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Abstract

:

Sugarcane cultivation is suitable for the exploitation of organic waste products. However, minimum complementary mineral input is necessary for optimal fertilisation. Control mineral fertilisation treatments with mulch (MCM) or without mulch (MC) were compared with two organic waste treatments, a pig slurry with mulch (PSM) and without mulch (PS), and a sugarcane vinasse with mulch (SVM) and without mulch (SV) on a Nitisol in French Reunion Island. The sugarcane yields obtained with the different treatments differed each year. However, no trend was observed and no significant and recurrent effect of the presence of mulch or of the different treatments was identified over the course of the 4 year experiment. Soil pHw and pH KCl measured in the different treatments increased from year 3 in with the treatments including organic waste products (PS, PSM, SV and SVM) but remained constant with the treatments including only mineral fertilisation (MC and MCM). With the exception of PS and PSM, which were significantly higher in year 4, soil organic carbon content was not modified by the treatments. Soil cation exchange capacity increased only slightly with the PS and PSM treatments from year 3 on. The differences in yields and soil properties can be explained by the nature of the organic waste products, the accumulation of nutrients after several applications, and the specific characteristics of the sugarcane crop. The improvement in soil properties from the third year on was not reflected in the yield of sugarcane because it was too weak, and the crop explores a much larger volume of soil.
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1. Introduction


For thousands of years, the use of organic waste products in agriculture mainly aimed at providing nutrients to crops, in addition to transforming and recycling these resources. From the 19th century onwards, industrially produced mineral fertilisers gradually replaced organic waste products, sometimes completely, resulting in undeniable increases in crop yields in all agronomic conditions. However, the need to recycle organic waste products has continued to increase along with the quantities of waste produced; urbanisation is intensifying, and these waste products are accumulating increasingly farther from agricultural land [1]. In recent decades, the search for a means to optimise the recycling of organic waste products has intensified due to the rising costs of producing fertiliser and the need to limit resource wastage [2]. Knowledge of long-term ecosystem benefits, e.g., improvement of physical, chemical, and biological soil properties, and of the negative impacts of the production and use of fertilisers on global climate change [3,4] is renewing interest in recycling organic waste products. In some island contexts, such as in French Reunion Island, geographical, demographic, and environmental constraints combined with societal concerns, call for the urgent development and/or optimisation of soil ecosystem services and the recycling of such products.



The use of organic waste products is constraining in many ways [5]. Each type of organic waste usually shows some variability in its chemical composition, water content, and physical properties. These wastes exist in liquid form (slurry, digestate from methanisation, vinasse, etc.), or in solid form with different water content (manure and litter, green waste, sewage sludge, etc.). They can be transformed (methanisation, composting) and mixed. Their chemical characteristics, for example, their nitrogen, phosphorus and potassium concentrations, do not necessarily correspond to crop needs [6]. Finally, unlike chemical fertilisers, their availability may fluctuate over time and depends on the production system, and, their storage at their production site and application are specific and linked to their characteristics [1]. All these factors mean information is difficult to extrapolate and limit optimisation of their use. Finally, bad agronomic practices, even unintentional, are widespread and likely introduce the risk of polluting soil and water resources [7]. Optimal fertilisation of crops with organic waste products is therefore a major challenge. It is necessary to account for the type of soil, and for the presence of mulch on the soil surface, because, depending on the soil characteristics, a mulch provides some mineral elements to the crops and interacts with the organic waste products, thereby facilitating or inhibiting their mineralisation [8]. Each crop has specific mineral element requirements, linked to its physiological development, the length of its cycle, the establishment of its root system, etc. The organic waste products applied to the soil have direct effects i.e., the immediate supply of easily assimilable forms of nitrogen, phosphorus, and potassium [9]. However, nitrogen can be immobilised in the soil for a variable period of time; some elements are not immediately available for crops because they are in organic forms in organic waste products, and the mineralisation rate differs with each type of product [10]. Finally, organic waste products interact with possible crop residues (mulch), thereby increasing the exchange and interaction surfaces and favouring their mineralisation. Minimal mineral supplementation is used to partially overcome these constraints and achieve optimal crop fertilisation using organic waste products. However, supplementation depends on the above-mentioned factors and requires adjustments to the specific context.



Sugarcane mulch may be left on the soil after harvest, mainly to protect the soil from erosion, reduce the quantity of weeds, conserve soil moisture, and provide nutrients during its mineralisation [11]. Quantities of sugarcane mulch often reach several tens of tons of dry matter per hectare [8,12], and immediately after harvest, its thickness may reach ten to twenty centimetres [13,14]. Under tropical climatic conditions with high temperatures and with rainfall or irrigation water inputs of 2000–3000 mm·year−1, visual observations showed that sugarcane mulch is almost completely degraded after one year, and this was confirmed by mulch mineralisation studies [8,14]. Thus, the chemical elements released by the mineralisation of this mulch mainly contribute to the current crop cycle [14]. The contribution mainly depends on the amount of mulch. Isotope measurements made under similar soil and climatic conditions showed that 6% of the nitrogen in the mulch contributed to the current year’s crop [12].



The aim of the present study was to evaluate whether mineral fertilisation can be replaced for four consecutive years by organic fertilisation using pig manure supplemented with minimal K or distillery vinasse supplemented with minimal N, with no negative impacts on sugarcane yields or on the main soil characteristics (pH, organic carbon, CEC).




2. Materials and Methods


2.1. Study Site in Reunion Island


Reunion Island is located 800 km east of Madagascar in the southwest Indian Ocean. The main peak of this recently formed volcanic island (Piton des Neiges, 3070 m a.s.l.) emerged three million years ago. The study site at the CIRAD research station is located on the northern slope of Piton des Neiges, 60 m a.s.l. (55°53 E; 20°89 S). Mean annual rainfall at the study site is 2000 mm and mean annual temperature is 25 °C. The soil has been classified as a Nitisol [15], with: (i) a surface A horizon (0–30/40 cm), and (ii) a nitic B horizon (30/40–150 cm). As defined by [16], Nitisols are deep, well-drained, red tropical soils with diffuse horizon boundaries and a subsurface horizon with at least 30% clay. A clayey nitic horizon has a typical moderate to strong angular blocky structure broken into polyhedral elements.




2.2. Field Experiment


The experimental plot was 120 m long and 60 m wide (corresponding to 40 rows of sugarcane spaced 1.5 m apart). It was divided lengthwise into two subplots, each 120 m long and 30 m wide (3600 m2). In one subplot, each year, after sugarcane harvest, the sugarcane mulch was left in place while in the other subplot, it was completely removed with a hay rake. After the first planting, each of the two subplots was divided into 6 identical parcels 20 m in length and 30 m in width (600 m2), giving a total of 12 parcels of identical size (20 m × 30 m). The R579 sugarcane variety was cultivated for four years. Four annual sugarcane crops were grown consecutively (2006–2009). To ensure the first year of cultivation was similar to the three following years, sugarcane mulch was removed from an immediately adjacent plot and redeposited on the six “mulch” parcels. Total crop water requirements are about 2500 mm [17,18]. Drip irrigation was controlled by a solenoid valve to enable volumetric measurement. Drip irrigation was used due to its higher efficiency compared to sprinkler irrigation under high wind conditions in the study area. Two organic waste treatments, a pig slurry with mulch (PSM) and without mulch (PS), and a sugarcane vinasse with mulch (SVM) and without mulch (SV) were compared with control treatments, mineral fertilisation with mulch (MCM) or without mulch (MC). Each treatment was repeated once. The organic wastes were liquid and applied to the soil surface with a slurry tank. The pig slurry came from a small farrow-to-finish swine production farm with a herd of around 10 sows located in the municipality of Sainte-Marie (Reunion Island). The sugarcane vinasse came from the Bois-Rouge sugar factory (Saint-André, Reunion Island). Under Reunion Island conditions, to obtain a yield of 100 Mg·ha−1, the N, P, and K requirements for sugar cane cultivation are, respectively, 120, 70 and 200 kg·ha−1; these values are similar to those recommended at other locations [19]. Each year, at the beginning of the growing cycle, plots under the organic treatment with synthetic mineral complementation received equivalent N and P nutrients to that provided in the control treatments. Plots under PS and PSM treatments received KCl and plots under SV and SVM treatment received ammonium nitrate. The K content of the SV and SVM treatments is higher due to the K concentrations in the sugarcane vinasse. No correction was made for the presence or absence of mulch. The quantities and characteristics of the organic waste products and mineral fertiliser added are listed in Table 1.




2.3. Sugarcane Yield Analysis


Harvesting was carried out at the same time each year using a commercial mechanical harvester. In each parcel, the yield was measured in three parts, each comprising 5 rows. The yield of sugarcane was measured by weighing the tipper trucks that collected the cane.




2.4. Soil Analysis


Soil analyses were performed on samples collected in situ from the 0–10, 20–30, and 40–60 cm layers (Table 2) before the experiment. In order to properly understand the surface horizon, we took two soil samples: at a depth of 0–10 cm (upper part of the A horizon) and at a depth of 20–30 cm (lower part of the A horizon). In each experimental year, three soil samples were taken from each parcel and analysed separately. To avoid border effects, these three sampling points were located in the three central rows of the sugarcane and at least 5 metres from the borders. The sampling points were shifted one metre each year. At the end of each experimental year, the results for the 0–10 cm layer are presented. The pHw (water) and pH KCl (which measures the exchange acidity) of the soils were measured according to the NF ISO 10390:2005 standard at a ratio of 1:5 soil/water (or KCl solution 1M) volume. Total carbon and total nitrogen in the soil samples were analysed by dry combustion with an element analyser (ThermoQuest NC2100, LECO Corporation, St. Joseph, MI, USA). Soil nitrate (N-NO3) and ammonium (N-NH4) contents were measured by 1 M KCl extraction at a 1:5 soil/water volume ratio (under shaking for 1 h), assayed by continuous flow colorimetry (Alliance Instruments). Exchangeable phosphorus (PO-D) was determined with a continuous flow colorimeter (Proxima, Alliance Instruments Italy) according to the Olsen–Dabin method using the ammonium molybdate spectrometric method (ISO 6878:2004). Cation exchange capacity (CEC) was measured using the ammonium acetate method at pH 7. The anion exchange capacity (AEC) of the original soil was measured on samples collected in the 10–20 cm layer (surface horizon) and 40–60 cm layer (nitic horizon) using the method described in [20]. We used the recommended analytical procedures [16] to measure Al, Si, and Fe elements extracted with dithionite-citrate-bicarbonate (DCB) and oxalate [21]. Extractable Al, Si, and Fe were assayed by inductively coupled plasma-atomic emission spectrometry (ICP-AES, Varian Vista spectrometer equipped with a coupled-charge detector device). The particle-size distribution of all the samples was analysed using the pipette method on an automated analyser (Texsol 24B, ISITEC-LAB, France) according to the standard procedure applied to all soils, i.e., samples were treated with H2O2 to remove organic matter, dispersed with a sodium hexametaphosphate solution, and mechanically shaken [22]. Coarse sand and fine sand fractions were obtained by sieving; clay, fine silt and coarse silt fractions were obtained by pipetting. The mineralogy of this soil was similar in the two horizons. The presence of four iron oxides (magnetite, hematite, maghemite, and goethite), titanium–iron oxides (ilmenite), aluminium oxyhydroxide (gibbsite), and silicates (halloysite, kaolinite, quartz and feldspar) is reported in [7].




2.5. Statistical Analysis


Origin 2018 (version b9.5.0.193, Northampton, MA, USA) software [23] was used for the descriptive statistics and to draw box and whisker plots. For each analytical parameter, the mean and standard deviation of the measurements were calculated. The normality of the residues and homoscedasticity were verified using Shapiro–Wilk’s normality and Bartlett’s tests, respectively. When those conditions were met, we performed a 2-way ANOVA followed by a Tukey pairwise comparison at the 95% confidence level, to assess significant differences of treatments and mulch over the whole study period.





3. Results


3.1. Sugarcane Yields


The sugarcane yields measured under the different treatments differed each year (Figure 1). In year 1, the yields of the MC and MCM treatments did not differ significantly from the yields of the other treatments, PS, PSM, and SVM. Only the SV treatment produced significantly lower yields than the SVM and PS treatments. In year 2, only the PSM treatment produced statistically significantly lower yields than the PS treatment. In year 3, the PS and PSM treatments produced statistically higher yields than MC, SV, and SVM. In year 4, the PS and PSM treatments produced statistically higher yields than the SV treatment, and the SVM treatment produced statistically higher yields than the SV treatment. However, the sugarcane yields measured under the different treatments differed between years: the sugarcane yields measured under the MC treatments were statistically identical in all four years; the sugarcane yields measured under the MCM treatments were statistically identical in the first three years, whereas in year 4, the yield produced by the MCM treatment was lower than in year 3. The yields produced by the PS and PSM treatments were identical except in year 3 when they were significantly higher. The yields produced by the SV treatment were identical in years 1 and 4 but were significantly higher in years 2 and 3. Under the SVM treatment, the yields were statistically significantly higher in year 3 than in year 4.



Sugarcane yields under the different treatments were affected differently by the presence or absence of mulch (Figure 1). Sugarcane yields measured under the MC and MCM treatments did not differ significantly in the four years with or without mulch. The yields produced by the PS treatment were significantly higher than those produced by the PSM in years 1, 2, and 4 and similar in year 3. The yields produced by the SVM treatment were significantly higher than those produced by the SV treatment in years 1, 3, and 4 and similar in year 2.




3.2. Organic Carbon Content, pH and Cation Exchange Capacity


The soil pHw measured in the different treatments differed from year 3 onward (Figure 2). In years 1 and 2, the soil pHw was statistically identical in all treatments, ranging between 5.96 and 6.31. In year 3, the soil pHw of the PS, PSM, SV and SVM treatments was statistically similar, ranging between 6.55 and 6.66, but was significantly higher than in the MC and MCM treatments, which ranged between 6.08 and 6.18. In year 4, the soil pHw of the PS and PSM treatments ranged from 6.71 to 6.77 and was statistically higher than in the SV treatments, which ranged from 6.55 to 6.60. In years 3 and 4, the soil pHw of the PS, PSM, SV, and SVM treatments was significantly higher than that of the MC and MCM treatments, ranging from 6.09 to 6.10, whereas the soil pHw of the MC and MCM treatments was statistically similar in all four years. The soil pHw of the PS and PSM treatments increased significantly between years 1 and 2, ranging from 6.27 to 6.31, and years 3 and 4, ranging from 6.55 to 6.77. The soil pHw of the SV and SVM treatments increased significantly between years 1 and ranging from 6.20 to 6.30, and years 3 and 4, ranging from 6.55 to 6.67.



The soil pH KCl measured under the different treatments differed from year 3 onward (Figure 2). In years 1 and 2, the soil pH KCl was statistically identical under all treatments and ranged between 4.81 and 5.40. In year 3, the soil pH KCl under the PS, PSM, SV, and SVM treatments was statistically similar and ranged from 5.32 to 5.58 but, except for the SV treatment, it was significantly higher than under the MC and MCM treatments, which ranged from 5.08 to 5.11. In year 4, the soil pH KCl under the PS and PSM treatments, which ranged from 5.70 to 5.79, was statistically higher than that of the SV treatments, which ranged from 5.45 to 5.55. The soil pH KCl of the PS, PSM, SV, and SVM treatments was significantly higher than that of the MC and MCM treatments, ranging from 5.08 to 5.11. The soil pH KCl of the MC and MCM treatments was statistically similar in all four years. The soil pH KCl of the PS and PSM treatments increased significantly between years 1 and 2, ranging from 5.28 to 5.40, and year 4, ranging from 5.70 to 5.79; whereas that in year 3 did not significantly differ from that in year 4. The soil pH KCl of the SV and SVM treatments did not significantly differ between the four years and ranged from 5.25 to 5.55, except in the SV treatment in year 1 and year 4 and in the SVM treatment in year 2 and year 4.



Except for the PS and PSM treatments, soil organic carbon content was only slightly affected by the treatments (Figure 3). Soil organic carbon levels did not differ significantly in years 1 and 2 in all treatments and ranged from 17.8 to 23.1 g·kg−1. The soil organic carbon contents under the PS and PSM treatments were statistically significantly higher than under the MC and MCM treatments in years 3 and 4 and ranged from 24.2 to 25.3 g·kg−1, and were also higher under SVM in year 4. In year 4, the soil organic carbon contents of the PS and PSM treatments ranged from 25.0 to 25.3 g·kg−1 and were also significantly higher than those of the SV and SVM treatments, which ranged from 20.1 to 22.2 g·kg−1. The soil organic carbon contents of the SV and SVM treatments were always statistically similar to those under the MC and MCM treatments except under the SVM treatment, which were higher in year 4. No statistically significant difference was observed between the soil organic carbon contents under the treatments with or without mulch in all four years. The soil organic carbon contents of the MC and MCM treatments were similar in all four years and ranged between 19.0 and 20.3 g·kg−1. In year 4, the soil organic carbon contents under the PS and PSM treatments were significantly higher than in year 1. The soil organic carbon contents under the SV and SVM treatments did not statistically differ in any of the four years.



Soil cation exchange capacity (CEC) only increased from year 3 onward in the PS and PSM treatments (Figure 4). Soil CEC did not differ significantly between treatments with or without mulch in the four years. In year 1, only the CEC of the PS and SVM treatments, which ranged from 13.7 to 14.05 cmol(+)·kg−1, was higher than that of the MCM treatment. In year 2, only the CEC of the PS treatment was significantly higher than that of the MC, MCM, SV, and SVM treatments, which ranged between 12.3 and 13.22 cmol(+)·kg−1. In years 3 and 4, the CEC of the PS and PSM treatments, which ranged between 16.57 and 17.15 cmol(+)·kg−1, was statistically higher than that of the MC, MCM, SV, and SVM treatments, between 13.96 and 16.09 cmol(+)·kg−1. In years 3 and 4, the CEC of the all treatments was significantly higher than in years 1 and 2. In year 4, the CEC of the SV and SVM treatments was significantly higher than in year 3.




3.3. Mineral Nitrogen, Available Phosphorus and Exchangeable Potassium


The forms of mineral nitrogen (N-NO3 and N-NH4), available phosphorus (PO-D) and exchangeable potassium (exchangeable K) in the soils were analysed and showed no significant differences (Supplementary Figures S2–S5 respectively). Nitric and ammonium nitrogen contents ranged respectively from 1 to 8 g·kg−1 and from 0.5 to 7.2 g·kg−1 over the four years under the different treatments. PO-D contents ranged from 29 to 54 mg·kg−1. However, the standard deviations were always high and significant differences could thus not to be determined.





4. Discussion


4.1. Effect of Leaving Sugarcane Mulch on the Surface of the Soil


In the present study, no significant and recurrent effect of the presence of mulch on soil properties was identified over the course of the 4 year experiment. The mineral fertilisers applied were solid, millimetre-sized granules that dissolve slowly. These fertilisers cross the mulch layer with little interaction and mainly dissolve once in contact with the soil [24]. Consequently, the mulch does not directly modify the availability of all the elements provided by the chemical fertilisers. These results have been confirmed in many studies which showed no short-term effect of mulch on sugarcane yields in a tropical context, e.g., [25,26]. In contrast, in years 1, 2, and 4, the sugarcane yields obtained with the PS treatment were significantly higher than the yields obtained with the PSM treatment. Organic wastes, such as pig slurry and sugarcane vinasses, are in liquid form. Thus, pig slurry and sugarcane vinasses are partially absorbed by the mulch after application and do not come into immediate contact with the soil. In contrast, under the PS and SV treatments, pig slurry and sugarcane vinasses interact immediately with the soil following their application. However, pig slurry is rich in ammonia nitrogen and, depending on the wind, temperature, and humidity, a significant fraction of this nitrogen may be lost due to ammonia volatilisation [18,24]. In similar situations, mulch increases the efficiency of volatilisation, whereas when in contact with the soil, nitrogen from organic waste is more rapidly immobilised in the soil [11]. Thus, in our study, the quantities of nitrogen incorporated into the soil and then available to the plants are lower in the presence of a mulch. Potassium supplementation in these treatments may not be a reason for yield alteration because there was no loss of this element. Conversely, in years 1, 3, and 4, the SVM treatments led to significantly higher sugarcane yields than the SV treatments. These organic waste products are also in liquid form, but their chemical composition is very different from that of pig slurry. The amounts of nitrogen are low and losses through ammonia volatilisation mainly, but also in other forms (N2O, NOX), in similar situations can be relatively low [27]. In addition, nitrogen supplementation was probably not lost in the form of ammonia because it was supplied in the form of ammonium-nitrate, and our results showed that the mulch did not affect this type of input. Potassium inputs are not modified and were not influenced by the presence or absence of mulch. This confirms the results of [28] who reported better sugarcane yields under similar soil and climatic conditions when vinasse was incorporated directly in the surface soil. Finally, under all treatments, the main chemical properties of the soils, pHw and pH KCl, cation exchange capacity, and organic carbon did not differ significantly in any of the four years with and without mulch. Indeed, as mulch is almost completely mineralised after one year, only the associated mineral elements are incorporated into the soil but do not modify these properties. Thus, in each year and after four years, regardless of the treatments, the mineral elements provided by the mulch did not significantly improve the soil properties or yields of the sugarcane crop.




4.2. Effects of Fertilisation Strategies on Yield or Soil Properties


Generally, the PS, PSM, SV, and SVM treatments did not produce better yields than the MC and MCM treatments. The chemical compositions of these organic waste products are very different. However, the objective of the mineral supplementations was to maximise the quantities of organic waste products supplied, without significantly exceeding the total reference quantities supplied by MC and MCM. Thus, in each year, optimisation of the mineral supplementations allowed similar yields to be obtained. Under the same soil and climatic conditions, and using doses close to those used in the present study, better yields with high doses of vinasse have been reported [28]. However, their mineral supplementation was higher and their total nutrient inputs were not comparable with their control, which was the case in our study. Similar results have been reported for inputs of pig slurry for other crops in both tropical and temperate contexts [3]. Conversely, other authors observed no changes in yield when mineral inputs were comparable to those used in controls [12,29]. The reliability of calculations of the necessary supplementary fertilisation is mainly constrained by the availability of mineral elements provided by the organic waste products. Indeed, each organic waste product has its own mineralisation kinetics which depend on soil and climatic parameters. The reported effects of organic waste products on soil productivity and associated yields are clearly only observed with large amounts of such products [10,28] and vary with the context and type of crop. Crops were reported to respond more positively to organic waste products when the input of N was relatively high, but the response was relatively low in the first three years [6]. On an Oxisol in Brazil, sewage sludge was shown to be able to partially replace N fertilisation and to be able to completely replace phosphorus and micronutrient fertilisation [30]. Some crops can better synchronise their nutrient demands with the slow release of nutrients from organic waste products [6]. Sugarcane requires high nutrient inputs because it exports large amounts of biomass annually [8,11]. For this purpose, it develops a root system that partially renews itself each year and explores large volumes of soil since rooting depths can exceed one metre when soil thickness makes this possible [17]. Thus, after four years, it is possible to reduce mineral fertiliser inputs to the sugarcane crop by judiciously combining organic wastes with minimal mineral supplementation. However, this does not improve yields.



The SV and SVM treatments supplied significantly more potassium than the other treatments, but there was no significant difference in the concentration of exchangeable potassium in the soil between the treatments. Furthermore, the yields of the SV and SVM treatments were no higher than the yields of other treatments. Several studies have shown that soil potassium analyses are not well correlated with sugarcane yields [19,31,32]. In very clayey soils, such as the Nitisol in our study, potassium inputs above 225 kg·ha−1 did not increase yields [32]. In contrast, yields correlated well with the amount of nitrogen applied [33]. In our study, the yields produced by SV and SVM were therefore limited by nitrogen and phosphorus inputs. Soil properties (pH, CEC, org. C) were not modified after four years of the MC and MCM treatments. These results are in line with those reported under similar agronomic and pedoclimatic conditions [12,29,30]. Indeed, under many contrasting soil and climatic conditions, the use of mineral fertilisers for periods of less than five years has been shown to have no impact on soil properties [3,10,34].



The PS and PSM treatments resulted in significant increases in pHw and pH KCl, organic carbon content, and CEC after four years. The SV and SVM treatments also increased pHw and pH KCl after four years, but the increase was less pronounced than for PS and PSM. These results are consistent with those observed in most agronomic and pedoclimatic situations [5,9,10]. Furthermore, increases in CEC are often associated with increases in organic carbon content [5]. The increase in soil organic carbon content is the result of the amount of organic carbon supplied by the organic waste and its characteristics (stability, mineralisation rate, C/N) [2,3]. The mineralisation of organic carbon also increases pH and the subsequent production of OH- ions by ligand exchange. The addition of basic cations (Ca2+, Mg2+, K+) also increases the soil pH [35]. Nevertheless, changes in pHw and pH KCl depend to a much greater extent on the initial soil characteristics, especially mineralogy [36], in addition to the characteristics of the organic waste product. However, these impacts are often observed after longer periods of time and also at greater soil depths. Indeed, the impacts on soil properties measured in our study were limited to the surface layer (0–10 cm). In longer-term studies, the observed effects were more pronounced and the doses of organic wastes applied exceeded crop needs in all years [3,5].





5. Conclusions


We measured improvements in several essential soil properties (pH, organic carbon content, and CEC) after four years of organic waste application to a sugarcane crop. In addition, leaving mulch in the field increased sugarcane yields when sugarcane vinasse was applied. Conversely, yields were lower when pig manure was applied in the presence of mulch. Replacing part of the optimal mineral fertilisation with two types of judiciously supplemented organic wastes should thus allow sugarcane yields to be maintained for four years and probably longer. This practice reduces the use of mineral fertilisers and recycles organic waste products. These scientific facts are generally known, but their application is rendered difficult by the lack of knowledge of (i) the characteristics of organic waste products, particularly their mineralisation; (ii) interactions with mulch; and (iii) precise calculation of mineral complementation to balance nutrient inputs. Advancing our knowledge in these three directions will facilitate the development and/or optimisation of soil ecosystem services and the recycling of organic wastes.
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Figure 1. Sugarcane yields obtained with each treatment in the four experimental years. The average yields produced by all the treatments in each year are shown in brackets. Error bars correspond to standard deviations between replications for each treatment (n = 6). Identical letters indicate no significant differences between two treatments. Small letters compare treatments in a given year and capital letters compare treatments between the years. 
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Figure 2. Soil pHw (a) and soil pH KCl (b) under each treatment in the four years. Error bars correspond to the standard deviation between replicates for each treatment. Identical letters indicate no significant differences between two modalities in a given year. Lower case letters compare treatments for the given year and capital letters compare treatments between the years. 
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Figure 3. Soil organic carbon under each treatment in the four years. Error bars correspond to the standard deviation between replicates for each treatment. Identical letters indicate no significant differences between two modalities in a given year. Small letters compare treatment in a given year and capital letters compare treatments between years. 
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Figure 4. Cation exchange capacity (CEC) under each treatment in the four years. Error bars correspond to the standard deviation between replicates for each treatment. Identical letters indicate no significant differences between two modalities in a given year. Small letters compare treatments in a given year and capital letters compare treatments between years. 
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Table 1. Composition and average annual supplies of pig manure, sugarcane vinasse, supplements and mineral fertilisers.
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Type of Organic Wastes

	
Pig Slurry (PS)

	
Sugarcane

Vinasse (SV)

	
Mineral Control (MC)

	




	
Major Components

	
N

	
P

	
K

	
N

	
P

	
K

	
N

	
P

	
K

	
Calculation






	
Concentration (g·kg−1 DM)

	
34

	
17

	
42

	
9.6

	
2.4

	
43

	
170

	
52

	
232

	
(1)




	
Amount of raw materials applied (t·ha−1)

	
140

	
140

	
0.7

	
(2)




	
Dry matter contents (g·kg−1)

	
27

	
62

	
1000

	
(3)




	
N-P-K provided (kg·ha−1)

	
129

	
64

	
159

	
83

	
21

	
373

	
119

	
36

	
162

	
(4) = (1) × (2) × (3)/1000




	
Mineral complementation (kg·ha−1)

	
0

	
0

	
40

	
40

	
40

	
0

	
0

	
40

	
40

	
(5)




	
Treatments PS, SV, MC (kg·ha−1)

	
129

	
64

	
199

	
123

	
61

	
373

	
119

	
76

	
202

	
(6) = (4) + (5)
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Table 2. Physical and chemical characteristics of the studied soil before the experiment; standard deviations (n = 6) are in brackets. PO-D: exchangeable phosphorus (Olsen–Dabin method); AEC: anionic exchange capacity; CEC: cationic exchange capacity; DCB: dithionite-citrate-bicarbonate; ox.: oxalate.
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0–10 cm

	
20–30 cm

	
40–60 cm






	
pHw

	

	
6.13

	
(0.11)

	
6.14

	
(0.24)

	
6.35

	
(0.23)




	
pHKCl

	

	
5.03

	
(0.08)

	
5.10

	
(0.15)

	
5.51

	
(0.12)




	
Org. C

	
g·kg−1

	
19.5

	
(1.9)

	
15.6

	
(2.0)

	
8.7

	
(1.1)




	
N total

	
g·kg−1

	
1.77

	
(0.21)

	
1.44

	
(0.26)

	
0.86

	
(0.10)




	
C/N

	

	
11.0

	
(0.2)

	
10.8

	
(0.23)

	
10.1

	
(0.12)




	
PO−D

	
mg·kg−1

	
41

	
(14.1)

	
34

	
(5.8)

	
23

	
(7.3)




	
AEC

	
cmol(c)·kg−1

	
0.54

	
(0.1)

	
0.55

	
(0.1)

	
0.9

	
(0.1)




	
CEC

	
cmol(c)·kg−1

	
12.3

	
(0.44)

	
10.7

	
(0.9)

	
9.6

	
(1.6)




	
Caex.

	
cmol(c)·kg−1

	
6.0

	
(0.29)

	
5.5

	
(0.7)

	
5.3

	
(1.0)




	
Mgex.

	
cmol(c)·kg−1

	
2.6

	
(0.11)

	
2.5

	
(0.1)

	
2.2

	
(0.7)




	
Kex.

	
cmol(c)·kg−1

	
0.5

	
(0.12)

	
0.3

	
(0.1)

	
0.0

	
(0.01)




	
Naex.

	
cmol(c)·kg−1

	
0.3

	
(0.03)

	
0.2

	
(0.06)

	
0.3

	
(0.08)




	
Clay

	
g·kg−1

	
427

	
(13)

	
449

	
(68.4)

	
374

	
(70.7)




	
Fine silts

	
g·kg−1

	
375

	
(4)

	
336

	
(44.5)

	
315

	
(26.1)




	
Coarse silts

	
g·kg−1

	
90

	
(6)

	
90

	
(7.1)

	
128

	
(28.7)




	
Fine sands

	
g·kg−1

	
51

	
(1)

	
52

	
(9.4)

	
71

	
(22.5)




	
Coarse sand

	
g·kg−1

	
57

	
(2)

	
73

	
(11)

	
113

	
(9.5)




	
Fe(DCB)

	
g·kg−1

	
95.2

	
(2.4)

	
95.3

	
(2.5)

	
82.7

	
(4.7)




	
Al(DCB)

	
g·kg−1

	
91.8

	
(2.9)

	
91.9

	
(2.7)

	
92.3

	
(5.7)




	
Si(DCB)

	
g·kg−1

	
3.4

	
(0.3)

	
3.6

	
(0.6)

	
3.8

	
(0.9)




	
Fe(ox.)

	
g·kg−1

	
3.8

	
(0.4)

	
3.9

	
(0.6)

	
3.8

	
(1.0)




	
Al(ox.)

	
g·kg−1

	
8.4

	
(0.3)

	
8.5

	
(0.2)

	
8.5

	
(0.8)




	
Si(ox.)

	
g·kg−1

	
0.9

	
(0.04)

	
0.9

	
(0.08)

	
1.1

	
(0.5)
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