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Abstract

:

The use of mulching in agriculture suppresses the weeds around crop plants, enhances the nutrients status of soil, controls the soil structure and temperature, and reduces soil water evaporation. Excessive use of low-density polyethylene mulches is contributing to the accumulation of high amounts of plastic wastes, an environmental problem for agricultural ecosystems. Fragments of plastic from such wastes can be found in soils, in water resources, and in organisms, including humans. The objective of this work was to study the economic viability of the use of different hydromulches in an artichoke crop. Three blends were prepared by mixing paper pulp (recycled from used paper) and cardboard (from paper mills) with different additives: wheat straw (WS), rice hulls (RH), and substrate used for mushroom cultivation (MS). These were compared with low-density polyethylene (Pe), a treatment without mulching on bare soil where hand weeding was performed (HW), and a treatment without mulching on bare soil where herbicide was applied (H). The results indicate that the use of hydromulch in an artichoke crop represents a good alternative for reducing plastic waste in agriculture. The net profits of the hydromulch treatments (MS, WS, RH) were higher than for HW and H, and slightly lower than for Pe. The most profitable treatment was Pe (€0.69 m−3), followed by RH (€0.59 m−3), WS (€0.58 m−3), MS (€0.47 m−3), HW (€0.36 m−3), and H (€0.32 m−3). A sensitivity analysis showed a probability of negative results of 0.04 in Pe, 0.13 in SM, 0.08 in WS, and 0.07 in RH, so the probability that the grower will make a profit is greater than 0.9 with the use of mulch (except mushroom substrate) or polyethylene.
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1. Introduction


One of the great advances with regard to improving agronomic yields in crops in areas where water and the environmental conditions are limiting has been the use of plastic films for mulching [1,2,3]. In the 1950s, plastic mulches began to be used, due to their ability to increase the soil temperature [4]. Soil covers enhance total yields, control soil erosion, and suppress weed growth [1,5,6,7,8]. In addition, mulches, by influencing the temperature and improving the physical structure of the soil, produce a microclimate that improves the productivity in the use of water and fertilizers [9] and modifies the energy balance of the soil [10].



The most used mulching material is low-density polyethylene (LDPe) since, among its physical properties, it exhibits good impact resistance, very good processability, thermal and chemical resistance, flexibility, and impermeability to water, in addition to being a cheap material [6]. However, the use of LDPe provokes serious environmental concerns, because its manufacture requires fossil fuels and, since it is non-biodegradable, it causes a residue problem and has detrimental effects on the ecosystem [11,12,13,14].



Excessive use of LDPe mulches is leading to the accumulation of high amounts of plastic wastes, an environmental problem for agricultural ecosystems. After their use, most of these mulches (around 80%) accumulate in landfills or in natural ecosystems [15]. Pieces of plastic from such wastes can be found in soils, water resources, and organisms, including humans [16,17,18,19,20], with effects on the environment and on human health [21,22,23]. The risks in terrestrial systems are less evident than in aquatic ones, since the waste is either buried or burned; however, in the aquatic environment it floats and travels long distances, or is deposited on the seabed [24].



Recycling rates for mulches are significantly lower than the global plastic recycling rate, and are estimated to be below 30% [25]. Furthermore, the problem is aggravated since the fragments that remain after the use of the mulch are difficult to collect and are of low value [24].



Today, one of the new objectives of many governments is the transition to a more circular economic model, where the value of products, materials, and resources is maintained in the economy for as long as possible, and the generation of waste is minimized, reducing adverse health and environmental impacts [26].



In this respect, the use of low-cost and available organic agricultural residues has been proposed for the production of biodegradable mulch materials [27,28], as a way to make weed management practices cost-effective, labor-efficient, and environmentally sound [29].



Hydromulches have been proposed as an alternative to plastic mulches made of LDPe. Hydromulch can be defined as a mixture of water with some type of lignocellulosic material or polymers, plus other additives suitable for the particular purpose, which is applied not as a film but as a liquid [30].



Hydromulching can be useful for the suppression of weed growth, where mechanical and chemical weeding are very difficult [31,32]. Hydromulches can persist for a long time on the ground, although this depends on environmental factors (temperature and moisture) [33].



In recent years, some studies have been published in relation to the effect of hydromulching on the soil, but very few have dealt with its application in agriculture and the potential benefits for weed control, yield, and sustainability.



The specific aim of this work is to contribute new data to the literature by comparing the economic outcomes of two different forms of artichoke cultivation: with mulch (one plastic and three hydromulches) and without mulch (with and without herbicide). For each of these, the yields of two consecutive years will be valued, according to the market prices, to obtain the income, which will be compared with the operational costs to determine the viability of each alternative. Finally, a sensitivity analysis will determine the variability of the results obtained and the probabilities that the grower will incur losses or not.




2. Materials and Methods


The hydromulches consisted of different mixtures (blends). Recycled paper pulp and paper pinus pulp were used as the basic components and sodium silicate was used as a matrix for the hydromulch samples. To prepare the blends, in addition to paper pulp, the following crop products were used: wheat straw (WH), used mushroom (Agaricus bisporus) substrate (MS), and rice husk (RH). Three random cultivation blocks were established, with five treatments each: two-color low-density Pe (white/black, top/bottom), the three hydromulches (WS, RH, and MS), a treatment without mulching on bare soil where hand weeding was carried out (HW), and a treatment without mulching on bare soil where an herbicide was used (H). Each block comprised 25 plants.



Plants of artichoke (Cynara candunculus var. scolymus L.) cv. Symphony (Nunhens-BASF), grown from seed, were cultivated at the IMIDA agricultural experimental farm, located in Murcia (Spain) (latitude 37°45′ N, longitude 0°59′ W). They were transplanted on 8 August in the first year (2019) and on 1 August in the second (2020), the final harvests taking place on 28 and 16 March, respectively. The crop density was 5000 plants/ha. A standard nutrient solution for artichoke was used, applied through an underground drip irrigation system at a depth of 5 cm, with emitters of 4 L/h. The trials were conducted following the agricultural practices commonly used in commercial artichoke production in this area. Herbicide was applied four times in each of the two years of study, the herbicides employed being Assistan® 40SC, Reglone®, and Lentagam®.



Twelve and 10 harvests were carried out in the first and second years of study, respectively: the artichokes were harvested at their optimum collection time and weighed individually.



2.1. Economic Analysis


A cost–benefit analysis determines the benefit by comparison of the income and the costs of an investment project. As in other works [34], an operational structure representative of southeastern Spain was used. Income was obtained as the product of the weekly yield (for each of the two years analyzed) and the average weekly price. Information on the market prices for artichokes was obtained from CARM [35] and the average market prices from 2000 to 2020 were used, as well as their variability, measured as the standard deviation during said period, for the subsequent sensitivity analysis.



The costs are the averages of the values for the two years studied. The costs per hectare were estimated, separating the structure costs from the annual costs, in line with other studies [36,37]. Among the structure costs, a toolshed (with a useful life of 25 years), an irrigation pumping head (15 years), a localized irrigation network (10 years), a regulating reservoir (30 years), and various auxiliary materials (5 years) were considered. For all these costs, only the annual depreciation was allocated, obtained as the ratio between the acquisition price and the useful life. In addition, the two years of cultivation were considered, so the costs of preparation and planting as well as of the mulching materials and their installation were distributed between the two years. The costs of the mulching materials were obtained using the amount (kg) needed to cover one square meter and the square meters that needed to be covered in one hectare (4600 m2). The annual costs were classified into weeding, herbicides, phytosanitary, fertilizers, irrigation water, etc. With regard to herbicides, where appropriate, 4 treatments were carried out and the amount of herbicide used was measured. Five phytosanitary treatments were carried out each year. The cost of water was €0.24 m−3, based on the average cost of recent years, and 5250 m3 ha−1 were used. This cost is similar to that used in other studies, such as that of García-García et al. [38], who considered a water cost of €0.23 m−3. The cost of water shows great volatility by area [39] and can reach €0.26 m−3 [40]. The harvesting costs were based on the weight (kg) of artichokes collected, considering a cost of €0.13 kg−1. For the fixed personnel expenses, it was considered that one employee can manage 20 ha, while the hourly cost of the operators was established at €7.50 h−1 and that of the tractor at €36 h−1.




2.2. Productivity and Efficiency Analysis


For the analysis of the productivity with regard to the use of water, the water productivity in Euros per cubic meter of water [41,42]) was calculated. Also, the yield, the income per cubic meter, and the net profit per cubic meter were determined. Finally, the maximum price of water that the operation could support without incurring losses—The water viability threshold (WVT)—Was obtained [43,44].



Regarding the employment, the NAJ (number of agricultural jobs) per hectare and per cubic hectometer was calculated. To determine the employment generated, the labor used in different tasks, including the handling of machinery, was calculated. One unit of NAJ corresponds to 1840 h.



The envelopment DEA-CCR model has been used to analyse the efficiency of each technology considering water and labour efficiency as input variables [45]


     Min  θ , λ    z 0  = θ     subject   to     Y λ ≥  y 0      θ  x 0  ≥ X λ     λ ≥ 0    



(1)




where Y is the output matrix for the six used technologies (production in kilos and net revenues have been considered), X is the input matrix (considering water and working hours),  λ  is the weighted or intensity vector (nx1),   λ ′ =  (   λ 1  ,  λ 2  , … ,  λ n   )   , (   λ j    is the intensity of unit j) and  θ  denotes the punctuation of technical efficiency of unit 0.



The use of the DEA-CCR model for the efficiency analysis presents several limitations, such as the estimated frontier can be influenced by outliers, especially when the number of observations is too small; the model does not give information with regard to the theoretical optimum, and it is difficult to make estimations or to test hypothesis for the estimated parameters.




2.3. Sensitivity Analysis


In order to determine the effect of possible changes in the variables used on the results of this study, the Monte Carlo simulation was used. This methodology is based on the simultaneous change of all the variables that influence the variable under study; in this case, the yield per hectare. In this regard, the Monte Carlo simulation is especially suitable for the study of the effect of different variables on a given variable [46]. This methodology is much more complete than others such as the coefficient of variation used in Smith et al. [47] and Kiwia et al. [48]. For this, the distribution function of each of the variables was estimated and data were generated from this distribution. The generation of 40,000 iterations allowed the results obtained to be studied. In each iteration, the net return for each year was obtained as the difference between income and expenses. Income was considered as the product of the yield and prices. The yield was considered as a normal variable, its mean being the average of both years and with a standard deviation obtained from the experiment itself. For the prices, we proceeded in a similar way, but considering the information from the last 20 years. Regarding the costs, although the overheads were considered fixed, since they were incurred in the first planting and cannot be altered during the rest of the useful life, the annual costs were also considered normal, with the mean values used throughout the text and the standard deviation obtained from the information provided by the various sources. Combined with this analysis, the Value at Risk (VaR) was used to determine the probability that the profit of each alternative (Pe, H, HW, etc.) is positive (or, in general, greater than a previously defined value).



Although the VaR was originally designed for use in financial institutions, its use is currently spreading in other sectors such as agriculture, as can be seen in the work of Manfredo and Leuthold [49] and Brotons et al. [50], who calculated the VaR to quantify the market risk of cattle feeders. In this sense, if we assume that X is a random variable with a cumulative distribution function F (X) and let VaR be a fixed value such that


  α = Pr  (  X ≤ V a R  )  =  F X   (  V a R  )   



(2)




then VaR is defined as the inverse of the function of the cumulative distribution


  V a R =  F X  − 1    ( α )   



(3)







So, the VaR is the lowest value of a variable for a certain level of confidence α; that is, the value for which the α% of the possible values of said variable are less than said value, and the (1 − α)% is greater.



The confidence level for which net income is equal to zero (I = 0),    I α    is the confidence level for which I = 0 can be obtained as the probability that I is lower or equal to zero.


   I α  = P  (  I ≤ 0  )   



(4)








2.4. Statistical Analysis


For the analysis of the yield and income of each treatment, the Levene test was used for the analysis of the homogeneity of variances. The non-existence of significant differences in the variance (p > 0.05) allowed the application of a one-way ANOVA to determine the existence of significant differences in yield and income among the treatments. When a difference was significant (p < 0.05), the treatment means were separated by Tukey’s honestly significant difference (HSD) multiple-range test, using lowercase letters to indicate significant differences between treatments. The statistical package used was SPSS 25 (Chicago, IL, USA).





3. Results and Discussion


Next, the income and expenses calculated for each of the treatments, the net yield, and the sensitivity analysis are shown.



3.1. Economic Analysis


3.1.1. Yield


Table 1 and Table 2 show the weekly yield for each production system in each of the years under study. A weekly analysis is normally used for this kind of horticultural crop [51]. As can be seen, the yields were similar in the majority of treatments in the two years, being lower in the treatments without mulching: H (15% lower) and, especially, HW (29% lower). The hydromulches gave yields similar to those of the polythene and so they could be used without a significant yield loss.




3.1.2. Income


Given their variability throughout each season, a weekly study of the prices was chosen, in line with other work such as that of Heuvelink [51] or López-Marin et al. [34,52,53]. In the first place, the evolution of the artichoke prices [35] in the first weeks of the year, the time when harvesting took place in both years, was analyzed. As can be seen, the prices remained stable or showed a slight increase until mid-February (week 6), when they began to decrease, reaching €0.33 kg−1 in week 15, a price that is 61% lower than that at the beginning of the year (they did not vary greatly in the rest of the season). This decrease was motivated by the increase in supply, or, as Prestamburgo and Saccomandi [54] indicated, the greater the offer, the faster the decline in agricultural prices. This volatility in prices is transmitted along food supply chains, thereby exposing all chain actors to risk and uncertainty [55].



Figure 1 summarizes, by treatment, the annual profit (the average yield of the two years multiplied by the average prices of the period 2000–2020) and the average income, at the prevailing market prices (Figure 2). Regarding the yield, the Levene test was performed to study the homogeneity of the variances and had a significance level of 0.916, indicating that there were no significant differences, and the ANOVA was applied with p = 0.000, showing that there were differences among the treatments. The Tukey HSD test showed that treatments H and HW gave significantly worse yields than the other treatments, which did not differ significantly among themselves. The Levene’s test was carried out for income and showed that there were no differences among the variances, with a significance level of 0.738. From the ANOVA, it was concluded with p = 0.000 that there were differences among the treatments. The Tukey HSD test showed, as with the yield, that the H and HW treatments were clearly inferior to the rest regarding the income. This confirms that the temporal variability in the yield and price did not offset the differences in yield.



As mentioned in the previous section, it can be seen that weed removal by herbicide use (treatment H) or by hand (HW), in both cases without mulching, gave worse results: 15 and 29% lower, respectively.




3.1.3. Costs


Table 3 shows the costs of the structures, with their corresponding useful life and depreciation. The costs of preparation and planting have also been included since artichoke is a biennial crop, being replanted every two years. The importance of the structure costs is much lower in outdoor plantations than in greenhouse production, as reported in López Marín et al. [53].



Table 4 shows the annual costs, the preparation costs being biennial since the plantation has a useful life of two years; so, only half of the €3706 ha−1 is considered (€1853 ha−1 year−1). In the tax costs, the Real Estate Tax was considered. The indirect costs are included in the purchase and sale prices, since, in general, farmers are covered by the special agricultural tax regime, and direct taxes are not included because they differ greatly from one taxpayer to another (especially regarding the tax on the income of individual persons).



	
The herbicide costs were calculated according to Table 5. It shows the four treatments carried out (the values for the two years were practically identical, so only the average values are shown). These treatments were carried out between July and December (when the weeds had stopped growing) in each of the seasons.



	
The harvesting costs considered were €0.1 kg−1, regardless of the yield.






In summary, it can be seen that the MS treatment had the highest costs. Among the other treatments, the most important differences were due to the harvesting costs, which were higher in those treatments with higher yields, since a harvesting cost of €0.10 kg−1 was considered. In particular, the costs (without considering the structure costs) were lower for HW (8.60% lower than Pe) and H (25.07% lower than Pe) since mulch was not used. The treatments WS, RH, and MS had slightly higher costs than Pe (between 2.14 and 4.88%). Studies dealing with costs accounting in artichoke are practically non-existent. Among them, Sgroi et al. [57] reported costs on the island of Sicily of €17,119.75 ha−1, higher than those found in our study. As in that study, the variable costs in the present work were much higher than the fixed ones. García-García et al. [58] found that the fixed costs represented around 20–30% of the total costs, a percentage lower than that obtained here. In the present study, the distribution of costs among the fixed and variable was strongly influenced by the costs related to the plastic mulch and hydromulches, since, although in all cases the percentage of fixed costs was less than 60%, it was 41.32% for HW and 49.58% for H. This is due to the high percentage of the fixed costs that the hydromulch or polyethylene represents, as well as the manufacturing and removal costs, where appropriate. In addition, part of the personnel cost was considered as fixed.



Finally, given that this is an incipient technology, research should focus on obtaining cheaper mulches that can compete with polyethylene or even be cheaper. Public policies should be reoriented towards such materials that can become highly competitive and that benefit the environment in a double sense: they allow a reuse of “waste” and they contribute to a lower consumption of plastics in agriculture




3.1.4. Net Profit


Figure 3 shows the net profit, obtained as the difference between the income and total costs (structure plus annual). The net profit was highest for Pe: for WS and RH it was lower than for Pe, by 16.54% and 14.95%, respectively, and it was lowest for HW and H (53.37 and 31.56% lower, respectively). For H, the yield was lower than for the rest of the treatments and, although it had the lowest costs, the net profit was also lower. With regard to the HW treatment, although the yield was quite high, the high costs of weeding prevented a high net profit from being obtained. The profit was higher with the WS and RH hydromulches. The higher costs observed for MS are due to the costs of the transport from the site of generation of the waste to the application area. This suggests that the mulch should be applied in areas close to the generation of the waste to avoid the costs of the transport and the pollution it generates.



The average sale price was between €0.72 and €0.73 kg−1 (Table 6). The differences among the treatments were due to the distinct temporal distributions of the harvest. The unit cost was calculated as the ratio between the total cost and the yield, so that lower prices are indicative of higher yields and vice versa. The average cost was lowest for Pe (€0.56 kg−1), while it was highest for HW and H (€0.61 kg−1). The difference between the average sale price and the unit cost is the unit margin for the grower.





3.2. Productivity


3.2.1. Water Productivity


The productivity (in kilos) has been used on a widespread basis—for example, by Azorín et al. [43] and Goldhamer et al. [59], for the cultivation of almonds in Spain and California, respectively, and by Goldhamer et al. [60] and Dichio [61], for peach cultivation in California and Italy, respectively. For the Sao Francisco Valley (Brazil), Bassoi et al. [62] calculated the water productivity for different irrigation strategies such as partial root zone drying and regulated deficit irrigation. Alkhamis et al. [63] and Neal [64], for herbaceous crops, and García et al. [58], for artichoke, also did so. Table 7 shows the indicators of the productivity of water use. The productivity values of the hydromulches (WS, RH, and MS) are similar to those obtained for Pe.



The highest productivity in euros (€ m−3) was obtained in Pe (€2.98 m−3), followed by RH (€2.92 m−3) and WS (€2.91 m−3). These values are somewhat higher than that obtained by García et al. [58] for artichoke (€2.40 m−3), but are less than the €5.00 m−3 they achieved for strawberry. Other crops show much lower productivity: such as corn (€0.20 m−3 and €0.70 m−3).



Although the indicators productivity in kilos (kg m−3) and productivity in euros (€ m−3) may indicate that a crop has an efficient production, this does not mean that it is economically so. It is necessary to analyze the net profit that the activity generates per cubic meter of water consumed.



In this case, the most profitable treatment was Pe (€0.69 m−3), followed by RH (€0.59 m−3), WS (€0.58 m−3), MS (€0.47 m−3), HW (€0.36 m−3) and H (€0.32 m−3). In any case, all these values are higher than those reported by García et al. [58] (€0.32, €−0.01, and €0.10 m−3) and are also higher than the values reached for herbaceous crops such as rice (€0.02 m−3) or grain corn (€0.034 m−3) [65].



Mulching improves the soil moisture regime by limiting the evaporation rate of water at the surface; in general, mulching gives higher soil moisture contents compared to bare soil [66,67], which means that the yields are lower in treatments without mulching, as happened in our work.



The power of plastic mulches to retain soil moisture is greater than that of organic mulches [68]. However, in our work, in both growing cycles, there were no statistical differences between the hydromulches and the treatment with plastic. This may have been because these organic mulches (hydromulches), with the intervention of the soil moisture and temperature, affected the dynamics of the soil organic matter, augmenting the contents of dissolved organic carbon (C) and nitrogen (N) through the decomposition of plant materials, as has been found with other organic mulches [69,70].



The WVT shows the maximum price of water that the grower could bear and the strategies which are profitable for each price. In the treatment with herbicide, the grower could only withstand a maximum price of €0.65 m−3 (assuming that the rest of the costs remain constant). By contrast, in the WS and RH treatments the grower could withstand prices of up to €0.91 and €0.92 m−3, respectively; this indicates that in periods of scarcity, when the price of water is very high, the grower could bear such prices. The highest price could be borne in Pe (€1.02 m−3). In this regard, García et al. [58] obtained lower maximum prices (between €0.17 and €0.53 m−3, depending on the form of irrigation).




3.2.2. Generation of Employment


These types of indicators are used in agricultural policy [71,72,73]. The National Hydrological Plan of Spain [74] estimates a water productivity in the Segura basin (within which this work was carried out) of between 24 and 62 NAJ hm−3 for horticultural and fruit crops and 190 NAJ hm−3 for greenhouse grown crops. For the cultivation of artichoke, García et al. [64] obtained values between 26 and 45 NAJ hm−3. Table 8 shows the results obtained for the two indicators: the employment generated per hectare and per hectometer consumed. The highest generation of employment was achieved in Pe (71.14 NAJ hm−3), the lowest corresponding to H (45.36 NAJ hm−3).



The efficiency analysis was done solving optimization program (1) and the results are presented in Table 9. Technologies Pe, WS y RH are inefficient. As a result, Pe can be replaced by W or RH without loss of efficiency. In order to obtain the maximum efficiency in the remaining technologies, HW should reduce the input consumption by 7.52% considering the output obtained (radial reduction) and additionally (addition movement) reducing the input working hours by 700 h and increasing the production by 404 kg. The analysis for the remaining inefficient technologies (H and MS) is similar.



Lastly, Table 10 shows the percentages of input and output potential improvement for the inefficient technologies. For obtaining the efficiency in H technology a 29.09 or 15.80% reduction in water and working hours is required. A similar interpretation can be used for HW and MS.



The analysis of the efficiency must be understood in a relative way. The aim of this section was to show the fact that treatments HW, H and MS are not effective with regard to Pe, WS and RH. However, further analysis with many more data will be required to check the efficiency of the former treatments.





3.3. Sensitivity Analysis


The variables that influence the net profit were found to be normal, with the means and standard deviations shown in this work. Figure 4 shows the results obtained, using these variables, from the Monte Carlo simulation, which can be easily implemented in a spreadsheet [75,76]. It displays the probability that the net income is equal to or less than each of the values of the x axis. The probability of obtaining negative results is 0.04 in Pe, 0.13 in SM, 0.08 in WS, and 0.07 in RH—so the probability that the grower will obtain benefits is greater than 0.9 when using mulch (except mushroom substrate) or polyethylene—while in HW and H the probability of obtaining negative results is 0.16 and 0.14, respectively. When analyzing the chances of obtaining a high net profit—for example, €4000, which is approximately the average net profit of the Pe—the probability that the yield does not reach this figure is 0.58 in Pe. Among the hydromulches it is 0.76, 0.69, and 0.68 for SM, WS, and RH, respectively; that is, this value will not be reached so often. Contrastingly, for the HW and H treatments values of 0.88 and 0.93, respectively, were obtained. This shows that a net profit of €4000 can reasonably be expected, even if the variables were to suffer alterations with respect to the initial values considered. López-Marín et al. [77] used this approach to compare the NPV with other methodologies such as the decoupled net present value and the use of decreasing discount functions such as the gamma function, given the existence of high initial costs that must be periodified during the useful life of the greenhouse. A similar methodology was applied by Smith et al. [78], who used descending cumulative probability curves for 10-year disease loss and control costs for five different control strategies used in the sensitivity analysis. The probability distribution of maize yields in relation to the target yield was used by Kiwia et al. [48].



Future research should address possible cost reductions in mulch manufacture, so that the costs of the grower are reduced. This would imply a reduction in the probability of incurring losses.



In Figure 5, the density function shows a higher concentration of income for Pe, HW, and H around the mean, with the distribution for treatment Pe being a little more shifted to the right; that is, the probability of getting high profits is superior. For treatments MS, WH, and RH, the distributions show greater dispersion and are somewhat shifted to the right; that is, the probability of obtaining high yields is greater. However, it should be noted that the probabilities of obtaining very high values with these latter three treatments (above €7000 ha−1) are similar to that of the Pe treatment.





4. Conclusions


Hydromulches are a good alternative for artichoke cultivation, for the reduction of plastic waste. In addition, their costs may be reduced by the mechanization of the installation process on the ground. Their use can reduce the carbon footprint, and is more sustainable and profitable as well as being ecofriendly. It is a technique that can be easily used in many other horticultural crops, although the availability in the area where the hydromulch will be used of the plant waste used to make it is important for its economic viability.



The main conclusions of the study are:




	
The yields, which showed little variability between the two years analyzed, were lower in the treatments without mulch: H (15% lower) and especially HW (29% lower). Therefore, the use of mulch increases the yield in a similar way to polyethylene, but also has environmental advantages.



	
The sale prices remained practically stable until they began to decrease in mid-February, reaching €0.33 kg−1 in April, 61% lower than at the beginning of the year.



	
Organic mulching had the highest costs (up to 5% higher than Pe) since the costs of the mulching materials were higher than for Pe. Research should now focus on reducing these costs in order to make such materials economically competitive with plastics.



	
The net profits with the mulching materials MS, WS, and RH were higher than for HW and H, but lower than for Pe. The profitability of the use of mulching materials may be reduced by the cost of transport if they are not available near the site of cultivation. It is clear that, if the objective is to reduce the environmental impact of the use of plastics and other polluting elements, the use of mulch should be carried out close to where the corresponding waste is generated to avoid the occurrence of externalities due to its transport.



	
Pe gave the highest productivity in the use of water, regarding yield and income, followed by WS and RH. When considering the productivity in euros, the most profitable treatments were RH and WS. The profit per cubic meter was lower for Pe due to the high acquisition costs of this material. The highest generation of employment (greatest number of jobs) corresponded to Pe (71.14 NAJ hm−3) and the lowest to H (45.36 NAJ hm−3).



	
According to the sensitivity analysis, the probability of negative results is 0.04 in Pe, 0.13 in SM, 0.08 in WS, and 0.07 in RH; so, the probability that the grower will obtain a profit is greater than 0.9 when using mulch (except mushroom substrate) or polyethylene. A future reduction in mulch costs would greatly reduce the probability that the grower will make a loss.








New work is required to corroborate the reasons for the agronomic differences among the different mulches, as well as studies on the decomposition of hydromulch remains (the C and N cycles in soil, and the availability of C and N to plant roots) and evaporation. Such work will reveal the system that is most effective and profitable, due to both the reduced evaporation and the enhanced bioavailability of nutrients resulting from the decomposition and mineralization of the mulch organic matter. The mulching materials selected in this way, and originating close to the site of cultivation, will be the most sustainable, both economically and environmentally.
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Figure 1. Yield (mean ± SE) by treatment. Values with different letters differ significantly at the 95% level, according to Tukey’s HSD test. Pe: polyethylene, HW: hand weeding, H: herbicide, MS: substrate used for mushroom cultivation, WS: wheat straw, RH: rice hulls. 
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Figure 2. Average weekly artichoke prices for the period 2000–2020. Means ± SE. 
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Figure 3. Income (mean ± SE), total costs, and net profit. Different letters indicate significant differences at the 95% level, according to Tukey’s HSD test. Pe: polyethylene, HW: hand weeding, H: herbicide, MS: substrate used for mushroom cultivation, WS: wheat straw, RH: rice hulls. 
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Figure 4. Probability of obtaining lower net revenues. Pe: polyethylene, HW: hand weeding, H: herbicide, MS: substrate used for mushroom cultivation, WS: wheat straw, RH: rice hulls. 
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Figure 5. Density function of the net revenue. Pe: polyethylene, HW: hand weeding, H: herbicide, MS: substrate used for mushroom cultivation, WS: wheat straw, RH: rice hulls. 
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Table 1. Weekly yield of artichokes under different treatments in 2019 (kg ha−1).
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	Week
	Pe
	H
	HW
	MS
	WS
	RH





	1
	397 ± (103) a
	0 ± (0)
	0 ± (0)
	0 ± (0)
	69 ± (22)
	324 ± (55)



	2
	567 ± (125)
	176 ± (58)
	160 ± (27)
	145 ± (48)
	340 ± (71)
	516 ± (64)



	3
	2233 ± (33)
	936 ± (158)
	661 ± (25)
	297 ± (49)
	1290 ± (215)
	1676 ± (149)



	5
	1719 ± (73)
	1924 ± (128)
	1395 ± (126)
	1608 ± (122)
	1388 ± (184)
	1443 ± (92)



	6
	1744 ± (92)
	1436 ± (61)
	1940 ± (15)
	1842 ± (133)
	1485 ± (130)
	1959 ± (65)



	7
	2906 ± (160)
	2244 ± (111)
	1844 ± (132)
	2589 ± (129)
	2984 ± (55)
	2655 ± (80)



	8
	2591 ± (87)
	2235 ± (63)
	1725 ± (171)
	2462 ± (152)
	2764 ± (168)
	2607 ± (43)



	9
	1704 ± (42)
	1692 ± (94)
	1231 ± (33)
	2240 ± (135)
	1886 ± (124)
	1834 ± (66)



	10
	2551 ± (80)
	2016 ± (119)
	1955 ± (103)
	2476 ± (67)
	2898 ± (312)
	2453 ± (31)



	11
	2264 ± (139)
	2672 ± (124)
	2352 ± (131)
	4207 ± (166)
	1940 ± (169)
	2496 ± (232)



	12
	2269 ± (213)
	2405 ± (84)
	1363 ± (7)
	2981 ± (71)
	3113 ± (232)
	2342 ± (158)



	13
	454 ± (68)
	289 ± (23)
	504 ± (34)
	471 ± (52)
	1123 ± (153)
	539 ± (132)



	Total
	21,399 ± (187)
	18,026 ± (191)
	15,129 ± (161)
	21,318 ± (260)
	21,280 ± (237)
	20,843 ± (185)







a Data are means ± SE. Week: number of weeks since the beginning of the year, Pe: polyethylene, HW: hand weeding, H: herbicide, MS: substrate used for mushroom cultivation, WS: wheat straw, RH: rice hulls.
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Table 2. Weekly yield of artichokes under different treatments in 2020 (kg ha−1).
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	Week
	Pe
	H
	HW
	MS
	WS
	RH





	2
	1982 ± (107) a
	697 ± (24)
	573 ± (99)
	1395 ± (184)
	2228 ± (63)
	1982 ± (81)



	4
	1559 ± (66)
	1630 ± (167)
	1342 ± (73)
	1699 ± (47)
	1442 ± (102)
	1428 ± (73)



	5
	1816 ± (95)
	1564 ± (141)
	1337 ± (75)
	1857 ± (66)
	1713 ± (107)
	1618 ± (95)



	6
	1812 ± (119)
	1113 ± (70)
	1031 ± (62)
	1689 ± (80)
	1753 ± (91)
	1553 ± (110)



	7
	2198 ± (108)
	2059 ± (123)
	1647 ± (42)
	2536 ± (22)
	2151 ± (121)
	2205 ± (104)



	8
	2926 ± (94)
	2504 ± (137)
	2251 ± (85)
	2908 ± (95)
	2903 ± (92)
	2984 ± (91)



	9
	2968 ± (62)
	2376 ± (121)
	2323 ± (106)
	2627 ± (141)
	2971 ± (46)
	3060 ± (60)



	10
	2626 ± (186)
	2387 ± (145)
	1865 ± (40)
	2765 ± (175)
	2891 ± (162)
	3139 ± (22)



	11
	1751 ± (124)
	1591 ± (96)
	1243 ± (27)
	1844 ± (116)
	1928 ± (108)
	2093 ± (15)



	12
	2163 ± (183)
	2541 ± (187)
	1735 ± (101)
	1886 ± (161)
	1716 ± (128)
	1972 ± (42)



	Total
	21,801 ± (246)
	18,462 ± (267)
	15,347 ± (210)
	21,205 ± (267)
	21,698 ± (262)
	22,032 ± (269)







a Data are means ± SE. Week: number of weeks since the beginning of the year Pe: polyethylene, HW: hand weeding, H: herbicide, MS: substrate used for mushroom cultivation, WS: wheat straw, RH: rice hulls.
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Table 3. Overhead costs a.






Table 3. Overhead costs a.











	Item
	Cost (€)
	Useful Life (Years)
	Depreciation (€)





	Toolshed
	3600 a
	25
	144



	Irrigation head (50 m3 h−1)
	3281
	15
	219



	Localized irrigation network
	3021
	10
	302



	Various auxiliary material
	100
	5
	20



	Regulating reservoir
	4600
	30
	153



	Total
	
	
	838







a Source: García-García [38].
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Table 4. Total and annual costs (€ ha−1).






Table 4. Total and annual costs (€ ha−1).





	Concept
	Pe
	HW
	H
	MS
	WS
	RH





	Fixed costs
	6.233
	3.793
	3.793
	6.821
	6.487
	6.527



	Preparation and planting
	1853
	1853
	1853
	1853
	1853
	1853



	Mulching material
	610
	0
	0
	553
	219
	259



	Mix (recycled paper pulp, paper pinus pulp, and sodium silicate [56])
	0
	0
	0
	1860
	1860
	1860



	Plastic mulching (mechanical)
	570
	0
	0
	0
	0
	0



	Self-production and installation of mulch (semi-mechanical)
	0
	0
	0
	615
	615
	615



	Cost of removal of mulch (waste management, landfill, recycling)
	1260
	0
	0
	0
	0
	0



	Machinery costs
	749
	749
	749
	749
	749
	749



	Fixed personnel costs
	700
	700
	700
	700
	700
	700



	Taxes
	491
	491
	491
	491
	491
	491



	Variable costs
	5114
	6578
	4710
	5080
	5103
	5098



	Hand weeding
	0
	1800
	0
	0
	0
	0



	Herbicides
	0
	0
	232
	0
	0
	0



	Phytosanitary products
	636
	636
	636
	636
	636
	636



	Fertilizers
	719
	719
	719
	719
	719
	719



	Maintenance
	151
	151
	151
	151
	151
	151



	Electrical energy
	169
	169
	169
	169
	169
	169



	Irrigation water
	1279
	1279
	1279
	1279
	1279
	1279



	Harvesting
	2160
	1824
	1524
	2126
	2149
	2144



	Total annual costs
	11,347
	10,372
	8503
	11,901
	11,590
	11,625



	Overhead costs
	838
	838
	838
	838
	838
	838



	Total costs
	12,185
	11,210
	9341
	12,739
	12,428
	12,463



	% Fixed + overhead costs
	58.03
	41.32
	49.58
	60.12
	58.94
	59.10



	% Variable costs
	41.97
	58.68
	50.42
	39.88
	41.06
	40.90







Pe: polyethylene, HW: hand weeding, H: herbicide, MS: substrate used for mushroom cultivation, WS: wheat straw, RH: rice hulls.
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Table 5. Herbicide treatments.






Table 5. Herbicide treatments.












	Treatment
	Herbicide
	Liters ha−1
	Price
	Cost





	1
	A
	2.50
	11.20
	28.00



	2
	B
	3.00
	25.77
	77.31



	3
	C
	1.00
	49.14
	49.14



	4
	B
	3.00
	25.77
	77.31



	
	
	
	Total
	231.76







A: Assistan®, B: Reglone®, C: Lentagam®.













[image: Table] 





Table 6. Average income and total and unit costs.






Table 6. Average income and total and unit costs.














	
	Pe
	HW
	H
	MS
	WS
	RH





	Yield (€)
	21,600
	18,244
	15,238
	21,261
	21,489
	21,437



	Income (€)
	15,857
	13,111
	11,053
	15,252
	15,493
	15,586



	Costs (€)
	12,185
	11,210
	9341
	12,739
	12,428
	12,463



	Profit (€)
	3672
	1902
	1712
	2513
	3064
	3123



	Average sale price (€ kg−1)
	0.73
	0.72
	0.73
	0.72
	0.72
	0.73



	Unit cost (€ kg−1)
	0.56
	0.61
	0.61
	0.60
	0.58
	0.58







Pe: polyethylene, HW: hand weeding, H: herbicide, MS: substrate used for mushroom cultivation, WS: wheat straw, RH: rice hulls.
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Table 7. Indexes of water use productivity.






Table 7. Indexes of water use productivity.














	
	Pe
	HW
	H
	MS
	WS
	RH





	Productivity in kilos (kg m−3)
	4.05
	3.42
	2.86
	3.99
	4.03
	4.02



	Productivity in euros (€ m−3)
	2.98
	2.46
	2.07
	2.86
	2.91
	2.92



	Profit per cubic meter (€ m−3)
	0.69
	0.36
	0.32
	0.47
	0.58
	0.59



	WVT (€ m−3)
	0.93
	0.60
	0.56
	0.71
	0.82
	0.83







Abbreviations: Pe: polyethylene, HW: hand weeding, H: herbicide, MS: substrate used for mushroom cultivation, WS: wheat straw, RH: rice hulls, WVT: Water Viability Threshold.
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Table 8. Generation of employment.






Table 8. Generation of employment.














	
	Pe
	HW
	H
	MS
	WS
	RH





	NAJ ha−1
	0.38
	0.26
	0.24
	0.29
	0.29
	0.29



	NAJ hm−3
	71.14
	49.44
	45.36
	53.55
	53.86
	53.79







Abbreviations: NAJ ha−1: number of agricultural jobs per hectare, NAJ hm−3: number of agricultural jobs per cubic hectometer, WVT: water viability threshold, Pe: polyethylene, HW: hand weeding, H: herbicide, MS: substrate used for mushroom cultivation, WS: wheat straw, RH: rice hulls.
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Table 9. Efficiency and addition input and output variables.






Table 9. Efficiency and addition input and output variables.














	
	Pe
	HW
	H
	MS
	WS
	RH





	Efficiency
	1
	0.9248
	0.8420
	0.9951
	1
	1



	Addition water (m3)
	0
	0
	0
	0
	0
	0



	Addition working hours (h)
	0
	700
	461
	519
	0
	0



	Addition production (kg)
	0
	404
	708
	30
	0
	0



	Addition net revenue
	0
	0
	0
	0
	0
	0
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Table 10. Potential improvement.






Table 10. Potential improvement.











	
	HW
	H
	MS





	Water (m3)
	−15.10%
	−29.09%
	−1.06%



	Working hours (h)
	−7.52%
	−15.80%
	−0.49%



	Production (kg)
	0.00%
	0.00%
	0.00%



	Net revenue
	36.81%
	26.93%
	20.65%
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