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Abstract

:

Fertilizer inputs, crop yields, the composition of technological operations and intensity of treatment with different types of pesticides in both basic approaches were evaluated. A comprehensive comparison of impacts showed that all crops, except sugar beet, achieved better economic and emission parameters of production based on the evaluation of GHG production by using reduced tillage compared to ploughing. The total reduction of GHG emissions based on CO2eq on average of all crops per ton as a result of the technological processes was 6% using reduced tillage. The most significant CO2eq reductions were achieved for rye and oat (13%), and spring barley (8%). The reduction of crop yields ranges from about 1% (spring barley) to 4% (grain maize). Cost reduction per tone was in the range of 14% (rye) to 2% (silage maize). The energy gain was at reduced tillage improved at poppy (8%), rape (4%), oat (3%), rye (3%) and spring and winter barley (2%). From the evaluation of the number of chemical protections, a lower number of total protections was found at the no-till system for most crops. In most cases, there was no difference between ploughing and reduced tillage. There was an increase in specific nitrogen consumption per tonne of production in marginal areas, reduced tillage led to an increase in soil compaction.
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1. Introduction


Agriculture of the last century was focused primarily on increasing the productivity of cultivated crops and intensive land use. However, long-term intensive farming has a significant impact on the climate and the environment [1]. The problem is the deteriorating condition of the soil and the subsequent reduction in soil fertility. Soils are often degraded, soil organic carbon stocks are depleted and biodiversity is lost [2,3,4]. In addition, intensively cultivated soils are frequently prone to erosion and disruption of the soil structure and changes in moisture regime. A significant risk of long-term intensive tillage is the low water retention in the landscape, deteriorating water quality due to leaching of nutrients from the soil and last but not least groundwater pollution by nitrates and pesticides [5,6,7].



One of the main principles of today’s agriculture is the use of crop-growing systems including optimal agronomic practices to ensure the efficient use of all inputs for crop productivity and economic profitability while maintaining the quality of the environment and the sustainability of the agroecosystem [8,9].



Since the 1950s, there has been a gradual transition from the moldboard plough to various forms of conservation tillage to no-till with minimum soil disturbance throughout the world. Conservation and reduced systems of tillage are effective practices to control soil erosion and conserve water, contributes to the C sequestration and reduce monetary and energy costs, but problems with weed control, soil organic C and nutrient stratification, risks for compaction, runoff and acidification are also mentioned [10,11,12]. On the other hand, ploughing, i.e., conventional tillage (CT) improves soil fertility and agronomic productivity but there was detected a long-term trend of decline in soil structure and the increase in susceptibility to crusting, compaction and erosion [8,10].



The used method of soil tillage significantly affects the productivity and sustainability of agricultural land and the growth of cultivated crops through changes in physical, chemical and biological soil processes [13,14]. Tillage changes the vertical distribution of soil organic matter and plant nutrients supplied to the soil surface, which affects the activity of enzymes and microbial biomass responsible for the transformation and cycle of organic matter and plant nutrients [14]. According to [11] the absence of CT caused the compaction and the onset of a no-till pan beneath the tillage depth of the cultivator, i.e., in a shallow depth of 13–23 cm but soil structure at greater depths (28–38 cm) was indistinguishable despite 25 years of different tillage.



Tillage practices significantly influence the carbon stocks in agricultural soils. The data obtained from several studies pointed that RT is an effective and sustainable method of tillage, which improves carbon sequestration and soil fertility, resulting in higher yields of cereal crops, especially in drier areas. RT, especially in combination with mulching, can thus help to retain the water content of the soil, but also to maintain better soil structure and stability [15,16].



CT means more frequent use of heavy machinery with associated fuel costs and higher CO2 emissions [16]. RT systems can significantly reduce greenhouse gas emissions from fuel consumed without affecting crop yields. A study [17] suggests that, in particular, RT technologies can be recommended as a conventional agricultural practice to achieve an optimal balance between greenhouse gas emissions, crop yields and nitrogen balances. However, many authors have stated that RT is not suitable for all soil types, crops and climatic areas in terms of possible soil compaction and N2O emissions that may occur in poorly aerated and loosed soils [18,19].



Energy, economics and the environment are mutually dependent. At present, the productivity and profitability of agriculture depend upon energy consumption. The amount of energy used depends on the level of mechanization, the amount of active agricultural work and cultivated land [20]. Soil tillage in the cultivation of arable crops is one of the largest energy and labour consumers. Primary tillage practices require 75% of the total energy consumed before sowing.



Therefore, the selection of an appropriate method of tillage includes an assessment of the energy savings and environmental pollution control. Thus, reducing the intensity of tillage has the potential to reduce susceptibility to soil erosion, reduce fuel consumption, time and energy in crop cultivation [17].



RT technologies can contribute to efficient land management, but at the same time, the risks associated with the use of these technologies need to be recognized [21]. RT affects the development of weeds and diseases associated with the use of pesticides [22].



The use of pesticides is a pertinent aspect of modern agricultural activities. These chemicals protect crops from a variety of insects, pests and even weeds. Thus, their application has risen dramatically in recent times and resulted in an overwhelming increase in food production all over the world. On the other hand, excessive pesticide usage is leading to severe detrimental effects on the environment and humans with time [23]. These impacts have included contamination of groundwater and surface water with nutrients and pesticide residues and increasing resistance of insects and diseases to current methods of control [24,25]. Pesticides are a major cause of pollution in water, air and soil [23]. Pesticides together with fertilizers are among the most important secondary sources of emission, too [26]. Even though total energy use in pesticides manufacture is small in comparison with fertilizers, it can require two to five times as much energy per kilogram as nitrogen fertilizer manufacture [27]. Tillage systems research has been carried out in many countries around the world for decades concerning the economic, energy and environmental point of view. Optimization of tillage in terms of soil type and climatic conditions, together with the optimal nutrient supply, is a prerequisite for high yields, maintaining soil fertility, reducing ecosystem pollution and decrease of the energy intensity of crop production [4,28].



The analysis of the literature shows a wide range of approaches to the problem of choosing tillage, which the paper tries to unify. This study aimed to evaluate the influence of the used tillage technologies in terms of economics, energy and GHG emissions according to LCI database Agri-footprint [29] and RECIPE characterization methodology [30]. It was analyzed 9 years of growth of a wide spectrum of crops cultivated on 529 plots at different tillage. The influence of CT and RT was evaluated in terms of: (i) the intensity of production inputs of cultivated crops such as nitrogen fertilizers and plant chemical protection; (ii) the evaluation of the penetrometric resistances of soil and (iii) CO2eq emissions associated with the energy and economic intensity of crop production.




2. Materials and Methods


2.1. Primary Dataset


Fundamental monitoring was carried out on 529 plots for nine years 2002–2010 [31,32] in the major soil and climatic conditions, on the area of 9.2 thousand hectares, including 127 represented the most evaluated soil-ecological units (ESEU) in 0–8 climatic regions in the Czech Republic. The map of climatic regions of the Czech Republic is in Appendix A (Figure A1). Results interpret three quarters of total arable land in the country. Monitoring was carried out on homogeneous lands with total area of min. 5 ha. Monitoring was conducted in usual farming operations, with detailed monitoring of all inputs and outputs in crop cultivation including the assessment of soil samples. Eleven crops were observed: winter wheat, winter barley, winter rye, winter triticale, winter oilseed rape, spring barley, oat, grain maize, silage maize, poppy and sugar beet. The values of inputs (nitrogen fertilizers and chemical plant protection) were monitored on farms for individual plots based on the reported data of farms. The basic structure of inputs to the monitored plots is based on the diagrams in Appendix A (Figure A2 and Figure A3) and Appendix B (Table A1, Table A2, Table A3, Table A4, Table A5 and Table A6).



The context of economic, energy and environmental indicators in relation to the conventional tillage (CT—including ploughing or stubble ploughing and subsequent ploughing) and reduced tillage (RT—including one or two or multiple shallow stubble ploughing/breaking system) were evaluated.




2.2. Supporting Databases


Databases of economic, energy and environmental relations of crop production were used to evaluate the relations between tillage, climatic conditions, fertilization and chemical protection. The basis was a description of soil-climatic properties according to ESEU and monitoring of technological parameters in relation to the soil fertility in a comprehensive concept according to the crops production functions [31,32,33,34,35]. Basic information to the system ESEU was described in fundamental databases [36,37,38,39,40,41,42]. An overview of climatic conditions in the basic breakdown by climate regions is described in Appendix B (Table A7). The long-term averages and year-specific weather conditions of the Czech Republic are displayed in Appendix B (Table A8).



The fundamental set of knowledge in the form of a national economic database consists of a set of databases on yields, costs of individual operations, inputs to the ESEU and is updated annually (until 2019) concerning the economic data used and crop yields, which are updated according to the data of farms continuously monitored [43]. According to the current state of the ESEU for the last five years (2015–2019), the basic value for economic and energy assessment was set. For the environmental assessment, a newly developed methodology for calculating ecological indicators [44] according to the agrifootprint database [35] was developed. The environmental data were processed for the impact assessment based on the evaluation unit data inputs into the production database Agrifootprint [29]. To simplify the environmental assessment, indicator CO2eq production has been selected. The mutual functional connection of the registered chemical plant protection of individual types of pesticides to the methods of tillage, climatic data and data on nitrogen fertilization was also evaluated.




2.3. Evaluation of the Primary Dataset


This article evaluates the context of economic, energy and environmental indicators in relation to CT and RT from the basic monitoring. The mutual functional connection of the registered chemical plant protection of individual types of pesticides to the methods of tillage, climatic data and data on nitrogen fertilization was also evaluated.



The results of the survey in farms were extrapolated concerning the conditions throughout the Czech Republic according to the identified production functions [43] and validated also with respect to the previous crop cultivation results achieved in similar ESEU conditions to current economic and energy parameters of production in 2015–2019. The used file allows comparison of differentiated operating conditions in farms, enabling a better evaluation of the functional context in a broader context.



Crop yields were standardized to a uniform moisture content [45].



2.3.1. Evaluation of the Fertilizers and Chemical Plant Protection Efficiency


From the set of measurements of 529 plots, the values of a specific consumption of total nitrogen supply per mass of detected production were found. These values affect the relation of all monitored economic and energy parameters and emissions based on the statistically treated input data in IBM-SPSS version 27. An indicator of the total nitrogen supply to the 1 t of production based on the doses of mineral and organic fertilizers per hectare was used to monitor the values.



In the set of measurements was detailed information of 529 plots with technological parameters of production in the major soil and climatic conditions, with a total area of 9.2 thousand hectares, including 127 represented the most BPEJ and 65 major soil units (HPJ). Results interpret three quarters of total arable land in the country. Monitoring was carried out on homogeneous lands with majority representation of the main soil units from 80% of land with total area of 5 ha.



Data on the content of organic nitrogen according to the analyzes of farms were included in the inputs of organic nitrogen as a priority. In the case of undocumented analysis of the amount of organic nitrogen by farms, it was determined according to the methodology of the Crop Research Institute [45].



The relationships of nitrogen doses per unit of production were examined with respect to the soil fertility given by the database background for individual crops in the Czech Republic according to the monitoring of relations with the ESEU [31,32,46]. The results are evaluated in the subsequent economic, energy and environmental indicators.



The values of fertilizers were structured according to the basic distinction between mineral and organic. In the context of the functional development of production relations, the dose of nitrogen of fertilizers was used according to the data of farms or for mineral fertilizers according to the data of producers or by the average content of the nutrients of the fertilizers according to the national guidelines [45].



Pesticides were structured according to their purpose into herbicides, fungicides, insecticides, combined and other pesticides and total pesticides. The input values of herbicides are so heterogeneous that only the number of chemical protections was monitored. For individual methods of tillage, the structure of pesticides does not change, only the frequency of chemical protections.



Standard chemical protection against weeds, insect pests and plant pathogens was designed for each evaluated crop. The number of active ingredients of herbicides, insecticides and fungicides (g/ha) was calculated and the environmental impact of chemical protection of evaluated crops was assed according to [32,44].




2.3.2. Evaluation of the Number of Plant Chemical Protections


The data set (n = 3381) included eleven crops (five winter crops: winter wheat, winter barley, winter rye, winter triticale, winter oilseed rape and six springs crops: spring barley, oat, grain maize, silage maize, poppy and sugar beet). The crops were cultivated at different tillage practices (CT, RT, no-till system). Effects of the year, crop and tillage system on the number of chemical protections (herbicidal, insecticidal, fungicidal and mixed protections and the total number of protections as well as preventive and urgent protections) were separately statistically evaluated by using one-way analysis of variance followed by the Tukey post-hoc test (α = 0.05) using data analysis software system Statistica 12 (StatSoft 2013).



A group of prevent protections included particularly preemergence herbicides, fungicides and partly mixed pesticides. Postemergence herbicides, insecticides and partly mixed pesticides belonged to the group of urgent protections. Group of mixed pesticides included tank-mix combinations of herbicides and/or other pesticides and chemical substances (e.g., plant growth regulators).




2.3.3. Evaluation of the Penetrometric Resistances of Soil


Penetrometric resistances were measured at three depths, namely 0–18 cm, 19–38 cm and 39–72 cm. Penetration resistance was measured using a registration penetrometer PN-10, which was developed at the Czech University of Life Sciences Prague. The penetrometer is equipped with a tip according to ASABE standards with a cone with an angle of 30° and its area is 100 mm2, methodology is described in [32,47].




2.3.4. Evaluation of the GHG Emission, Economic and Energy Parameters


The results of the survey in farms were extrapolated in relation to the conditions throughout the Czech Republic according to the identified production functions [43] and validated also with respect to previous crop cultivation results achieved in similar ESEU conditions to current economic and energy parameters of production in 2015–2019. The used file allows comparison of differentiated operating conditions in farms, enabling a better evaluation of the functional context in a broader context.



The basic approach to the calculation of economic, energy and environmental assessment of crops is based on a comprehensive methodology, where the indicator of the economy of crop production is determined based on Gross Margin equivalent including overhead in EUR/ha [32]:


GMo,i,p = SOi,p − COGSo,i,p



(1)




where: GMo,i,p is a gross margin with overheads for crops p and soil climatic conditions i, COGS = Cost of goods sold including overheads (EUR), SOi,p is a standardized output of crop products (EUR).



Energy gross margin including overheads 2 is similar:


EGMo,i,p = ENSi,p − ECOGSo,i,p



(2)




where: EGMo,i,p is a Energy gross Margin with overheads for crops p and soil cli-matic conditions i, ECOGS = Cost of goods sold including overheads (MJ), ENSi,p is a standardized output in MJ.



Environmental indicators are developed from agrifoodprint methodology and they are represented in the paper with GHG emission according to CO2eq emissions in the category of Midpoint. Detailed data are presented in the previous work [32].



Economic indicators of various tillage methods were calculated to simplify the data obtained and to establish relative relationships, according to the relation:


Ki = PRTi/PCTi








where P are the individual monitored indicators according to the index i (1–4): for i = 1—mineral nitrogen dose kg N/t, for i = 2—number of chemical protections/ha,i = 3—for crop yield (t/ha), i = 4 for economic costs (EUR/ha) at predicted yield (t/ha) according to local conditions [31] in RT and CT.



Environmental and energetic indicators were calculated similarly in the form of coefficients:


KEi = PERTi/PECTi








where PE are the individual monitored indicators according to index i (1 a 2): for i = 1—GHG (CO2eq), for i = 2—Energy gain (MJ/ha) [32] in RT and CT.






3. Results and Discussion


3.1. Evaluation of the Tillage System in Relation to the Input Data


The nitrogen inputs and the number of chemical protections in relation to yields and climatic conditions were evaluated by CT and RT. The penetrometric resistances of soil in relation to the various tillage methods were also observed.



3.1.1. Evaluation of the Specific Nitrogen Consumption per Tonne of Production in Relation to Yield, Soil Compaction and Climatic Factors


The resulting relations of nitrogen inputs for individual crops depend on random events due to the conditions for yield formation. For most crops, the broader significance of nitrogen doses with respect to soil fertility has not been demonstrated.



An overview of the main factors based on correlation analysis of the production of specific nitrogen consumption per tonne of yield is shown in Figure 1.



The obtained coefficients indicate that the specific nitrogen consumption of some crops is negatively correlated with the standardized yield. Fertilizer consumption for yield formation increase in the less fertile areas. This relation is particularly evident in fodder crops, silage maize, winter barley, grain maize and winter wheat.



Increased soil compaction in all layers leads to an increase in nitrogen fertilization and therefore maintaining a loose state is highly important from this point of view. This corresponds to the moisture in the soil of spring barley, poppy and rape, the increase of which leads to lower doses of nitrogen. The effect of the tillage system was observed only for poppy, winter barley and potatoes. RT of winter barley and poppy resulted in a decrease in specific nitrogen consumption per tonne of production. In the case of poppy, there was also an adequate increase in the specific nitrogen consumption of CT. In this case, soil compaction had a greater effect on specific nitrogen consumption compared to the used tillage system. For potatoes, there was a decrease in nitrogen doses per ton of CT production.



For thermophilic crops, sugar beet and silage maize, a higher average air temperature led to lower nitrogen consumption.



Silage and grain maize, winter barley and winter wheat showed a context between a systematic increase of nitrogen doses on less fertile soils, which deviated from the dispersion of nitrogen doses and yields achieved due to common agrotechnical problems based on the evaluation of the correlation coefficient.



Figure 2 shows in detail the distribution of higher specific doses of nitrogen in silage maize, which increase in proportion to the decreasing soil fertility characterized by the standardized yield under the given conditions. The statistical evaluation has shown that the specific nitrogen doses in less favourable areas increased proportionately with decreasing soil fertility, which generally defines a standardized yield under the given conditions. The reason may be in addition to the normal crop damage and the requirement for higher yields in less fertile areas, where the biogas plants are often located. The maize is the most suitable crop for biogas plants due to its high dry matter biomass yield and high specific methane yield [48,49].



The increase in specific fuel consumption per tonne of production occurs from approximately the standard yield of 40 t/ha.



The mineral nitrogen consumption (kg/t) for the monitored crops is shown in Figure 3. Our observations show that specific nitrogen consumption for crops proves to be different. The share of mineral nitrogen consumption per tonne of production (N/t) for RT/CT was for sugar beet (1.13), silage maize (1.02), winter wheat (1.04), winter oilseed rape (1.07) and oats (1.08). On the contrary, a decrease in specific nitrogen consumption was recorded for spring barley (0.89), winter barley (0.88), grain maize (0.92), triticale (0.95) and winter rye (0.79) (Figure 3).




3.1.2. Evaluation of the Yield and Costs Depending on the Tillage System


By the findings of other authors [50,51] lower yields of some crops with RT were found (K3 coefficient for sugar beet 0.94, silage maize 0.97, winter wheat 0.94, winter oilseed rape 0.97, winter barley 0.96), the yield increased in oats (1.05) and winter rye (1.05) (Figure 4).



The costs of RT for some crops (K4 coefficient for grain maize 0.96, silage maize 0.97, winter rape 0.97, winter wheat 0.94, sugar beet 0.98) showed a similar trend as for the evaluated yields (K3 coefficient). The question is therefore whether RT is economically effective. In contrast, for many crops, costs significantly decreased due to RT (winter rye 0.85, winter barley 0.86, winter triticale 0.89, spring barley 0.92, poppy 0.92, oat 0.93).




3.1.3. Evaluation of the Number of Plant Chemical Protections Depending on Tillage System


The total number of chemical protections (in the average of evaluated crops and tillage systems) of the evaluated data set ranged from 2.53 to 3.36 (Appendix B, Table A9). This parameter as well as the number of specific protections (herbicidal, fungicidal and mixed) were significantly influenced by an effect of the year. A tendency of increase in the number of fungicidal and mixed protections from 2003 until 2007 which increased in the total number of protections in this period was evident. Successive decrease of the number of total and most of the specific protections were recorded until 2010. Herbicidal protections took up the largest share of the total number of protections. On the other hand, lower values belonged to insecticidal and fungicidal protection. Pesticides are extensively used in modern agriculture and are an effective and economical way to enhance the yield quality and quantity [52]. Nevertheless, the majority of pesticides are toxic and non-biodegradable in nature and environmental implications are immense [23,53,54].



From Table A9 in Appendix B is also evident that the ratio of preventive/urgent protections was below 1 except for the year 2008. Many crop diseases are routinely controlled by preventive fungicides applied at regular intervals determined by the residual action of the active ingredient. Fungicide use sometimes can be reduced by using a disease ‘forecasting’ or ‘risk assessment’ model that evaluates conditions to determine suitability for infection. However, for some diseases detecting, the occurrence of favourable conditions may not allow time for control action [24].



Even though occurrences of pathogens and pests are considerably dependent on weather conditions, a clear connection between the number of protections (Appendix B, Table A9) and the mean air temperature or sums of precipitations in the years 2002–2010 (Appendix B, Table A8) was not evident. Changes in the number of protections and especially the decrease of them could have a relationship with an economic situation in the agriculture sector in 2002–2007 and subseqent financial crisis of 2008. This is in full agreement with studies demonstrating that costs and benefits drive use decisions for agricultural chemicals [55].



Table A10 in Appendix B shows a significantly lower number of total chemical protections at the no-till system in comparison with CT and RT systems which was based on lower herbicidal and fungicidal protection. Significant differences between CT and RT systems were recorded only for insecticides and fungicides but absolute differences were very small. There was no difference in the number of preventive protections, but a significantly lower number of urgent protections were detected at the no-till system. Our obtained results do not confirm findings of [56] that the conservation tillage systems have a higher reliance on herbicides. According to [57], no-till farming affects soil properties that control pesticide retention and interactions with soils, and ultimately their mobility in the environment. The concentration and load of pesticides are greater in runoff from no-till fields compared to the CT, especially pesticides with high solubility and low affinity for solids.



The number of chemical protections of evaluated crops cultivated in relation to different tillage systems is shown in Figure 5 and Table A11 and Table A12 in Appendix B. Despite the limited amount of data from the no-till system, a lower number of total protections is evident at the no-till system for most crops. In most cases, there was no difference between CT and RT system for the total number of protections as well as the number of preventive and urgent protections. However, a lower number of urgent protections was proved for winter wheat, winter oilseed rape and spring barley cultivated at the no-till system. Effect of tillage system on the yield of evaluated crops was not significant with the exception of higher yield of sugar beet and winter oilseed rape cultivated at CT. On the other hand, winter barley showed a higher yield at the no-till system. While there is demand for higher productivity of field crops, there also is increasing pressure to reduce the negative impacts of agriculture and its activities [24]. There is a growing awareness among farmers about the importance of soil for sustaining crop production and providing beneficial ecosystem services [56].



Even though pesticides represent less than one-sixth of the energy used in the production of many crops and energy use per hectare is decreasing, it is valuable to apply alternative pest control measures to reduce energy expenditures [27] and adverse environmental effects [58]. There is good potential to reduce both pesticide dose and the number of applications when they are utilized within competitive cropping systems. Diverse crop rotations, competitive cultivars, adequate crop seed rates, proper plant spacing, optimal planting dates, mechanical cultivation, specific fertilizer placement and cover crops have been identified as integral components of competitive cropping systems [27,59].




3.1.4. Evaluation of the Penetrometric Resistances of Soil and Other Parameters


The results in Table 1 demonstrate an overall positive effect of the number of CT carried out on the number of crop yields in the investigation, lower penetrometric resistance in topsoil and subsoil, reduced soil moisture in topsoil and increased number of chemical plant protection corresponding to higher crop intensity.



Water is usually the most limiting factor in agricultural production. Different agricultural management practices, such as tillage and the use of cover crops, can affect water infiltration into the soil [8,60]. A study [60] evaluating the effect of cover crops and tillage on soil water infiltration in maize suggests that cover crop management can increase soil water infiltration, which can improve soil quality and sustainability of production systems crops.





3.2. Evaluation of the Various Tillage and Inputs in Relation to GHG Emissions


The balance of GHG emissions according to CO2eq was processed according to standardized technological procedures of individual work operations [32]. Table 2 shows the values of GHG emissions in kg of CO2eq, when the increase in GHG emissions occurs in sugar beet.



Overall, CO2eq production according to the technical procedures used, except sugar beet, decreased by an average of 10% for all monitored crops. CO2eq production of sugar beet increased by 7.8%.



Many studies [2,17,61,62,63] state, that increased GHG emissions from intensive tillage are caused by some factors, in the particular increased biological activity of soil microorganisms and more intensive crop growth. Therefore, to maintain a sufficient amount of organic matter in the soil, there must be sufficient inputs of quality organic matter into the soil. The advantage of this approach is the economically advantageous provision of nitrogen, which is fixed in the plant biomass from plant or animal sources. When undecomposed organic matter is supplied, the formation of CO2 is accelerated due to the action of microorganisms without a corresponding increase in organic matter in the soil. The supply of organic matter to the subsoil with a RT method is ensured only by the root system of the crops and for this reason crops with a sufficiently large root system should be grown in these conditions. Alternatively, the supply of organic matter can be ensured by alternating tillage systems with the incorporation of quality organic matter into the soil. This corresponds to many studies. Data from a 50-year long-term field experiment for evaluating mainly soil organic carbon (SOC) content, crop sequence (monoculture vs. crop rotation) and tillage system (RT vs. CT) were analyzed for wheat yield [64]. The authors stated that the combination of RT and crop rotation improved soil fertility and crop productivity.



Soil organic carbon (SOC) sequestration into soil organic matter and crops biomass have recently drawn growing attention for its promise in mitigating rises in atmospheric CO2 concentrations [62]. Deep tillage increases the release of CO2 from soils, in addition, in modern highly mechanized crop systems, CO2 is emitted from a number of fuel-consuming operations [65].



Compared to CT, RT can improve the sequestration of SOC by reducing its decomposition in the soil [62,66]. For example observations [67] found that as soil processing intensity decreased, soil organic carbon sequestration increased. However, the results of [15] suggest that the SOC response in the transition to RT is significantly dependent on the initial SOC level.




3.3. The Overall Evaluation of the Impact of Tillage on the Intensity of Inputs, Yields, Economic and Energy Demands of Crop Production in Relation to GHG Emissions


The comprehensive results of the work are focused on the assessment of the relation between production processes and the production of GHG emissions.



Furthermore, solving the context of economic and energy impacts, including the influence of the environment on the consumption of inputs, such as the frequency of nitrogen fertilization and chemical protection in different methods of tillage in crop production.



The results of economic indicators according to the method of tillage are shown in Figure 6 (Table A13 in Appendix B).



The results show a considerable heterogeneity between yield, nitrogen dose and the number of chemical treatments. In some crops at RT, increased fertilization and chemical protection was found (winter wheat, silage maize, winter rape), in some crops there was a simultaneous decrease in nitrogen fertilization and chemical protection (poppy, winter barley). Some crops showed reduced fertilization but a higher degree of chemical protection (grain maize, triticale, winter rye, spring barley) and others lower chemical protection but higher fertilization rates (sugar beet, oat). Therefore, the results do not determine the clear impact of tillage on the evaluated factors. However, the most common crops (winter wheat, maize silage and winter rape) increase soil inputs with RT.



The main results of the comparison of economic and energy values are shown in Table 3.



Results in Table 3 show separately economic value difference RT-CT in division into SO COGS, and overall difference GMos. The values of SO decreased in all crops except oats, COGS values decreased in all crops. From an economic point of view, the use of RT is disadvantageous in grain maize and sugar beet, where a negative economic effect was achieved. Similarly, the energy values of ECOGS and EnSO and the total difference of EGMo are given. In energy emission, RT decreased costs for all crops except winter triticale, the energy value of crops was lower at RT for all crops except oats. Total EGMo was negative at RT for grain maize (−5376.8 MJ), silage maize (−1730 MJ), sugar beet (−7001 MJ), winter triticale (−7807.8 MJ) and winter wheat (−2607.1).



The energy requirements of different tillage systems and their impact on yield were compared by [68]. In their observations, the reduction of tillage practices resulted in lower energy consumption and soil protection against erosion, control of structural damage and reduction of time and energy required for seedbed preparation, which was confirmed by other studies.



Our evaluation shows that from an economic point of view, RT is beneficial for almost all crops and there is also a decrease in GHG emissions, but in energy values, there is an improvement in EGMo in only about half of the crops. The main reason is the different valuation of the production from an economic and energy point of view.



The results of the relation between economic, energy and environmental indicators for the whole Czech Republic based on the application to all ESEU are graphically shown in Figure 7, the values are given in Appendix B (Table A14).



A comprehensive comparison of the impacts in Figure 7 shows that rye, grain maize, triticale, spring barley, poppy and oats generally achieve better economic, energy and emission parameters of production based on the evaluation of CO2eq production by using RT compared to CT.



In all monitored respects, sugar beet achieves worse parameters if RT has been used in comparison with CT. Silage maize, winter wheat and winter oilseed rape achieve better CO2eq emission parameters with a deterioration in the economic and energy balance of production according to gross margin with overheads.



In the overall evaluation of tillage systems has been found that using RT leads to economic and energetic savings and a decrease in GHG emissions.



However, RT also brings some deficiencies. This is increased soil compaction in topsoil and subsoil, which increases with the decreasing number of CT. Increasing soil compaction leads to increased nitrogen fertilization of silage and grain maize, winter oilseed rape and winter barley. Increased nitrogen fertilization brings negative environmental impacts on the quality of groundwater and surface water. With a lower level of fertilization of nitrogen, yield losses would be increased, and the economic efficiency of RT would get worse.





4. Conclusions


RT leads to a technological reduction in the CO2eq production, mainly due to less energy-intensive technology. There is a significant reduction in CO2eq by about 10% and economic savings due to a significant reduction in costs at RT in comparison to reduce in the yields of most crops leading to increased gross margin. According to the presented results, there is also an increase in soil compaction, which can lead to related environmental problems due to the contamination of water and drying of the landscape.



From the evaluation of the number of chemical protections, a lower number of total protections was found at the no-till system for most crops. In most cases, there was no difference between CT and RT.



Overall, the choice of tillage should be taken into account of the local conditions as well as the assumptions of the forecast, on which the success of CT tillage depends. Due to the set of anti-erosion measures in the Czech Republic, which also limits the use of CT, it is necessary to further optimize the soil treatment also with regard to its compaction.



Optimizing tillage is an important aspect of the potential in terms of high yields and maintaining soil fertility while reducing the ecosystem pollution and the energy intensity of crop production. From this perspective, it is important to the complexity of the solution and the necessity of its further investigation.
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Figure A1. The map of climatic regions of the Czech Republic. 
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Figure A2. The basic structure monitoring. Source: MDPI [69]. 
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Figure A3. Sources for economic, energy and environmental data. Source: MDPI [32]. 
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Table A1. Energy of crop production.






Table A1. Energy of crop production.












	Crop
	Product
	Dry Matter Main

Product %
	Energy of Main Production (MJ/kg of Product)
	By-Product

Energy (MJ/kg of Product)





	Potatoes
	potatoes
	22
	3.45
	3



	Sugar beet
	bulbs
	23
	3.89
	1.76



	Spring barley
	grain
	85
	15.93
	13.73



	Spring barley malt
	grain
	85
	15.93
	13.73



	Winter barley
	grain
	85
	15.48
	13.73



	Silage maize
	silage 32%
	32
	5.984
	



	Grain maize
	grain
	85
	16.21
	13.5



	Poppy
	grain
	85
	15.48
	13.69



	Oat
	grain
	85
	17.45
	13.38



	Winter wheat
	grain
	85
	15.82
	13.46



	Food wheat
	grain
	85
	15.82
	13.46



	Winter rape
	grain
	85
	25.22
	13.64



	Triticale
	grain
	85
	16.22
	13.46



	Winter rye
	grain
	85
	15.48
	13.46







Source: Preininger [70].
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Table A2. Used unit costs of materials.






Table A2. Used unit costs of materials.





	Inputs
	Unit Price (EUR/Unit)
	Unit





	Oil
	0.98
	EUR/L



	Work
	9.09
	EUR/hod



	N
	1.55
	EUR/kg



	P2O5
	2.05
	EUR/kg



	K2O
	1.09
	EUR/kg



	MgO
	1.68
	EUR/kg



	CaO
	0.36
	EUR/kg



	Sulfur
	0.48
	EUR/kg



	Chemicals
	89.73
	EUR/kg



	Manure
	40.36
	EUR/t







Source: Institute of agricultural economics and informations (IAEI).
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Table A3. Conversion factors for calculating the energy contained in machines.






Table A3. Conversion factors for calculating the energy contained in machines.





	Machine Category
	Value
	Unit





	Tractors
	95.7
	MJ/kg



	Tillage machines
	99.2
	MJ/kg



	Seeders
	95.4
	MJ/kg



	Spreaders and sprayers
	95.4
	MJ/kg



	Combine harvester
	83.5
	MJ/kg



	Straw harvest
	95.4
	MJ/kg



	Traffic machine
	83.5
	MJ/kg







Source: Preininger [70].
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Table A4. Energy of used materials.
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	Inputs
	Value (MJ/Unit)
	Unit





	Oil
	40.7
	dm3



	Benzine
	41.5
	dm3



	Propane butane
	50.8
	kg



	Natural gas
	33.8
	m3



	Lubricants
	45.2
	dm3



	Electrical energy
	9.6
	kWh



	Coal
	27.8
	kg



	Cereal seed
	8
	kg of seeds



	Oilseeds, rape, flax
	5.7
	kg of seeds



	Seed potatoes
	2
	kg of seed



	Beet seed (batch of 100,000 seeds)
	172
	dose



	Maize seed (50,000 seeds)
	16.2
	dose



	N
	82.5
	kg



	P2O5
	17.7
	kg



	K2O
	9.6
	kg







Source: Preininger [70].
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Table A5. Price and energy of nutrients in cow manure.
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Nutrients

	
Nutrients’ kg/t 2

	
Price EUR/kg 1

	
Price Total EUR/t 1

	
Energy MJ/t 3






	
N

	
5

	
1.55

	
7.73

	




	
P2O2

	
3.1

	
2.05

	
6.34

	




	
K2O

	
7.1

	
1.09

	
7.75

	




	
Mg

	
1.5

	
1.68

	
2.52

	




	
Ca

	
4.5

	
0.36

	
1.62

	




	
S

	
1

	
0.48

	
0.48

	




	
Total

	
26.43

	
463








Source: 1 IAEI; 2,3 Preininger [70].
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Table A6. Basic information of crops under investigation.
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Crops

	
CT

	
RT

	
Ntotal kg/t of Product

	
Nmin

	
Number of Chemical Treatment

	
Yield (Moistness Unified)

	
Diference of Yield to Standard

	
Standardized Yield Production Function




	
Yes/No

	
Yes/No

	
kg/t

	
kg/t

	
Number

	
t/ha

	
t/ha

	
t/ha






	
Sugar beet

	
0

	
0

	
2.54

	
1.41

	
3.09

	
66.59

	
1.50

	
65.09




	
Sugar beet

	
0

	
1

	
2.83

	
1.64

	
4.51

	
59.25

	
−1.36

	
60.61




	
Sugar beet

	
1

	
0

	
2.90

	
1.46

	
4.58

	
65.01

	
−0.15

	
65.16




	
Spring barley

	
0

	
0

	
21.27

	
17.01

	
2.14

	
4.82

	
0.17

	
4.65




	
Spring barley

	
0

	
1

	
22.64

	
13.32

	
2.57

	
4.97

	
−0.04

	
5.01




	
Spring barley

	
1

	
0

	
21.09

	
15.00

	
2.29

	
4.66

	
−0.08

	
4.74




	
Winter barley

	
0

	
0

	
23.59

	
20.39

	
3.71

	
5.76

	
−0.01

	
5.77




	
Winter barley

	
0

	
1

	
21.23

	
19.00

	
2.28

	
4.87

	
−0.06

	
4.93




	
Winter barley

	
1

	
0

	
27.45

	
21.67

	
2.54

	
5.25

	
0.03

	
5.22




	
Silage maize

	
0

	
0

	
5.61

	
2.00

	
1.25

	
39.18

	
0.80

	
38.38




	
Silage maize

	
0

	
1

	
5.26

	
2.76

	
1.57

	
37.00

	
−1.48

	
38.48




	
Silage maize

	
1

	
0

	
5.27

	
2.69

	
1.36

	
38.16

	
0.02

	
38.14




	
Grain maize

	
0

	
0

	
23.20

	
15.33

	
1.00

	
8.44

	
0.17

	
8.27




	
Grain maize

	
0

	
1

	
24.92

	
14.28

	
2.31

	
8.55

	
−0.14

	
8.69




	
Grain maize

	
1

	
0

	
27.56

	
15.58

	
1.82

	
7.83

	
0.10

	
7.73




	
Poppy

	
0

	
0

	
176.22

	
108.79

	
5.50

	
0.79

	
−0.11

	
0.90




	
Poppy

	
0

	
1

	
111.99

	
79.25

	
3.15

	
0.93

	
0.00

	
0.93




	
Poppy

	
1

	
0

	
163.07

	
91.37

	
3.58

	
0.90

	
0.03

	
0.87




	
Oat

	
0

	
0

	
26.11

	
16.30

	
0.75

	
3.93

	
−0.24

	
4.18




	
Oat

	
0

	
1

	
21.13

	
19.26

	
1.03

	
3.74

	
0.05

	
3.69




	
Oat

	
1

	
0

	
22.81

	
17.81

	
1.29

	
3.91

	
0.05

	
3.85




	
Winter wheat

	
0

	
0

	
27.86

	
23.71

	
2.14

	
5.91

	
−0.10

	
6.01




	
Winter wheat

	
0

	
1

	
27.08

	
23.26

	
3.07

	
5.96

	
−0.16

	
6.12




	
Winter wheat

	
1

	
0

	
27.52

	
22.47

	
2.97

	
6.13

	
0.15

	
5.97




	
Winter rape

	
0

	
0

	
71.29

	
55.43

	
2.60

	
3.18

	
−0.04

	
3.22




	
Winter rape

	
0

	
1

	
61.93

	
52.19

	
4.09

	
3.24

	
−0.09

	
3.33




	
Winter rape

	
1

	
0

	
60.24

	
48.75

	
4.27

	
3.57

	
0.04

	
3.53




	
Triticale

	
0

	
0

	
24.99

	
21.15

	
1.79

	
5.18

	
0.06

	
5.12




	
Triticale

	
0

	
1

	
24.49

	
22.26

	
1.95

	
4.85

	
−0.09

	
4.93




	
Triticale

	
1

	
0

	
25.98

	
23.38

	
1.69

	
4.82

	
0.02

	
4.81




	
Winter rye

	
0

	
0

	
26.30

	
17.64

	
0.71

	
4.13

	
0.00

	
4.12




	
Winter rye

	
0

	
1

	
20.15

	
19.46

	
2.14

	
4.65

	
−0.03

	
4.69




	
Winter rye

	
1

	
0

	
28.49

	
24.54

	
1.92

	
4.14

	
0.01

	
4.14








Source: IAEI.
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Table A7. Description of the climatic regions.
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	Region Numeric Code
	Temperature Sum °C/Year
	Temperature Average °C/Year
	Rainfall Average mm/Year
	Risk of Dry Years Coefficient
	Moisture Security 1 Minimum, 10 Maximum





	0
	3680
	10.08
	550
	0.40
	1.5



	1
	3430
	9.40
	450
	0.50
	1



	2
	3430
	9.40
	550
	0.25
	3



	3
	3380
	9.26
	600
	0.15
	5.5



	4
	3230
	8.85
	500
	0.35
	2



	5
	3080
	8.44
	600
	0.23
	7



	6
	3330
	9.12
	800
	0.05
	10



	7
	3030
	8.30
	700
	0.10
	10



	8
	2830
	7.75
	750
	0.03
	10



	9
	2680
	7.34
	850
	0.00
	10







Source: IAEI new calculation of temperature, [71].













[image: Table] 





Table A8. Mean air temperature (°C) and sums of precipitation (mm) in years 2002–2010 in the Czech Republic (source: Czech Hydrometeorological Institute).






Table A8. Mean air temperature (°C) and sums of precipitation (mm) in years 2002–2010 in the Czech Republic (source: Czech Hydrometeorological Institute).





	

	
Mean Air Temperature

	
Sums of Precipitation




	

	
°C

	
mm




	
Year

	
April–September

	
January–December

	
April–September

	
January–December






	
2002

	
14.9

	
8.7

	
505

	
855




	
2003

	
15.5

	
8.2

	
288

	
504




	
2004

	
13.9

	
7.8

	
359

	
666




	
2005

	
14.3

	
7.7

	
453

	
720




	
2006

	
14.9

	
8.2

	
448

	
703




	
2007

	
15.0

	
9.1

	
431

	
741




	
2008

	
14.4

	
8.9

	
372

	
619




	
2009

	
15.2

	
8.4

	
412

	
744




	
2010

	
14.1

	
7.2

	
607

	
867




	
Long-term averages

	
13.5

	
7.5

	
414

	
674
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Table A9. Number of chemical protections in 2002–2010; average of three tillage systems and eleven crops.
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Number of Protections




	
Year

	
n

	
H

	
I

	
F

	
M

	
T

	
P

	
U






	
2002

	
372

	
1.01 a

	
0.30

	
0.62 abcd

	
0.72 ac

	
2.65 ab

	
1.23 a

	
1.41 a




	
2003

	
356

	
1.22 abcd

	
0.20

	
0.60 abcd

	
0.50 d

	
2.53 b

	
1.15 a

	
1.37 b




	
2004

	
370

	
1.25 cd

	
0.23

	
0.68 abc

	
0.68 ad

	
2.84 abc

	
1.32 a

	
1.51 c




	
2005

	
351

	
1.06 abc

	
0.31

	
0.71 abc

	
0.88 ab

	
2.96 ac

	
1.37 a

	
1.59 ab




	
2006

	
343

	
1.24 bcd

	
0.33

	
0.73 bc

	
0.93 ab

	
3.22 cd

	
1.32 a

	
1.91 bc




	
2007

	
369

	
1.33 d

	
0.29

	
0.74 c

	
1.00 bd

	
3.36 d

	
1.35 a

	
2.01 c




	
2008

	
418

	
1.02 ab

	
0.26

	
0.46 d

	
1.20 d

	
2.94 ac

	
2.05 b

	
0.89 d




	
2009

	
408

	
1.17 abcd

	
0.23

	
0.56 ad

	
0.87 ab

	
2.84 ab

	
1.33 a

	
1.50 a




	
2010

	
394

	
1.07 abc

	
0.20

	
0.57 abd

	
0.83 ab

	
2.68 ab

	
1.19 a

	
1.49 a




	
P

	

	
0.000

	
0.039

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000








P: probability; different letters indicate significant differences for Tukey HSD (α = 0.05); H—herbicides, I—insecticides, F—fungicides, M—mixed and T—total protections; P—preventive and U—urgent protections.
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Table A10. Number of chemical protections of evaluated tillage systems; average of years 2002–2010 and eleven crops.
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Number of Protections




	
Tillage System

	
n

	
H

	
I

	
F

	
M

	
T

	
P

	
U






	
CT

	
1992

	
1.17 a

	
0.29 a

	
0.61 a

	
0.82

	
2.88 a

	
1.39

	
1.49 a




	
RT

	
1291

	
1.16 a

	
0.22 b

	
0.68 b

	
0.89

	
2.95 a

	
1.35

	
1.60 a




	
No-till

	
98

	
0.66 b

	
0.19 ab

	
0.28 c

	
0.97

	
2.10 b

	
1.46

	
0.64 b




	
P

	

	
˂0.000

	
0.007

	
˂0.000

	
0.145

	
˂0.000

	
0.616

	
˂0.000








P: probability; different letters indicate significant differences for Tukey HSD (α = 0.05); CT—conventional tillage, RT—reduced tillage, H—herbicides, I—insecticides, F—fungicides, M—mixed and T—total protections; P—preventive and U—urgent protections.













[image: Table] 





Table A11. Number of chemical protections of evaluated winter crops cultivated at different tillage systems; average of years 2002–2010.
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Crop

	
Tillage

System

	

	
Number of Protections

	
Yield




	
n

	
H

	
I

	
F

	
M

	
T

	
P

	
U

	
t/ha






	
Winter

wheat

	
CT

	
580

	
0.99 a

	
0.06

	
0.97 a

	
0.95

	
2.97 a

	
1.51

	
1.46 a

	
6.13




	
RT

	
594

	
0.95 a

	
0.05

	
0.96 a

	
1.11

	
3.07 a

	
1.48

	
1.59 a

	
5.96




	
No-till

	
35

	
0.63 b

	
0.00

	
0.40 b

	
1.11

	
2.14 b

	
1.63

	
0.51 b

	
5.91




	
P

	

	
0.025

	
0.356

	
˂0.000

	
0.092

	
0.001

	
0.793

	
˂0.000

	
0.103




	
Winter

barley

	
CT

	
127

	
0.91

	
0.06

	
0.69

	
0.89 a

	
2.54 a

	
1.57

	
0.97 a

	
5.25 ab




	
RT

	
58

	
0.98

	
0.02

	
0.90

	
0.38 b

	
2.28 a

	
1.26

	
1.02 a

	
4.87 a




	
No-till

	
7

	
0.57

	
0.00

	
0.86

	
2.29 c

	
3.71 b

	
1.43

	
2.29 b

	
5.76 b




	
P

	

	
0.197

	
0.422

	
0.119

	
˂0.000

	
0.007

	
0.270

	
0.009

	
0.025




	
Winter

rye

	
CT

	
37

	
0.84 ab

	
0.00

	
0.59 a

	
0.46

	
1.92 a

	
1.16

	
0.76

	
4.14




	
RT

	
7

	
1.14 a

	
0.00

	
0.43 ab

	
0.57

	
2.14 a

	
1.43

	
0.71

	
4.65




	
No-till

	
7

	
0.43 b

	
0.00

	
0.00 b

	
0.29

	
0.71 b

	
0.71

	
0.00

	
4.13




	
P

	

	
0.050

	
-

	
0.013

	
0.749

	
0.016

	
0.258

	
0.065

	
0.602




	
Winter

triticale

	
CT

	
32

	
0.94

	
0.03

	
0.13 a

	
0.59

	
1.69

	
1.34

	
0.34

	
4.82




	
RT

	
20

	
0.90

	
0.05

	
0.60 b

	
0.40

	
1.95

	
1.30

	
0.65

	
4.85




	
No-till

	
0

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
P

	

	
0.869

	
0.738

	
0.001

	
0.372

	
0.404

	
0.873

	
0.245

	
0.613




	
Winter

oilseed

rape

	
CT

	
166

	
0.95 a

	
1.40 a

	
0.42

	
1.51

	
4.27 a

	
2.13

	
2.14 a

	
3.57 a




	
RT

	
315

	
1.27 b

	
1.08 b

	
0.34

	
1.40

	
4.09 a

	
2.04

	
2.05 a

	
3.24 b




	
No-till

	
20

	
0.60 a

	
0.75 b

	
0.35

	
0.90

	
2.60 b

	
1.80

	
0.80 b

	
3.18 b




	
P

	

	
˂0.000

	
˂0.000

	
0.364

	
0.200

	
0.002

	
0.772

	
0.015

	
˂0.000








P: probability; different letters indicate significant differences for Tukey HSD (α = 0.05); CT—conventional tillage, RT—reduced tillage, H—herbicides, I—insecticides, F—fungicides, M—mixed and T—total protections; P—preventive and U—urgent protections.
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Table A12. Number of chemical protections of evaluated spring crops cultivated at different tillage systems; average of years 2002–2010.
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Crop

	
Tillage

System

	

	
Number of Protections

	
Yield




	
n

	
H

	
I

	
F

	
M

	
T

	
P

	
U

	
t/ha






	
Spring

barley

	
CT

	
167

	
0.80 a

	
0.03

	
0.70 a

	
0.77

	
2.29 a

	
0.97 ab

	
1.32 a

	
4.66




	
RT

	
287

	
1.00 b

	
0.04

	
0.75 a

	
0.78

	
2.57 b

	
0.75 a

	
1.82 a

	
4.97




	
No-till

	
7

	
0.57 ab

	
0.00

	
0.00 b

	
1.57

	
2.14 ab

	
1.86 b

	
0.29 b

	
4.82




	
P

	

	
0.001

	
0.743

	
0.018

	
0.093

	
0.015

	
0.011

	
˂0.000

	
0.092




	
Oat

	
CT

	
24

	
1.29

	
0.00

	
0.00

	
0.00

	
1.29

	
0.75

	
0.54

	
3.91




	
RT

	
30

	
1.03

	
0.00

	
0.00

	
0.00

	
1.03

	
0.40

	
0.63

	
3.74




	
No-till

	
4

	
0.75

	
0.00

	
0.00

	
0.00

	
0.75

	
0.75

	
0.00

	
3.93




	
P

	

	
0.296

	
-

	
-

	
-

	
0.296

	
0.271

	
0.218

	
0.827




	
Grain

maize

	
CT

	
67

	
1.15

	
0.40

	
0.00

	
0.25

	
1.82 a

	
0.90

	
0.93

	
7.83




	
RT

	
49

	
1.43

	
0.53

	
0.00

	
0.35

	
2.31 b

	
1.29

	
1.02

	
8.55




	
No-till

	
2

	
1.00

	
0.00

	
0.00

	
0.00

	
1.00 ab

	
1.00

	
0.00

	
8.44




	
P

	

	
0.088

	
0.292

	
-

	
0.608

	
0.014

	
0.221

	
0.387

	
0.153




	
Silage

maize

	
CT

	
281

	
1.03 a

	
0.10 a

	
0.00

	
0.23

	
1.36

	
0.81

	
0.55

	
38.16




	
RT

	
97

	
1.25 b

	
0.21 b

	
0.02

	
0.09

	
1.57

	
1.01

	
0.56

	
37.00




	
No-till

	
12

	
0.83 ab

	
0.25 ab

	
0.00

	
0.17

	
1.25

	
0.83

	
0.42

	
39.18




	
P

	

	
0.005

	
0.021

	
0.242

	
0.098

	
0.061

	
0.106

	
0.838

	
0.531




	
Poppy

	
CT

	
53

	
1.96

	
0.23

	
0.57

	
0.83 a

	
3.58

	
1.26

	
2.32

	
0.90




	
RT

	
71

	
1.54

	
0.23

	
0.38

	
1.01 a

	
3.15

	
1.25

	
1.90

	
0.93




	
No-till

	
2

	
1.50

	
0.50

	
0.00

	
3.50 b

	
5.50

	
2.50

	
3.00

	
0.79




	
P

	

	
0.185

	
0.707

	
0.132

	
0.001

	
0.139

	
0.467

	
0.422

	
0.338




	
Sugar

beet

	
CT

	
176

	
3.02

	
0.09

	
0.90

	
0.57

	
4.58

	
1.53

	
3.05

	
65.01 a




	
RT

	
47

	
3.30

	
0.13

	
0.79

	
0.30

	
4.51

	
1.00

	
3.51

	
59.25 b




	
No-till

	
0

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
P

	

	
0.212

	
0.455

	
0.271

	
0.075

	
0.780

	
0.211

	
0.175

	
0.023








P: probability; different letters indicate significant differences for Tukey HSD (α = 0.05); CT—conventional tillage, RT—reduced tillage, H—herbicides, I—insecticides, F—fungicides, M—mixed and T—total protections; P—preventive and U—urgent protections.
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Table A13. Coefficients of mineral N, chemical treatment, yields.
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	Crops
	K1
	K2
	K3





	Sugar beet
	1.13
	0.93
	0.98



	Spring barley
	0.89
	1.10
	1.01



	Winter barley
	0.88
	0.85
	0.98



	Silage maize
	1.02
	1.13
	0.96



	Grain maize
	0.92
	1.21
	0.97



	Poppy seeds
	0.87
	0.83
	0.96



	Oat
	1.08
	0.92
	1.00



	Winter wheat
	1.04
	1.01
	0.95



	Winter rape
	1.07
	1.01
	0.96



	Triticale
	0.95
	1.16
	0.98



	Winter rye
	0.79
	1.01
	0.99
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Table A14. Coefficients’ value of economic and environmental indicators.






Table A14. Coefficients’ value of economic and environmental indicators.














	
	K1 (Coeff. of Mineral N)
	K2 (Coeff. of Chemical Treatment)
	K3 (Crop Yield)
	K4 (Costs)
	KE1 (CO2eq Coeff.)
	KE2 (Energy Coeff.)





	Grain maize
	0.95
	1.26
	0.97
	0.96
	0.92
	0.97



	Silage maize
	1.04
	1.14
	0.96
	0.98
	0.95
	0.99



	Oat
	1.07
	0.91
	1.00
	0.93
	0.87
	1.03



	Poppy
	0.87
	0.83
	0.96
	0.91
	0.97
	1.08



	Spring barley
	0.89
	1.11
	1.01
	0.92
	0.92
	1.02



	Sugar beet
	1.15
	0.95
	0.98
	0.98
	0.99
	0.98



	Winter triticale
	0.98
	1.19
	0.98
	0.90
	0.92
	0.94



	Winter barley
	0.89
	0.86
	0.98
	0.86
	0.98
	1.02



	Winter rape
	1.09
	1.03
	0.96
	0.97
	0.87
	1.04



	Winter rye
	0.80
	1.01
	0.99
	0.86
	0.95
	1.03



	Winter wheat
	1.06
	1.04
	0.95
	0.94
	0.96
	0.98
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Figure 1. Statistically important correlation coefficients for the production of specific nitrogen consumption per tonne of yield. 
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Figure 2. Silage maize yield and specific nitrogen consumption per tonne of production depending on soil fertility. 
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Figure 3. The change of specific consumption of nitrogen in crops. 
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Figure 4. Share of yields K3 and costs K4 on main crops. 
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Figure 5. The number of chemical protections of evaluated crops. 
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Figure 6. Coefficient Ki of the ratio of the individual monitored indicators. 
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Figure 7. Changes of economic, energy and environmental parameters of crops between RT and CT. 
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Table 1. Correlation coefficients for a number of CT on the land into 9 year.
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	Yield of Crops
	Penetrometric Resistance Topsoil
	Penetrometric Resistance Undersoil
	Soil Moisture Topsoil
	Chemical Treatment Intensity





	Pearson Correlation
	0.100 **
	−0.050 **
	−0.160 **
	−0.095 **
	0.093 **



	Sig. (2-tailed)
	0.0000
	0.0090
	0.0000
	0.0000
	0.0000



	N
	3200
	2681
	2681
	2681
	3200







** Correlation is significant at the 0.01 level (2-tailed).
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Table 2. GHG emissions as CO2eq by CT and RT technology.
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Crops

	
Emission Values




	
CT

	
RT

	
Difference




	
kg CO2eq/t

	
kg CO2eq/t

	
kg CO2eq/t






	
Grain maize

	
369.7

	
354.5

	
−15.2




	
Silage maize

	
70.4

	
67.6

	
−2.7




	
Oat

	
460.3

	
394.9

	
−65.3




	
Poppy

	
2428.6

	
2362.0

	
−66.6




	
Spring barley

	
387.1

	
357.7

	
−29.4




	
Sugar beet

	
44.1

	
44.7

	
0.7




	
Winter triticale

	
487.1

	
461.2

	
−25.9




	
Winter barley

	
1387.7

	
1373.1

	
−14.6




	
Winter rape

	
539.1

	
476.4

	
−62.8




	
Winter rye

	
578.0

	
554.9

	
−23.1




	
Winter wheat

	
548.1

	
542.1

	
−6.0











[image: Table] 





Table 3. Differences between RT and CT.
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Crops

	
Economics Values

	
Energy Values

	
GHG Emission




	
Difference SO

	
Difference COGS

	
Difference GMo

	
Difference ECOGS RT-CT

	
Difference EnSO RT-CT

	
Difference EGMo

	
Difference




	
EUR/t

	
EUR/t

	
EUR/t

	
MJ/t

	
MJ/t

	
MJ/t

	
kg CO2eq/t






	
Grain maize

	
−9.0

	
−7.3

	
−1.7

	
−513.0

	
−1257.2

	
−744.1

	
−15.2




	
Silage maize

	
−0.5

	
−1.0

	
0.5

	
−54.3

	
−101.3

	
−47.0

	
−2.7




	
Oat

	
3.3

	
−13.9

	
17.2

	
−355.6

	
455.4

	
811.0

	
−65.3




	
Poppy

	
−7.1

	
−109.1

	
101.9

	
−2391.4

	
−206.7

	
2184.7

	
−66.6




	
Spring barley

	
−1.7

	
−17.1

	
15.4

	
−542.2

	
−198.7

	
343.5

	
−29.4




	
Sugar beet

	
−1.1

	
−0.6

	
−0.5

	
−15.6

	
−122.0

	
−106.4

	
0.7




	
Winter triticale

	
−5.5

	
−22.2

	
16.7

	
787.9

	
−845.4

	
−1633.3

	
−25.9




	
Winter barley

	
−3.8

	
−48.8

	
45.0

	
−1250.1

	
−539.0

	
711.1

	
−14.6




	
Winter rape

	
−6.2

	
−10.9

	
4.8
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