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Abstract

:

Current tillage practices in the important winter wheat–summer maize double cropping system of the North China Plain are under debate because of negative effects on soil quality and crop yield. Therefore, a long-term experiment was conducted from 2001 to 2018 to determine the effects of soil conservation practices on crop yield and soil quality. The treatments were imposed following maize harvest and prior wheat seeding, and were defined as follows: (1) moldboard ploughing (0–20 cm) following maize straw removal (CK); (2) moldboard ploughing (0–20 cm) following maize straw return (CT); (3) rotary tillage following maize straw return (RT); and (4) no tillage with maize straw covering the soil surface (NT). Wheat straw was chopped and spread on the soil in all treatments and maize seeded without prior tillage. Wheat yields were higher in CT than RT and NT treatments (p < 0.05); NT had 18% lower wheat yields than CT. No significant differences were found between treatments in summer maize yields. The soil organic carbon (SOC) content in the surface layer (0–5 cm) was higher in NT and RT compared to CT and CK. However, SOC content in the 10–20 cm and 20–30 cm layers was lower in NT and RT compared to CT and CK. Similarly, available phosphorus in the surface soil was higher in NT and RT than in CT and CK. but the opposite was true for the lower soil layers. SOC stocks (0–30 cm) increased in all treatments, and were initially faster in NT and RT than in CT and CK. However, SOC stocks were higher in CT than in other treatments at the end of the experiment. This finding indicates that no tillage and reduced tillage decreased both wheat yields and soil C sequestration over time; it also indicates that CT was the most robust in terms of crop yields and soil C sequestration.
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1. Introduction


Soil tillage is conducted for several purposes: to prepare a seedbed for the next crop, to incorporate crop residues and fertilizers into the soil, to suppress weeds and to improve the bio-physical structure of the soil [1]. However, conventional tillage practices are under debate because of the increased soil organic matter decomposition and associated declines in soil organic carbon (SOC) stocks, soil biota and soil biodiversity [2,3]. Tillage practices are also implicated in risks of subsoil compaction (plough pan) and soil erosion [4].



Conservation tillage is defined as a field management approach that minimizes the intensity and frequency of tillage operations so as to achieve agronomic and environmental benefits, including an improvement in soil bulk density, soil aggregate stability, water use efficiency, and nutrient utilization [5]. Indeed, conservation tillage may exert several beneficial effects, including a lower fossil energy use, greater SOC sequestration, and less soil compaction, erosion, and run-off [6,7,8]. Soil conservation includes different variants, including no tillage (NT) and reduced tillage (RT) or minimum tillage (MT), and these tillage practices can be combined, or not combined as the case may be, with crop residue mulching on the soil surface, crop rotation, cover cropping, and integrated pest and weed control practices. As a result, there is often a diversity in outcomes of soil conservation practices. For example, a meta-analysis of more than 600 field studies found that crop yields were significantly lower under no tillage compared to conventional till, when not combined with crop rotations and crop residue mulching [9]. Yet, other studies found higher yields [10,11], economic benefits [12] and improvements in soil physical properties [13] under no till. No tillage appears to be less appropriate for continuous wheat compared to wheat in rotation with, for example, legumes [14]. Further, the effects of conservation tillage on crop yields strongly depend on soil quality and climatic conditions [15]. Conservation tillage had positive effects on crop yields in arid regions under rainfed conditions [16,17]. Conversely, conventional tillage gave higher yields than conservation tillage in humid climates and under irrigation [9,18]. Thus far, there has not been an agreement on crop yield changes under conservation tillage.



Soil organic carbon (SOC) is the largest carbon pool in terrestrial ecosystem, and plays an essential role in supporting soil biodiversity and biological activity, nutrient cycling, as well as regulating climate change [19]. Conservation tillage was also promoted as an effective practice for increasing SOC [20,21]. However, some studies found that there were no significant differences in SOC storage between no tillage and conventional tillage, when differences in the depth distribution of SOC and soil bulk density are accounted for [22,23]. The SOC balance is determined by the inputs of organic C into the soil (through crop residues, straw, stubble, roots and root exudates) and the outputs from the soil (through decomposition of organic matter, erosion and leaching of dissolved organic C) [24]. Soil tillage and crop residue management practices directly affect the balance between organic C inputs and outputs. Inputs of organic C depend on crop type and rotation, crop residue management, and tillage. The leaching of dissolved organic C is also a soil C loss pathway, but is negligible in most common systems and field conditions [25], except for situations with high rainfall or excessive irrigation, peat soils and/or with high inputs of highly soluble C substrates [26].



The North China Plain covers an area of 35 million ha and has a population of 130 million people. It is one of the most intensively cultivated regions in China [27]. Approximately 70% of the cultivated land has a double cropping system of winter wheat and summer maize, with a no tillage and moldboard ploughing combination [28]. Moldboard ploughing is commonly applied to a depth of ~20 cm. Recently, rotary tillage to a depth of ~10 cm has also become common practice. Until the 2000s, straw was either used as animal feed and biofuel, or burned in the field. However, straw burning has been prohibited since 1990s (because of the smog); concentrates replaced straw as animal feed, while the increasingly used mechanization facilitated combine harvesting and straw chopping and return to the soil. As a consequence, the tillage and crop residue management changed. However, these practices increased the soil bulk density below 20 cm and created unfavorable growing conditions for wheat roots [29]. Hence, there is a continued search for improved tillage and straw management practices.



The main objective of this study is to determine the long-term effects of tillage and straw management practices on crop yield and soil C and nutrient accumulation in the winter wheat–summer maize double cropping system. We hypothesized that (1) replacing moldboard ploughing after the maize harvest by no tillage or rotary tillage may affect soil C sequestration, soil fertility, and thereby the crop yield in the long term, and that (2) removing maize straw from the field would not affect soil C sequestration much compared to maize straw return, because of the relatively large return of organic C via wheat straw, and the limited capacity of the soil to sequester C. We assumed that most SOC changes occurred in the 0–30 cm soil layer, because most of the roots of wheat and maize are in this layer and soil tillage and management practices mainly affect this layer [27,30]. Hence, soil sampling was limited to the top 30 cm of soil.




2. Materials and Methods


2.1. Experimental Site


The long-term experiment was conducted from October 2001 to June 2018 at the Luancheng Agroecosystem Experimental Station (37°53′ N, 114°40′ E; elevation 50 m) (Figure S3), which is located on the piedmont of the Taihang Mountains on the North China Plain. The Luancheng experimental station is one of the stations of the China National Ecosystem Observation and Research Network and the Global Terrestrial Observation System. The experiment had a common and continuous double cropping system rotation of winter wheat (Triticum aestivum L.) and summer maize (Zea mays L.). Each year in early June, the winter wheat is harvested and maize is planted; while in early October maize is harvested and winter wheat is planted. There is no fallow period. The soil is a sandy loam and classified as entisol, with a clay content of 14% [31]. The mean initial soil bulk density of the 0–20 cm layer was 1.53 g cm−3, and the SOC content was 0.90 g kg−1.




2.2. Experimental Design and Field Management


In 2001, three tillage and crop residue management treatments were implemented: the conventional practice of moldboard plowing, rotary tillage (RT), and no tillage (NT) following the maize harvests. In 2004, the moldboard plowing plot was split into two subplots with different residue management strategies: half of the plot had chopped maize straw incorporation into the tillage layer (CT) and the other half had the maize straw removed (CK). A summary of the tillage and crop residue management practices of the four treatments is presented in Table 1. There were three replications for each treatment. Plot size was 560 m2 (8 m × 70 m) for RT and NT and 280 m2 for CK and CT treatments.



At winter wheat harvest, wheat straw was mechanically chopped and evenly distributed on the soil surface as mulching material in all four treatments (common practice). At maize harvest, all straw was chopped and incorporated into the soil during tillage (common practice), except for the NT treatment where the straw was chopped and spread on the soil surface, and for the CK treatment where the straw was removed.



The fertilization and irrigation practices were identical in all four treatments and for both crops. Only urea and diammonium hydrogen phosphate (DAP) were applied. Before winter wheat sowing, the fertilizers were disseminated at a rate of 130 kg ha−1 of N and 121 kg ha−1 of P. However, DAP and urea were applied in bands at a depth of 5 cm in the seeding row of the NT treatment. In addition, both wheat and maize received 138 kg ha−1 of N as urea, shortly after jointing through top dressing. All plots received irrigation at sowing. Depending on rainfall and soil moisture condition, an additional three or four irrigations for wheat, and two or three irrigations for maize, were applied using a sprinkler system. Irrigation was applied when the soil moisture in the root zone declined to 60–65% of the field capacity. Generally, 400–500 m3 ha−1 water (40–50 mm) was applied in each irrigation.




2.3. Data Collection and Monitoring


2.3.1. Grain Yield


Wheat grain yields were measured in 3 m2 plots following harvesting and threshing (with a thresher). After harvesting, the straw was chopped and returned to the field. Maize grain yields were measured in 10 m2 plots; Plants were manually cut down 10 cm above the soil surface, dried and weighted at harvest time, while the ears from the plants were manually harvested and threshed. Grains were air-dried to a moisture content of 13%, and their weights were recorded to obtain the final grain yields. The yield of each plot was calculated as the equivalent yield of the whole field, by the unit of t ha−1.




2.3.2. Soil Sampling and Analyses


Soil samples were collected after winter wheat harvest in June every other year. Soil samples were taken by stainless steel rings of 100 cm3, at the depths of 0–5, 5–10, 10–20, and 20–30 cm, using the same auger hole. The rings with soil samples were transported within 5 h to a temperature-conditioned room (4 °C) and stored until further analysis. Content of soil organic carbon (SOC) was measured by dichromate oxidation and subsequent titration with ferrous ammonium sulfate [32].



Available soil P was measured by the hydrochloric acid–ammonium fluoride extraction/molybdenum antimony colorimetry method (P-Olsen); available soil K was measured by ammonium acetate extraction and flame photometry (K-exch); and available N in soil was measured by the alkali hydrolysis diffusion method [33]. Soil bulk density was measured by the core method (ASAE standard, 1984).




2.3.3. Carbon Input via Straw Return


The total carbon (C) input to the soil via straw return was calculated as:


C input = grain yield ∗ HI ∗ C content of straw



(1)




where HI is the harvest index; these values were determined for maize and wheat in 2005, 2007, 2008 and 2011. The average HI values for the CK, CT, RT and NT treatments for winter wheat were 0.50, 0.48, 0.47, and 0.47, respectively. The HI values for maize were 0.48, 0.47, 0.46, and 0.47, respectively. The C content of wheat straw was 0.41 g kg−1 and the C content of maize straw was 0.45 g kg−1, as derived from literature [25].




2.3.4. Weather Data


Daily weather data were obtained from a standard weather station, at approximately 50 m from the experimental site, and included the daily mean temperature, minimum temperature, daylight hours, and rainfall.





2.4. Statistical Analysis


All data collected were statistically analyzed using ANOVA to test differences among treatments in crop yield, OM, SOC, AN, AP and AK. The means of the treatments were compared using Fisher’s LSD method at the 0.05 probability level. All analyses were conducted using SPSS statistical software (version 11.0, SPSS, Chicago, IL, USA). All figures were performed with R studio (version 3.2.1) and Office 2010.





3. Results


3.1. Climatic Conditions


The mean temperature was 7.9 °C during the wheat season and 24.5 °C during the maize season (Figure S1). The average annual rainfall was 413 mm, with 60 to 80% during the maize season and 20 to 40% during the wheat season. The highest annual rainfall was 569 mm in 2008 and the lowest was 234 mm in 2016. The period from 2014 to 2018 was relatively dry and warm.




3.2. Wheat and Maize Yields


From 2005 to 2018, grain yields for winter wheat ranged between 4 and 8 Mg ha−1, while grain yields for summer maize ranged between 5 and 10 Mg ha−1 (Figure 1). The yield of winter wheat was significantly affected by tillage treatment and the experimental year. In addition, there was a significant interaction between Tillage and Year (Table 2). There were no significant trends in yield over time.



Mean wheat yields were significantly higher in the CK, CT and RT treatments than in the NT treatment (p < 0.05, Table 2). Furthermore, mean wheat yield was higher in CT than in RT (p < 0.05, Table 2). There were no significant differences between CK and CT, indicating that maize straw removal/return had no effect on wheat yield (Figure 1). Mean maize yields did not differ between treatments (p > 0.05, Table 2). Differences between treatments in mean yields were ≤0.3 Mg ha−1.




3.3. Total Carbon Input from Straw Return


The annual C input via straw return roughly ranged between 2.5 and 3.0 Mg ha−1 for the CT, RT and NT treatments, and between 1.0 and 1.5 Mg ha−1 for the CK treatment (Figure 2). The mean annual C input at the CK treatment (1.25 Mg ha−1) was significantly lower than at the other three treatments (p < 0.001, Table 2), while the mean annual C input at the CT treatment (2.83 Mg ha−1) was significantly higher than those at the other three treatments (p < 0.05). There were no significant differences between RT and NT treatments.




3.4. Soil Carbon Content and Sequestration Rates


Soil organic C (SOC) content increased in all treatments and all soil layers during the experimental period (Figure 3). The mean SOC content decreased with depth and the rate of increase also decreased with depth. In the surface layer (0–5 cm), SOC content of NT treatment increased by 34% between 2005 and 2012, and then remained more or less constant at a level of 1.45 g kg−1 (Figure 3). Note, that some differences in SOC content of the surface soil layer were already induced during the years 2001–2005, especially in the RT and NT treatments.



Stocks of SOC in the 0–30 cm soil layer increased rapidly from 2004 to 2012, Thereafter, the rate of increase slowed down in all treatments (Figure 4). The CT treatment had higher levels of SOC stocks than the other three treatments from 2008 onwards, and reached 50 t/ha in 2018 (Table 3). The NT treatment had the highest C sequestration rate (0.99 kg ha−1 a−1) during the first years (2001–2006), followed by the RT treatment (0.94 kg ha−1 a−1), while CT treatment had the lowest C sequestration rate (0.56 kg ha−1 a−1). However, the C sequestration rate continued to increase in the CT treatment, while the C sequestration in the RT and NT treatment slowed down during the period 2006 and 2018. As a result, the mean C sequestration rate was much higher in CT treatment (0.69 kg ha−1 a−1) than in the RT and NT treatments (0.49 and 0.36 kg ha−1 a−1, respectively) between 2001 and 2018 (Table 3). The CK treatment had the lowest mean C sequestration rate (0.25 kg ha−1 a−1).




3.5. Available Soil Nutrients


The available soil N (AN) remained more or less constant during the experimental period and did not differ much between treatments (Figure 5a). It decreased slightly with depth. The RT and NT treatments tended to have the highest AN content at a depth of 0–5 cm depth, and the lowest AN content at a depth of 20–30 cm, compared to the CK and CT treatments.



The available soil P (P-Olsen) exhibited large inter-annual fluctuations, especially in the top 5 cm of the soil, but showed no clear trends over time; it decreased with increasing depth. The treatments, RT and CK, tended to have the highest AP content at a depth of 0–5 cm (Figure 5b).



The available soil K (K-exch) also displayed relatively large inter-annual fluctuations, but without clear trends over time. AK decreased with increasing depth. There were no clear differences between treatments in AK (Figure 5c).



The ratios (wt/wt) of AN, AP and AK displayed some clear patterns (Figure S2). The mean ratio of AP/AN strongly decreased with increasing depth, suggesting a relative accumulation of P in the topsoil. The ratio of AK/AN was within a narrow range of 0.8 to 1.0 for all four depths, suggesting a similar availability and mobility of N and K. The ratios of AP/AN were relatively low in NT. Conversely, the ratios of AK/AP were relatively high in NT and low in CK and CT. This is the opposite to our expectations, as it suggests no preferential accumulation of P in the surface soil of NT (no tillage).




3.6. Soil Bulk Density


Soil bulk density ranged between 1.2 to 1.4 g cm−3 in the 0–5 cm soil layer and between 1.5 to 1.8 g cm−3 in the 20–30 cm soil layer (Figure 6). Hence, bulk density increased with depth. The inter-annual variations were larger than the differences between treatments. There were no clear trends over the time. The relatively high bulk density in the 20–30 cm layer, and to a lesser extent in the 10–20 cm soil layer was observed in all treatments, suggesting that this high bulk density was not related to the tillage treatments.





4. Discussion


4.1. Depth-Distributions of Carbon and Nutrients in Soil


The winter wheat–summer maize double cropping system of the North China Plain is productive, also providing much straw and stubble [34]. Crop yields increased steadily during the last few decades, through the use of improved germplasms, fertilizers and pesticides [35]. Until recently, straw from the double cropping system was used as animal feed and biofuel, or burned in the field [36], indicating that the soil C stock was replenished by input from stubble and roots only. However, the traditional mixed-crop livestock farm has rapidly disappeared during the last few decades (e.g., [37], and is being replaced by specialized livestock farms, which use mainly concentrated feed and little or no straw, and specialized crop production systems that produce for the market. Additionally, the use as biofuel has rapidly decreased, because a ban on crop residue burning, both in the field and in the homestead [38], was introduced from 2000 onwards; many farmers are still struggling to manage maize straw. As a result, increased amounts of crop residues are available to feed the soil and SOC stocks increased in the North China Plain during the last few decades [39,40]. This is also apparent in the results of our experiment; SOC stocks increased in all treatments but with large differences between treatments (Figure 4).



There are two possible main reasons for the relatively high soil C sequestration. First, the soil was ‘carbon deficient’ due to thousands of years of conventional soil cultivation and cropping in the North China Plain [41], concomitant with straw removal (for use as biofuel or animal feed) or straw burning. Secondly, increasing amounts of crop residues have become available due to the increasing crop yields in recent decades, increasing the return of crop residues to the soil. This suggest that SOC sequestration rates were strongly influenced by changes in C inputs over time.



Tillage treatments significantly affected the depth distribution of C in soil, and to a lesser extent, the depth distributions of AN, AP and AK. Our results support the claim that, especially no tillage (NT) and reduced tillage (RT) combined with straw return, lead to the enhanced stratification of SOC compared to the conventional practice (CK treatment) of annual moldboard ploughing and the removal of maize straw.



The SOC content of the 0–5 cm soil layer, and to a lesser extent, of the 5–10 cm soil layer were higher in RT and NT than in CK and CT treatments, while the opposite was true for the 10–20 and 20–30 cm soil layers (Figure 3). This difference in SOC stratification with depth is likely the combined result of (i) a difference between treatments in tillage following the maize harvest; (ii) maize straw removal in the CK treatment; and (iii) lower wheat yields in the NT, to a lesser extent in the RT treatment, compared to the other treatments [42,43]. The SOC content of the 10–20 and 20–30 cm soil layers were significantly higher at the CT treatment than at the RT and NT treatments at the end of the experiment. This suggests that the difference between CT and RT/NT in crop yield and associated root biomass was an important factor for the difference in content SOC between the 10–20 and 20–30 cm soil layers.



The relative enrichment of AP in the 0–5 and 5–10 cm soil layers and the relative depletion of AP in the 10–20 cm of the NT and RT treatments compared to the CK and CT treatments reflect the low mobility of P in soil. Phosphorus is mixed through the soil by soil cultivation and possibly bioturbation, but little by leaching and diffusive transport. These results are consistent with results of previous studies showing that AP was concentrated in surface soil under conservation tillage management due to lower soil disturbance [44,45]. The relative enrichment of P in the soil surface layers was also attributed to the retention of P in the accumulated SOC [46,47]. Though this is probably also true for our experiment, the greatest enrichment of AP in the surface layers of the NT and RT treatments likely resulted from the surface application of the DAP fertilizers, although DAP was applied in bands at a depth of 5 cm in the NT treatment. The annual application of 121 kg P ha−1 exceeded the withdrawal of P with harvested wheat and maize (not shown), indicating that there was a continuous enrichment of P in the soil. However, this was not clearly reflected in the results of the AP analyses.



There were no significant differences between the tillage treatments in the AK content, which confirms that the tillage method has little or no influence on the distribution of extractable K [48,49]. Relative increases in exchangeable K in soil surface layers of the RT and NT treatments may be related to the release of K from K-rich straw and stubble [50,51]. The relative low content of AK in the CK treatments supports this, as the maize straw was removed from the field in this treatment (Figure 5).




4.2. Responses of Maize and Wheat Grain Yields to Tillage Treatments


Earlier reports indicate that no-tillage agriculture decreased wheat yields in the North China Plain [52,53] and elsewhere [54,55], dependent on crop rotation and crop residue management. Our results support this conclusion, indicating that no tillage lowers wheat yields not only in rainfed conditions but also under irrigation. However, wheat yields of the NT treatment were similar to those of the CT and RT treatments during the first years (Figure 1), indicating that the negative effect of NT on wheat yield developed over time. We do not exclude the possibility that a lower soil temperature in the NT treatment, compared to the other treatments, played a role in reducing wheat yields [56,57,58]. A poorer germination and tillering due to soil compaction at a depth of 5–30 cm, and a poorer access of wheat roots for the applied nutrients, may also have played a role. We noticed that the growth and development of the wheat plants were delayed in the NT treatment compared to the other treatments (not shown).



No tillage and the surface mulching of crop residues may reduce soil evaporation, and thereby conserve soil water in dryland agriculture, and as a result may enhance crop yield. However, available soil moisture was not a limiting factor in our study because of the imposed irrigation management. It was observed that the wheat yield decline with no tillage was relatively large at low rates of fertilization [23,59,60]. Though the N and P fertilization rates were relatively high (common practice), Olsen P was relatively low (5 to 12 mg/kg) in the soil of the NT treatment (Figure 5), and this may have contributed to the relatively large wheat yield decline in the NT treatment. Amounts of AN and AK did not differ much between treatments (Figure 5).



Maize yields were not affected by tillage treatments (Figure 1). This was in contrast with results of previous studies, which revealed that no tillage had a relatively large depressive effect on maize yields [9,61,62]. However, our tillage treatments were imposed after the maize harvest and before wheat seeding, while no tillage with surface mulching was applied at all treatments after the wheat harvest and before maize seeding. Evidently, the tillage treatments did not have a direct effect on maize. There are three additional possible reasons why NT (and RT) had greater effects on wheat yields than on maize yields. First, maize is less sensitive to a compacted subsoil than wheat because of its shallow root system (and the ample supply of irrigation water and fertilizer N and P). For example, Zhou et al. [63] found that 75% of maize roots and 45% of wheat roots were in the topsoil. They also found that winter wheat was able to use, on average, more subsoil nitrogen than summer maize. Second, maize was planted during the hot summer season and wheat during the cold winter season; as a consequence, soil temperature was not a limiting growth factor for maize. Third, the mineralization of organically bound nutrients was enhanced during the warm and humid summer season, thus alleviating any shortage of nutrients under NT conditions. Gross N mineralization is strongly related to temperature, and the difference between NT and CT was weakened in the maize season [64]. Hence, there were no shortages of available nutrients in the NT treatment during the maize growing season.




4.3. Carbon Stock and Sequestration Rate


The sequestration of SOC in the 0–30 cm layer was larger in the CT treatment than in the NT and RT treatments at the end of the experiment (Figure 4). This contrasted with the results reported by Powlson et al. [65] and Corbeels [66], indicating that NT leads to a higher SOC stock than CT. Indeed, SOC stocks were larger in NT initially, but the sequestration of SOC slowed down in the NT treatment compared to the CT treatment. Corbeels [66] observed that SOC stocks were higher in NT than in CT treatments in the Cerrado of Brazil for the first 11 to 14 years, but that the differences between NT and CT in SOC stocks were negligible thereafter. A meta-analysis by West and Post [67] revealed that soil C sequestration lasted for approximately 20 years following the adoption of NT. In the current study, enhanced SOC sequestration under NT lasted only for a relatively short period. We speculate that the short duration of the enhanced SOC sequestration in the NT treatments may be related to the relatively large amounts of biomass returned to the soil in our double cropping system. There was essentially no increase in SOC content in the 0–5 cm soil after 2010 (following 8 years of NT adoption), indicating that a new steady state was attained, thus limiting the soil’s capacity to accumulate more SOC in the soil surface layers.



The differences among tillage treatments in SOC sequestration likely resulted from the differences between treatments in C input, decomposition rates, and physical protection of C in soil. Ogle [68] suggested that when C inputs declined by more than 15% following NT, C stocks would also decline. The average annual C input from aboveground crop residues was slightly higher in the CT treatment than in the RT and NT treatments, but the differences were not statistically significant (Table 2). Interestingly, the total C stock also increased in the 0–30 cm soil layer of the CK treatment; the total SOC stock in the CK treatment was only slightly lower than those in the RT and NT treatments, despite the removal of the maize straw in the CK treatment (Figure 4). These results indicate that the removal of the maize straw had only a relatively small effect on the SOC stock in the end.



Tillage may destroy soil aggregates, thereby enhancing the decomposition of organic material by microorganisms. Tillage also incorporates crop residues in the soil and partially in the subsoil, and may facilitate the downward growth of crop roots into the subsoil. This may enhance SOC sequestration in the subsoil because the rate of decomposition of organic matter is lower in the subsoil than in the topsoil due to a lower aeration and temperature.





5. Conclusions


This study evaluated the changes in crop yields, and in soil carbon and nutrients stocks in a winter wheat–summer maize double cropping system, with four different tillage practices imposed after maize harvests over a 17-year period. The average winter wheat yields were 18% lower under no tillage (NT) and 6% lower under reduced tillage (RT) than under conventional moldboard plowing (CT) during 2005 to 2018. Initially, NT and RT treatments rapidly increased the content of SOC in the soil surface layers, but after 17 years of SOC content was higher under the CT treatment than the NT and RT treatments. Therefore, no tillage and reduced tillage decreased both wheat yields and soil C sequestration over time. Hence, our hypotheses were both rejected. Tillage treatments did not significantly affect maize yields.



Tillage treatments influenced the distributions with the depth of available N, P and K. The AP/AN ratio in the 0–5 cm soil layer was relatively high at NT and RT treatments and low at CT and CK treatments. The AK/AP ratio was relatively high at NT and RT treatments and relatively low at CK treatments. These differential accumulations of available soil nutrients, together with a relatively high bulk density of the subsoil, may affect the nutrition of crops in the long-term, and may contribute to the relatively low winter wheat yield in the NT treatment in the double cropping system. Therefore, the dynamics of soil nutrients in different soil layers must be considered in studies evaluating the effects of tillage on soil carbon sequestration and crop yield under different regional climatic conditions.
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Figure 1. Grain yields of winter wheat and summer maize in a double cropping system with four tillage treatments during the period 2004 to 2018 (means ± standard deviations; bars represent standard deviations of the mean of six replicates). Colored lines between means are only meant to make differences between treatments more clear. See Table 1 for the tillage treatments. 
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Figure 2. Organic carbon input (t/ha) into the soil from aboveground residues of winter wheat and summer maize in a double cropping system with four tillage treatments during the period 2004 to 2018. Bars represent standard deviations of the mean of six replicates. See Table 1 for the tillage treatments. 






Figure 2. Organic carbon input (t/ha) into the soil from aboveground residues of winter wheat and summer maize in a double cropping system with four tillage treatments during the period 2004 to 2018. Bars represent standard deviations of the mean of six replicates. See Table 1 for the tillage treatments.



[image: Agronomy 12 00176 g002]







[image: Agronomy 12 00176 g003 550] 





Figure 3. Soil organic carbon content (SOC, g kg−1) of the 0–5 cm (a), 5–10 cm (b), 10–20 cm (c) and 20–30 cm (d) soil layers in a double cropping system with four tillage treatments, during the period 2004 to 2018 (means ± standard deviations; bars represent standard deviations of the mean of six replicates. See Table 1 for the tillage treatments. 
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Figure 4. Changes in soil carbon stocks (t ha−1) in the topsoil (0–30 cm) of four tillage treatments during the period 2004 to 2018. Dotted lines represent trend lines. See Table 1 for the tillage treatments. 
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Figure 5. Available soil nitrogen ((a). AN, g kg−1), soil phosphorus ((b). AP, mg kg−1) and soil potassium ((c). AK, g kg−1) in the 0–5, 5–10, 10–20 and 20–30 cm soil layers in a double cropping system with four tillage treatments during the period 2004 to 2018. See Table 1 for the tillage treatments. 
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Figure 6. Soil bulk density (g cm−3) of the 0–5, 5–10, 10–20 and 20–30 cm soil layers of a double cropping system with four tillage treatments in 2005, 2006, 2012, 2015, and 2017. Line bars represent the standard deviation of the mean of six replicates. See Table 1 for the tillage treatments. 
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Table 1. Annual tillage and crop residue management practices per treatment *.
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	Treatment
	Tillage before Wheat
	Tillage before Maize
	Wheat Seeding Pattern
	Maize Straw Management
	Wheat Straw Management





	CK
	Moldboard ploughing, tillage depth of 20 cm
	No tillage
	15 cm between rows, 3–5 cm seeding depth
	Maize straw removed, root and stubble incorporated in the soil
	Wheat straw chopped (5–10 cm) and spread on soil surface



	CT
	Moldboard plough, tillage depth of 20 cm
	No tillage
	The same as CK
	Maize straw chopped (5–10 cm) and incorporated in the soil
	The same as CK



	RT
	Rotary tillage, tillage depth of 10 cm
	No tillage
	The same as CK
	The same as CT
	The same as CK



	NT
	No tillage
	No tillage
	20 cm between rows, 10 cm inner row, 5 cm seeding depth
	Maize straw chopped (5–10 cm) and spread on the soil surface
	The same as CK







* Rotary tillage has become common practice in North China Plain in recent years; the soil (0–10 cm) is broken into pieces through blades or teeth attached to the disks of a rotating drum.
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Table 2. Annual wheat and maize grain yields (means ± s.d.) and mass of carbon (C) in aboveground residues returned to the soil (means ± s.d.) in a double cropping system with four tillage treatments during the period 2005–2018. The results of the statistical analyses are presented in the lower half of Table. See Table 1 for the tillage treatments.






Table 2. Annual wheat and maize grain yields (means ± s.d.) and mass of carbon (C) in aboveground residues returned to the soil (means ± s.d.) in a double cropping system with four tillage treatments during the period 2005–2018. The results of the statistical analyses are presented in the lower half of Table. See Table 1 for the tillage treatments.





	
Treatments

	
Wheat Yield *

t ha−1 a−1

	
Maize Yield *

t ha−1 a−1

	
Returned Residues *

t C ha−1 a−1






	
CK

	
6.2 ± 0.3 ab

	
7.4 ± 0.2 a

	
1.25 ± 0.09 c




	
CT

	
6.3 ± 0.2 a

	
7.7 ± 0.4 a

	
2.83 ± 0.16 a




	
RT

	
5.9 ± 0.1 b

	
7.7 ± 0.4 a

	
2.68 ± 0.19 b




	
NT

	
5.2 ± 0.1 c

	
7.7 ± 0.3 a

	
2.64 ± 0.20 b




	

	
F

	
P

	
F

	
P

	
F

	
P




	

	
----------------------

	
------------------------

	
----------------




	
Tillage

	
36.0

	
0.00

	
0.8

	
0.45

	
24.5

	
0.00




	
Year

	
53.7

	
0.00

	
26.7

	
0.00

	
631.4

	
0.00




	
Soil x Year

	
3.5

	
0.03

	
4.2

	
0.02

	
2.39

	
0.19








* Different letters in the same column indicate significant differences at p< 0.05.
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Table 3. Soil C stocks (0–30 cm) in the four treatments in 2001, 2006, 2011 and 2018, and estimated C sequestration rates in the four tillage treatments for three periods. See Table 1 for the tillage treatments.
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CK

	
CT

	
RT

	
NT






	

	
C stock in 0–30 cm soil layer, t ha−1 *




	
2001

	
38.1

	
37.1

	
36.4

	
36.9




	
2006

	
38.0 bc

	
39.9 abc

	
41.1 ab

	
41.8 a




	
2011

	
42.3 ab

	
45.8 a

	
44.2 b

	
41.9 ab




	
2018

	
41.5 c

	
48.9 a

	
44.7 b

	
43.0 b




	

	
C sequestration rate, kg C ha−1 a−1 *




	
2001–2006

	
−0.01 c

	
0.56 b

	
0.94 a

	
0.99 a




	
2001–2011

	
0.43 b

	
0.87 a

	
0.78 ab

	
0.50 b




	
2001–2018

	
0.25 c

	
0.69 a

	
0.49 b

	
0.36 bc








* Different letters in the same row indicate significant differences at p < 0.05.
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