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Abstract

:

This work studies variables measured from the first phase of composting through the acquisition of the final product, with the goal of identifying those that are more strongly related to quality and are most useful for developing an index. The necessity to establish quality control procedures thus exists for the classification of raw materials in the same way as for the finished products. To accomplish this, three mixtures were prepared, with the goal of achieving a C/N ratio of 30 and a moisture content of 60%. The primary component of each mixture was: fruit processing waste (C1), sewage sludge from the food industry (C2), and the manufacturing waste of fried foods (C3). Temperatures were measured over 107 days, with the corresponding data fit to a logistical model where T °C ~ α / ((1 + exp (− (Time − β) / − γ))) + δ, with interaction compost * time being statistically significant (p < 0.001). This allowed for the temperatures, in keeping with health concerns, to be confirmed. Likewise, a linear regression analysis demonstrated the decomposition of organic matter at 0.82%/week. Statistically, the parameters, measured during the process, with the least variability were selected, which differed in the average contrasts: germination index (cucumber), electrical conductivity, and average moisture. A principal component analysis (PCA) and Spearman’s correlation analysis revealed the best Germination Index (GI) values for C1, due to lower electrical conductivity (EC) and bulk density (Bd) along with higher organic matter content (TOM). For its part, C2 induced a higher Relative emergence (RE) of the cucumber thanks to its higher content of total nitrogen (TN) and lower contribution of Cu, Zn and K. C3 showed a higher presence of salts, less favorable physical characteristics (>Bd and <TPS, total pore space) and higher content of Zn and Cu. Composting carried out with appropriate mixtures can offer high-quality products for use as fertiliser, in soil restoration, and as an alternative substrate to peat and virgin mountain soil.
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1. Introduction


Ending poverty globally in all its forms, thereby guaranteeing sustainable consumption and production patterns, is one of the 17 Sustainable Development Goals put forth by the United Nations. In Latin America, between 30 and 65% of domestic waste, 85% of agricultural waste and a high percentage of that linked to agribusiness is not recycled [1]. This requires quantification and characterisation, as well as the use of techniques, like composting, that convert these wastes into agricultural and landscape resources for use as fertiliser or substrates for seedling production [2]. The significant variability of potentially compostable material is a concern, as are the differences resulting from locally available processes and technologies [3]. While one or two parameters alone cannot be used to extrapolate compost quality, measuring a large number of parameters is costly and impractical [4]. Therefore, it is necessary to design some kind of tool that could overcome this difficulty.



In Venezuela, the composting industry is practically non-existent, as are the corresponding product quality requirements. Institutional work since 2012 has led to several agreements relating to analytical methods, but the variables that must be prioritised during analysis and the means of using them to define a quality index must still be determined [5]. Chemometric techniques provide the tools for making these determinations and constructing the databases needed for safe use.



Compost is defined as organic material that has been stabilised and transformed into a product that is similar to the humic substances in soil. It must also be free of pathogens and weed seeds, not attract insects or other disease vectors, be easy to handle and store, and promote soil fertility and crop production. It must also be safe for users and the environment, which is why requirements focus on the presence of pathogens and heavy metals in compost [6]. Therefore, by their very nature, complying with these requirements would only partly guarantee that the product is a quality compost that fulfils the needed functions.



Quality is multifactorial and is influenced by the characteristics of the starting materials, the proportions in which they are mixed, and the manner in which they are processed. It is necessary to determine the carbon: nitrogen (C/N) ratio, the moisture content (M%), and the bulk density (Bd) of the starting materials in order to calculate the appropriate proportions in which they should be mixed. Mixtures should consist of two or more materials that yield a C/N ratio of 30 and a M% of 60%. Appropriate mixtures provide a favourable environment for the growth of aerobic microbiota; this process, mediated by the constantly changing chemical nature of the substrate, generates the temperatures needed for sanitation and humification. The primary indicator of microbial activity within the substrate mixture is an increase in temperature [7]. Temperature controlled to 54–55 °C during the thermophilic phase (above 40 °C) is a key factor in order to guarantee a safe product for the user through pathogen inactivation, as well as achieving the maximum decomposition of organic material and optimal biological activity [8,9]. Although Liang et al. [10] indicate the minimum humidity content of 50% as the dominant factor influencing microbial activity within the mixture, the appropriate microbial action corresponds to an increase in temperature. For their part, Tognetti et al. [11] indicate that compost such as vermicompost was higher quality and produced better agricultural results after a thermophilic phase (55–60 °C, 15 and 30 days), while the rate of organic material decomposition with a humification ratio of E4/E6 (AH/AF > 1.9) was improved when the temperature reached 60 °C rather than when it was <55 °C [12].



In this dynamic, an entire range of parameters of variable importance is expressed that affects the quality of the final product. Assessing the maturity and stability of the compost alone is insufficient [3]. To resolve this problem, chemometric methods and the application of statistical mathematical techniques allows for the identification, quantification, and determination of the weighted value of the chemical substances in compost [13]. From eight compost treatments, 32 experimental unit samples were taken and submitted for principal component analysis (PCA) and linear discriminant analysis (LDA). Both the standard compost and vermicompost presented a high degree of variation across some important parameters. It was possible to approximate a cause and effect interpretation of the variation in the resulting data. Correlation between shredded particle size, technology applied (standard compost/vermicompost) and raw material composition ratio was estimated. In order to resolve this matter, a wide range of chemometric analyses of the data were applied. It was possible to classify a number of groups heterogenous in analyzed organic amendments: A, B1, B2, B3 and C, each one characterised by its qualities [3], with the objective of more clearly understanding the effects on the quality of the finished product of the different treatments applied during the process of composting. The necessity to establish quality control procedures thus exists for the classification of raw materials in the same way as for the finished products.



Chemometric methods and techniques, multivariant statistical analysis (hierarchical conglomerate analysis; HCA) and factor analysis. HCA physiochemical parameters were applied to a group of 15 composts with distinct composition, managing the separate organic composite material in highly differentiated groups. The techniques allowed the identification of the principal variables associated with the compost comprising agroindustrial residues, which accounted for 72.3% of the variability [4]. The application of statistical mathematical techniques allows for the identification, quantification, and determination of the weighted value of the chemical substances in compost [14]. The selection of the parameters with the greatest weights enables the creation of classes or qualities [5] primarily centred on the biological effect of the study material on the indicated species.



Plant assays are often used to test the quality of compost products. Cucumber is a good maturity indicator owing to a high salt tolerance and intolerance to the volatile fatty acids of an immature compost. Moreover, its seeds are of large size, facilitating the detection of the cotyledons [15]. In contrast, garden cress (Lepidium sativum) is sensitive to volatile organic compounds as well as salts, its rapid development at 27 °C making it the species that is habitually utilized [16]. However, as is the case with radish, it has been demonstrated that cress does not differentiate between mature and immature compost [17,18]. Tomato, chickpea and soya are, in addition, included in phytotoxicity trials but have produced contrasting results. The cases are difficult to attribute to a singular threshold growth index (GI) to indicate maturity, which is universally applicable across the range of composts since the seed varieties each respond in a distinct way to the same compost [2,19].



The purpose of this work is to evaluate the physical, chemical, and biological parameters before, during, and at the end of the composting process, in order to obtain information that is useful in constructing a quality index for the classification of future samples.




2. Materials and Methods


This study was carried out in the state of Táchira in Venezuela, specifically in the municipality of Jáuregui. The global coordinates are 8°7′54.7″ N–71°58′46.2″ W. According to Holdridge, the area is characterised as a Lower Montane forest, with average ambient temperatures between 12 and 16 °C [20].



2.1. Characterisation of the Raw Materials


The following residue was generated in Jáuregui: extraction of waste pulp and residual sewage sludge generated in the production of fried foods, waste from the production of panela (specifically filter sugar cane, FSC), chicken manure from local poultry pens, and rice husks and sawdust. These were characterised in terms of their total nitrogen content (TN) via a micro-Kjeldahl apparatus [21], and carbon content via incineration at 550 °C [22]. C/N ratio, Bulk density (Bd) (t m−3) and M% [23].




2.2. Pile Composition


The research was carried out in a covered shed with good ventilation. Three types of piles, fruit processing waste C1, sewage sludge C2 and the manufacturing waste of fried foods C3, were created using the available wastes, each in triplicate. The dimensions of the piles were as follows: 1.5 m height × 2.5 m width × 3 m length. The raw materials were mixed in line with the values in Table 1, such that the theoretical objective of a C/N ratio of 30 and a M% of 60% were achieved; the spreadsheet published by Richards [24] was used to support this process.



The piles were equipped with tubes 7.62 cm in diameter, with perforations 2 cm in diameter. The tubes were placed longitudinally at a height of 1/3 of the pile; this provided the forced aeration necessary for two weeks at the beginning of the process. The weekly quantification of the M% allowed for the ongoing adjustment with water inputs of this variable to close to 60%.




2.3. Sampling and Variable Analysis


The composting process was monitored over 18 weeks. The sampling consisted of randomly selecting 16 points across the body of each pile for extracting subsamples 1 L each; these were mixed and reduced to a total volume of 16–18 L per repetition. The described samples were packed in hermetically sealed plastic bags and immediately brought to the laboratory for their analysis [25].



Finally, biological tests were performed to evaluate phytotoxicity. The samples were taken randomly in the three piles of each treatment (C1, C2 and C3) at the end of the process. The biological tests with the indicator species (cucumber, radish, tomato) were carried out following the methodology of Zucconi [26] for the in vitro test and TMECC [15] for the horticultural tray test. For the in vitro test, two indicator species were included: cucumber and radish that were treated with aqueous extracts of compost samples taken in the compost piles at random 108 days after the composting process, transporting them immediately to the laboratory. For the preparation of the extracts, two parts of distilled water were mixed with one part of compost (on a dry basis) in a 150 mL beaker. It was mixed with and allowed to soak for 3 h. The extract was then released by compression and filtered through Whatman No. 40 filter paper. Ten seeds were placed in each Petri dish with filter paper on the bottom, five dishes per replica of treatment and type of seed. Then enough extract was dispensed to saturate the filter paper; in this case, three mL was needed.



The Germination Index (GI) was calculated as shown in Equation (1) by multiplying the germinated seed number (G) and length of roots (L) and expressed as a percentage (GI%) with respect to the control as follows:


GI (%) = (Lr × %Gs) / (Lc × %Gc) × 100



(1)




where: Lr = length of roots (mm) in seeds treated with compost extract sample; Gs = number of seeds treated with compost extract sample that germinated; Lc = length of roots (mm) in seeds treated with water (control); Gc = number of seeds treated with water (control) that germinated.



For the tray test, compost (C1, C2 or C3, 50%) was mixed with peat (50%, v/v). The mixtures were homogeneously moistened and after 4 h the excess water was drained. Each treatment was carried out in triplicate. Controls consisted of compost (100%) or peat (100%). Ten seeds were placed in each substrate. The trays were kept in the greenhouse for 10 days. Seedlings with expanded cotyledons and fully expanded hypocotyl were counted. RE% (Relative emergence) was calculated by:


RE% = (ES/EC) × 100



(2)




where: ES = number of emerged seedlings with exposed cotyledons in the sample; EC = number of emerged seedlings with exposed cotyledons in the control.




2.4. Data Processing and Analysis


The experimental design had a factor with a level; type of mixture (C1, C2, C3). The statistical analysis consisted of the application of generalized linear mixed models, taking into account the temperature values of the mixtures (C1, C2, and C3), as taken over 107 days. Likewise, it included an analysis of the temperature-time interaction via a fixed effect analysis, as well as a nonlinear regression analysis (Figure 1) for detecting differences between mixtures over the course of compost processing.



Temperature measurement was performed daily. The following values were measured weekly for 18 weeks: pH, electrical conductivity (EC; dS m−1), M%, and organic matter (TOM; %) [13]. Initial and final values of the following were measured: Bd (t m−3), TW-HC (total water-holding capacity (TW-HC; %), total pore space (TPS; %), particle density (Pd; t m−3) [21], resistant organic matter (ROM; %) [22], and TN (%), Ca, K, Mg (%), Fe, Cu, Mn, and Zn (mg kg−1) content, which were determined using atomic absorption spectrophotometry after acid digestion [27].



An analysis of variance (ANOVA) was performed to determine to what extent the responses to treatment were different from the published reference values (Table 2), that is, data corresponding to physical, chemical and biological parameters that met the assumptions of normality and homoscedasticity. In addition, the TOM decomposition rate was found by linear regression analysis applied to weekly measured TOM values. The mean values for each of the variables measured at the beginning and end of the process were analyzed using General Linear Models (GLM) of mixed effects. This was followed by ANOVA to detect differences between the parameters at the end of the process. Finally, a principal component analysis (PCA), accompanied by a linear discriminant analysis. Statistical analyses were performed using the INFOSTAT statistical package, version 2012, National University of Córdoba, Argentina [13].





3. Results


3.1. Analysis of Parameters during the Process


3.1.1. Evolution of Temperature


Global statistics for temperature values over the 107 days measured, treating the compost variables (variation of T in time for C1, C2, and C3) and time as fixed effects, demonstrated significant differences (p < 0.001), as did the following interaction: Compost * Time. The Bayesian statistics output of the program were: n= 963; AIC (Akaike information criterion) = 2998.9; BIC (Bayesian information criterion) = 4440.9; logLik = −1176.45; σ = 1.15; R2 = 0.99. Along with the sequential hypothesis and fixed effects test values, these indicate a fit of the model and that temperature averages for C2 and C3 are equal with respect to C1, which the model treats as zero [19]. Afterward, linear regression analysis was performed for C2 (Figure 1), which revealed the following logistic fit:


T °C ~ α / ((1 + exp (− (Time − β) / − γ))) + δ



(3)




where: α = 33.81, β = 54.44, γ = −10.85, and δ = 29.21, all significant (p < 0.0001); AIC = 1844.52, BIC = 1863.28, logLik = 917.26, σ = 4.48.



The significant differences (p < 0.0001) in the temperature values depend on the type of material. However, given the complexity of this process, they also depend directly on M% (this value, which was initially 60%, and particle size were controlled by the necessary flow of oxygen). The temperature in the mixtures started with an initial mesophilic phase, quickly reaching 40 °C. The thermophilic phase (>45 °C) began on day 6 and lasted until day 26 with temperatures over 55 °C (Figure 1). Likewise, temperatures over 65 °C were registered for C1 (3 days) and C2 (12 days); this was not observed for C3, which is likely reflected in the behavior of other variables, primarily the biological variables.



Maximum temperatures exceeded 55 °C for at least 15 days (21, 30, and 28 days for C1, C2, and C3, respectively), 60 °C for 1 week (11, 20, and 21 days for C1, C2, and C3, respectively), and 65 °C for at least 3 days during the process (3, 12, and 0 days for C1, C2, and C3, respectively). This guaranteed that plant and human pathogens were eliminated and that weed seeds, primarily in C1 and C2, were neutralised [14]. Afterward, from days 30 to 52, there was a constant decrease in temperature, finally reaching room temperature after day 96 (cooling phase).




3.1.2. Decomposition of TOM and Evolution of pH Values


The evolution of temperature combined with an M% of about 60%, was favourable to the sustained decomposition of TOM over the 18 weeks in which the process was studied. The Pearson correlation coefficients for TOM as variable 1, with respect to the T and M% measured weekly, and time as variable 2 gave corresponding values as follows: T = 0.61; M% = −0.53; pH = −0.59; Dry Bd = 0.77; Time = −0.86 (all p < 0.0001). Other authors [1,31] have described a similar pattern to what is described here, finally arriving at values close to 20%, considered acceptable in the literature [32,33] (Figure 2). Predicted values for the accumulation of TOM% in compost over 18 weeks showed a linear fit, as follows:


TOM% = α × exp (β × week)



(4)




where: α = 57. 84 and β = −0.02 (p < 0.0001); AIC = 89.81; BIC = 92.49; R2 = 0.75.



As indicated in Figure 2, the general model can be interpreted [34] to indicate that every week, TOM% decreases by 0.82%. This is similar to what was reported when a predictive model of the decomposition rate of TOM was applied during temperature-dependent composting [35].



pH shown a lineal increase in the three mixes during the first three weeks (p < 0.001), indicating the release of organic acids [36]. This process accelerated rapidly until slowly reversing and approaching an alkaline pH (Table 2), due probably to the generation of ammonia resulting from the breakdown of proteins [37]. Running a linear regression analysis of pH against TOM as a regressor variable revealed that the changes in TOM content were significantly related to changes in pH with a cuadratic fit. As can be seen (Figure 3), while decomposition of organic matter occurs throughout the 18 weeks evaluated, the pH first increases in a linear tendency and after week 10 it seems to stabilize around a slightly alkaline value. Later, it will become neutral and stable thanks to the buffering effect the compounds synthesized from aromatic alcohols and acid phenols from the degradation of lignin [38]. The acceptable pH values for compost range from 6.5 to 8.5; the values in this study were, ultimately, slightly alkaline (C1 = 7.87, C2 = 7.88, and C3 = 7.73), demonstrating increases of 42.31%, 51.53%, and 31.68%, respectively.




3.1.3. Evolution in Moisture Content


Decomposition of TOM correlated positively and significantly with M%. In the first 5 weeks, M% fluctuated in response to the dramatic increase in temperature (Figure 3). As mentioned, monitoring of M% indicated a decrease and served to inform the necessary adjustments for C3, which oscillated between 40% and 55%. Accordingly, M% in the three treatments remained relatively constant between 50% and 60% (Figure 3a). An important characteristic to highlight was the absence of leachates in the piles, which indicates that the mixtures are close to the proposed objective in relation to humidity, which shows lower values according to the temperature peaks during the thermophilic phase.




3.1.4. Evolution of Bulk Density


The bulk density (Bd) is a variable of great importance during and after the composting process. Our results show similar values in the three mixtures, close to 0.34 and constantly decreasing to 0.24, 0.21 and 0.28 (Figure 3c).




3.1.5. Evolution of Electrical Conductivity Values


The ECs of the mixtures were statistically equal initially (C1 = 2.65 dS m−1, C2 = 3.19 dS m−1, and C3 = 4.41 dS m−1); however, by the end of the process, C2 was the only mixture to show a statistically significant change, a decrease, as per Student’s t-test (p < 0.05) (Figure 3d, Table 2).





3.2. Characteristics of the Final Products


The final values obtained for the mixtures were analysed to determine if they complied with the assumptions of normality and homoscedasticity by using the Shapiro-Wilk and Levene’s tests, respectively (data not shown).



The generated statistical information was then subjected to parametric ANOVA or Kruskal–Wallis. This was used to determine safe ranges for using the evaluated variables as possible indicators of compost quality. Using the W statistic (p < 0.05) (data not shown), it was observed that the variables SG (Stability Grade), TN, RE50 rad, RE100 cuc, Bd, Fe, Zn, and Mn did not exhibit a normal distribution.



3.2.1. Resistant Organic and Stability Grade


Maturity and stability are terms that must be differentiated from each other. The first refers to the absence of phytotoxic compounds, while the latter relates the state of decomposition or biodegradability that can be feasibly measured via the acid hydrolysis method [28] in this study. The use of compost, from the point of view of soil conservation, is meant to improve TOM content (avoiding erosion and increasing water retention); this is accomplished only if the applied TOM has a low rate of mineralisation. A stable compost is difficult to degrade and releases nutrients slowly. The presence of N reduces the risk of eutrophication [39], which is relevant given the risk associated with applying high amount of low stability TOM.



The accumulation of products resistant to hydrolysis was evident in calculating ROM based on the process described by Soliva and López [32], (SG = (ROM/TOM) × 100), where TOM = total organic matter (Table 2). Over the course of this work, SG more than doubled for each of the samples: C1: 23.42 ± 1.18 to 54.09 ± 2.81; C2: 22.75 ± 1.14 to 66.55 ± 0.79; and C3: 26.46 ± 0.22 to 54.97 ± 0.54. In all cases, the 50% benchmark was exceeded (Table 2). Acosta et al. [39], and López et al. [31], obtained similar values (SG of 58%) using a mixture of municipal waste sludge, goat manure, and waste from Aloe vera processing. Similarly, a co-composting plant for organic waste gave SG values of 48–65%.



Total nitrogen increased satisfactorily for the three treatments, with final values ranging from 1% to 3% [26], which was desirable with respect to the quality as fertilizer of the compost. Meanwhile, the theoretical initial values for the C/N ratio of all the mixtures were 30 (Table 1); chemical analysis adjusted to the initial humidity revealed that the real values were 36.45 ± 1.2, 38.42 ± 3.02, 36.45 ± 1.2, 38.42 ± 3.02, and 59.03 ± 10.11, respectively. Values higher than 30 restrict microbial growth due to limited nitrogen, with the immobilisation of NH4+ in NO3. Values lower than 25 mean that the excess nitrogen can be lost as NH3 [13,14,37].



Our goal here was to demonstrate the importance of preparing mixtures with a C/N ratio of 30 and an M% of 60% in obtaining high-quality compost. As such, the components were mixed to achieve the aforementioned theoretical values. However, the real values were different. This difference was contrasted with the IG for cucumber as a biological indicator, as explained later on.



At least one of the mixtures differed with respect to C/N ratio (as well as for other variables), necessitating that pairs be tested against each other. Next, confidence interval values were shown to identify within the range of expected results. Other variables, specifically EC, TOM, M%, IG cuc, and Cu, were found to be statistically different, meaning that they could express contrasting behavior with respect to other variables.



Continuing with the non-parametric analysis for the variables for which it was necessary, other variables that differed statistically between the mixtures were detected, specifically TN and Fe content, which are important due to their nutritional significance. However, they were omitted in later analyses in order to search for greater assertiveness in constructing the quality index.




3.2.2. Biological Response


GI and RE% are the most important of all the measurable values, as these express the general quality of the compost with respect to its biological value. The results indicate the profound importance of an equilibrated mix in achieving the desired results in the expected time. Germination tests indicate the phytotoxicity of the compost and a GI over 50% indicates that the compost is non phytotoxic [13]. C1 and C2 indicated no phytotoxicity, while C3 exhibited low phytotoxicity values and radicle length. The phytotoxicity of C3 may indicate the presence of heavy metals; alternately, it may be due to the high concentration of salts, as indicated by EC values (Table 2).





3.3. Identification of Critical Process Parameters


Composting consists of transformations that yield a mature and stable material. Compost quality refers to an estimation of the maturity and stability of the compost. However, given that quality is multifactorial, multivariate analysis is needed. Even then, there are various possibilities, including cluster analysis, PCA, and LDA, among others. Measured variables were selected based on their values agreeing with assumptions of normality, homoscedasticity, and independence of errors. They also needed to fall within the range framed by the confidence interval [15].



A 29 case (row) data set was constructed from representative of samples proceeding from different composting processes which better distinguish the groups of quality after the progressive filtration of the 27 variables originally measured by ANOVA and PCA. Through that matrix, three useful standards were established to classify the samples of this study in a simple manner: C1, C2 and C3 to standard a and standard b. Thus, future samples could be classified according to these criteria. Cluster analysis was applied, but it was not possible to separate the mixtures by quality. As can be seen from Table 2, the composted mixtures respond differentially to the treatment and express either an increase or a decrease in values. This is very important because a final product without phytoxicity and with the highest possible fertilizer value is desired. With that criterion, critic variables were selected to draw a possible quality index. Critic indicators were searched doing a new ANOVA selecting interaction between compost type and time (initial and final) (Figure 4). Those variables were selected with differences in statistical significance both with respect to time and blend composted (C1, C2 and C3).



3.3.1. Principal Component Analysis


PCA operates via a matrix of variances and covariances of data, preserving the corresponding Euclidean distances. However, unreal differences can be derived from the distances when the scale or unit of measurement of any variable is extremely high. To overcome this issue, Balzarini et al. [40] recommended using the correlation matrix or, alternately, standardised data. Data standardisation consists of subtracting the mean of the variable from each observed value and subsequently dividing the result by the corresponding standard deviation. The analysis revealed the two first axes as the most important. From the third onwards, the increases were small in terms of detected variance (data not shown).



The PCA correlation reveals high correlation between some variables and the two selected components (Table 3). The variability seems to reliably represent the relationships between the compost mixtures and the variables TN, TOM, RE100rad, Bd, C/N, RE100cuc, EG, Mn, GIrad, Fe, Zn, Cu, K EC, M% and EC.



PCA was applied to identify tendencies between the analysed variables and their relationship with the expression of biological indicators, in order to define a small set of variables to separate the groups according to their quality. This is especially important in our environment, given the limited availability of supplies and time. The components are orthogonal—that is to say, they are not correlated, which means that each one can be analysed independently from the other. According to the resulting biplot, generated via the correlation matrix, of the two components, CP1 and CP2, accounting for 72.4% of variability, CP1 is the most important, with TN, RE100cuc, EG, Mn, RE100rad, Cu, Zn, Fe and K representing 39.1% of the total variability. For its part, CP2 is responsible for 32.4%, with GIcuc, TOM, RE100rad Bd, C/N and EC ranking as the most notable.



As with CP1, the highest and lowest values are observed when a point projected from the variables or the cases on the component axes is closest to or furthest from zero. The biplot shows both the cases and the variables in the same space (Figure 5). When cases are projected perpendicularly on PC1, three contrasting situations are shown: C1 and C3, located on the negative side of the PC1 component. At the same time, C1 is on the positive side of the component PC2 with low EC. In contrast, C3 in the negative quadrant of both components with high values of Zn, Cu, K, Bd in addition to the highest EC and the lowest values for RE100cuc, GIcuc, GIrad and TW-HC.



When applying the analysis and selecting those with correlations greater than 0.70 / −0.70, the result was that PC1 (39.1%) concentrated the variables: biological RE 100 cuc and GI rad associated positively with TN, EG, Mn, and negatively with concentration of Fe, Cu, K and Zn. In PC2 (32.4%), two biological variables also stand out: RE100rad and GI cuc positively associated with TW-HC, TOM, C/N, and negatively with CD, BD and AC. As can be seen, groups of variables are outlined. When comparing these results with the work of Siles-Castellano et al. [41] and Bustamante et al. [4], in which the compost of agroindustrial residues is also analyzed, it is observed that the biological response (GI) of utmost importance for the achievement of a quality compost, was negatively correlated with EC and heavy metals. Notable also in the case of physical variables.




3.3.2. Evaluation of the Biological Response to Measured Parameters of the Composted Mixtures


To identify the most influential biological response of the evaluated composted mixtures (C1, C2 and C3), Spearman’s rank correlation was applied to the variables measured for in vitro and tray tests at the end of the process (week 18). The results are shown in Table 4. The absolute values show the hierarchy for the in vitro test: TOM > Bd > EC > TPS; and for the tray test: cucumber Zn > Cu > TN > K, radish Bd > Mn = TOM > AC and tomato EC.






4. Discussion


4.1. Evolution of Temperature and Moisture


The temperature of the heaps evolved in an appropriate manner in each phase, without generating leachates or disagreeable odors. This is conducive to appropriate microbial activity and is in equilibrium with the moisture, aeration, and composition of the mixture [14,40,42]. The evolution of temperature indicates intense degradation activity caused by the microbiota in the mixtures. Easily altered compounds, such as fatty starches and sugars, are the main substrates, especially during the second and third phase. The described dynamic is explained by the Arrhenius equation, which provides the maximum, minimum, and optimal compost temperature for microbial growth [35,43]. The moisture content remains constant close to 60% but showed a mismatch at the beginning of the process in C3 (Figure 3). The average moisture was 40% until the sixth week. In this particular case, the C/N ratio was 93% in C3, with respect to value 30. Values of C1 and C2 were 21.5% and 28%, respectively. Therefore, for models that predict temperature during composting, the state variables of greatest interest are temperature, moisture content, and oxygen concentration. The possible differences in decomposition rate are due to both multiple material degradability coefficients and the wait time that is needed for proliferation of the microbial populations involved. In our study, the temperature in the piles was adapted to sanitation, except for the case of C3, which had no days of temperatures about 65 °C.




4.2. Characteristics of the Final Products


The evolution of the parameters during the composting process of the three mixtures C1, C2 and C3, adjusted in a ratio of C/N near 30% and humidity at 60% revealed an evolution in accordance with that described by various authors [8,24,36,44]. The pH, which was acid; 5.53, 5.2 and 5.87, to neutral; 7.87, 7.88 and 7.73 for C1, C2 and C3, is indicative of good aeration and humidity [7]. Of the three mixtures evaluated, C1 and C2 show higher values, with a principally biological effect. C1, whose primary constituent material was fruit residues, contained the least quantity of chicken manure (12% w/w as opposed to 22% in C2 and C3), and exhibited better biological behaviour in terms of maturity. A higher Cu and Zn content was associated with the negative effect, inhibiting root elongation in cucumber as well as wheat and rice [45].



The proportion of chicken manure used to equilibrate the C/N ratio at the outset contributed an equal statistical content to the three mixtures (Figure 4). However, although increases also were evident at the end of the process (p < 0.05), C2 showed a greater value than those of C1 and C3.



This higher value of TN in C2 was positively correlated (value = 0.87, Table 4) with the RE100 of cucumber, radish and tomato. That, linked to a lower EC and higher EG (Figure 4), indicates that it behaves well as a substrate for cucumber and radish. On the other hand, C3 was immature and incapable of being used as a substrate. In the three mixtures, the EC exceeded the value 1.5 dS m-1, indicated as limit value for use of compost as a substrate [42]. Interpreting the correlations of Table 4, it can be seen that higher EC at the end of the process together with the higher Cu, Zn [41,46], lower Bd and TPS (Table 2) contributed to its inferior profile.



A substrate consisting of 50% peat and 50% compost demonstrated slightly higher performance than a 100% peat substrate. However, pure compost (C2 and C3) was unfavourable for the use as substrate, likely due to its low total porosity. Results were improved upon mixing with peat, which resulted in improved aeration and reduced possible phytotoxicity. Therefore, if some of the physical and chemical properties of a material are not optimal, it is still possible to use it as a substrate when mixed with another material, which has complementary characteristics. These results affirm that the substrate consisting of 50% peat and 50% compost is the most recommended for seedling growth; the values variables associated with quality are similar to that of 100%, but the inclusion of compost reduces costs.




4.3. Compost Quality Proposal


Compost quality is measured as the sum of desirable attributes that are definitively expressed in the indicator species, which, in our study, are the cucumber and radish. Constituent variables for the proposed quality were selected using (i) statistical weight in explaining variability (eigenvector value); (ii) correlations with other variables (positive or negative); and (iii) ease and simplicity of measurement [3]. They were filtered (substracting the least representative elements) and corroborated using Spearman’s (rank) correlation.



It is evident from the interpretation of the Spearman’s rank correlation results that the GI provided by C1 was manifested by lower EC and Bd together with a higher TOM. For its part, C2 induced a greater cucumber RE thanks to its higher TN content but lower Cu, Zn and K content.



Lastly, in C3, a higher presence of salts, poorer physical characteristics (>Bd and <TPS) and higher content of Zn and Cu, are combined.



The critical variables already identified due to their effect on biological response can be taken into account for future studies in the search for a Quality Index.





5. Conclusions


To study the importance of adjusting a ratio of C/N = 30 and humidity approaching 60% during the composting process, the consignment parameters of three mixtures were composted for 107 days. The adjustment was of great importance in the evaluation of the dynamic and resulting products. The adjustment to the C/N and humidity ratio recommended to initiate the composting process is reflected in the temperature evolution and the speed of degradation of the organic material optimal for the sanitation and stabilization of the final product in the evaluated time period (107 days). Physical, chemical and biological parameters of the mixtures evaluated demonstrate there will already be useful substrate products for agriculture generated in the cases of C1 and C2 or as an edaphic amendment in C3 substrate. Beyond individual comparisons between the resulting values, the multivariant tool applied completed its task of offering quality classes useful for the classification of compostable material in a context of limited resources.
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Figure 1. Measurement of daily temperature in piles C1, C2, and C3 (each point is the average measurement of the three repetitions). The arrows indicate when the piles were turned. A: mesophilic phase, up to day 11, with homogenous temperatures between the 3 mixtures (p < 0.0001); B: thermophilic phase, corresponding to days 12–29, with temperatures over 45 °C, and with decreasing temperatures as follows: C1 > C3 > C2 (p < 0.0001); C: second mesophilic phase, with decreasing temperatures as follows: C2 > C3 > C1; D: mesophilic or cooling phase, with speed of cooling as follows: C2 > C3 > C1 (p < 0.0001); E: stabilization phase, with temperatures close to room temperature C2 and C3 > C1 (p < 0.0001). 
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Figure 2. Predicted values for TOM% in C2 over 18 weeks showed a linear fit of TOM% = α × exp (β × week), where: α = 57. 84 and β = −0.02 (p < 0.0001); AIC = 89.81.45; BIC = 92.49; σ = 2.83. Note: TOM = total organic matter. 






Figure 2. Predicted values for TOM% in C2 over 18 weeks showed a linear fit of TOM% = α × exp (β × week), where: α = 57. 84 and β = −0.02 (p < 0.0001); AIC = 89.81.45; BIC = 92.49; σ = 2.83. Note: TOM = total organic matter.



[image: Agronomy 10 01567 g002]







[image: Agronomy 10 01567 g003 550] 





Figure 3. Box graphic of parameters’ evolution in compost: C1, C2 and C3 throughout 18 weeks. M%: moisture (a); pH (b); Bd: t·m−3 (c) and EC: dS m−1 (d). 
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Figure 4. Initial and final values of TN (a), C/N (b), TOM (c), pH (d), EC (e) and SG (f). Values are the average of three replications. Different letters indicate significant differences according to the one-way ANOVA test (p < 0.05). TN: total nitrogen; C/N: carbon nitrogen ratio; TOM: total organic matter; EC: electrical conductivity; SG: stability grade. 
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Figure 5. Principal component analysis (PCA) of C1, C2 and C3 corresponding to the 18 weeks. 
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Table 1. Characteristics and proportion of materials used to achieve desirable attributes in the compostable mixture.
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Material

	




	
Characteristic

	
Fruit Waste

	
Sludge

	
Debris

	
Rice Hulls

	
Sawdust

	
Dairy Manure

	
FSC

	

	

	






	
Bd (kg m−3)

	
0.8

	
0.9

	
0.8

	
0.1

	
0.1

	
0.3

	
0.4

	

	

	




	
M (%)

	
80.3

	
77.0

	
75.1

	
2.0

	
54.1

	
5.0

	
52.3

	

	

	




	
TOC (%)

	
55.2

	
48.3

	
57.2

	
46.5

	
56.4

	
32.6

	
12.2

	

	

	




	
TN (%)

	
1.9

	
1.8

	
0.9

	
0.4

	
0.7

	
3.7

	
0.5

	

	

	




	
Treatment

	
Amount (kg)

	

	

	
Total

(kg)

	
C/N *

	
M *

(%)




	
C1

	
2600

	

	

	

	
400

	
40

	
400

	
3400

	
36.5

	
51.8




	
C2

	

	
2500

	

	
800

	

	
100

	
1000

	
4400

	
38.4

	
57.0




	
C3

	

	

	
2900

	

	
600

	
150

	
1000

	
4650

	
59.0

	
53.8








Bd: Bulk density; M: Moisture; C/N: carbon/nitrogen ratio; TN: total nitrogen; TOC: total organic carbon; Sludge: potato-processing sludge; Debris: potato-corn processing debris; FSC: filter cake sugar cane. * M and C/N corrected values after laboratory analysis performed at the end of the first week.
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Table 2. Initial and final means of the analysis of variables measured in the mixtures: C1, C2 and C3 obtain of ANOVA and Bonferroni tests.
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Initial

	

	

	
Final

	




	
Variable

	
Reference

Values

	
C1

	
C2

	
C3

	
C1

	
C2

	
C3






	
SG% *

	
>50

	
23.42 a

	
22.75 a

	
26.46 a

	
54.09 a

	
66.55 a

	
54.91 a




	
TN% *

	
>0.5

	
0.58 b

	
0.55 ab

	
0.5 a

	
1.00 ab

	
1.26 b

	
0.91 a




	
C/N [28]

	
<25

	
36.45 a

	
38.42 a

	
59.03 b

	
24.48 b

	
16.40 a

	
18.7 a




	
pH [28]

	
5–8.5

	
5.53 ab

	
5.2 a

	
5.87 b

	
7.87 a

	
7.88 a

	
7.73 a




	
EC dSm−1 [28]

	
≤3a ≤ 8b

	
3.32 a

	
4.22 a

	
3.61 a

	
2.86 a

	
2.99 a

	
3.70 b




	
TOM % [28]

	
>20

	
60.04 b

	
56.82 a

	
66.74 c

	
42.0 c

	
35.56 b

	
29.11 a




	
M (%) [28]

	
50–60

	
51.75 a

	
46.04 a

	
53.84 a

	
56.09 b

	
52.79 a

	
54.9 ab




	
GI rad% [16]

	
>50

	

	

	

	
49.40 a

	
60.60 a

	
41.43 a




	
GI cuc% * [16]

	
>50

	

	

	

	
90.23 a

	
65.20 ab

	
40.27 b




	
RE 100 rad% [16]

	
>50

	

	

	

	
75.90 a

	
103.50 a

	
67.87 a




	
RE 50 cuc [16]

	
>50

	

	

	

	
112.5 a

	
128.50 a

	
115.40 a




	
RE 100 cuc [16]

	
>50

	

	

	

	
75.03 a

	
135.70 b

	
46.20 a




	
RE 50 tom [16]

	
>50

	

	

	

	
78.60 a

	
85.70 a

	
72.43 a




	
RE 100 tom [16]

	
>50

	

	

	

	
78.60 a

	
64.30 a

	
37.93 a




	
TPS% v/v [29]

	
≥85

	
54.91 b

	
43.73 a

	
48.01 a

	
47.95 a

	
46.31 a

	
38.46 a




	
AC% v/v [29]

	
20–30

	
29.68 b

	
23.09 a

	
18.51 a

	
12.27 a

	
15.85 b

	
14.29 b




	
TW-HC% v/v [29]

	
55–70

	
25.23 b

	
20.64 a

	
29.5 b

	
35.68 a

	
30.46 ab

	
24.17 a




	
Bd * t m−3 [29]

	
0.2–0.4

	
0.31 a

	
0.35 a

	
0.35 a

	
0.24 a

	
0.21 a

	
0.28 a




	
Pd t m−3 [29]

	
1.4–2.0

	
0.76 b

	
0.57 a

	
0.78 b

	
0.55 a

	
0.7 a

	
0.73 a




	
Ca % [29]

	
>11.21

	
39.94 a

	
43.82 a

	
41.59 a

	
51.34 a

	
56.52 b

	
52.23 a




	
Mg % [29]

	
>1.46

	
1.62 a

	
1.81 a

	
1.51 a

	
2.03 a

	
2.67 b

	
2.70 b




	
K% [29]

	
>5.06

	
5.90 ab

	
5.2 a

	
6.23 b

	
8.08 a

	
7.55 a

	
11.16 b




	
Fe * mg kg−1 [30]

	
<9300

	
13100 b

	
6000 a

	
10400 ab

	
17900 b

	
11200 a

	
13500 ab




	
Mn * mg kg−1 [30]

	
431–600

	
127.33 a

	
224.83 a

	
147.00 ab

	
226.83 a

	
273.17 ab

	
303.83 b




	
Cu mg kg−1 [30]

	
<100

	
41.00 b

	
30.33 a

	
50.67 c

	
62.00 b

	
48.50 a

	
68.83 c




	
Zn * mg kg−1 [30]

	
<200

	
76.17 ab

	
52.00 a

	
151.00 b

	
160.17 a

	
170.67 ab

	
247.83 b








* SG, TN, Zn, Fe, Mn, Bd with Kruskal wallis test. Averages marked with different letters differ from each other at p < 0.05. Each average is the average of three repetitions. SG: stability grade; TN: total nitrogen; RE: Relative emergency; cuc: cucumber; rad: radish; tom: tomato; C/N: carbon nitrogen ratio; TOM: total organic matter; EC: electrical conductivity; AC: air capacity; TW-HC: total water-holding capacity; TPS: total pore space; GI: germination index; Bd: Bulk density; Pd: particle density.
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Table 3. Correlations with the original variables of the PCA components.
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	Variables
	Principal Component 1
	Principal Component 2





	TN
	0.95
	−0.002



	RE 100 cuc
	0.92
	0.01



	SG
	0.89
	−0.35



	Mn
	0.87
	−0.47



	GI rad
	0.75
	0.08



	Fe
	−0.77
	0.61



	Zn
	−0.85
	−0.5



	K
	−0.89
	−0.04



	Cu
	−0.94
	−0.21



	TW-HC
	0.35
	0.78



	GI cuc
	0.28
	0.94



	TOM
	0.27
	0.94



	RE_100 rad
	0.23
	−0.94



	Bd
	−0.16
	−0.93



	AC
	0.61
	−0.71



	C/N
	−0.48
	0.81



	EC
	−0.57
	−0.71







TN: total nitrogen; RE: relative emergency; cuc: cucumber; rad: radish; SG: stability grade; GI: germination index; TW-HC: total water-holding capacity; TOM: total organic matter; TPS: total pore space. Bd: bulk density; AC: air capacity; C/N; carbon nitrogen ratio; EC: electrical conductivity.
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Table 4. Spearman’s correlation analysis between biological variables and physical–chemical parameters of the finished process (n = 9).
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	Variable (1)
	Variable (2)
	Spearman
	p-Value





	GI cuc
	TPS
	0.75
	0.0339



	GI cuc
	Bd
	−0.88
	0.0017



	GI cuc
	TOM
	0.90
	0.0109



	GI cuc
	EC
	−0.78
	0.0122



	RE 100 cuc
	TN
	0.87
	0.0025



	RE 100 cuc
	K
	−0.74
	0.0214



	RE 100 cuc
	Cu
	−0.93
	0.0003



	RE 100 cuc
	Zn
	−0.95
	0.0001



	RE_50 rad
	K
	−0.69
	0.0399



	RE_100 rad
	AC
	0.81
	0.0081



	RE_100 rad
	Bd
	0.86
	0.0028



	RE_100 rad
	TOM
	−0.84
	0.0049



	RE_100 rad
	C/N
	−0.78
	0.0138



	RE_100 rad
	Mn
	0.84
	0.0046







GI: germination index. RE: relative emergency; cuc: cucumber; rad: radish.
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