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Abstract

:

This study aims at exploiting research outcomes concerning tillage practices in order to make solutions available to farmers to mitigate negative environmental impact to soils. Two alternative practices have been analysed against conventional full tillage based on data provided by a long-term experiment conducted at the Institute of Soil Science and Plant Cultivation (IUNG) farm in Grabów, Central Poland. Reduced Tillage and Direct Sowing are evaluated against Full Tillage on the basis of socio-economic and environmental criteria. Multi-criteria decision analysis undertaken using the PROMETHEE method provided evidence that the ‘optimal’ maize cultivation system depends on the decision maker’s viewpoint and preferences. In fact, criteria selected and related weights elicited from representative farmers, as well as from an expert agronomist, reveal different viewpoints. Direct sowing was the most preferable for the large farm and expert perspective, whereas in case of small farm reduced tillage ranked first. Prospect theory developed by behavioural economists was incorporated to take into account decision biases. As a matter of fact, based on Prospect Theory-PROMETHEE from the small farm and the expert perspective, the conventional system was now ranked first, while for the large farm, the most preferable practice was still direct sowing.
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1. Introduction


Intensification of cropping systems as a result of the green revolution has increased manifold productivity at the expense of the physical and social environment. Especially in cases of monoculture, exacerbated profits are compensated by harmful environmental impacts and excessive dependence on markets. Numerous research projects have been funded in various countries to seek solutions and to attain efficient alternatives to this issue. Diverse cultivation techniques and crop rotations have been experimented with and suggested for this purpose. Nevertheless, conventional systems persist as mainstream practices, even if the alternative traditional or innovative techniques appear to outperform them in a multiple-criterion decision space.



Maize seems to be a typical example that illustrates the above reasoning. The area cultivated in Poland has more than doubled in the last two decades, reaching almost 1,200,000 hectares, with a 50–50 split between grain and silage use [1]. In recent years, there has been increased interest in its cultivation for silage, especially in the North-Eastern regions of Poland, as it provides green matter yields twice as high as other fodder cereals. However, further expansion of maize cultivation in monoculture will increase greenhouse gas (GHG) emissions, so it is imperative to provide tools to evaluate alternatives. Based on information from an experimental field, we assessed the impact of direct sowing (DS), reduced tillage (RT) and conventional tillage (CT) systems in maize monoculture cultivation on maize yield and soil properties in order to provide documented alternatives to Polish farmers. Significant differences can be observed between DS and CT systems: in CT, maize residues are shredded and turned under, while in DS they are left on the soil surface.



Analysis of sustainability of agricultural practices should be based on simultaneous consideration of economic, environmental and social dimensions. This requires knowledge from different disciplines along with decision support methods that can handle the complexity of the issue taking into account the subjective importance of relevant objectives and goals. Multicriteria methods provide such a framework, with a multitude of applications related to sustainability in agriculture. Among an increasing number of multicriteria algorithms and tools, Sadok et al. published a critical review for the selection of methods suitable for the sustainability assessment of cropping systems [2]. They took into account not only technical criteria from the operations research field but also the specificities related to the application domain; basic features allowing for incommensurability, non-compensation and incomparability are adequately fulfilled by outranking methods. In the context of decision on crop selection by farmers, outranking methods have been applied by various authors in different contexts [3,4,5,6,7]. However, the number and the scope of applications is rather limited; especially where policy-making support is concerned, such models are mainly used to select and rank alternatives and not to evaluate policy measures and/or quantitatively determine support to farmers to implement the chosen alternative.



In this study, the PROMETHEE method is implemented, as it satisfies the prerequisites of Sadok et al., providing two variants: the first allows for incomparability, whereas the second results in a complete preorder of alternatives [2]. Weighting of different preference sets concerning typical stakeholders are determined by means of the Analytical Hierarchy Process (AHP) as suggested in the literature. Moreover, we used this multicriteria algorithm to estimate marginal additional value in one criterion required to reverse ranking. As a matter of fact, the additional farm gross profit (GP) to alternative tillage practices for the farmers is calculated so that they replace CT. This corresponds to the approximate level of environmental support on top of the direct area payment under the current policy scheme.



To make sense when estimating the level of necessary subsidy to incite the farmer to select the benign practices to the environment, a model that approximates real choices needs to be used. For this purpose, we adopted a novel version of PROMETHEE that takes into account findings of the behavioural science and economics, incorporating in the original algorithm elements of the Prospect Theory.



Farmers consider any novelty proposed by farm advisors to be against current knowledge and conventional practices. Being risk averse and operating in an uncertain environment, they feel losses more than equivalent gains. Increasing weather variability and the specificity of maize cultivation oblige particular attention to risk approximated by standard deviation introduced as additional criterion both in the case of profit and of environmental impacts. On the other hand, advances in behavioural economics offer theoretical bases to simulate realistic behaviour so as to reflect the context and peculiarities of the decision makers. As a matter of fact, prospect theory uses cognitive psychology elements to describe the way people select alternatives under risky conditions. Its promoters provide evidence that people think of lotteries, over-evaluating losses versus gains, thus it provides a descriptive model able to reproduce real-life choices instead of searching optimal decisions, identifying as a positive rather than a normative approach. The theory was developed by Daniel Kahneman and Amos Tversky as a psychologically more accurate description of decision making, compared to the expected utility theory [8].



In particular, the elements of reference dependency and loss aversion can be functionally integrated in outranking multi-criteria (MC) algorithms, precisely in PROMETHEE implementing Prospect Theory ideas and guidelines [9]. Thus, a discrete reference alternative incorporating elements of prospect theory is included in the analysis. Loss aversion is then expressed with respect to this reference.



In this study, we apply the above methodology to evaluate and to rank climate change adaptation practices regarding tillage for maize cultivation in Poland. The tillage issue related to maize cultivation sustainability followed by the description of experimental design and outcomes of the field experiment are detailed in the next section. Next, AHP and PROMETHEE algorithms, as well as principles of prospect theory and their integration to PROMETHEE are detailed. Implementation of multicriteria analysis and its results and discussion are presented in Section 3. The conclusive comments completing the paper are presented in Section 4.




2. Materials and Methods


2.1. Sustainability in Maize Cultivation


Research on management of maize cultivation that would reduce energy use and would improve the yield has been carried out for many years. Maize is a crop that can be cultivated in continuous cropping schemes for several years [10]. It can also be cultivated in no-tillage systems with appropriate mulching. Introduction of tillage reduction in maize cultivation systems is mostly done due to economic and environmental considerations [11].



Sustainable Crop Production Intensification (SCPI) assumes efficient and cost-effective agricultural production with adequate productivity growth, while ensuring conservation of resources, reduction of harmful environmental impact, and enhancement of natural capital [12]. Sustainable agriculture aims for the maintenance of environmental health, economic profitability, and social and economic equity. Nowadays, due to growing human needs, there is a need to solve problems related to climate change, increase of biodiversity loss, degradation, and pollution of land and water resources [13]. In accordance with SCPI, farming systems should based on conservation agriculture practices, good seeds of high-yielding varieties, and integral fertilization and pest management based on healthy soils, water and resource efficiency, and integration between crops, trees, pastures and livestock [12]. Nowadays, conservation agriculture is increasingly being promoted by several international research and development organizations [14]. According to the FAO, conservation agriculture (CA) is considered a sustainable production system that can sequester carbon and reduce GHG emissions. CA is also related to lower fuel and repair costs due to the lower number of machines and passes over fields required [15].



The adaptation practices for reducing the negative effect of climate change on agriculture are mainly related to changes in soil tillage systems, which lead to soil moisture improvement and reduction of production costs. Conservational tillage may be introduced for this purpose [16]. In recent years, increasing interest has been paid to the development of conservation tillage systems as alternative management systems. Traditional CT involves inversion of the soil with a disc plough or mouldboard. Conservational tillage refers to low tillage, by not inverting soil, and leaves plant residues (30%) on the soil surface in order to reduce soil erosion and improve soil water storage.RT refers to soil tillage using rotary harrows or grubbers with string roller instead of a plough. The crop is sown to harvest residues after shallower tillage. DS relates to crop sown directly into the soil after Roundup application and no application of tillage since the harvest of the previous crop. Weed control has to be achieved by use of non-selective herbicides [11]. DS leads to the highest saving in costs and energy. In comparison to traditional tillage, DS reduces energy use by 70% [11]. Despite the fact that traditional tillage has certain limitations, such as faster rate of organic matter mineralization, reinforced water erosion and soil density improvement, it is still the dominant way for agriculture cultivation, because it is related to higher yields [17,18,19]. However, nowadays, it is increasingly being seen that reduction in soil tillage practices is not only related to cost, labour, erosion and surface runoff reduction, but also to soil water storage improvement [17,20,21,22].



Innovative practices to replace the dominant tillage system in Poland (the most energy-intensive, expensive and soil-degrading agrotechnical operation) with different soil cultivation techniques (conservation farming) need to be thoroughly monitored and evaluated before implementation in commercial farms. Reduction in tillage systems may drastically reduce yields and economic profitability if crop management is not adequate, e.g., deficient application of herbicides [19]. Alternatives examined in this exercise followed experimental design that ensured agronomic management rules based on state-of-the-art scientific knowledge.



The hypothesis of the field experiment was to investigate the impact of reduced or no tillage on maize yield and related environmental indicators. Due to the fact that the price of agricultural inputs has been increasing more and more, IUNG agronomists have been motivated to study efficient tillage systems by means of long-term experiments. Conservational tillage may reduce costs of production, and at the same time, it may improve environmental dimensions by increasing soil moisture, drainage, and water holding capacity, and decreasing soil erosion and runoff. Regrettably, short-term economic benefits may be counterbalanced by yield reduction caused by an increase in the occurrence of weeds, pests and diseases, as well as additional costs associated with these [14]. Thus, conservational tillage may have positive and negative impacts on crop production, and the choice of the “optimal” cultivation system may be problematic and dependent on point of view. Due to growing production constraints, farmers must integrate information from various fields: economics, environment, society, health, and even geopolitics. This influences in the need for development of the decision support systems (DSSs) with the aim of providing farmers to facilitate decision-making [23], for this purpose MCDM methods may be used.




2.2. Case Study


A long-term field experiment was established in 2004 at the Experimental Station of the Institute of Soil Science and Plant Cultivation—State Research Institute in Grabów, Masovian Voivodeship, Central Poland (51°21′ N, 21°40′ E) to assess the impact of tillage systems in maize monoculture cultivation on maize yield and soil properties. The study area has continental climate with a long-term average annual rainfall of 630 mm. The soil type is lessive soil formed from a light loam. The experiment was designed to compare influence of the following treatments on crop and soil:




	
Maize monoculture—zero tillage (direct sowing, DS)



	
Maize monoculture—reduced tillage, RT



	
Maize monoculture—full ploughing tillage, conventional tillage, CT








On many large-size farms, maize grown under continuous schemes with several years’ duration was observed more frequently than short maize monoculture schemes. In monocultures, instead of removing the straw from the field (after cob’s harvesting) for fodder, maize residues are rather shredded and turned under (CT) or left on the soil surface (DS, RT). In this practice, almost half of the produced biomass returns to the soil, improving soil organic substance and nutrient content [10].



The analysed alternatives of maize cultivation practices differ in materials and operations used (Table 1). In all cases, cv LG.30.260 was seeded at an amount of 30 kg ha−1. Especially for DS, a precision maize planter was used. In all maize cultivation practices, nitrogen, phosphorus and potassium was applied at a rate of 140 kg N ha−1 (70 + 70), 80 kg P2O5 ha−1 and 125 kg K2O ha−1, respectively [10]. In the case of plant protection of maize, in all cultivation practices, herbicide (Maister 310 WG) at an amount of 1.5 L ha−1 was dosed with Actirob 842 EC (2 L ha−1). In DS and RT, two kinds of herbicides were additionally applied (Roundup 360 SL, Reglone 200 SL) at amounts of 3 L ha−1 each. The analysed cultivation practices, besides their materials, differ in the kind of and number of operations. In DS, only disk cultivation was performed, in RT, and CT there were two cultivation operations. In all practices, fertilisers were applied three times (one PK and two N fertilisation applications). Plant protection products were implemented once in CT, while in DS and RT systems they were applied three times. Long-term experimental data allow for consideration of variability in yields. Thus, DS yields give averages of 6.41 and 13.34 t ha−1 (with standard deviations of 2.26 and 3.34 t ha−1) for grain (at 15% moisture level) and dry matter, respectively. Full tillage average yield amounts at 7.3 and 14.98 t ha−1 for grain (at 15% moisture level) and dry matter, respectively (with standard deviations are higher amounting at 3.89 and 4.84 t ha−1 for grain and dry matter, respectively). RT average yield amounts to 7.95 and 14.78 t ha−1 for grain (at 15% moisture level) and dry matter, respectively (with standard deviations of 4.45 and 5.89 t ha−1 for grain and dry matter, respectively). Calculations on DS and CT practices are based on the 2004–2016 time series; the RT experiment was started in 2013, so the data set refers to four harvests only.




2.3. Setting Criteria for Decision Making


The overall objective is to provide evidence regarding tillage practices for the sustainable cultivation of maize in Poland. Sustainability refers to the long-term survival of a system; thus, environmental goals (i.e., protection of soil and water resources and climate change mitigation) should be pursued in parallel to social and economic objectives by farm businesses and agricultural households (i.e., increase farm income, reduce energy consumption, working time and labour costs). A picture of conflicting objectives is thus drawn with respect to appropriate methods to determine the most efficient compromise alternatives ensuring sustainability.



In this study, we adopted a comprehensive set of 6 criteria, two for each of three dimensions, namely environmental, financial and socio-economic ones. Criteria were selected after consultation with farmers and experts related to environmental, economic and social issues, and drilling information from scientific field experiments. There is evidence that various stakeholders attach different importance to criteria, or may select different criteria altogether, with experts and farmers placing more weight on financial and economic objectives, while policy makers and the public emphasize social and environmental priorities [26]. The multicriteria analysis process enhances the dialogue between agricultural policy makers, environmentalist and farmers, facilitating the search of a compromise solution.



2.3.1. Environmental Criteria


Soil organic carbon (SOC), measured in percentage. According to EU soil strategy of 2002, maintain of soil organic matter is one of the major tenets in prevention of soil erosion [10]. Soil organic matter has significant influence on water retention capacity. Changes in soil organic matter caused by reduction of soil tillage practices have been already presented [27]. Higher indicator values designate more sustainable farms in terms of maintaining soil fertility.



Soil moisture (SM), measured in %, v/v. Parcels with higher SM are more sustainable than others. The changes in soil tillage systems may lead to soil moisture improvement. Conservational tillage may be introduced for this purpose [16]. In previous studies, soil moisture under no-tillage (NT) and RT systems was higher than in traditional tillage systems [21,28,29,30].




2.3.2. Financial Criteria


Mean gross profit (GP), in euro. Gross profit is used instead of net profit; thus, we do not consider depreciation of durable goods because we compare different versions of the same crop, and the machinery used is readily available in arable farms, and pieces of machinery not available are rented.



Standard deviation gross profit (SD), measured in euro is the dispersion measure used to take into account time series of 10 annual average yields provided by experimental fields. The lower the standard deviation, the higher the farm’s income stability and, consequently, economic sustainability.




2.3.3. Socio-Economic Criteria


Labour, in hours, of the “more is better” kind from the social point of view (higher numbers of jobs are desirable) and the “more is worse” kind from the economical perspective. Small versus large farms offer different viewpoints regarding labour.



Fuel, in litres. Energy contained in inputs mainly concerns tillage, one of the major energy demanding operations in arable cultivation. The higher the values of energy consumed the less profitable, the higher GHG emissions to the atmosphere and the more dependent on oil imports is the agricultural activity. This is a multifaceted indicator; thus, we classify it as a socio-economic one.





2.4. Multicriteria Decision Analysis Methodology


An integrated approach for the decision-making problem is followed that combines the Analytical Hierarchy Process (AHP) and the Preference Ranking Organization Method for Enrichment Evaluations (PROMETHEE) in order to achieve operational synergies [31]. AHP facilitates criteria ranking and weighting, then preferences are conveyed to PROMETHEE to select the most efficient alternative for the decision-maker [32]. Thus, sustainability evaluation of different maize tillage practices is performed by means of multicriteria techniques. The sequence described in Figure 1 is detailed in four steps:




	
Selection of objectives or attributes and related indicators



	
Determination of relative importance (weights) of indicators selected



	
Ranking of tillage practices from different viewpoints



	
Exploration of financial incentives to improve sustainability








2.4.1. The Analytic Hierarchy Process (AHP) Method


We opted to explore the set of examined alternatives in light of two distinct viewpoints corresponding to the farmers and the policy makers. The weights of the abovementioned criteria were determined based on a questionnaire (AHP, [33]). Weights correspond to trade-offs across indicators measuring decision makers’ willingness to forego a given variable in exchange for another.



The decision makers’ answers to the series of pairwise questions “How important is criterion A relative to criterion B?” is the main input to the AHP method. Responses are attributed to a nine-point intensity scale, from 1 (equally important), through 3 (moderately more important), 5 (strongly more important) and 7 (very strongly more important) to 9 (overwhelmingly more important). The results are represented in a comparison matrix where    a  i i   = 1   and    a  i j   = 1 /  a  j i    . The matrix of the pairwise comparisons would be   A =  [   a  i j    ]   , and according to Saaty, the vector of weights is the solution of the eigenvalue problem   A w =  λ  max   w   with     ∑  i   w i  = 1   and    λ  m a x     greater or equal to n (the rank of the matrix A) [34]. After normalization of the eigenvector corresponding to the largest eigenvalue, the weights are determined. A close approximation of the eigenvector is provided by the logarithmic least squares method, implying calculation of the normalised row geometric means. The local priority of each element is obtained by the normalization (distributive mode) of the row geometric mean associated with this element in the positive reciprocal matrix A [35]. The weights are calculated by the function:


   w i  =      (    ∏   j = 1  n   w  i j    )     1 n        ∑   i = 1  n     (    ∏   j = 1  n   w  i j    )     1 n       



(1)







By default, judgments of pairwise comparison matrix elements do not present perfect consistency; nevertheless, natural inconsistency should vary within reasonable limits. A consistency ratio (CR) is calculated for this purpose. Given that perfect consistency would result in    λ  max     equal to n, Saaty suggested considering their difference divided by n minus one; in other words, the average of remaining eigenvalues, thus   CI =    λ  max   − 1   n − 1     [33]. The CR is calculated by dividing the CI by the mean random CI generated by large samples of purely random judgments. According to Saaty, the suggested rule of thumb is that CR should not exceed 0.1 [33], with some authors tolerating values of up to 0.2 [36]. The use of the right eigenvector method is associated with the possible occurrence of the rank reversal paradox. The rank reversal problem in AHP/ANP lies in the fact that solving the decision problem using the right eigenvector method should give a reverse to the ranking obtained using the left eigenvector method. The geometric mean is free from this disadvantage [37]. Additionally, according to Aguaron and Moreno-Jimenez, the consistency ratio should be calculated in such way that it is adapted to the geometric mean. The method of calculating the geometric consistency ratio (GCI) and corresponding approximated thresholds, as explained in [38] (the corresponding thresholds for GCI are 0.31 for n = 3, 0.35 for n = 4 and 0.37 for n > 4).




2.4.2. Overview and Taxonomy of PROMETHEE Methods


Among the several methods of multicriteria decision-making aids, outranking methods have presented a rapid development during the last decade because of their adaptability to the poor structure of most real decision situations. The PROMETHEE method, which is among the most known and widely applied outranking methods, consists of the construction of an outranking relation through the pairwise comparison of the examined alternatives in each separate criterion [39]. By introducing several types of criteria, PROMETHEE allows for an enrichment of preference structures that is suitable for handling uncertainty or imprecision characterising ill-structured problems. It namely suggests six types of generalised criteria accepting thresholds for delimiting the indifference and preference area, as well as intermediate preference states.



Let N be the set of alternatives and M be the set of criteria. A preference function is defined through the pairwise comparison of the alternatives in each criterion j as:


   P j   (  N × N  )  → 〉 0 , 1 〈   j ∈ M  



(2)







For two alternatives a and b in N we have [40]:



   P j   (  a , b  )  = 0   ⇨ Indifference between a and b or an outranking of b over a in the j-th criterion



   P j   (  a , b  )  ~ 0   ⇨ Weak preference of a over b in the j-th criterion



   P j   (  a , b  )  ~ 1   ⇨ Strong preference of a over b in the j-th criterion



   P j   (  a , b  )  = 1   ⇨ Strict preference of a over b in the j-th criterion



The preference function is a non-decreasing function of the difference dj between the performances of the two alternatives in j-th criterion:


     d j  =  {       p  a j   −  p  b j         0             i f    p  a j   ≥  p  b j         o t h e r w i s e        



(3)






   P j   (  a , b  )  = f  (   d j   )   



(4)




where paj and pbj are the performance of alternatives a and b in j-th criterion. It must be noted that the above relation holds if j is a maximization criterion; if it is a minimization criterion, we must reverse the signs of paj and pbj and then apply Equation (3).



The functional form of f is decided by the decision maker. Six types of functional forms are available, and they are called generalised criteria or pseudo-criteria. Three kinds of parameters are defined: the indifference parameter (q), the strict preference parameter (p) and the Gaussian parameter (σ). The type of each criterion, as well as the values of the parameters (q, p and σ), is decided by the decision maker. The multicriteria preference index of alternative a over alternative b is defined by weighting the calculated preference functions    P j   (  a , b  )    according to the weights of importance (wj) the decision maker is attaching to each criterion as follows:


    ∏  (  a , b  )  =     ∑   j = 1  m   w j  ×  P j   (  a , b  )      ∑   j = 1  m   w j     



(5)




where m is the number of criteria. The multicriteria preference index   Π  (  a , b  )     represents the intensity of preference of alternative a over alternative b as perceived by this decision maker. By repeating this procedure for every pair of alternatives we obtain a   n × n   m a t r i x   (  n = number   of   alternatives , n = c a r d  ( N )   ) with all the preference indices   Π  (  j , k  )    values.



It must be noted that the above square matrix is not symmetrical (  Π  (  a , b  )    ≠ Π  (  b , a  )    in general). The row sum of this matrix gives the outranking character of the corresponding alternative while the column sum gives the outranked character of the corresponding alternative. That is, the greater the row sum (or leaving flow) of alternative a, the better it is in comparison with the other alternatives. On the contrary, the greater the column sum (or entering flow) of alternative a, the worse it is in comparison with the other alternatives.



The leaving and entering flows for alternative a are defined as follows:


    leaving   flow :  φ +  =   ∑   i = 1  n  Π  (  a , i  )   



(6)






  entering   flow :  φ −  =   ∑   i = 1  n  Π  (  i , a  )   



(7)







By combining the rankings provided on the basis of the leaving and entering flows we obtain a partial preordering of the alternatives (PROMETHEE I), which accepts incomparabilities among some actions. According to the partial preorder, an alternative a outranks alternative b if    φ +   ( a )  ≥  φ +   ( b )    and    φ −   ( a )  ≤  φ −   ( b )    with at least one strict inequality; or if    φ +   ( a )  =  φ +   ( b )    and    φ −   ( a )  =  φ −   ( b )   , then a is indifferent to b and a is incomparable to b in any other case. Incomparability usually arises when an alternative a is good on a set of criteria on which b is weak and, reciprocally, b is good on another set of criteria on which a is weak. It is clear that such a situation very often happens in real-world decision problems.



To obtain the complete preorder of the examined alternatives (PROMETHEE II), the net flows are calculated as the difference between leaving and entering flows:


  net   flow : φ  ( a )  =  φ +   ( a )  −  φ −   ( a )   



(8)







In this case, alternative a outranks b if   φ  ( a )  > φ  ( b )    and a is indifferent to b if   φ  ( a )  = φ  ( b )   . Consequently, PROMETHEE II allows for a complete ranking of the examined alternatives in decreasing order of preference.



Along with the applications of the PROMETHEE method in various fields, there are also new methodological modifications of the method. For example, in the case of the environmental assessment of production techniques, PROMETHEE has been adopted towards the evaluation of fuzzy data on preferences, scores and weights [41]. The next example is the evaluation of alternative energy exploitation scenarios for the development of local resources, in this case the PROMETHEE method is extended to deal with fuzzy input data, too [42]. The next approach that exploits the fuzziness of objects and the hesitant thinking of decision makers is presented in [43], where the PROMETHEE method integrates some elements of thermodynamics and cumulative prospect theory. By referring to cumulative prospect theory, decision maker’s psychological behaviour is reflected, while hesitant fuzzy linguistic energy and exergy reflect the quantity and quality of available decision-making information. For the sake of simplicity and clarity of the computational procedure in fuzzy PROMETHEE, a new fuzzy MCDM method called the New Easy Approach to Fuzzy PROMETHEE (NEAT F-PROMETHEE) is introduced. It is characterized by low complexity in dealing with fuzzy numbers and by consistency with the methodological assumptions of the classical PROMETHEE method [44]. Another generalization of PROMETHEE method deals with the case of the hierarchical structure of criteria, and is proposed in [45]. By means of Robust Ordinal Regression, in addition to the final ranking of alternatives, it is possible to determine preferences on the different levels of the criteria structure; the results are more compatible with the preference information elicited by the decision maker. The next modification is PROSA [46], which is the PROMETHEE method for Sustainability Assessment. PROSA aims to fulfil the postulate of strong sustainability by limiting the negative effect of linear compensation of criteria. A dynamic decision support method based on the PROMETHEE in an online environment framework was proposed in [47].




2.4.3. Integration of Prospect Theory to PROMETHEE


There have already been attempts to integrate prospect theory into the PROMETHEE method. The reference points and loss aversion for alternative attributes are incorporated into the preference functions used in pairwise comparisons in PROMETHEE. Fan et al. introduced a new preference function with reference to the analytical formula for the value function in prospect theory, and the V-shape preference function with indifference threshold (Type 5 in PROMETHEE) [48]. Lerche and Geldermann modified all 6 types of preference function in PROMETHEE by adjusting the slope for negative difference in the attribute values [9].



As both the preference functions and the value function of prospect theory are defined with respect to differences, preference functions seem to be advantageous in terms of incorporating loss aversion reasonably well. In prospect theory, loss aversion is represented by a steeper slope for losses within the value function. The degree of loss aversion is determined by the coefficient   λ = 2.25  , which was estimated by Tversky and Kahneman in their experimental decision making study [49]. Instead of an S-shape value function, for simplicity, the piecewise-linear value function of prospect theory


    v  ( x )  =  {      x ,   x ≥ 0       λ x ,   x < 0        



(9)




is transferred into PROMETHEE, where we consider the preference function of Type III (V shape):


  f  ( x )  =  {      0 ,     x < 0        x p  ,    0 ≤ x ≤ p       1 ,     x > p        



(10)







The loss aversion coefficient is incorporated by using   λ x   instead of argument  x  in classical preference function, which leads to new preference functions in the domain of losses:


   f  L O S S    ( x )  =  {      0 ,     x < 0        x  p / λ   ,    0 ≤ x ≤ p / λ       1 ,     x > p / λ        



(11)







Loss aversion causes decision makers to be more sensitive to changes, i.e., if before the preference threshold was equal to p, then due to the steeper function in the domain of losses, the preference threshold will be reached earlier, at   p / λ   (this results from equation     λ x  p  = 1  ). The same procedure can also be used in the case of the other five generalized criteria according to Brans et al. [39], adjusting the thresholds p, q and σ by dividing by λ and replacing an argument in the preference function by   λ x  .



Based on the defined reference alternative, the aspect of loss aversion can be integrated into PROMETHEE. As shown by Fan et al., a loss or gain property of an outcome has an asymmetrical impact on its desirability/undesirability with respect to the reference point, and this effect should be considered when determining preferences in PROMETHEE [48]. Within the common procedure of PROMETHEE, we consider preferences between alternatives by specifying the preference function, which is a value between 0 and 1, and by defining the direction for the optimization of a given criterion. There is no loss idea in the common procedure (for negative arguments, the preference function given by Formula (3) is equal to zero). We believe that loss aversion should be introduced by using a modified preference function    f  L O S S     in pairwise comparisons in cases where the first alternative is a reference point. This is related to reluctance to change from the reference state, which can be observed in many decision-maker groups. If the reference point is the status quo, then the reluctance to change is called the status quo effect. However, selection, as proposed in the literature in reference points, has advantages and disadvantages. The status quo is relatively easy to determine and is comprehensible for the decision maker, although it eventually neglects some of the expectations or requirements with respect to the overall goal. In cases where expectations are considered a reference point, then any alternative compared with the expectation state will be considered a loss, analogously for minimal requirements.



The elements of reference dependency and loss aversion incorporated into the PROMETHEE method can be used to analyse the status quo effect in multicriteria decisions. We propose the following modification of the PROMETHEE method: (1) status quo is considered to be the reference point, and (2) modifications with regard to loss aversion preference functions are used only in pairwise comparison, where the first alternative is a reference point. Proposed modification is called PT-PROMETHEE, and it shows the status quo effect in multi-criteria decisions. For the purpose of illustrating PT-PROMETHEE, we iteratively selected as reference alternatives all alternatives of the example of hydropower investment from the seminal paper as a benchmark. Performance matrix and parameters for PROMETHEEE and PT-PROMETHEE are shown in Table 2.



One can observe in Table 3 that when an alternative is considered to be a reference benchmark, its position in the final ranking is improved by at least one step, with only one exception (alternative 2). Thus, alternative 1 ranks 5 instead of 6, alternative 3 ranks 4 instead of 5, alternative 4 ranks second instead of third and alternative 6 ranks second instead of fourth when there is no reference. This finding supports the hypothesis of inertia when compared to the status quo.






3. Results and Discussion


3.1. Indicators Performance and Implementation of Multicriteria Analysis


RT and DS may cause negative effects on chemical and physical soil properties, while it can have positive effects on SOC in the surface soil layer [18]. Gałązka et al. analysed SOC in different maize cultivation practices similar to the one in the experimental field [50]. The results obtained show that SOC was lower in RT with regard to CT by 3%. SM values in different maize cultivation practices from the same experimental field were presented by Bojarszczuk et al. [51]. This study shows that SM was significantly higher in DS by 8% and lower in RT by 12% than in CT.



The mean GP for different maize cultivation practices was estimated by means of spreadsheet calculations. Previous studies show that DS and RT caused in total dry matter of maize yield decrease [18,28], while Dzienia et al. indicate that conservational tillages can significantly reduce costs related to the production (energy and labour requirements) [17]. Reduction in soil tillage may result in additional need for chemical plant protection application (due to intense weed growth), which is also related to cost increase. Mean GP, estimated for different maize cultivation practices based on 2004–2016 data, was lower in CT than in RT by 5% and higher than in DS by 20%. The standard deviation (SD) of gross profit was higher in RT by 15% and lower in DS by 42%, with regard to full tillage, as demonstrated by the fact that mitigation practices may improve yield (agriculture production) stability [52]. Fuel consumption is estimated for different maize cultivation practices. The fuel consumption was higher by 24% in RT and by 32% in DS than with CT.



The performance matrix (Table 4) shows differences and potential trade-offs between analysed maize cultivation managements. Criteria retained are (1) expected gross margin, (2) standard deviation of gross margin, (3) fuel consumption, (4) labour use in hours, (5) soil moisture, and (6) organic matter in soil.



As we observe in Table 4 all three alternative tillage practices are non-dominated or Pareto efficient: the mean gross profit was higher in RT and full tillage than in DS management. The lowest risk was obtained in the DS system, as well. The lowest fuel consumption was observed in DS and RT, caused by a reduction in the number of soil tillage operations. In terms of different alternatives, demand for labour differed between them, with the lowest labour need being observed in DS and the highest in CT. As presented in Section 2.1, the highest SM was observed in DS and then in RT. The lowest SM was observed in full tillage.



Criteria types and corresponding threshold parameters appear in the lower part of Table 4, as well. Our stylized model assumes three decision makers, the expert/policy maker, a large business farmer and a small farmer. The direction of criteria as they appear in Table 4 (that is, to maximize mean GP (column 1), SM (5) and SOC (6), and to minimize SD of GM, (3) fuel consumption, (4) labour use in hours) identifies the preferences of the business (large) farmer, whereas policy makers perceive labour as a social indicator to be maximised. Regarding small farmers, not surprisingly, since family labour available is usually redundant with regard to crop cultivation requirements, they would prefer to maximise labour. Moreover, small farmers do not include in their selection criteria environmental performance (SM and SOC), so their decisions are based upon four instead of six criteria.




3.2. Implementation of PT-PROMETHEE


Based on these assumptions, and using threshold parameters and data from the payoff matrix, we implemented PROMETHEE II, resulting in total φ shown in Table 5, denoting the pecking order in the ranking of alternatives. For each viewpoint, the first column denotes the PROMETHEE II outcome and the next one shows the variant PROMETHEE—PT (Prospect Theory). This column takes into account realistic behaviour assumptions, so ranking results are presumably closer to the mind of the decision maker. As a matter of fact, PROMETHEE II suggests that either DS or RT is preferable as the first choice for large farms and expert/policy makers and small farms, respectively. In such a case, it would be difficult to explain why most farmers follow CT. From any point of view, the typical practice of farm businesses is not compatible with the suggestions of multicriteria analysis. A plausible explanation would be that one or more assumptions on PROMETHEE parameters and/or weighting are not correct. However, weights are subjective, and they have been estimated by means of questionnaires based on the AHP method collected by three individuals belonging to the designed categories as examples. PROMETHEE parameters (thresholds) are determined based on the performance values corresponding to criteria keeping them the same for all three decision makers. This counterfactual result is due to the very good performance of DS in 3 criteria; at the same time, it means that farmers do not follow the PROMETHEE rationality. As a matter of fact, most often, farmers apply full (conventional) tillage, being their second choice, while few practice RT. For this reason, we implemented the modified PROMETHEE injecting the prospect theory rationale. When we integrate prospect theory elements, namely set “conventional tillage” as the reference alternative and subsequent loss aversion perception as explained in the methodology section in the PROMETHEE preference functions, we observe that the recalculated φ values result in different ranking.



In fact, as shown in Table 5 and Table 6, one can observe a rank reversal in two cases (small farm and expert/policy maker), where CT gets the highest φ; in other words, it becomes the preferable alternative.



In the case of the policy maker viewpoint, the modification of preference index calculation alters two partial preference indices. The criterion “mean gross profit”   Π  (  C T , D S  )    increases to 0.336 from 0.167, so there is a weak preference for CT over DS due to a difference of 120.71 in gross profit; and the criterion “standard deviation of gross profit”   Π  (  C T , R T  )    increases to 1 from 0.273, so there is a weak preference for CT over RT due to a reduced GP variation of 77.25 (−528.92 + 606.17), making it a strict preference. Subsequent changes in entering and leaving flows combined with the preference structure and weights result in overall phi value changes that reverse the rank in favour of the status quo.



In the case of the small farm viewpoint, the fact that environmental criteria are given zero weight, so that they are not considered at all by the small farmer in cultivation practice, the modified preference structure and weight values ranked RT first, with full tillage second. With the PT modification in PROMETHEE affecting the same preference indices as previously, different weights result in higher overall phi values for full tillage, and rank reversal between RT and CT, with the latter amounting to 0.300 (second column in Table 5).




3.3. Policy Analysis by Means of PROMETHEE


Rozakis [53] observes two caveats in multicriteria decision making analysis with regard to environmental problems: firstly, criteria related to environmental dimensions as suggested by scientists are in fact not necessarily adopted by private agents in their decision problems; and secondly, that models used in decision making are most often managerial ones whose optimal solutions do not approximate the observed behaviour of the decision makers in the field. These points are taken into account in this exercise, the first one by arbitrarily selecting two distinct farmer viewpoints in addition to the one of expert/policy maker. Secondly, we emphasize the positive dimension in PROMETHEE by injecting the prospect theory rationale.



There is evidence that the ranking provided by PT-PROMETHEE better reproduces farmers’ behaviour; therefore, we can proceed to policy analysis. In the case of small farmer, we can determine the subsidy (increase to gross income per ha) so that the value of φ for DS and/or RT to outrank CT. We calculate it by means of simulations using the feature Goalseek in a MS Excel spreadsheet. As a matter of fact, we search how much the gross income of alternative tillage practice (DS or RT) should increase on top of the Basic Payment (currently at 220 euro per ha) so that   φ  (  a l t e r n a t i v e   t i l l a g e  )  =  φ  i n i t i a l    (  C T  )  + ε  . Iterative approximation by GoalSeek suggests about 288 and 62 euro per ha for DS and RT, respectively. We observe, however, in Table 6, that after subsidizing, for instance, RT, the value of φ becomes much higher compared to the new φ value of CT. For this reason, we modified the formula in order to determine the minimum subsidy amount necessary to prefer alternative tillage; in other words, the amount that makes the difference   φ  (  a l t e r n a t i v e   t i l l a g e  )  −  φ  i n i t i a l    (  C T  )  > ε  . In this case, required subsidies become about 200 and 51 euro per ha (see in last two columns in Table 6) for DS and RT respectively, that is a significant decrease from previously estimated minimum additional support.




3.4. Challenges


In the face of the variation of agricultural practices that may influence maize sustainability, broader evaluation of maize cultivation practices in different contexts may be useful for determination of the full picture of such systems. For instance, level of fertilization and pesticide use, as well as site-specific factors (soil, climatic conditions), may influence the differences obtained in the same tillage system. Integral soil fertilization aims to fertilization adjust to soil type, planting rate, seed type and moisture regime. Some studies show that maize yield may be increased by hybrid seed use, adapted to local or regional soils and climatic requirements. Conservation agriculture and minimum tillage are defined as improved tillage methods, combining the advantages of conservation of soil moisture, mulching by crop stover and crop rotations [54]. Irrigation is pointed out as a practice that can mitigate drought impacts and ensure the stability of yield. Regrettably, irrigation has not been widely used in Poland due to unfavourable economic and infrastructural conditions [55]. It is important to ensure that there is spatial variation of agricultural environments due to different climate and soil conditions, and also consumer and producer preferences [56].



Due to climate change, instability may be observed in the sustainability of maize cultivation. The main risks in agricultural production related to the crop yield variability are weather conditions [57]. According to many climate models, air temperature, wind speed increase and precipitation sum in summer are predicted to decrease in the northern hemisphere [52]. Climate change, in some European countries, could have a negative impact on crop production due to air temperature that is too high, and frequent droughts [58]. Due to climate change in Poland, more and more harmful and unfavourable weather phenomena have been occurring, which has been driving the climate risk for crop cultivation. This includes droughts, which are becoming increasingly frequent [55]. On the other hand, it has been shown that yield may be increased due to better agronomic management, new seeds, better use of fertilizers and mechanization [59].



In addition to agricultural practices, the significant impacts of soil type, microclimate and weather conditions on maize yield have been observed. In Poland, considerable variation in maize yield was observed between regions. In South-Eastern Poland there are more suitable climatic conditions for maize cultivation than in Northern Poland, where heat shortage is still the main limitation on maize production [60]. It has been shown that climate change and projected temperature increase may have a significant influence on crop phenology and agricultural production. Marcinowski et al. established that sowing and harvest date will accelerate in time by 30 days for maize due to the projected warmer climate. Spatial variation between regions has also been shown; in the North-East, the sowing/harvest date is delayed, while in the South-West, it is advanced [61]. Nieróbca et al. analysed weather maize yield index (WI) for Puławy (near to the experimental site) and showed that the climatic conditions for maize cultivation have been improving [60]. Therefore, maize cultivation in Poland has demonstrated associated risks which may be minimised by appropriate decisions in selecting suitable varieties [62].



Decision support systems may be supported by the Geographical Information System (GIS), crop models (e.g., DDSSAT, APSIM) and portals. There is the possibility to indicate suitable areas for maize planting based on a GIS system approach in combination with multicriteria evaluation by using hyper-resolution data of climate (precipitation and temperature) and soil conditions, as well as topography [63]. FACE-IT (Framework to Advance Climate, Economic, and Impact Investigations with IT) may support decisions by providing easy access to data, simulation models, and analysis tools [64].





4. Conclusions


In the presence of multidimensional problems, the exploitation of long-term experiments is of high importance. Especially in agriculture, because of the dependence on climate and pedological conditions, well-designed and -monitored pilot cultivations can provide valuable data for this purpose. Such data, along with agronomic knowledge, are elaborated with reference to different tillage practices in Central Poland. Detailed accounts made it possible to measure indicators for a coherent family of criteria, namely financial, social and environmental ones. The outranking methodology was selected as being compatible with incommensurability and non-compensation; specifically, PROMETHEE has been implemented since the eighties in similar and other problems. PROMETHEE was selected for the additional reason of capacity to accommodate advances in behavioural decision making in order to respond to the positive aspect of decision modelling. A recently proposed [9] variant of PROMETHEE was implemented, adding elements of prospect theory to its algorithm enhancing the positive aspect of the model.



The most preferred alternative based on the ranking by the original PROMETHEE II was DS from the expert/policy maker and large farm viewpoint, whereas the RT was preferred by the small farmer. Such a result is puzzling, because the alternative CT, although most often chosen by farmers, is never ranked first. The inclusion of full tillage as the reference point in PT-PROMETHEE reversed the selection ranking for the small farmer and the expert. The status quo effect is related to farmers’ reluctance to change, due to the fear of potential losses of new alternatives within any criterion. The result of PT-PROMETHEE illustrates Polish farmers’ decisions, thus enabling the analyst to analyse incentives for the farmers to select sustainable overall and also environmental friendly cropping practices.



The findings of this exercise can be generalised in order to come up with coherent policy suggestions concerning tillage practices in maize and other important crops. For this purpose, experimental farm research outcome supported by relevant literature and appropriate data should be projected at the region and/or at the country level. In addition, survey data from groups of representative farmers and other stakeholders need to be collected so that selection and weighting of criteria to be exhaustive and representative so as to enable multiactor multicriteria analysis.
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Figure 1. Outline of the methodological approach. 
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Table 1. Materials and operations applied in different maize cultivation practices.
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	DS
	RT
	CT





	Seeds (kg ha−1)
	30
	30
	30



	N fertilisers (kg ha−1)
	140
	140
	140



	P2O5 fertilisers (kg ha−1)
	80
	80
	80



	K2O5 fertilisers (kg ha−1)
	125
	125
	125



	Fungicides (L ha−1)
	0
	0
	0



	Herbicides (L ha−1)
	9.5
	9.5
	3.5



	Grown regulator (L ha−1)
	0
	0
	0



	Fuel (L ha−1)
	60
	71
	80



	Cultivation
	1
	3
	3



	Manure fertilisation
	0
	0
	0



	PK fertilisation
	1
	1
	1



	N fertilisation
	2
	2
	2



	Plant protection
	3
	3
	1







Source: [24,25], www.lcagri.pl: Research to support for low-carbon agriculture to adapt to observed climate change in the horizon 2050.
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Table 2. Performance matrix and parameters for PROMETHEEE and PT-PROMETHEE.
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	Criteria
	f1
	f2
	f3
	f4
	f5
	f6





	Alternative 1
	80
	90
	6
	5.4
	8
	5



	Alternative 2
	65
	58
	2
	9.7
	1
	1



	Alternative 3
	83
	60
	4
	7.2
	4
	7



	Alternative 4
	40
	80
	10
	7.5
	7
	10



	Alternative 5
	52
	72
	6
	2
	3
	8



	Alternative 6
	94
	96
	7
	3.6
	5
	6



	direction
	min
	max
	min
	min
	min
	max



	type
	2
	3
	5
	4
	1
	6



	q (or s)
	10
	
	0.5
	1
	
	5



	p
	
	30
	5
	6
	
	



	PT: q or s for λ = 2.25
	4.444
	
	0.222
	0.444
	
	5



	PT: p for λ = 2.25
	
	13.333
	2.222
	2.667
	
	







Criteria: f1—npower. f2—power (MW). f3—construction cost ($109), f4—maintenance cost ($106). f5—number of villages to evacuate, f6—security level.
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Table 3. Results of parametric calculation.
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Alternatives

	
Φ

	
Ranking with No Reference Alternative

	
Ranking with Reference Alternative




	
1

	
2

	
3

	
4

	
5

	
6






	
1

	
−0.728

	
6

	
5

	
6

	
6

	
6

	
6

	
6




	
2

	
0.086

	
2

	
2

	
2

	
2

	
3

	
2

	
3




	
3

	
−0.448

	
5

	
6

	
5

	
4

	
5

	
5

	
5




	
4

	
−0.100

	
3

	
3

	
3

	
3

	
2

	
3

	
4




	
5

	
1.464

	
1

	
1

	
1

	
1

	
1

	
1

	
1




	
6

	
−0.274

	
4

	
4

	
4

	
5

	
4

	
4

	
2
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Table 4. Performance matrix and PROMETHEE parameters.
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	Cultivation Method
	Mean GP
	SD of GP
	Fuel
	Labour
	SM
	SOC





	
	euro
	euro
	litres
	hours
	%, v/v
	%



	DS
	497.77
	307.36
	65.11
	3.44
	16.3
	0.70



	RT
	652.44
	606.17
	73.08
	4.72
	13.3
	0.67



	CT
	618.48
	528.92
	96.10
	6.34
	15.1
	0.69



	Criterion type
	6
	5
	4
	2
	3
	1



	threshold q (or s)
	250
	50
	5
	1
	
	



	threshold p
	
	150
	20
	
	1.5
	



	threshold PT: q (or s)
	*
	22.22
	2.22
	0.44
	
	



	threshold PT: p
	
	66.67
	8.89
	
	0.66
	



	Direction (large farm)
	Max
	Min
	Min
	Min
	Max
	Max



	Weight (large farm)
	41
	4
	19
	18
	7
	10



	Direction (expert & small farm)
	Max
	Min
	Min
	Max
	Max
	Max



	Weight (expert)
	41
	4
	19
	18
	7
	10



	Weight (small farm)
	66
	6
	12
	16
	0
	0







Modification based on lambda incorporated in the Gaussian function.
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Table 5. Calculated φ and ranking of alternatives by PROMETHEE II and PT-PROMETHEE.
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Scenario

	
Private Business

(Small Farm)

	
Private Business

(Large Farm)

	
Policy Maker

(Expert)




	
PROMETHEE Version

	
II

	
II-PT

	
II

	
II-PT

	
II

	
II-PT






	
DS

	
−0.305

	
−0.417

	
0.897

	
0.826

	
0.163

	
0.093




	
RT

	
0.161

	
0.115

	
−0.188

	
−0.219

	
−0.188

	
−0.219




	
CT

	
0.144

	
0.300

	
−0.709

	
−0.608

	
0.025

	
0.125
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Table 6. Ranking of alternatives by PT-PROMETHEE in the presence of incentives (values of φ).
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Scenario

	
Private Business

(Small Farm)

	
Private Business

	
Subsidy to Reduce Tillage

	
Private Business

	
Subsidy to Reduce Tillage




	
PROMETHEE Version

	
Base Case

	

	
DS GM +288.28

	
RT GM +62.14

	
DS GM +199.39

	
RT GM +50.78






	
DS

	
−0.305

	
−0.417

	
0.301

	
−0.539

	
0.040

	
−0.516




	
RT

	
0.161

	
0.115

	
−0.185

	
0.301

	
−0.070

	
0.263




	
CT

	
0.144

	
0.300

	
−0.116

	
0.238

	
0.030

	
0.253
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