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Abstract

:

Rice-based intensive cropping systems require high input levels making them less profitable and vulnerable to the reduced availability of labor and water in Asia. With continuous conventional puddled rice transplanting, the situation is exacerbated by damaged soil structure, declining underground water and decreasing land and water productivity. To minimize these negative effects a range of new crop establishment practices have been developed (zero tillage, dry direct seeding, wet direct seeding, water seeding, strip planting, bed planting, non-puddled transplanting of rice, mechanical transplanting of rice crop and combinations thereof) with varying effects on soil health, crop productivity, resource saving and global warming mitigation potential. Some of these allow Conservation Agriculture (CA) to be practiced in the rice-based mono-, double- and triple cropping systems. Innovations in machinery especially for smallholder farms have supported the adoption of the new establishment techniques. Non-puddling establishment of rice together with increased crop residue retention increased soil organic carbon by 79% and total N (TN) in soil by 62% relative to conventional puddling practice. Rice establishment methods (direct seeding of rice, system of rice intensification and non-puddled transplanting of rice) improve soil health by improving the physical (reduced bulk density, increased porosity, available water content), chemical (increased phosphorus, potassium and sulphur in their available forms) and biological properties (microbiome structure, microbial biomass C and N) of the soil. Even in the first year of its practice, the non-puddled transplanting method of rice establishment and CA practices for other crops increase the productivity of the rice-based cropping systems. Estimates suggest global warming potential (GWP) (the overall net effect) can be reduced by a quarter by replacing conventional puddling of rice by direct-seeded rice in the Indo-Gangetic Plains for the rice-based cropping system. Moreover, non-puddled transplanting of rice saves 35% of the net life cycle greenhouse gases (GHGs) compared with the conventional practice by a combination of decreasing greenhouse gases emissions from soil and increasing soil organic carbon (SOC). Though the system of rice intensification decreases net GHG emission, the practice releases 1.5 times greater N2O due to the increased soil aeration. There is no single rice establishment technology that is superior to others in all circumstances, rather a range of effective technologies that can be applied to different agro-climates, demography and farm typologies.






Keywords:


conservation agriculture; direct seeded rice; economics; greenhouse gas; non-puddled transplanting; puddled transplanting












1. Introduction


Future global food security depends on the continued success of rice production in Asia. Though rice production has shown a consistent increase since 2002 [1], it faces major challenges: The increasing demand for rice versus declining growth in yield and harvested area; soil fertility and productivity decline of intensive rice-based cropping systems [2]; depletion and or limitations of natural resources (soil and water) for rice production; plateauing of yield potential of recently released cultivars; rice crop establishment in rice-upland cropping systems; abiotic stresses (salinity, low temperature and drought); biotic stresses, the low income from rice production and changing socio-economic conditions [3,4].



One of the regions where these challenges are evident is the rice–wheat cropping system in Indo-Gangetic Plains (IGP) of South Asia which covers about 13.5 M ha in Pakistan, Nepal, India, and Bangladesh [5]. Due to growing populations, additional rice productivity in the IGP is needed [6]. Both varietal improvement and soil fertility improvement [7] including soil management practices such as CA are central to increased rice production in the IGP. In the IGP and in other intensive rice-growing areas where wetland rice is grown in upland crop-rice cropping systems, establishing all component crops by following CA practices remains a challenge [7]. Farmers in the IGP currently prefer conventional practices of rice crop establishment to CA practices, even when they use zero tillage (ZT) and residue retention for the upland crops.



Rice consumes around 27% of the world total fresh water withdrawal [8,9]. For wetland rice production, puddling alone requires 30% of the crop water consumption [10]. Predictions indicate that 17–22 M ha of irrigated rice area in Asia will face water scarcity [11] by 2025, necessitating water-saving options to be practiced widely.



Manual rice transplanting requires 25–50 person-days ha−1 [12], while the size of the workforce in agriculture declined by nearly 30 million between 2004–05 and 2011–12 [13] due to rapid economic growth in Asia in non-agricultural sectors [13] and increased labor wages [14].



Wetland rice production contributes almost 12% of anthropogenic methane and 55% of agriculturally-sourced greenhouse gas (GHG) emissions in the world [15].



Solutions to all problems can be found in modifications of crop establishment practices [6,7,16,17]. Among the crop production factors, tillage alone contributes up to 20% of crop production costs [18] and strongly influences soil properties [7]. Novel resource-saving technologies are, therefore, being developed to cope with these factors influencing cultivation of all crops including rice in the intensive crop growing areas [6,7,19,20]. Mechanical direct-seeding and transplanting under non-puddled/non-flooded conditions have been developed and evaluated by researchers in collaborations with farmers [19,20,21].



In addition, rice and upland crops are grown in a sequence with repeated cycling between anaerobic and aerobic conditions [22]. The contrasting environments alter the soil C and N cycles, GHG emissions, soil chemical and biological properties [22]. Chakraborty et al. [6] reviewed global data of soil properties, C and N cycling and greenhouse gas implications under emerging and conventional practices of crop production. However, the alterations in C and N cycling and GHG emissions from soils under conventional and promising CA practices have not been quantified in the intensively cropped Eastern Gangetic Plains (EGP) [6,23]. The literature also lacks C footprint data of the rice-based cropping systems when CA practices sequester C from the atmosphere into long-lived SOM pools in the subtropical humid region [24]. Some details of the practices and their implications for soil properties, C and N cycling and GHGs are given as follows.




2. Trends in Rice Crop Establishment Practices in the Rice Growing Areas


2.1. Puddling


There are both positive and negative results from transplanting following puddling of soil with wet tillage operations [25]. Puddling is done to reduce water losses by percolation, to control weeds, to establish rice seedling easily and to increase nutrient availability [26,27]. However, this method of rice establishment is under threat due to shortages of land, water and labor. Apart from the above factors, the demand for cropping system intensification and for high yielding short duration varieties are also driving changes in rice establishment technologies [6,28].



2.1.1. General Background


In most cropping systems, tillage of the soil with excess moisture results in damage to soil structure which delays sowing which may incur yield loss. In the lowland wetland rice system, puddling of wet soil is a deliberative practice for the purpose of destroying the structure of upper layer of soil. It is the most common practice of lowland rice establishment in Asian countries. To make the matter worse, before puddling of soil by wet tillage operations, crop residues are removed from or burned on the field [29]. Farmers puddle soil purposefully to control weed, to make seedling transplanting easy and to keep water standing (to reduce loss of water and nutrients by deep percolation) [30].




2.1.2. Tradeoffs of Puddling on Soil Physical Properties


Puddled transplanting of rice degrades physical properties of soils [31]. The physical degradation of soil due to tillage includes soil structural destruction (aggregates breaking into small-aggregates and finally into small particles) [32], increase in soil penetration resistance and bulk density [33], water holding capacity and porosity [16,33]. The soil structural stability determines the degradation intensity due to puddling [32]. However, the succeeding crop faces severe obstacles and requires higher energy and labor costs for tillage [34,35]. Aggarwal et al. [36] conducted an experiment on puddling of sandy loam soil and reported that bulk density (BD) of the 0–30 cm soil layer increased with puddling level. Formation of the subsurface compacted layer possibly led to reduced percolation rates through the soil. Jat et al. [37] conducted experiments by employing laser-assisted precision land leveling and traditional land leveling with a number of crop establishment practices: Conventional puddled-transplanted rice and conventional-tillage (CT) wheat; zero-till direct drill-seeded rice and wheat after no-tillage; conventional-till direct drill-seeded rice and wheat after CT; raised beds with no-tillage for direct-seeded rice and wheat on beds. They reported that the puddling of rice soil followed by tillage for upland crops had higher BD and penetration resistance (PR) and cone index in 10–15 and 15–20 cm soil layers due to compaction caused by the repeated wet tillage in rice. However, they recorded that the steady-state infiltration rate and soil aggregation (>0.25 mm) were higher under permanent beds and double ZT and lower in the CT system. Alam et al. [16] and Shukla et al. [38] in another study in the Indo-Gangetic Plain found that intensive tillage decreased soil porosity and entry of water in soil by infiltration by disrupting soil pores. Besides, by increasing clay distribution at the interface of puddled and undisturbed layer below, a hard ploughpan forms at 10-20 cm soil depth [39]. The ploughpan formed at the shallow soil layer disrupts pore sizes and hydraulic conductivity. While initially puddling of soil may decrease the PR and cone index, the subsidence of the puddled soil increases the BD and the PR again leading to decreased hydraulic conductivity after several days or months [39].




2.1.3. Tradeoffs of Puddling on Soil Chemical Properties


The anoxic conditions that rapidly develop in puddled, inundated soils regulate the chemical properties of soil. Saroch and Thakur [40] attributed the change in soil pH toward neutral values to the submergence caused by puddling of soil rather than to puddling of soil, per se. They also reported that available N content of the soil was varied due to puddling. Ponnamperuma [41] reported that puddling of soil increased available N which was attributed to increased residence time of available NH4-N due to anoxia and reduced loss by leaching. Alam et al. [42] observed that while conventional puddling of soil increased mineralization up to 60 days after transplanting, subsequent uptake and mineralization rate was slower in CT than non-puddling of soil. The initial elevated mineralization makes it possible that more N loss occurred under CT.



Even more N is released when tillage coincides with periods of high soil temperature and/or moderate soil moisture [23,43]. The excess mineralized N after fulfilling the low demand of N by crops at the initial stage of crop might end up in loss via denitrification, nitrate leaching, ammonia volatilization or surface runoff [44,45]. Saroch and Thakur [40] also reported to have increased available P content after puddling. Bibhash et al. [46] recorded similar results of increased P availability under puddled transplanting which Singh et al. [47] also attributed to release of P from sorption (i.e., increase in P diffusion). However, exchangeable K and cation exchange capacity (CEC) of the soil were not varied due to puddled transplanting of rice. Irrespective of puddling and non-puddling of soil, when soils are comparatively wet, absorbed P, K and other cations come into soil solution. Similarly, Scheltema [29] and Ponnamperuma [41] stated that puddled transplanting of rice helped release monovalent and divalent cations from the absorbed state into soil solution, increase pH, CEC and CO2 density in soil and accrue ammonium-N and organic substances in the puddled soil.




2.1.4. Tradeoffs of Puddling on Soil Carbon Cycle and Soil Organic Matter


Conventional puddled transplanting of rice followed by tillage for upland crops are the major source of greenhouse gas emissions due to increased loss of C and N via gaseous ways [48]. Generally, conventional puddling of soil for rice transplanting accelerates turnover of soil organic matter (SOM) in soil aggregates [49]. Banerjee et al. [50] recorded increased SOC in puddled soil than the non-puddled treatments in both the years of their experiment in the IGP. The repeated wet tillage operations for puddling break down soil aggregates into soil particles which enhance microbial activities for decomposition of aggregate associated SOM and thereby increase availability of SOC [51]. Alam et al. [52] also reported higher water soluble C (WSC) and higher decomposition rates of SOC in puddled soils than soils under non-puddled conditions after 5 years of study. The increased WSC under puddled conditions might lead to microbial decomposition during rice growth period as well as during succeeding crop grown under conventional tillage [53]. The accumulation of SOC depends not only on soil disturbance intensity but also on anaerobic soil conditions [54], and composition of organic residues (lignin and phenol) retained in the soil [52].




2.1.5. Tradeoffs of Puddling on Soil Biological Properties


Patra et al. [55] highlighted results of a field experiment conducted in the Lower Gangetic Plain of India which revealed that light puddling soil (puddling up to 5 cm depth without inversion with a wooden country plough with an iron cutting edge) brought about the highest MBC and microbial biomass N (MBN) compared to intensive puddling (puddling up to 15 cm depth with inversion by a rotary power tiller). Gunapala and Scow [56] attributed the increased MBC and MBN to increased microbial activity and availability of substrates under favorable temperature prevailing in puddled soil for transplanted rice [57]. When it is conventional puddled transplanting of rice with residue removal, the different scenarios were recorded by many researchers in rice-based cropping systems. Jat et al. [58] conducted experiment by using climate smart agriculture (CSA) practices. After five years, conventional puddling of rice followed by tillage for wheat (conventional scenario) had lower MBC, MBN, dehydrogenase activity (DHA), alkaline phosphatase activity (APA) and β-glucosidase over CSA based rice–wheat cropping. For example, conventional puddling of rice and full tillage for wheat had around 42% lower MBC, 79% lower MBN, 58% lower APA and 14% lower DHA at 0−15 cm depth than CSA based scenarios. These lower MBC, MBN and enzyme activities in puddled soils might be attributed to unfavorable soil temperature and soil moisture prevailing under conventional scenario [59]. Disturbance of soil by puddled transplanting of rice had higher microbial biomass C (MBC) in soil than MBC in soils under non-puddled rice. Banerjee et al. [50] recorded 19% increase in MBC in puddled soil amended with farmyard manure or green manure compared to chemical fertilizers and puddling. Alam et al. [7] also recorded the similar results of increasing MBC in soil under conventional puddling and addition of previous crop residues.




2.1.6. Tradeoffs of Puddling on GHG and Climate Change Mitigation


Puddling of rice soil followed by flooding resulted in emission of around 2.6 t C02–eq ha−1 from soils within the first few weeks [60]. Methane (CH4) and nitrous oxide (N2O) are the principal GHGs emitting from rice fields. The reduced soil layer in puddled soils with very low redox potential induced CH4 synthesis and emission [61] while the oxidized layer present at the interface of soil and water causes the emission of N2O [41]. The availability of C substrates (e.g., straw or organic amendments) accelerate the survival of methanogens and the low redox potential are both driving factors for CH4 emission [62,63]. Liu et al. [64] recorded 54% higher seasonal methane emissions from conventional puddled transplanted rice fields than DSR rice, though N2O emissions were reduced by around 49% with puddled transplanted with N application. Chakraborty et al. [6] in a global data meta-analysis found that higher CH4 emissions under conventional puddled transplanting of rice compared to novel crop establishment practices while N2O emissions were unchanged. The reduced percolation by soil puddled layer under puddled transplanting of rice can increase methanogenesis by reducing the flow of oxygen-containing water [65] and hence emissions of CH4 to the atmosphere. Since N2O production from both nitrification and denitrification processes is sensitive to oxygen concentration, there are reasons to suspect that flooding (anaerobic condition) and draining (aerobic condition) of a soil will influence the N2O emissions. The rate of N2O emission from flooded paddy fields had been thought to be small [66]. However, denitrification can produce N2O from N03 during drainage and/or during even drier soil conditions in anaerobic microsites [67]. The potential for high N2O flux is greater in wetland soils with high levels of NO3− and NO2−.




2.1.7. Tradeoffs of Puddling on Yield and Economics


The main consequence of puddling for rice establishment is that it degrades the soil physical conditions and results in lower yields of dryland crops in rice-based systems [31]. In addition, puddled transplanting of rice can delay the start of the next cropping season. For example, wheat yield declines by up to 1.5% for each day delay in wheat planting after the optimum sowing date [34].



The requirement of water, energy and labor, which are getting increasingly costly, are a threat to the profitability of puddled transplanting for rice and intensive tillage for subsequent wheat [68]. Mahajan et al. [69] added that the cost of traditional puddled transplanting of rice squeezed rice farming profitability mainly due to reduced available labor. Islam et al. [70] recorded the lowest BCR (1.42) in the puddled transplanting which they attributed to lower yield at the cost of increased inputs (fuel and machinery pass) and labor requirement for land preparation and seedling transplanting. Accordingly, conventional practice of rice planting is no longer able to sustain the productivity of rice cropping systems [10].





2.2. Novel Crop Establishment Practices


2.2.1. General Background


Successful cropping begins with good crop establishment. Farmers are increasingly convinced to grow upland crops according to CA (for example, zero tillage and strip tillage), but they persist with puddling of the soil for rice crop establishment [53]. Accordingly, whatever benefits that accrue by following CA for upland crops get destroyed by puddling for wetland rice crops. Over time, depending on farmer’s willingness, agro-climates, demography and farm typologies, a number of rice establishment technologies has been developed to either save time, labor or cost for rice production or to enhance soil health according to CA principles [71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88].




2.2.2. Direct Seeded Rice


The direct-seeded rice area in Asia is estimated to be about 29 million ha (approx. 21% of the total rice area). However, area coverage by direct-seeded rice appears to have decreased considerably in recent years [71]. Direct-seeded rice can be done after conventional tillage under wet or dry soil conditions. It can also be done in zero-tilled soil or with minimum tillage operations [6]. Direct seeded crops require less labor and tend to mature earlier than transplanted crops. Direct seeding avoids seedling stress from pulling roots from nursery-bed soil and the time taken to re-establish fine roots. Land preparation for direct seeding of rice is done in two ways:



Dry Direct Seeding


In rain-fed and submerged ecosystems, rice seeds are directly sown on to fields by broadcasting or drilling onto surface soils which are then covered or incorporated in soils by ploughing or harrowing (A detail description can be found in http://www.knowledgebank.irri.org/step-by-step-production/growth/planting/direct-seeding#dry-direct-seeding). In Asia, dry seeding which is followed in flood-prone areas, rainfed lands, lowlands and uplands [72,73]. In rice growing areas of India, Vietnam, the Philippines, Malaysia, Thailand, DSR is rapidly being accepted for rice crop establishment [74].




Wet Direct Seeding


In wet fields under irrigated and deep-water conditions, direct seeding can be performed either through broadcasting or drilling seeds into the wet or moist soil with a seeder.



According to Rao et al. [75], direct-seeded rice crop establishment covered 23% of rice establishment in 2007. In the highly mechanized agricultural systems, as in the United States, Australia and Europe, either water-seeded or dry seeded or both water-seeded and dry-seeded system are used to establish rice crops [76,77]. Farmers in Chile, Cuba, southern Brazil, Venezuela, some Caribbean countries and some areas of Colombia have adopted direct seeding on saturated soil [78].





2.2.3. Water Seeding


The water seeding technique for rice establishment in California (United States), Australia, Malaysia and European countries controls the growth of weeds which are difficult to eradicate. When pre-germinated seeds are broadcasted on puddled soil, it is called wet water seeding and when broadcasted on non-puddled soil it is called dry-water-seeding [79,80]. In addition to irrigated areas, water seeding helps farmers to cope with growing rice in fields with early flood water which cannot be drained out quickly. In the highly mechanized rice planting systems, water seeding is the principal means of crop establishment [74,75]. For example, Australia has most rice planted aerially in water [75]. Water-seeding is also common practice in some states of the USA [79,80].




2.2.4. System of Rice Intensification (SRI)


The System of Rice Intensification (SRI) is a package of distinctive practices affecting seedling transplanting, water management, weed control along with increased use of organic nutrients [81,82]. The SRI consists of transplanting young, 8–12 day-old seedlings, single seedling transplanting (one per hill) in a square pattern of 25 × 25 cm, transplanting seedlings within 15–30 min after removal from the nursery and at shallow depth (at 1–2 cm deep), keeping paddy soil moist but not continuously saturated, controlling weeds with frequent weeding by a mechanical hand weeder and applying organic fertilizers with chemical fertilizers. The puddled paddy soil is kept moist but not consistently saturated so that mainly aerobic soil conditions prevail. Weeding is frequently done to facilitate aeration of the soil [83]. Irrespective of the debate on the claims of the practice, the SRI practice has been disseminated worldwide [84]. SRI-Rice [85], FAO [86] and World Bank [87] reported that more than 10 million farmers of more than 50 countries of Asia, Africa and Latin America adopted and derived benefit from the use of SRI methodology since 2000.




2.2.5. Non-Puddled Transplanting of Rice


Several minimum soil disturbing options could be used to establish rice by non-puddled transplanting: Single-pass shallow tillage (SPST); strip tillage and bed formation [28]. The SPST method involves full surface soil disturbance to 4–6 cm depth and full residue incorporation by tillage. Hence it reduces the number of tillage operations and depth of tillage compared to conventional puddling but does not apply the principles of CA, namely minimum soil disturbance and crop residue retention. Nevertheless, the shallow soil tillage may be sufficient for weed control before non-puddled transplanting of rice seedlings [88]. Strip tillage involves disturbance of a zone 4–6 cm wide and up to 6 cm deep, covering approximately 15–25% of the soil surface. Hence this can be considered as a form of minimum soil disturbance which together with more than 30% of residue retention falls within CA guidelines. Rice seedlings are transplanted into the disturbed strips which are soaked with water overnight to soften the soil. Narrow strips on the top of permanent raised beds are also used for non-puddled transplanting of seedlings after wetting up the soil [7,19].



Bell et al. [2] reported that around 2.5% of farmers in areas in Bangladesh that had been exposed to the technologies had taken up non-puddled transplanting of rice (NP of rice). Moreover, it was reported in 2017 that the NP of rice with and without mechanization was gaining momentum in the EGP area [89,90].



To alleviate scarcity of agricultural laborers, mechanized transplanting of rice seedlings under zero tilled conditions, in non-puddled soil and in puddled soil condition is increasingly done by self-propelled transplanter. Increased productivity of crops, energy and water, and savings of labor when rice is established by mechanical transplanting technology have been reported [91,92]. However, there are challenges of making this service available to farmers commercially at large scale. Sudhir-Yadav et al. [93] reported that the technology still faces challenges due to lack of testing widely on farmers’ fields, farmers’ unwillingness and inability to invest in the high initial cost of the machine, unavailability of the machines, lack of skilled service providers and troubleshooters, lack of seedling nursery (mat-type) raising skills, and unsatisfactory performance of the machine in lowland monsoon ecology.




2.2.6. Drip Irrigation under Different Rice Establishment Practices


Irrigated rice on 15–20 mill. ha in Asia is predicted to suffer paucity of water availability. Under these circumstances, research has been done in the main rice growing areas in Asia to evaluate drip irrigation under different crop establishment practices. Rao et al. [94], for example, reported that SRI techniques with drip irrigation (emitters spaced at 40 cm) performed the best in terms of yield, water productivity (0.90 kg m−3) and water energy productivity. In another study, Bansal et al. [95] also reported similar results in their experiments with on-farm drip irrigation in rice at Haryana, India. Parthasarathi et al. [96] also reported increased aerobic rice yield and water savings by 29 and 50%, respectively at Coimbatore, India using drip irrigation. Water productivity of aerobic rice under the drip irrigation system of rice was increased by 200%. Jat et al. [97] conducted experiments on drip irrigation in the rice–wheat system in North-West India. They demonstrated that rice–wheat system which employed conventional tillage required 1889 mm irrigation water ha−1 in contrast with CA with drip irrigation system that required 882 mm irrigation water ha−1. The CA with drip irrigation also recorded 11.2% higher crop productivity and 29% higher profitability relative to current practice of farmers.




2.2.7. Conclusions


The varied crop establishment practices for rice are likely to differ in performance among soil types, agro-climatic zones, management approaches for water and weeds, type of tillage machinery available and cropping intensity. Besides, based on the farmers’ skills, and willingness to adopt technology, the performance of the crop establishment practices also vary. However, information on appropriateness of the establishment technology for different rice based systems is still limited.






3. Tradeoffs of Novel Rice Crop Establishment Practices on Soil Properties


Conventional cultivation practices involving repeated wet tillage operations are detrimental to soil physical, chemical and biological properties and can lead to a reduction of the yield of post-rice crops [36]. The CA approach by contrast involving minimum soil disturbance, crop residue retention, and appropriate crop rotations has been associated with improving soil health, reduction of soil erosion [98] decrease in consumption of fossil fuels [99] and decreased cost of crop production [100].



Repeated tillage develops a hardpan under/at the bottom of the plough layer which impedes water infiltration which is beneficial for water retention in the root zone for wetland rice. However, for the non-rice crops grown in rotation with rice, root growth is inhibited leading to poor crop performance (depends on soil type) [100]. Moreover, soil structure is damaged by destructive tillage which disrupts soil aggregates, reduces available soil water holding capacity as well as accelerating organic matter depletion [101] which hampers soil functions and crop yield in the long run [75,102]. The return of residue can minimize the SOM decline [103,104]. The alternative crop establishment techniques have varied effects on soils properties and these are reviewed below.



3.1. Tradeoffs on Soil Physical Properties


Soil physical properties deterioration by inappropriate crop establishment practice has many implications on soil fertility, yield of crops and GHG emission from rice-based cropping systems [105]. The potentials of CA to eradicate the soil physical constraints for establishment of rice and the subsequent crops are evaluated in many studies [23,33]. The most conspicuous effect of omission of puddling is the change in aggregate size distribution in the upper soil layer. Adoption of non-puddled based crop establishment practices increased aggregation index and mean weight diameter of aggregates in soils relative to those in the puddled soils in both 0–15 and 15–30 cm layers [106]. Rice transplanting with the use of non-puddling or by direct seeding conserved or increased macroaggregates in soils [106,107,108]. In addition to less disturbance of soils, retention of low quality residue can stabilize aggregates in non-puddled soils [109]. In terms of water holding capacity (WHC) of soils under rice-based cropping systems, the ZT in upland crops and non-puddling required less water for rice crop establishment and conserved higher moisture in soils for dry season crops [7,23,33,106] which Mondal [106] attributed to better aggregation and increased accumulation of SOM [7]. Besides, increased WHC in soils under non-puddled rice indicated increased medium size pore development which has more storage capacity of soil moisture. In a seven year study of the IGP, Gathala et al. [107] employed DSR on flat and raised beds followed by ZT wheat to compare with puddled transplanting of rice followed by CT wheat. They recorded the lowest BD (1.66–1.71 g cm−3) and soil penetration resistance (3.46−3.72 MPa at 20 cm depth) under ZT based DSR treatments. The infiltration rate was higher in the CA based practice of rice establishment (0.29–0.40 cm h−1) compared with conventional practice (0.18 cm h−1) [107]. More details of soil physical manipulations by different crop establishment practices are given in Table 1.




3.2. Tradeoffs on Chemical Properties (Other Than N)


In rice-based cropping systems, Nandan et al. [108] conducted field experiments on rice–wheat and rice–maize cropping systems for six years to evaluate the effects of different crop establishment practices on soil properties. The tillage practices were puddled transplanting of rice followed by conventional tillage in wheat/maize; NP of rice followed by ZT in wheat/maize; ZT transplanted rice followed by ZT in wheat/maize; ZT DSR followed by ZT in wheat/maize. The residue removal practice was contrasted with residue retention (~33%) under the crop establishment practices. After six years of rotation, they reported that soil pH and electrical conductivity were unaffected by establishment practices of crops and retention of residues and cropping systems, but pH was significantly higher in soils under residue removal treatment. In another example, Kumar and Yadav [109] conducted an experiment on the effect of tillage on the productivity of wheat after rice during winter seasons (1997–98 and 1998–99) at Faizabad, Uttar Pradesh, India and found a slight decrease in the soil pH under CT. However, the incorporation of crop residues/plant matter in soil by tillage may significantly increase soil pH [110]. Mandal et al. [111] stated that the high content of siliceous material in rice crop residues can transform the electrochemical properties of acid soils by reducing soil pH, diminishing P fixation, and improving base retention. In a long-term study conducted on loamy sand at Ludhiana, India by Balwinder-Kumar et al. [112] integrated nutrient management which includes farmyard manure (FYM), green manure and crop residues in the rice–wheat system decreased soil pH after 8 cycles of rice–wheat system marginally.



The response of immobile nutrients (P and K) in soils to crop establishment practices following CA practices (by NT, ZT or strip tillage with residue retention) are different from N. Firstly, accumulation of P and K in the surface soils (at 0–5 or 0–10 cm soil depth) [113,114] is common in CA practices, while below the surface layer the levels are similar to CT practice of crop establishment [113,114]. Selles et al. [115] conducted an experiment on ZT and reported that P was accumulated in the surface soil due to the absence of soil disturbance. The stratification of P in the topsoil under ZT compared with CT is also commonly found in non-rice cropping systems [116].



In an 11-year field experiment on a loamy sand soil in Punjab, India, Beri et al. [117] showed that the residue incorporation of crops in the rice–wheat cropping system increased the available P in soil over the crop residue removal practice. Available P in soil was in the order: residue incorporation > residue removal > residue burning. Misra et al. [118] recorded increased p in available form after long-term crop residue incorporation in the rice–wheat rotation in the Eastern IGP, India [118].



Pierce et al. [119] and Redel et al. [120] conducted a trial on ZT and CT with crop residue retention and found that ZT and crop residues together increased available P of the surface soil. They attributed the accumulation of soil extractable P to broadcasting of P containing fertilizer and retention of increased amount of crop residues on the surface of soil [121]. On the other hand, Pradhan et al. [122] revealed that soil extractable P increased significantly due to retention of crop residue in both ZT and CT practices. In a tillage experiment, direct drilling accumulated preferentially increased available P in the surface layer of acid soil, compared with farmers’ mechanical cultivation practice. However, the crop grown by direct drilling required increased P fertilizer application compared with conventional tillage because crops under the direct drilling practice had lower uptake of soil P, leading to yield reduction [123]. Soil disturbance levels also regulate chemical nature of P in soils, while CA practice and higher activity of microbes during SOM decomposition are attributed to increased P solubility [124]. Ohno and Erich [125] stated that standing crop residue retention or retention of residues on the soil as mulch increase soil P availability by reducing P adsorption to surfaces of soil minerals which complements biologically mediated release of organically-bound P to improve crop P status.



Numerous researchers, e.g., [126,127], reported surface stratification of K in minimum disturbance of soil (especially in ZT) compared to CT, because of K-bearing fertilizers and crop residue application on the soil surface, accompanied by lack of soil disturbance. Franzluebbers et al. [128] reported increased K content in soil due to plant residues retention. However, Tony and Janovick [129] reported that long-term minimum tillage required higher amount of K application to maintain K supplying capacity in subsurface layer, because of its immobile nature together with its accumulation in the surface layer. When soil is rich in K or adequate amounts of K fertilizer were previously applied to the calcareous soils, extractable K was not affected by disturbance of soil (tillage) and residue management [130].



In dry areas and in sandy soils, stratification of immobile nutrients close to the soil surface under minimal disturbance of soil (ZT practices) and shallow nutrient placement could render nutrients unavailable due to moisture scarcity. Hence, in such soils, deficiency of P and K for crop growth is likely if there is low extractable P in the subsoil or root growth is constrained by physical or chemical constraints. Deep banding of less-mobile nutrients may be useful in those studies [131,132]. While Alam et al. [133] did not find any significant benefit for crop growth, root distribution, and yield of maize following deep banding of P under minimum disturbance of soil, further research should be conducted in other soils and climates to see how ZT under surface banding of P improves P acquisition by crops and increase yield of crops. It would also be worthwhile to determine how modifying root activities [134] under ZT practice and surface banding P placement alters uptake of other nutrients. The increasing adoption of CA by the growers in rice-based cropping systems increase the need to manage crop availability of the less mobile nutrients (P and K) due to reduced mixing of fertilizers in the root zone, reduced mineralization of organic matter (OM), and greater nutrient stratification close to the soil surface.



Rahman [135] in a field experiment at Mymensingh, Bangladesh to study the release pattern of nutrients and the effect of crop residues and tillage practices on S availability. The available S followed a sequence: MT with crop residues > CT with crop residues > CT without crop residues > MT without crop residues. On the other hand, Yadvinder-Singh et al. [136] found that residue incorporation into the soil reduced losses of S by leaching and maintained S fertility of soils since crop residues contained appreciable quantities of S. Nevertheless, incorporation of crop residues by tillage may have short-term beneficial effects on soil available S, because tillage and residue decomposition leads to accelerated S mineralization [113].



Alam et al. [16] found that after four years of different tillage practices the TN content, available P content, available K content and available S content in ZT was 32, 37, 35 and 31% higher than CT, respectively, in a wheat–mung bean–rice cropping system. In line with this, Salahin [25] recorded that minimum tillage practices (ZT and ST) increased SOC, TN and extractable P, S and Zn contents in the upper 0–5 cm soil layer in lentil–jute–rice cropping system after three years of study.



Table 1 summarises findings about the effects of different rice establishment practices on soil characteristics.



Among the research gaps identified are the effects of SRI-based rice cropping on soil properties. Rice crops grown under SRI practices experienced soil drainage at the vegetative development phase which has implications for the use of organic fertilizers [81,140].



By applying NP transplanting of rice or DSR under dry condition, the water requirement for irrigated rice establishment is decreased [141]. However, when CA practices are followed over several years, the plough pan may start to disappear, which may increase deep drainage of monsoon rainwater or irrigation water. While deep drainage of water to the groundwater is not a loss, pumping irrigation water is costly and if there is an increased requirement that will decrease profitability of rice crops. On the other hand, where there is significant runoff loss of rainwater, increased deep drainage may boost the storage of water in groundwater or replenish depleted groundwater reserves [142,143]. There is still a lack of detailed studies on net water requirement and water balance under different crop establishment methods [92] There may also be negative effects of increased deep drainage on nutrient balance in rice-based cropping systems.




3.3. Tradeoffs on SOC and Total N


There are relatively few studies that report the effects of establishment method on SOC and total N. As native soil N mineralization provides 20–80% of the N required by plants [144], the management of crop residues during rice establishment has an important role in soil N supply to crops and subsequently on plant growth [145]. Rapid mineralization of SOM and potential loss of C and N from the soil occur in the traditional crop establishment practice (puddling followed by soil tillage) during the initial stage of rice growth [146]. Distinct rise in N mineralization was observed 3–5 days after incorporation of residues by conventional tillage and puddling, as SOM within the macro-aggregates became more available to microbes and oxidation increased over time [147]. In a study by Zhou et al. [22] with conventional rice establishment, it was concluded that N cycling in paddy-upland rotation reduced soil N storage due to excessive water application, disturbance of soil and removal of residues from field or by burning.



In general, ZT/minimum soil disturbances along with residue retention and incorporation of leguminous crops between cereal crops increases topsoil SOM accumulation in a wide range of soils worldwide [16,20]. Bell et al. [20] estimated an additional 131–145 million t CO2eq of C ha−1 could be sequestered in the rice-based cropland of the EGP based on results of a 4–5-year experiment (at Alipur and Digram, Bangladesh) implementing NP of rice followed by strip planting (SP) in place of conventional cropping. Zero tillage (ZT) rice and ZT wheat with residue retention in permanent raised beds increased the soil organic carbon (SOC) contents in the 0–10 cm depth sequestering the equivalent of 103 million t CO2eq ha-1 and 87 million t CO2eq ha−1, respectively, after seven years in EGP [148]. Addition of crop residues under minimum disturbance practice protects soils from erosion and crust formation [78]. Since crop residues remain at the soil surface under minimum tillage practices [149] they are less accessible to microbial breakdown [150] which facilitates C and N accumulation in soil [20,23,33]. Moreover, the retained crop residues with minimum disturbance of soil help lower evaporation loss of water and regulate thermal properties in a more favorable range for crop production [151].



Alam et al. [42,52] conducted C and N cycling studies in two rice-based cropping systems (mustard–irrigated rice–monsoon rice and wheat–jute–monsoon rice) in the EGP and reported that SP, including NP of rice seedlings, together with increased residue retention (HR) increased SOC by 0.35 and 0.23% relative to current farm practice and conventional practices (CT) with HR, respectively. The same practices increased total N by 0.021 and 0.032% relative to current farm practice and CT with HR, respectively. The long-term practice of NP with minimal residue retention (20%) increased C and N accumulation above that of the current farm practice. In addition, SP, and NP of rice, together with HR alter N cycling by increasing the mineral N available to plants during the period of peak crop N demand and by increasing soil N level [42].



Nandan et al. [108] reported a significantly higher proportion of macro-aggregates (water-stable), the macro-aggregate: micro-aggregate ratio and aggregate-associated C in zero–tillage DSR and NP of rice over CT puddling practice. However, equivalent studies on strip-till NP of rice and SP for upland crops are lacking to compare with other crop establishment practices. Nandan et al. [75] also concluded that the effect of crop establishment practices in rice-based cropping system have not adequately addressed the effect on classes of soil aggregates, their associated C and other nutrients and their stability.



The weakening of the plough layer in paddy fields after long-term CA practices in rice-based cropping may induce greater deep drainage of water. The implications of this change for C and N dynamics and losses to ground water have not been investigated.




3.4. Tradeoffs of Crop Establishment Practices on Soil Biological Properties


3.4.1. On Microbial Biomass, Microbial Biomass Carbon and Nitrogen


Microbial biomass in soil (SMB) works as an active fraction of SOM. With rapid response to management practices, SMB is critical for C and N cycling in the agro-ecosystems and maintenance of soil fertility. Management practices influence soil biological properties (microbial biomass, microbiome community and structure, microbiome taxonomy, abundance and activity) by altering the physical and chemical properties of soil [152]. Zhang et al. [153] reported that the level of soil disturbance and retention of crop residue controls accumulation of microbial biomass. In a rice-based crop rotation (rice–barley rotation) under tropical dryland agroecosystem, Kushwaha et al. [154] found that modification of tillage (minimum and ZT) and retention of residue increased the SOC and TN in SOM as SMB. In a farmers’ participatory study in Karnal, India, Choudhary et al. [155] evaluated effects of soil disturbance, cropping systems, crop establishment method and residue retention on soil microbial biomass C (MBC) and microbial biomass N (MBN). Maize–wheat system with ZT and residue retention registered 208 and 263% improvement in soil MBC and MBN, whereas rice–wheat system with ZT and residue retention registered 83 and 81% increases, respectively, as compared with rice–wheat system under CT without residue retention (conventional practice). Wang et al. [156] stated that CA system favored increased levels of MBC and MBN, when compared to CT. They attributed the increased MBC and MBN to reduced tillage, increased C inputs, and retention of residues.



Cropping systems affected MBC and MBN as multi crops cropping systems had higher amount of MBC and MBN, when compared to single- or double-crop rotations [7,157]. Even under deep tillage system, Alam et al. [7] recorded increased MBC (14 and 6% over initial values) under wheat–dhaincha–rice and wheat–mung bean–rice cropping systems, while a negative result (relative to conventional tillage) was recorded in deep soil tillage under fallow in between wheat and rice cropping system. Other studies that employed chisel plough and ZT supported the result by recording an increase of MBC (over CT by 57 and 181%, respectively) [158]. Zero tillage and minimal disturbance of soil with residues from rice and wheat in wheat–dhaincha–rice system enhanced accumulation of MBC [159,160]. The authors attributed the MBC increase in soil to favorable conditions created by ZT/minimal disturbance of soils and residue retention in soil over time. In the sub-tropical conditions, Balota et al. [161] recorded an increase of MBC in ZT over DT and CT which they attributed to higher soil aggregation, lower temperature, greater soil moisture content, and higher SOC content. Balota et al. [161], and Alam et al. [7] also added that the ZT/minimal disturbance of soils allowed a stable source of SOC to accumulate which supports the microbial community, while OC in deep tillage or CT underwent a flush of microbial activity and thereby enhanced losses of C as CO2. Alam et al. [52,162] conducted experiments on modification of reduced tillage practices (i.e., strip tillage and bed planting) in combination with increased residue retention in rice-based cropping systems (mustard–irrigated rice–monsoon rice and wheat–jute–monsoon rice). They compared these practices with CT practices with low residue retention in the EGP. They recorded higher MBC under the modified tillage practices and increased residue retention than under CT and low residue retention. The higher MBC values in soils under strip tillage and bed planting with increased residue retention might be attributed to reduced soil disturbance required to establish three crops per year. In addition, greater crop or biomass productivity under tillage practices together with increased residue retention supplied more total carbon for the increased MBC levels in the soils [163].




3.4.2. On Enzyme Activities


Soil enzyme activity has been found to be higher with CA management practices than with the traditional practices [155]. In CA, residue addition, minimal soil disturbance, and rotating crops play an important role in increasing enzyme activities in soil. Bandick and Dick [164] identified CA practices with significantly higher enzyme activities due to previous crop roots, compared to CT practices. With crop residue retained on the surface of soil, CA practices have higher soil moisture retention capacity and plant available water than CT practices which, in the end, influences the enzyme activities under CA practices [165]. Wang et al. [166] recorded increased total soil P and phosphatases activity under no-till with residue retention on the soil surface which they attributed to the supply of readily available substrates (carbohydrates) to microorganisms. In another study, Rolden et al. [167] found decreased dehydrogenase activity under intensive tillage practices. β-glucosidase enzyme is associated with microbial degradation of cellulose to glucose [168] which Choudhary et al. [155] found was higher in soils of CA based rice–wheat cereal systems compared to conventional farm practices. Choudhary et al. [155] also reported 210 and 48% increase in activities of dehydrogenase and alkaline phosphatase in soils under maize–wheat system with ZT and residue retention, whereas rice–wheat system with ZT and residue retention had 44 and 13% higher activities, respectively as compared with CT without residue retention.




3.4.3. On Microbial Community and Diversity


Apart from enzyme activities and microbial biomass, microbial diversity is affected by crop management practices [160]. Tillage systems (CT or CA systems) could make a significant difference in the soil microbial community structure, diversity and predicted function [155,169,170]. Smith et al. [170] showed that soils under no-tillage systems accommodate bacterial microorganisms in higher numbers which carry genes responsible for degradation of protein, assimilation of ammonia and denitrification, while soils under CT systems support increased bacterial populations that carry genes responsible for production of nitrous oxide and ammonification. Again, diversified crops in cropping systems have diverse root exudates and produce crop residues varied in qualities which upon retention in the soil affect microbial structure (diversity, density) and growth [171].



In a farmer’s participatory research trial in Karnal, India, Choudhary et al. [155] recorded the highest microbial population (e.g., bacteria, fungi and actinomycetes) in the maize–wheat system under ZT and residue retention. With continuous retention of crop residues on the soil surface, Choudhary et al. [155] recorded greater microbial diversity under management practices in line with full CA. They attributed the higher diversity to favourable fungal growth and activities, and their broad hyphal networks established and maintained by the full CA-based ZT systems. Bailey et al. [172] reported that CA based ZT system was responsible for a shift towards fungal-dominated microbial communities. The ZT system created the communities in closest similarities to natural ecosystems and played an important role for decomposition of residues and processes of nutrient cycling. In the study of Choudhary et al. [155], Ascomycota and Basidiomycota fungi were the dominant phylum in all the four management practices. With no tillage system, a similar result on Ascomycota and Basidiomycota fungal dominance was reported by Miura et al. [173]. The wheat–mungbean-maize system under ZT practice (fully CA-based) kept increased crop residues on soil surface and resulted in the highest (74%) Ascomycota abundance as these fungi group is mainly responsible for residue degradation. Moreover, the abundance/dominance of Ascomycota fungi is influenced by residue quality (substrate) which are recorded different in a wheat–mungbean-maize system under ZT practice (fully CA-based) from other studied rice-based systems and management practices. Wang et al. [174] recorded similar results of Ascomycota dominance in their study. In line with [155,174], Phosri et al. [175] stated that, because of having cellulolytic enzymes production potential, soils under increased residue retention practice have Sordariomycetes fungi in abundance. On the other hand, Maarastawi et al. [176] stated that growing rice in rotation with other crops helps grow diversified microorganisms in the rhizosphere as different crops grow in different soil moisture regimes. Growing rice in rice-legume rotation favours colonisation of the species of Herbaspirillum, and Bradyrhizobium, for example, in the interior of rice roots, which may enhance the growth and productivity of rice crop [177]. Apart from fungal diversity, Ceja-Navarro et al. [178] reported a higher levels of bacterial abundance and diversity in soils under no-till compared to CT practice. Sun et al. [179] also echoed the results of [178] which stated very low bacterial abundance in soils under CT system.



Any novel cropping practices such as CA practices could grow a different set of diversified rhizosphere microorganisms if the practices are continued for a considerable long-time. Research on the effect of the novel rice establishment practices (ZT, ST, BP, DSR (dry or wet), SRI and NP), crop residue retention and crop rotation practices on soil microorganisms, and related biological activities and processes in soils warrants further in-depth research. This should focus on resolving the long term contributions of minimal disturbance of soils, residue retention and growing diversified crops in crop rotations on soil biological properties that improve the soil fertility and productivity.






4. Carbon Cycle of Rice-Based Cropping Systems


The C storage in soils is determined by the inputs such leaf and root litter and the losses from decomposition and mineralization processes (heterotrophic respiration). Root systems make a significant contribution to C inputs and it is estimated that 50% of C fixed in photosynthesis is transferred below ground to SOM [180]. Wetland rice requires anaerobic soil conditions that are different from those required by crops grown in upland conditions [16,22,139,181]. The wetting and drying in rotation accelerate or retard C and N dynamics. Paddy-upland rotation fields also experience seasonal alternation of wetting and drying and the frequent alternation between anaerobic and aerobic conditions [22], while the chemical speciation and biological effectiveness of soil nutrient elements vary with these conditions [22,182]. In a double- or triple-crop rice system, fallow periods are short so that the soil may not fully dry and re-oxidize completely, and large amounts of crop residues are returned to the field [183].



Continuous rice double- or triple-cropping results in significant C and N accumulation over time until a new equilibrium SOC level is reached, even in systems with all aboveground biomass removed from the field and no farmyard manure applied (Figure 1) [184]. In contrast, SOC content appears to decline in most rice-upland crop systems such as rice–wheat [185]. Nitrogen supply to crops depends on the release of N from the SOM via mineralization and supplementation from fertilizer. Nitrogen mineralization rate depends on the substrate concentration (OC and N) and environmental factors (soil moisture, aeration, temperature, pH and availability of other nutrients) which, in turn, are influenced by crop establishment techniques and residue retention practices. The C and N cycles in the soil–water–plant agro-ecosystem and the rate of C and N release are also continuously being changed by land use and farming/agricultural practices. Ladha and Kessel [186] proposed that the means to sustain soil C and N include: (a) Minimizing soil disturbance, (b) avoiding cycles of soil flooding/drying, (c) avoiding dry fallow, (d) using quality residue, (e) replenishing soil nutrients, (f) applying plant need-based N and (g) subsurface application of fertilizer N. Silgram and Shepherd [187], Malhi et al. [188] and Alvarez and Steinbach [189] found SOM mineralization and nitrate (NO3) release are stimulated by conventional tillage, whereas Meena et al. [190], Kushwaha et al. [154] found stimulated SOM mineralization and NO3 release by residue retention practices.



A schematic of the C cycle in two triple-cropped rotations in northwest Bangladesh is shown in Figure 2. The LCA for greenhouse gas emissions by monsoon rice [191], irrigated rice [192] and for the mustard–irrigated rice–monsoon rice rotation [27] have been reported. Soil respiration (emission of CO2) can strongly influence net carbon uptake from the atmosphere, or net ecosystem production [193] The CH4 emission by rice soils which results from CH4 production in anoxic zones was the major component of the C footprint for each of the rice crops and for the annual rotation. N2O is emitted to the atmosphere through nitrification [194] and denitrification processes after inorganic or organic fertilization [195], but was a minor contributor to GHG emissions from rice crops and indeed from the annual rotation. Crop rotation [7], residue retention and soil disturbance associated with tillage [162] alter the C dynamics by affecting the in-season turnover of C and N, as well as the sequestration of C and N. The residue types of crops in each cropping sequence, episodes of wetting, drying and re-wetting of soils under rice-upland rotations and amount and types of fertilizer use regulates the decay of potentially mineralizable and resistant fractions of C and N in soils [42,52,196] and ultimately determines the rate of accumulation of C and N in soils (Figure 1).




5. Tradeoffs of Crop Establishment Practices on Greenhouse Gas Emissions


The three major GHGs emitted from crop fields are the products of biogeochemical cycles of C and N [197]. The change in C and N turnover and storage in soils by replacement of conventional practices with modified establishment practices under CA principles may alter the biochemical and geochemical processes which may lead to changes in emissions (fluxes) [52]. Emission of GHG from rice fields is very sensitive to crop establishment techniques and management practices [192,198]. It is complicated because the rice crop establishment methods that reduce methane (CH4) emission generally increase N2O emission. Methods/ and strategies need to be developed which would minimize all the GHGs [198]. The trade–off between CH4 and N2O resulting from soil, water or chemical management is a major hurdle in reducing GWP of wetland rice in rice–upland triple cropping systems [198]. Crop establishment strategies that would reduce emissions of both CH4 and N2O at the same time would be ideal for fitting in the rice–based systems as alternatives for conventional practices [94]. As the low soil oxygen content and soil redox potential under the saturated soil condition of puddled soil stimulates the activity of methanogens [65], CH4 is the predominant GHG emission from conventional puddled transplanted rice [199]. No-tillage reduced CH4 emissions with rice straw placed on the soil surface and the soils under those conditions were more oxidised than those of conventional practice [200].



The direct seeding of rice in dry soil (DSR) decreased CH4 emission as DSR fields were not continuously submerged with water [201,202] but the DSR increased N2O emission due to the aerobic conditions. The overall net effect of DSR would be to decrease the GWP by a quarter (16–33%) if the entire area of the IGP under CT could be converted to DSR for the rice-based cropping system [203]. The resource-saving technology, SRI, also had 1.5 times greater N2O release due to the increased soil aeration [204]. Conventional tillage followed by dry DSR has the potential to drastically reduce CH4 emissions by up to 60%, though it is known to create conditions for the emission of N2O [205]. Overall, the GWP could be decreased as the increase in GWP due to N2O emissions could be more than offset by the decrease in CH4 emissions, provided excess fertilizer-N is not applied [206]. Chakraborty et al. [6] in a global data meta-analysis found that CH4 emissions were also significantly lower in conventional tillage DSR under wet and dry conditions, and ZT DSR under wet condition. The largest CH4 emission reduction (63%) was recorded in ZT DSR under dry condition while the reduction in CT DSR under dry condition was 44%. In CT DSR, CH4 emission was 60% less than in conventional puddled transplanting of rice under wet condition. The N2O emissions was increased by 34% in CT DSR while under non-puddled transplanting under wet condition and ZT DSR under dry condition, N2O emissions remained unchanged.



Mechanisms of GHG synthesis and emissions from rice soils have been studied extensively in almost all major rice growing soils and climates [207]. The novel establishment practices that fit CA in rice based intensive cropping systems have different soil conditions in terms of tillage intensity, crop growth duration, water table, nutrient availability, residue retention, episodes of wetting and rewetting. Hence the emission mechanisms and rates under the novel cultivation practices should be studied to identify options for reducing the emissions of the global warming gases from rice soils and from rice-based intensive cropping systems. The emerging NP of rice using bed planting, or SP, as a form of CA for rice establishment, can be an alternative to reduce emissions of CH4 and N2O and GWP. For irrigated rice, the NP of rice avoided 29% and 16% of life cycle GHG in comparison with conventional puddling with increased and low residue retention, respectively [192]. For all crops in the mustard–irrigated rice–monsoon rice cropping system, Alam et al. [27] reported that NP of rice and strip planting for upland crops with either low or increased residue retention were the best actual life cycle GHG mitigation options. With the accumulation of SOC in CA cropping after 5 years, the life cycle GHG savings with the NP of rice and strip plating for upland crops were 46% relative to current farmers practice.



The promising crop establishment practices (like NP, DSR, zero-till-seeding or SRI) which can fit CA in rice-based triple cropping systems should be studied through LCA for estimating the potential of GWP mitigation. The crop establishment practices should also be studied for their C footprint under residue retention practices. The crop establishment practices are related to other management practices (fertilizer management, irrigation water management, pesticide application etc.). However, the longer aerobic period during crop establishment under drill-seeding and DSR practices may increase N2O emissions [208] and lead to higher GWP values. Drill-seeded rice establishment systems can lead to significant CH4 and N2O emissions due to fluctuations between anaerobic and aerobic soil conditions, however, the relationship between crop management practices, particularly fertilizer N management, and total global warming potential (GWP) remains unclear [209]. To date, no comprehensive studies with LCA have been carried out to evaluate the impacts of the DSR and drill-seeded rice system on GHG emission.




6. Mid-Season Wetting and Drying of Rice Soils and GHG Implications


Soil moisture influences soil processes (methanogenesis, respiration, nitrification/denitrification) responsible for biogenic emissions of GHGs (Figure 2) [210,211,212]. In general, increasing soil moisture would increase CO2 and N2O evolution up to an optimum level, above which it would reduce CO2 and N2O emission but increase CH4 emission due to restricted availability of O2. Periodic drying and wetting of soil has a pronounced influence on CO2 and N2O emission. With the rewetting of dried soils the suppressed microbial activity switches up with the release of gases trapped in the soil pores contributing to an increase in CO2 evolution [213]. Investigations confirmed that N losses are stimulated by cyclic anaerobic and aerobic scenarios [214], especially through the emission of N2O [215]. Cai et al. [208] observed a N2O flush in irrigated rice fields after floodwater was drained out. Since N2O production from both nitrification and denitrification processes is sensitive to O2 concentration, there are reasons to suspect that flooding (anaerobic condition) and draining (aerobic condition) of a soil will influence N2O emissions. Though diffusive transport of gases is severely restricted in waterlogged soil, N2O can be produced and emitted to the atmosphere in soils when the standing water drains away (Figure 2).



The denitrification process occurs in the upper flooded cultivated layer of soil and in the deeper saturated soil layer as well [216]. It is recognized that after deploying alternate dry–wet periods and after the switch from wetland rice to winter upland crop, N2O produced in the subsurface saturated soil layer possibly will move upwards accompanied with water evaporation and be freed as atmospheric N2O [217]. Moreover, N containing gases generated from soil microbial processes, can also be emitted to the atmosphere through rice root–stem tissue, though such gases diffuse slowly and can be confined in the saturated soil layer. Yan et al. [218] found that substantial amount of N2O was released through rice plants growing in standing water while release was through the soil surface during the absence of floodwater. According to Qin et al. [219], soluble N from mineral fertilizers results in higher levels of N2O than the bound organic N, under moist soil conditions. When a suitable nitrate source is available, soil moisture and available C enhances the production of N2O.



The fallow period between crops is often neglected in studies of GHG [27] but substantial amounts of N2O could be emitted during these periods, while discharges are generally reduced during flooding periods [220] and during alternate flooding–drying cycle as in porous soils [221]. Aulakh et al. [221] reported N2O production during rice growing season is 15–450 g N2O–N ha−1 d−1 and in a well-drained sandy loam soil ranging from 15–60 g N2O–N ha−1 d−1 during pre-rice fallow period. In Northwest India, N2O release rates during post-rice fallow and wheat crop were 20–43 and 5–33 g N2O–N ha−1 d−1 respectively, resulting in seasonal flux of 2.6–3.4 kg N2O–N ha−1 [221].



The water regime of rice soil is a major factor controlling CH4 emission [210,222]. Sass et al. [210] reported that repeated drainage and aeration decreased CH4 emission by 12% compared to continuous flooding. By contrast, one or more drainage events have also been reported to decrease CH4 emission [223,224]. As a reduction in CH4 emission by mid-season drainage (aeration) was observed in the early field measurement in Japan [225]: Mid-season drainage by stopping irrigation supplies oxygen into soil, resulting in a reduction of CH4 emission and a possible enhancement of CH4 oxidation in soil. Sass et al. [210] tested four water management methods and demonstrated that CH4 emission rates varied markedly with water regime, showing the lowest emission with multiple intermittent draining practices. A reduction in CH4 emission by intermittent irrigation or drainage is also reported in Chinese paddy fields [226].



During the cultivation of upland wheat crop and the fallow periods, the soil may consume CH4 [229] or be a minor source of CH4. Application of fertilizer generally lessens CH4 uptake rates [229], and because of that replacing fallow by wheat cultivation may considerably reduce the impact against CH4 emissions during the rice crop. However, the composition of organic residues could become a factor for comparing wetland rice–upland wheat system to wetland rice–upland legume rotations. It is evident that a ~50% CH4 emissions were recorded when wheat was replaced by cowpea and the rice fields were applied with residues from the previous season [220].



Paddy fields in Central China have been identified with a comparatively high level of CH4 emanations varying from around 200 to 900 kg CH4 ha−1 under inorganic fertilization [230] and up to 1100 kg CH4 ha−1 in applying organic amendments [231]. In contrast, emission records from Northern India were substantially lower with only 30 kg CH4 ha−1 from soils under chemical fertilization [232] and 50 kg CH4 ha−1 in soils under organic treatment [233]. The Indo-Gangetic plains have high porosity soils (porous soils) for the most part. High percolation rates infer high (O2) oxygen input into the soil which hampers CH4 emissions even when the soil is amended with high organic inputs [234]. Long-term minimum disturbance of soil increases soil porosity and thus creates pore continuity in soil [16,52,235]. The continuous pores in soil may increase water infiltration and percolation into soil while it might reduce CH4 synthesis and emission through O2 diffusion [208,228].



The low CH4 emissions can be elucidated by both the revival of oxidants, e.g., Fe+3 and sulfate concentration [236], and a declining availability of methanogenic archaea in the long-stay aerated soil conditions following upland crop cultivation [201,237]. The increased abundance of oxidants and a lack of methanogens results in a delayed commencement of CH4 production at the beginning of WS paddy cultivation with wheat straw retention.




7. Tradeoffs of Novel Crop Establishment Practices on Yield Performance of Rice


There are positive effects worldwide on soil and environment benefits also from establishing rice in rice based cropping system using CA approaches. However, to convince farmers to adopt CA practices for rice establishment needs empirical evidence of yield benefits. A global analysis of rice crop performances by Chakraborty et al. [6] under different crop establishment practices on farmers’ field and on research stations (323 on-station and 9 on-farm studies) shows that rice yield response to tillage/crop establishment practices depended on soil texture and showed a mixed trend. Rice grain yield in clay type soils under ZT versus CT increased by an average of 3.5%. The yield was reduced by 2.9% and 8.2% in medium loamy and coarse loamy soil groups, respectively, while the yield remained unchanged in moderately fine loamy soil.



In an experiment on sandy loam soil, Talla and Jena [238] recorded the highest grain yield by following SRI (5.02 t ha−1) followed by transplanting (4.36 t ha−1) and the lowest grain yield was recorded by following dry seeding (2.95 t ha−1). At Banglore on red clay loam soils, Hugar et al. [239] reported that SRI method resulted in significantly higher grain yield (6.1 t ha−1) compared to aerobic and conventional method. The results are conformed to the outcomes of Jayadeva and Shetty [240] (red clay loam soil) experiments. Hugar et al. [239] and Chandrapala et al. [241] observed higher biological yield with SRI establishment method when compared with direct sowing and transplanting method during wet season on red clay loam soils. However, SRI methods produced similar grain yields to the CT [242]. With irrigated applied, the yield with SRI was increased by 78% in Indonesia [243] to 244% in The Gambia [244], while with rain-fed SRI methods, the benefits were from 32% in India [245] to 100% or more in Myanmar [246]. On the other hand, Kumar [247] found the lowest grain yield in case of direct seeding under wet condition, while, in sandy clay loam soil, Kumar [139,247] recorded an increase in grain yield ha−1 by 9.3% under machine planting in SRI over normal (conventional) planting method. Regardless of soil types and experimental locations, Kumar [248] obtained 7–20% higher grain yield in SRI over conventional method. Increased grain yield under SRI can be attributed to the positive effects of adjustment in the establishment practices. The modification includes transplanting 8–10 days old seedlings, controlled irrigation and repeated topsoil disturbance so that aerobic soil conditions could be provided. The younger seedlings which have increased tillering and rooting might be the reason for higher yielding with SRI method [81]. Jayadeva and Shetty [240] and Satyanarayana and Babu [249] attributed the increased yield to greater root density (mass and length), large and fertile tillers, long panicles with increased filled-spikelets and higher grain weight. On the other hand, Bhowmick et al. [250] reported that continuous submergence lowers yields under normal transplanting because rice roots may degenerate with age of the crop. By contrast with the above, some field trials and farmer fields have recorded 1% to 55% decrease in yield from the SRI compared to conventional puddled practice [31]. Other researchers have contested the reported yield gains of SRI over conventional practices. The extremely high yield benefits reported in some SRI studies might be errors in measuring yield [220]. Sheehy et al. [242] also found using crop simulation models and by conducting experiments in the climate of Madagascar and in three places of China that some of the reported high yields are not realistic.



All the tillage followed by crop establishment options had yield responses from −14.7% to + 14.2% depending on soil textural classes [6]. The ZT DSR under dry condition showed a reduction of yield from 8.5% to 13.2% in textural groups of finer to coarser loam, respectively. Likewise, light textural soils (sandy soils) and loamy moderate-texture soil had a 14.7% and 10.2% lower yield under the practice, respectively. On the other hand, a significantly positive yield response to the same establishment practice (14.2% increase) was observed in clayey groups, while the ZT DSR had yield unchanged in all other soils.



Chakraborty et al. [6] reported that reduced tillage non-puddled transplanting of rice under wet condition gave rise to reduced yield (7.3% to 15.3% lower) in all the soil texture-groups. Constraints relating to manual transplanting could be overcome through mechanized transplanting [6]. By contrast, in an extensive series of on-farm experiments in northwest Bangladesh, Haque et al. [251] found insignificant differences in yield of paddy rice between NP and puddled transplanting methods during both monsoon and irrigated rice seasons. Indeed in some locations and years, they recorded better yields of rice grain in case of NP following strip planting than after puddled transplanting. Strip planting followed by NP rice transplanting outperformed conventional puddling for irrigated rice in 29 on-farm demonstration sites of northwest Bangladesh.



In three long-term experiments with up to 15 consecutive crops since commencing strip tillage, Haque et al. [19], found an increase in yield of rice grain by 0.7 to 1.7 t ha−1 in all crops under NP transplanting following strip tillage. Collectively, the replicated experiments and on-farms assessments of NP establishment demonstrate that it is a reliable method producing equivalent grain yield in the first crop to the conventional puddling of soils. Continuation of strip tillage and NP transplanting over times produced the yield of both monsoon and irrigated rice crops equal to or greater than those of the conventional puddling and transplanting of rice. With mechanized transplanting, the grain yield was similar between NP transplanting and conventional soil puddling for rice establishment [91]. While changing to NP transplanting represents minimal risk of yield loss for rice producers it provides labor, fuel and water savings.



In another study on a loamy soil, strip planting followed by NP transplanting of rice together with increased residue retention yielded the higher grain of both summer rice (5.97 t ha−1) and winter rice (4.81t ha−1) than conventional puddled transplanting of rice without residue retention [252] which the authors attributed to mineralizing residue and release of nutrients which promote crop growth and facilitates higher yield over no residue.



Bell et al. [20] found significantly higher grain yields and higher net return for all upland crops in SP grown in rice fields compared to BP and CT. In the first two years, there had no significant variation in rain-fed rice yield using NP transplanting between the tillage systems. Thereafter, significantly higher grain yield of rain-fed rice in NP transplanting was recorded in strip planting.



The inconsistencies reported in yield performance of novel rice crop establishment practices can be partly attributed to the lack of compatible rice varieties. Most of the international and national rice breeding programs aim to develop rice varieties for traditional puddled conditions. As a result, crop novel rice establishment research begins with germplasm biased in favor of the current system. Hence the performance of all the novel rice establishment practices may be improved relative to the conventional puddled transplanting by the use of varieties selected for that establishment method.



Yield declines by DSR (wet and dry) and SRI have been reported in many studies around the world [253,254]. The most important contributor to the yield gap with those rice establishment practices is weeds [255], fertilizer and water use, incompatible crop management practices [51], and unsuitable soil and water regimes for each production package [13]. To reduce the risks of yield losses under novel crop establishment practices, more research is required on improved plant nutrition, water and weed management, suitable seeding machines (durability, cost, access to maintenance), and characterizing suitable areas for particular establishment practices.



Fertilizer rates and application methods used for the CA based rice crop establishment practices were developed for conventional puddled transplanting of rice and have not been optimized for CA based rice crop establishment practices. Intensive research should therefore be commenced to determine the optimal nutrient management strategies for CA and other novel rice establishment practices.



There may be changed insect infestation and disease epidemiology (e.g., rice sheath blight) due to differences in crop residue levels retained and the canopy of rice crop grown under different crop establishment methods [256]. Castilla et al. [257] and Pandey and Velasco [258] reported that high plant population in DSR can make rice crops more disease susceptible. More research on the disease epidemiology and insect control is needed for novel rice establishment practices. Such studies need to be based on long term practice of new establishment methods since the new threats from insects and disease take time to become established.




8. Tradeoffs of Novel Crop Establishment Practices on Economics


As cost of rice production following traditional practices is increasing over time, alternative methods of growing crops that are more water efficient and less labor intensive is urgently needed to enable farmers to harvest more with minimized cost of production. On the other hand, novel seeding/transplanting of rice ensures timely crop establishment with reduced labor and water requirements and comparably higher yield than conventional system of establishment. Crop establishment practices compliant with CA have demonstrated significant production cost savings as they require lower labor inputs, less fuel consumption and reduced irrigation water supply [6,259]. Findings from these studies on the economics of novel rice establishment are summarized in Table 2.



Minimum tillage decreases the input costs for labor, fuel, machinery, and other equipment [90]. Chakraborty et al. [6] showed that dry direct seeding of rice under minimum tillage and dry direct seeding under ZT accounted for the greatest reductions in cultivation cost (20% and 17%), in comparison with conventional puddled transplanting under wet soil condition. The costs of conventional puddled transplanting under wet condition, sprout seeding under dry condition and NP transplanting under minimum tillage soil in wet condition were the same (statistically similar) and ranged from 9% to 12% lower than in conventional puddled transplanting. In case of economic returns, direct seeding under puddled condition, dry direct seeding under CT condition and dry direct seeding under ZT had higher economic returns (13.0%, 12.1% and 25.9%, respectively) over NP transplanting under minimum tillage and dry direct seeding under minimum tillage conditions which had had lower economic returns (−13.7% and −3.0%, respectively). In contrast, Haque et al. [19] found insignificant differences among the NP transplanting following strip planting and bed planting and conventional puddled transplanting for gross return. Haque et al. [19] also reported significantly higher gross margin was accrued for single pass shallow tillage (SPST), bed planting (BP), and strip planting (ST) followed by NP transplanting of rice by about US$87, US$118 and US$79 ha−1, respectively.



Haque and Bell [265] showed greater profit from NP transplanted rice on farmers’ fields. The net profit was up to 59% greater in NP of rice. From 50% to 94% farmers adopting NP of rice in both the irrigated and monsoon seasons reported greater net returns even if there were economic losses due to low rice grain prices.




9. Problems Reported for Rice Crop Establishment Practices


Numerous novel establishment methods have been developed for rice to replace the manual transplanting of rice in puddled soils. These have been developed to save labor, water and production costs. They have achieved varied levels of adoption on farms. However, challenges and problems still remain with these practices as summarized below (Table 3).



To minimize or overcome the above challenges and limitations we recommend:




	-

	
For every novel rice establishment practice, well tested methods need to be documented in a suitable form for farmers and service providers.




	-

	
Machinery to improve the efficiency and reduce the labor requirements of the establishment practice should be developed in partnerships involving farmers and manufacturers.




	-

	
Machines or attachments to machines must be able to handle the residue retained while maintaining effective machine operation.




	-

	
As residues are used for household and construction materials, optimum amounts of residue retention should be defined for different soils and cropping systems.




	-

	
Mechanization should be provided on accessible terms and conditions, with loans, incentives and subsidies provided if required.




	-

	
Mechanical service providers should be fostered and supported to provide hire services for rice establishment.




	-

	
Cost-effective and safe weed management strategies should be developed for each of the practices [255].




	-

	
Effective nutrient management techniques should also be included with the practice recommended.




	-

	
Further study is necessary to determine the domain of soil type and climates (locations) and cropping systems where each establishment practice is reliable.




	-

	
Farmers’ involvement in experimentation and validation is critical for overturning traditional rice establishment practices.










10. Conclusions


The crop establishment practices which outperform or match the existing rice establishment practices in terms of yield, economic benefits and labor requirements and do not require much technical adjustment are most readily adopted by farmers. Researchers or policy makers on the other hand tend to prioritize establishment techniques which conserve soil, water and environmental resources along with the above benefits. Research has been trying to develop and deploy rice establishing practices for the last several decades which satisfy the above criteria for rice based cropping systems, including those that apply CA principles in rice as well as other crops in the rotations. However, all the crop establishment practices have their own limitations when adopted by the end-users. Hence particular methods of rice crop establishment may be more suited than others to specific rice based cropping systems. Further improvements with the practices will be based on farmers’ problem-solving and innovation provided the benefits outweigh the costs.
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Figure 1. Conceptual diagram of C cycle of rice-based, triple cropping systems Source: Alam [53]. The figure above has crops in rice-anchored rotation of maize–jute–monsoon rice, while the figure below has crops in rice dominant rotation of mustard–irrigated rice–monsoon rice. The figures show how different cropping systems with varied type and amount of residue addition, crop management practices (e.g., irrigation water management) regulate C and N dynamics and their biogeochemical cycles. 
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Figure 2. Conceptual diagram of soil processes responsible for greenhouse gas synthesis and emissions under the contrasting wetting and drying conditions in rice-based cropping systems [Adapted from Alam [53]. Soil heterotrophic respiration and nitrification processes mainly take place in aerobic condition to facilitate the emission of CO2 and N2O, while methanogenesis and denitrification are dominant under anaerobic condition, discharging CH4 mainly and insignificant amount of N2O to the atmosphere. In Texas rice fields, average CH4 emission was 106 mg m−2 d−1 for continuous irrigation, 56 mg m−2 d−1 when the field was drained in the middle of the cropping cycle, 13 mg m−2 d−1 when the field was drained three times and 151 mg m−2 d−1 for a late continuous irrigation [210]. Water management between crops is also an important factor. A dry fallow emitted less CH4 during the next crop cycle than a wet fallow [227]. Increasing water percolation in soil might also reduce CH4 emission [228]. 
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Table 1. Effect of rice crop establishment practices on soil properties.
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	Source
	Practices Adopted
	Soil Type
	Results





	Alam et al. [16]
	Zero tillage (ZT), minimum tillage (MT), conventional tillage (CT), and deep tillage (DT) with residue retention at the rate of 30%.
	Clay loam
	ZT and MT with mung bean biomass and residue incorporation conserved moisture in the soil profile, reduced the bulk density (BD), and increased OM, porosity, available water content and root mass density. ZT and MT practices increased soil organic carbon, TN, P, K and S in their available forms in soils.



	Alam et al. [7]
	ZT, CT and DT and wheat–fallow–T. Aman, wheat–mung bean–T. Aman and wheat–dhaincha–T. Aman rotations
	Clay loam
	Minimum soil disturbance together with the incorporation of a legume/green manure crop into the rice–wheat system as well as the retention of their residues increased soil C status, improved soil properties (BD, porosity, field capacity, plant available water content), increased root mass density and maximized grain yields.



	Mondal et al. [106]
	Puddled transplanted, puddled transplanted with System of Rice Intensification (SRI), non-puddled transplanted, non-puddled direct-seeded
	Loam
	Omission of puddling and absence of soil disturbance improved BD, penetration resistance (PR), aggregate stability, cracking behaviour, soil organic carbon (SOC) and soil nutrient status.



	Mohanty et al. [137]
	No puddling; puddling with four passes of a rotary tiller and transplanting; puddling with eight passes of a rotary tiller and transplanting with residue retained and residue removed
	Clay
	Omission of puddling improved BD, PR, water stable aggregates (WSA) and SOM



	Bajpai and Tripathi [138]
	For rice, puddling (P) for transplanted rice and non-puddling for direct drilled rice and two fertility levels: (NPK) 120:40:40 kg ha−1 and 180:60:60 kg ha−1. For wheat, the CT and ZT and the two fertility levels
	Silty clay loam
	Puddling significantly decreased the BD of the surface soil at the tillering stage of rice, compared to non-puddling, whereas it was significantly higher after harvest. The hydraulic conductivity of the 0–0.06 m soil depth also reduced to one-sixth and one-half due to puddling at tillering and harvesting stages, respectively. Infiltration rate was decreased from 0.68 to 0.46 mm h−1 at tillering and 1.78 to 0.94 mm h−1 at harvest due to puddling. The puddling only in rice enhanced the root length density by 12% but affected the wheat crop adversely and minimised the root length density by 28%. Both puddling and non-puddling were found to be equally effective for grain yield of rice. However, NP of rice produced significantly higher wheat grain yield than that of wheat followed by puddled rice.



	Mousavi et al. [139]
	Four levels of puddling intensity used: No puddling, low puddling, medium puddling and high puddling. The first tillage performed with a moldboard plough and then the plots were puddled using a rotary tiller.
	Silty clay soil
	Increasing puddling intensity increased the BD linearly. Increasing puddling intensity decreased water percolation. Puddling increased the amount of water retained over the whole range of matric potentials. Non-puddled plots required significantly lower water for crop establishment.



	Alam et al. [7]
	Conventional puddling and non-puddling following strip planting with low and increased residue retention
	Silt loam
	Soil BD decreased under non-puddled transplanting after 4 years of rice-based paddy-upland rotations.



	Islam [23]
	Strip planting and bed planting for upland crops and conventional puddling and non-puddling following strip planting with low and increased residue retention for rice
	Silt loam
	Implementation of strip planting and bed planting for upland crops and non-puddled transplanting for rice gradually improved soil physical properties and alleviated puddling effects that characterise current practices (CT and low residue retention (LR)) in rice-based systems.



	Salahin [33]
	Zero tillage and strip tillage under the non-puddled condition, bed planting (BP) and conventional puddling with 20% and 50% residue retention
	Sandy loam
	Soil BD significantly changed due to different tillage practices after three crop cycles. ZT and non-puddling transplanting with increased crop residue retention (50%) had a positive effect on soil PR and soil moisture content. The non-puddling transplanting plots conserved more soil moisture with the least PR values compared to the other tillage practices.
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Table 2. Economics of rice crop establishment practices.
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	Name of the Researchers
	Rice Establishment Practices
	Economic Profitability
	Benefit Cost Ratio (BCR)





	Sharma et al. [65]
	Self-propelled transplanter and manual transplanting
	$689.01 ha−1 (Self-propelled transplanter) and $686.55 ha−1 (manual transplanting)
	1.47 (self-propelled transplanter) and 1.46 (manual transplanting)



	Singh and Singh [260]
	Drum seeding under puddled soil condition, broadcasting of sprouted seeds under puddled condition, dry seeding
	$379.15 ha−1 (drum seeding under puddled condition), $346.37 ha−1 (broadcasting of sprouted seeds under puddled condition) and $292.4 ha−1 (dry seeding)
	1.76 (drum seeding under puddle condition), wet seeding (1.63) and 1.32 (dry seeding)



	Jha et al. [261]
	Drum seeding of sprouted seed in puddled condition, mechanical transplanting by self-propelled transplanter and manually transplanting
	$732.52 ha−1 (drum seeding of sprouted seed in puddled condition), $685.39 ha−1 (mechanical transplanting by self-propelled transplanter) and 639.60 ha−1 (manually transplanting)
	3.2 (drum seeding of sprouted seed in puddled condition), 3.1 (mechanical transplanting by self-propelled transplanter), 2.1 (manually transplanting)



	Jha et al. [262]
	Mechanical transplanting, drum seeding of sprouted seed in puddled condition and manually transplanting
	$1063.41 ha−1 (mechanical transplanting), $1062.34 ha−1 (drum seeding of sprouted seed in puddled condition) and $998.33 ha−1 (manually transplanting)
	2.38 (mechanical transplanting), 2.35 (drum seeding of sprouted seed in puddled condition) and 1.77 (manually transplanting )



	Durga and Kumar [263]
	System of rice intensification and traditional puddling
	(Gross return) $1016.02 and $840.72 ha−1, respectively for SRI and non-SRI farmers.
	1.7 (system of rice intensification) and 1.1 (non-SRI farmers).



	Rana et al. [264]
	Direct seeding of sprouted seeds, manual transplanting and direct seeding of dry seeds
	$283.35 (direct seeding of sprouted seeds, $98.71 (manual transplanting and $167.54 (direct seeding of dry seeds)
	1.49 (direct seeding of sprouted seeds), 1.14 (manual transplanting) and 1.30 (direct seeding of dry seeds)



	Islam et al. [70]
	Puddled transplanting, single pass wet tillage, Non-puddling following strip tillage and bed planting
	(Gross return) $883.63 (Puddled transplanting), $856.80 (single pass wet tillage), $913.20 (non-puddled transplanting following strip tillage) and $946.44 (following bed planting)
	1.46 (Puddled transplanting and single pass wet tillage), 1.56 (non-puddled transplanting following strip tillage) and 1.61 (following bed planting)



	Salahin [90]
	Zero tillage under non-puddled condition, strip tillage under non-puddled condition, bed tillage and conventional tillage
	$267.4 (zero tillage under non-puddled condition), $456.86 (strip tillage under non-puddled condition), $389.91 (bed planting) and $271.6 (conventional puddling)
	1.29 (zero tillage under non-puddled condition), 1.51 (strip tillage under non-puddled condition), 1.44 (bed planting) and 1.31 (conventional puddling)







N.B.: The conversion from Bangladeshi Taka and Indian Rupees were done on 15 October 2017.
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Table 3. Problems Reported for Rice Crop Establishment Practices.
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	Methods/Techniques
	Problems





	Direct seeded rice (DSR) under ZT (dry/wet)/puddled/non-puddled (dry/wet)
	
	○

	
Higher emissions of nitrous oxide [266]




	○

	
Increase in soil-borne pathogens such as nematodes [266]




	○

	
Severe weed infestation (direct seeded rice under dry condition in particular) [267]




	○

	
Drastic change of weed flora after transition from conventional puddling to dry soil (DSR) [268]




	○

	
Increased use of herbicide and development of herbicides resistant weeds such as weedy rice or red rice (O. sativa, F. spontanea)




	○

	
Severe yield loss from weed infestation [269]




	○

	
Development of micronutrient deficiencies such as Zn [270]




	○

	
Stagnation or decline of yield [271]




	○

	
Lodging in DSR compared to puddled transplanting which damages the quality of rice grain [272]




	○

	
Disease susceptibility such as rice blast [273] under low water availability [274]




	○

	
Heavy early rain may not allow conservation agriculture (CA) machinery (zero till drills etc.) to operate on fields.




	○

	
Direct seeding exposes seeds to birds, rats etc.




	○

	
Sudden rain immediately after seeding can adversely affect crop establishment.




	○

	
Uneven crop stand also results in failure to achieve potential yield of DSR.









	System of rice intensification (SRI)
	
	○

	
Highly technical beyond farmers’ comprehension (knowledge intensive–suitable varieties, preparation of seedlings, irrigation and nutrient management) [83].




	○

	
A fixed technological package that farmers are not well aware of [81].




	○

	
Difficult to harmonize suggested water scheduling with available irrigation [83]




	○

	
Controlled irrigation and provision of adequate drainage facilities [83]




	○

	
Transplanting single 8-14 days old seedlings require labor-intensive mechanical weeding practices [81].




	○

	
Organic manure at farm level may not be available and even if available may cause drawbacks in timely establishment and eventually sacrifice crop yields [56].




	○

	
Irregular climatic variation may hamper on-farm water availability (flooding during initial stages, heavy downpour in season etc.) [275]




	○

	
Articulated rice growing environments may not prevail [83,275]




	○

	
Articulated soil types may not be found (clay soils can maintain saturated conditions while loamy soils may need frequent irrigation) [83,275].




	○

	
May sacrifice yields [83]




	○

	
Frequent wetting and drying may cause C and N losses




	○

	
Higher cost involvement [83]









	Non-puddled transplanting of rice following strip tillage or bed planting
	
	○

	
Lack of drainage in lowland rice may cause delay in transplanting, prolonged inundation and seedling mortality.




	○

	
Mechanization unavailability may hamper timely transplanting [28]




	○

	
Drudgery during rice seedling transplanting if the soils are hard to penetrate.




	○

	
Early monsoon rain may not allow CA equipment (e.g., ZT drill) to enter the field




	○

	
Varied efficacy of chemical control of weeds




	○

	
Development of herbicide resistant weeds




	○

	
Increased infiltration in light textured, upland soils may lead to requirement of additional irrigation for rapidly-draining soils and/or yield reduction.




	○

	
Plants/seedlings suffer stresses for establishment if the soils are hard to root proliferation




	○

	
Drying and rewetting of bed tops may increase C and N loss [276]




	○

	
Farmers’ knowledge gap




	○

	
Yield reduction reported [6]




	○

	
Need further study to validate

















© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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