
2010 software for Windows.  
 
Results  
 
Impacts on crop yields 
 

There were significant differences of tillage on yield and yield components across 
two years observed as follows (Table 2). Wheat yield in the SRT averaged was 8912.4 
kg ha-1 and averagely was 8.3, 3.5 and 11.9% higher across the two years than that in 
the ST, RT and NT treatments, respectively. The lowest wheat yield occurred in the NT 
treatment. The harvest index of SRT and ST systems in both years were significantly 
higher than that in the NT and RT (P<0.05) (Table 2). Tillage impacts on spike number 
were not consistent, though the lowest spike number with higher grain number was 
found in the ST treatment. Tillage treatment had no significant effect on 1000-grain 
weight across the experimental duration.  

In corn growing seasons, the highest yields were found in the SRT and ST 
treatments, while no significant difference was found between the NT and RT 
treatments (Table 2). 

Across the two years, the mean corn yield in the SRT (10731.5 kg ha-1) was 2.1, 8.0 
and 4.4% higher than that in the ST, RT and NT treatments, respectively. The lowest ear 
number was found in the RT treatment, while its 1000-grain weight was significantly 
higher than the other treatments except for the SRT in 2014. There was no significant 
impact on the kernel number except for the ST in 2014. And the highest harvest index 
was found in the SRT treatment.  

For the cropping system, the annual yields were significantly higher in 2013-2014 
than 2012-2013 for all treatments. Although the difference in annual crop yield was  
not significant among the treatments in 2012-2013, the highest annual yield existed in 
the SRT in 2013-2014 (P<0.05). The average value of annual yield in the SRT (19463.9 
kg ha-1) across the experimental durations was 4.8, 5.9 and 7.7% higher than that in the 
ST, RT and NT treatments, respectively (P<0.05) (Table 2).    
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Impacts on plant nitrogen concentration and use efficiency 
 

The effects of soil tillage on N uptake and use efficiency (NUE) are presented in 
Table 3. The highest PFP in wheat was detected in the SRT which was 3.8,  
4.0 and 14.9% higher than that in the ST, RT and NT treatments, respectively. NHI 
in the SRT was 4.5, 11.9 and 5.2% higher than that in the ST, RT and NT, 
respectively. SRT had the highest N concentration in wheat grain, which was 13.0, 
19.0 and 5.8% higher than that in the ST, RT and NT treatments, respectively 
(P<0.05). The highest nitrogen uptake among all tillage practices was observed in 
the SRT which was 4.0, 10.7 and 9.1% higher than that in the ST, RT and NT 
treatments, respectively.   

In corn growing seasons, soil tillage had a significant effect on PFP (P<0.05).  
The highest PFP was detected in the SRT, which was 17.5, 12.7 and 9.6% higher 
than that in the ST, RT and NT, respectively. NHI in the SRT was 8.7, 6.8  
and 11.3% higher than that in the ST, RT and NT treatments, respectively. 
Compared with the ST treatment, SRT had significantly (11.6%) higher N uptake 
(P<0.05). 

Annual PFP in the SRT was 42.9 kg kg-1, which was 10.3, 8.5 and 12.0% higher than 
that in the ST, RT and NT treatments, respectively. Annual NHI was 5.8, 9.8 and 7.8 % 
higher and nitrogen uptake was 7.3, 8.5 and 7.2 % higher in the SRT than that in the ST, 
RT and NT treatments, respectively.   
 
Impacts on N2O and CH4 fluxes 
 

The effects of tillage system on N2O and CH4 fluxes are presented in Figure 2. 
Similar fluxes patterns were found for the two gases among all treatments in each crop 
season (Figure 2). The highest N2O fluxes occurred in the months with high temperature 
during the wheat season and the highest values were found in the early stages during the 
corn season (Figure 2a). The averaged N2O fluxes were 46.6–85.3 µg N2O-N m−2 h−1  
in wheat growing season, 63.2–134.2 µg N2O-N m−2 h-1 in corn growing season and 
64.0–79.1 µg N2O-N m−2 h−1 annually. The highest cumulative N2O emission was 
found in the SRT in wheat season, while the lowest value occurred in this treatment 
during the corn season, resulting in no significant difference in annual N2O emission 
among all treatments (Table 4).  

For the wheat-corn cropping system, each treatment was either a minor source or 
sink of CH4 fluxes (Figure 2b). The average fluxes were -16.8– -0.6 µg CH4-C m−2 h−1 
in wheat growing season, -3.9– 3.2 µg CH4-C m−2 h−1 in corn growing season and  
-12.1– -1.7 µg CH4-C m−2 h−1 annually. No significant difference in CH4 emissions was 
found among all treatments for each crop growing season (Table 4).  
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Figure 2. Seasonal N2O (a) and CH4 (b) fluxes for the wheat and corn seasons of the wheat-corn cropping 
system under different soil tillage practices in 2013-2014. NT represents no-tillage; RT, Rotary tillage; 
ST, Sub-soiling tillage; SRT, Sub-soiling with rotary tillage (dotted line arrows indicate the time of 
harvest in each crop).  
 
Area-scaled GWP and yield-scaled GWP 
 

Soil tillage had a significant effect on the area-scaled GWP (P<0.05) in the wheat 
growing season. Area-scaled GWP in the SRT was the highest and 66.1, 49.1 and 63.0 
% higher than that in the ST, RT and NT, respectively. However, no significant effect of 
tillage was detected on yield-scaled GWP in wheat growing season (P>0.05).  

In the corn growing season, NT had the highest area-scaled GWP which was 54.3, 
15.9 and 105.8% higher as compared with the RT, ST and SRT respectively (Table 4). 
Significant differences occurred in yield-scaled GWP between the NT and SRT and the 
highest value existed in the NT with an order of NT > ST > RT > SRT. 

Annually, there was no significant difference in the area-scaled GWP of CH4 and 
N2O emission among all treatments (P>0.05). Annual area-scaled GWP contributed 
mainly by the wheat growing season, averaging approximately 56.1% across all 
treatments. The contribution of N2O emission to total GWP was higher than 
CH4 emissions in both wheat and corn growing seasons. Although soil tillage had no 
significant effect on yield-scaled GWP among the treatments annually (P>0.05), the 
highest value occurred in the NT treatment with an order of NT > ST > SRT > RT 
(Table 4).  
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Available N and soil water content  
 

Tillage had a significant effect on the concentrations of soil NO3
--N and NH4

+- N and 
water content of soil (Figure 3). For NO3

--N concentrations, the highest value occurred 
in the SRT treatment with an order of SRT > ST > RT > NT at wheat flowering stage, 
while a reverse order was found at corn flowering stage with the highest value occurring 
in the NT treatment (Figure 3a). Interestingly, reverse tillage impacts were found on 
NH4

+- N concentrations as compared with the soil NO3
--N (Figure 3b). The highest 

concentrations of NH4
+- N occurred in the RT treatment at wheat flowering stage and in 

the SRT treatment at corn flowering stage with an order of SRT > ST > RT > NT 
(Figure 3b). 

Water content of soil at 0-20 cm depth was highest in the NT treatment and the 
lowest in the SRT treatment during the wheat and corn seasons (Figure 3c). The highest 
water content of soil was found in the sowing stage and the flowering stage during 
wheat season. Water content of soil decreased after sowing date and increased 63 days 
after sowing during corn season.  
 

 
 
Figure 3. NO3

--N (a), NH4
+-N (b) concentrations at the wheat and corn flowering stages and moisture 

content (c) in the soil at the depth of 0-20 cm under different tillage practices in 2013-2014 (solid line 
arrows indicate the time of irrigation and the dotted line arrows indicate the time of harvest in each crop).  
 
Discussion 
 

Recently, some studies showed that sub-soiling could increase crop yield by 
improving infiltration and increasing rooting depth for nutrient uptake (Mohanty et al., 
2007; Zink et al., 2011; Kuklík, 2011; Cai et al., 2014). However, other previous 
observations found that crop yield was not significantly affected by sub-soiling tillage 
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(Hao et al., 2001). There are still great uncertainties about the impacts of soil tillage on 
crop yield (Baumhardta and Jones, 2002). In our experiment, no significant effect of 
sub-soiling was found on wheat and corn yields, however, sub-soiling with rotary tillage 
(SRT) could significantly enhance wheat and corn yield in wheat-corn cropping system, 
particularly compared with the no-tillage (NT) (Table 2). Some similar field 
observations also found similar results that the lowest crop yields were found in wheat 
and corn under NT (Dong et al., 2005; Bhatia et al., 2010). In agreement with the 
previous studies, continuous NT decreased crop yield in North China, probably owing 
to the high precipitation (> 600 mm) (Zheng et al., 2014) and NT was promising only 
during a drought (< 450 mm) (Wang et al., 2012). In this experimental site, the annual 
average precipitation was more than 600 mm and the total precipitation from the 
seeding stage of wheat to the maturity stage of corn were 550.0 mm in 2012-2013 and 
517.1 mm in 2013-2014, respectively (Figure 1). Hence, the lowest crop yields in 
wheat, corn and annual cropping were observed in the NT system.  

The N use efficiency (NUE) was often used as indicators of cropping system ability 
to maintain soil fertility (Grignani et al., 2007). Guo et al. (2014) reported that 
optimizing agricultural management improved NUE primarily by increasing nitrogen 
uptake and translocation. Übelhör et al. (2014) showed that fall strip-tillage could 
improve N-uptake than more intensive strip-tillage, however, Brennan et al. (2014) 
observed that conventional tillage had the most consistent NUE. Other evidences 
showed that sub-soiling with controlled-release urea application could improve NUE 
and boost N uptake of the aboveground portion (Hu et al., 2013b). According to 
Cassman et al. (1996), the PFP can be increased by increasing the amount, uptake and 
utilization of indigenous nutrients and also increasing the efficiency of applied nutrients 
which are taken up by the crop and utilized to produce grain. In our experiment, SRT 
stimulated plant N uptake and significantly increased PFP. One of the important 
criterions for cultivar selection for high yield in wheat breeding programs is NHI 
(Giunta et al., 2007). Meanwhile, significant increases in NHI were observed in the SRT 
as compared with the RT and NT in winter wheat and summer corn, respectively (Table 
3). Our results demonstrate that sub-soiling with rotary tillage might benefit wheat and 
corn production with high NUE under the wheat-corn cropping system.  

Interestingly, there was no significant difference in annual GHGs emissions among 
the tillage practices, though significant differences were found during each crop season 
in the present study (Table 4). Tellez-Rio et al. (2015) also reported that tillage systems 
did not affect total N2O emissions for an entire cropping duration. In some cases, there 
was a risk of increasing emission of N2O under NT or reduced tillage (Six et al., 2004), 
however, some other studies reported that NT mostly decreased N2O emission 
(Kessavalou et al., 1998; Lal, 2004). In the present study, SRT in wheat season and NT 
in corn season had the highest N2O emission, likely due to the highest concentrations of 
NO3

--N in the soils (Figures 2a and 3a). Although the difference was not significant, the 
highest annual N2O emission occurred in the NT among the treatments (Table 4). Soil 
acted as a source as well as a sink of CH4 over the cropping system, however, no clear 
temporal trend was detected in the present experiment (Figure 2a). Meanwhile, no 
significant difference in CH4 emissions was observed among the tillage practices 
(Tellez-Rio et al., 2015). Hu et al. (2013b) reported that compared with corn growing 
season, wheat growing season had lower CH4 uptake. Bayer et al. (2012) and Kern et al. 
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(2012) also found that aerobic soils like that under wheat cultivation acted as a net sink 
of CH4 due to presence of methanotropic bacteria. Our results also showed that though 
tillage had no significant effect on CH4 emissions in wheat, corn and annual cropping 
system, the ratio of CH4 emissions in wheat is less than the corn growing season. Ussiri 
et al. (2009) found that the GWP associated with N2O and CH4 might reduce by 50% in 
no-tillage as compared with the moldboard and chisel tillage. However, Ahmad et al. 
(2009) reported that no-tillage didn’t significantly affect GWP compared with 
conventional tillage. In the present study, although significant differences in the area-
scaled and yield-scaled GWP were found among tillage practices during wheat or corn 
season, but no significant difference was found for the entire period of wheat-corn 
cropping system (Table 4).  
 
Conclusion 
 

Tillage practices significantly affect crop yields and NUE without obvious effect on 
annual GHGs emissions. Sub-soiling with rotary (SRT) in wheat season and no-tillage 
in corn season significantly increased crop yields and harvest index at seasonal and 
annual scales under the wheat-corn cropping system. The annual average yields of two 
years showed an order of SRT > ST > RT > NT. Furthermore, SRT stimulated plant N 
uptake with higher NHI and PFP. Although SRT stimulated N2O emissions in wheat 
growing season, it significantly reduced the emission in corn growing season (compared 
with NT), resulting in no significant difference in total GHGs emissions as compared 
with the other tillage regimes. Meanwhile, no significant differences in the area-scaled 
and yield-scaled GWP were found among the tillage practices. Thus, sub-soiling with 
rotary tillage might benefit crop production for high yield and high NUE with less 
GHGs emissions for wheat-corn cropping system.  
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