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Abstract

:

Grape pomace is a fibrous food with satisfactory quantities of residual sugars. It meets the desirable characteristics for conservation in the form of silage for later use in animal feed, mainly for ruminant herbivores. Fresh grape pomace was subdivided into three treatment groups: grape pomace as a control, grape pomace treated with an inoculum of lactic acid bacteria, and grape pomace treated with zeolite. The treatments were performed in micro-silos over 90 days. There was a significant change (p < 0.05) in the chemical characteristics, content of biologically active compounds, and fermentative characteristics during the silage of all treatments. After 30, 60 and 90 days of ensiling, silages treated with inoculum and zeolite had better fermentation quality indicated by significantly (p < 0.05) lower pH and ammonia-nitrogen contents compared with those of the control. Also, the additives have decreased the total polyphenols and tannins for 97% in average which confirmed that lactic acid bacteria and zeolite positively effect on the degradation of polyphenols and tannins in grape pomace silage. The Flieg score was calculated and the values were above 80% what refers to excellent silage. In conclusion, our results suggest that inoculant and zeolite supplementation improves the quality of grape pomace silage for later use in animal feed.
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1. Introduction


The wine industry produces a large amount of unprocessed plant waste, known as grape pomace. Approximately 25% of the total mass of grapes used in wine production ends up as biowaste, which is, globally, around 9 million tons of waste every year [1]. In Croatia, the wine industry produces 15,000 tons of solid waste annually. A wide distribution of the leading grape variety in Croatia, called Graševina, is responsible for producing the largest share of wine waste [2]. Grape pomace consists of skins, seeds, and stems, and is considered a valuable by-product because grapes are rich in biologically active compounds. Improperly disposed grape pomace presents an environmental risk in terms of soil and water pollution. To reduce the amount of waste, a small portion of pomace is used for oil production or polyphenol extraction, or is processed into animal feed [3]. However, grapes are a seasonal fruit and large quantities of pomace are generated in a short period, making it difficult to store in a way that ensures the maintenance of desirable chemical characteristics. To preserve the stability of fresh plant material, the biomass can be dried; for example, vacuum drying is proven to be an effective method for conserving fresh biomass. However, vacuum drying requires additional equipment, which increases the final cost of storage, especially on a large industrial scale [2]. For the said reasons, ensilage is another method that can be applied in such cases [4]. Ensilage is a fermentative process used for the conservation of by-products. Lactic acid bacteria facilitate the fermentation of moist biomass under anaerobic conditions. As a result of converting water-soluble carbohydrates into organic acids, the pH value rapidly drops, which inhibits the growth of undesirable micro-organisms, such as yeast and mold. Therefore, the further decomposition and deterioration of the biomass are prevented and long-term storage under those conditions is provided [5]. When grape pomace is ensiled, it can produce high-quality feed for ruminant animals, such as cows or sheep. The fermentation process can produce a valuable by-product called biogas, which can be used as a renewable energy source. This can be economically beneficial for wineries that have a lot of disposed grape pomace. In addition to its potential as a feed source, the ensiling of grape pomace offers ecological advantages. Ensiling contributes to a reduction in agricultural waste by minimizing the amount of pomace left in the fields. To prevent greenhouse gas production during silage, it is advisable to monitor lactate degradation and butyrate formation by clostridia, as the production of methane can adversely affect the silage quality. The quantities of greenhouse gas emissions also depend on factors such as the forage type, dry matter concentration, and silage additives [6].



Grape pomace is especially desirable for ensiling because of its already low pH value and high content of polyphenols and lipids, which prevent protein degradation [7]. Polyphenolic compounds have already attracted a large market interest as antioxidants that can be used as additives for various applications and that exert numerous health-promoting effects on humans [8]. In contrast, polyphenol effects have been only recently studied in animal diets, and effects such as an enhanced oxidative stability of meat, the modulation of intestinal microbiota, and a reduction in synthetic antioxidant additions such as vitamin E have been reported [9]. Monitoring the total polyphenolic content during ensilage is essential for the quality control of the process. Polyphenols, being natural antioxidants, play a crucial role in enhancing the overall quality and nutritional value of silage. Variations in the polyphenolic content can serve as indicators of potential issues, such as spoilage during storage or excessive heating in the process, due to their degradation [10]. Moreover, polyphenols aid in optimizing the nutritional quality of the silage for specific animal diets [9]. Tannins are naturally occurring phenolic compounds that may exhibit positive effects on human health and ruminant performance. Nevertheless, concentrations higher than 50 g kg−1 dry matter (DM) generally decrease feed intake and reduce nutrient availability [11]. Since white grapes contain much higher concentrations of tannins, decreasing their concentration during silage is desirable. Tannins are capable of binding proteins, minerals, and carbohydrates, which can negatively affect the nutritional value of the ensiled biomass [12]. The main goal of ensilage is to improve the microbiological and nutritional quality of by-products [13].



Various types of additives can be applied early in the process to ensure that fermentation occurs appropriately and to improve the silage quality. These additives can be chemical or microbiological (also known as starter cultures or inoculants), with microbiological additives being more commonly used [14]. Chemical additives such as acids and salts improve the aerobic stability of the process. Urea can also be beneficial by increasing the protein content and reducing the fiber in silage, making it more nutritious [13]. The inoculant is a product composed of strains of one or more species of micro-organisms, and it must be viable at the time of use. The main positive effects of the use of these micro-organisms in silages are a reduction in dry matter losses, an increase in the production of microbial metabolites of interest, the inhibition of undesirable micro-organisms, and an improvement in the microbiological and nutritional quality [14]. The benefits of inoculated silage include the inhibition of pathogenic micro-organisms, lower concentrations of toxins and undesirable compounds, interactions with ruminal micro-organisms, and changes in rumen fermentation (e.g., a reduction in methane production) [15]. Recently, much attention has been directed towards zeolites—additives from the group of mycotoxin adsorbents that considerably reduce the toxic effects of the metabolic products of mildew, which are present in many feeds. The results of previous research indicated that zeolite had a positive effect on the quality of corn, alfalfa, red clover, and ryegrass silages as well as the silages of sugar beet pulp, in the way that they bound moisture and improved the activity of bacteria in the silages [16]. Irrespective of the ensilage approach applied, the main goal of ensilage is to improve the microbiological and nutritional quality of by-products [13].



The objective of this study was to evaluate the impact of different additives on the quality of grape pomace silage. Briefly, Graševina grape pomace was ensiled over 90 days in three different experiments: grape pomace as a control, grape pomace with an inoculum of lactic acid bacteria, and grape pomace with zeolite. After 30, 60, and 90 days of ensiling, chemical analyses of the grape pomace were performed. The following parameters were determined: the dry matter (DM), water-soluble carbohydrate (WSC), crude protein (CP), neutral detergent fiber (NDF), acid detergent fiber (ADF), total polyphenol (TP), and total tannin (TT) content. Furthermore, the fermentative characteristics of the grape pomace were determined, such as the pH, silage acids (lactic, acetic, and butyric acids), the ammonia–nitrogen (NH3-N) content, and the Flieg score, which describes the silage quality.




2. Materials and Methods


2.1. Materials


Graševina grape pomace (Vitis vinifera) was obtained from the Croatian native grape cultivar Kutjevo d.d. in September 2021. All solvents were purchased from Kemika d.d. (Zagreb, Croatia) and were of HPLC grade.




2.2. Silage of Grape Pomace


After harvest and wine production, the grape pomace was used for ensilage. Three different treatments were carried out: grape pomace as a control, grape pomace with an inoculum of lactic acid bacteria (0.0002% w/w) (SIL-ALL 4 × 4+ FVA, Nutritech, Auckland, New Zealand), and grape pomace with zeolites (0.2% w/w) (zeolite clinoptilolite, Heiltropfen, London, UK). The commercial inoculum comprised 4 bacterial strains (Lactobacillus plantarum, Pediococcus acidilactici, Pedioccus pentosaceus, and Propionibacterium acidipropionici), 4 enzymes (α-amylase, cellulase, β-glucanase, and xylanase), sucrose, and silica. The additives were mixed homogenously with the grape pomace.



In detail, each treatment was carried out in three replicates of 0.5 kg each, and they were packed into air-tight polyethylene bags. A total of 27 bags (3 treatments × 3 ensiling days × 3 replicates) were stored at a temperature of 18–20 °C. At 30, 60, and 90 days of ensiling, 9 bags (3 treatments × 3 replicates) were opened and the chemical composition and fermentative characteristics were analyzed. Initial fresh grape pomace samples were taken before ensiling and the same analysis was carried out.




2.3. Extract Preparation and Sample Analysis


The amount of total dry matter and the residual moisture content of Graševina grape pomace were determined using a conventional dryer (Instrumentaria d.d., Sesvete, Croatia) at 103 ± 2 °C with a pressure ≤100 mmHg (13.3 kPa) [2]. The WSCs were extracted in distilled water in a ratio of 1:10. The extraction was performed for 2 h in a water bath at 70 °C, and after the extraction, the mixture was filtered through a filter paper. The WSC content in the supernatant was determined using the phenol–sulfuric method described by Nielsen [17]. The total nitrogen (TN) was determined using an elemental analyzer with a spectrophotometer (LaboMed UV-VIS, Los Angeles, CA, USA), and the crude protein content was calculated via multiplying the TN by 6.25. The NDF and ADF were determined according to Van Soest et al. [18]. The extraction of phenolic compounds was carried out using an 80% (w/w) methanol solution according to the method described by Palma and Barroso [19], with some modifications. After the extraction, the mixture was filtered through a filter paper and the total phenolic (TP) content was determined using the Folin–Ciocalteu method [20]. The absorbance was measured at 760 nm (Specord 50 PLUS UV/VIS spectrophotometer, Analytik, Jena, Germany) and the results were expressed as the grams of gallic acid equivalent per kilogram of dry matter (g GAE kg−1 DM). The extraction of tannins was carried out according to the method described by Hagerman et al. [21] using 70% (w/w) acetone. After the extraction, the mixture was filtered through a filter paper and the total tannin (TT) content was determined using the Bate-Smith method as described by Ribéreau-Gayon et al. [22]. The absorbance was measured at 550 nm (Specord 50 PLUS UV/VIS spectrophotometer, Analytik, Jena, Germany) and the results were expressed as the tannin mass over the mass of dry matter (g kg−1). For the determination of pH, the extract was prepared as described by Ni at el. [23] and the pH was measured using a digital pH meter (Mettler Toledo, Greifensee, Switzerland). The organic acid concentrations were determined using high-performance liquid chromatography (HPLC) [2]. The NH3-N content was analyzed using Nessler’s method as described by Merck [24]. All the analyses were performed in triplicate. The parameter of silage quality, the Flieg score, was calculated using the following equation [25]:


Flieg score = [220 + (DM − 15)] − 40∙pH



(1)








2.4. Statistical Analysis


The statistical analyses were performed using Statistica 13.0 (Tibco Software Inc., Palo Alto, Santa Clara, CA, USA). Differences between the means of the chemical characteristics and the fermentative characteristics during the grape pomace silage were tested using a two-way analysis of variance (two-way ANOVA) at the significance level of p < 0.05, followed by Tukey’s honestly significant difference (HSD) test. The SS (sum of squares) in total, the SS among subjects, the SS between subjects A and B, the MS (mean square) for subjects A and B, the df (degrees of freedom) for subjects A and B, and the F-ratio for subjects 1 and 2 were the parameters used for the two-way ANOVA. A two-way ANOVA is a statistical method that tests the group means of two or more factors. This type of analysis examines groups that have been divided into multiple categories based on the values of both independent variables. The formulas for two-way ANOVA are given in Table 1:





3. Results and Discussion


3.1. Effect of Additives and Storage Time on the Chemical Characteristics of Grape Pomace Silage


The main characteristics of fresh grape pomace and the effect of additives and storage time on the chemical composition of grape pomace silage are presented in Table 2. In general, there was a significant change in the chemical characteristics after 30 days of the silage of grape pomace in all the treatments in comparison to fresh grape pomace; with a longer silage period, the chemical characteristics did not change considerably, and the values were consistent until the end of the process.



One of the factors that affected the ensiling process was the DM content of the plant. According to the literature, to obtain good-quality silage, the interval needs to be between 280 and 400 g kg−1 to avoid high nutrient losses [4]. As these authors have reported, dry matter values within this range contributed to a reduction in nutrient losses, which can be leached together with excess moisture. The grape pomace used in our experiment for ensiling showed an adequate dry matter content, and at the end of all treatments, the values were higher than 400 g kg−1, which indicated no significant nutrient loss. Also, an increase in the dry matter content was noticed in the treatment with zeolite, and similar results have been reported by Herremans et al. [16]. In this previous study, they found that an application of zeolite (1%) increased the content of dry matter in ryegrass and red clover silage compared to a control. Good fermentation probably results in total dry matter losses of less than 10 to 12%, and poor fermentation coupled with poor storage conditions results in total dry matter losses of greater than 20%. Losses of dry matter may also come from runoff, oxidation, and the loss of volatile organic compounds [26]. In this work, the control and grape pomace with an inoculum had dry matter losses of 8.75% and 12.00%, respectively, which indicates good fermentation. On the other hand, the experiment with zeolite showed an increase in dry matter of 6.58%, which was expected and is in line with the literature.



The concentration of WSCs during the silage was influenced by factors such as the temperature, moisture content, fertilizers, additives, and time of ensiling. In the ensiling process, carbohydrates are the key source of fermentable substrates. In an anaerobic environment, water-soluble carbohydrates are converted into organic acids with the help of lactic acid bacteria [27]. The initial value of WSCs was 54.83 g kg−1 DM, which corresponds to the values reported in the literature [28]. As expected, the WSC concentrations decreased rapidly in all the grape pomace silages over the first 30 days of ensiling (Table 2), especially in the experiment with lactic acid bacteria. The higher WSC content in the control silage (48.13 g kg−1 DM) and lower content in the inoculant and zeolite treatments 30 days after the start of the silage could be explained by an inhibition of microbial growth by the tannins in the grape pomace silage. After 90 days of ensiling, the final WSC contents were 13.40, 11.78, and 7.88 g kg−1 DM for the control, inoculum, and zeolite treatments, respectively. The decrease in the WSC content was mainly due to oxygen consumption by plant cells in the silages in the early stage of ensiling, followed by the fermentation of water-soluble carbohydrates by micro-organisms into lactic acid; as a consequence, the pH decreased [29]. Furthermore, the CP content in fresh grape pomace before the silage process was 96.25 g kg−1 DM, and the approximate values have been reported by some authors [10,28]. There were no significant changes in the CP values after 90 days of ensilage. Similar results were obtained by Massaro Junior et al. [4] and Fitri et al. [30]. Herremans et al. [16] found that an application of zeolite (1%) increased the content of crude protein in red clover silage compared to the control.



The nutritional value of grape pomace silage is significantly lower than that of other forages, resulting from a high proportion of structural carbohydrates. Generally, there is great variation in the ADF and NDF values of grape pomace in the literature. For the ADF, the values are between 312.00 and 593.10 g kg−1 DM, and for the NDF, the values are between 439.70 and 631.00 g kg−1 DM [4,28], which correspond to the values obtained in this experiment. A detergent fiber analysis showed that the content of ADF and NDF in grape pomace silages increased after 90 days of the silage process compared to the content before the ensilage. Alipour et al. [31] and Spanghero et al. [32] also found an increase in the ADF and NDF content in grape pomace 30 and 45 days after the start of ensilage. Certain inoculants contain bacteria that could secrete specific enzymes, mainly cellulases and xylanases, that may contribute to degrading these structures and increasing fiber digestion [33].




3.2. Effect of Additives and Storage Time of Grape Pomace Silage on Biologically Active Compounds


Polyphenols and tannins are biologically active compounds that may provide positive impacts on human health due to their anti-tumor, anti-inflammatory, anti-viral, anti-fungal, anti-bacterial, anti-parasitic, and cardio-protective effects [8]. In past decades, the polyphenol valorization of agro-food industry by-products emerged in order to provide added value to unexploited by-products. In addition, polyphenol’s global market is ever-growing, since these compounds may be used as additives to improve a product’s potential health benefits across a wide range of industries, such as the cosmetic, pharmaceutical, and food industries [7,32]. On the other hand, an elevated polyphenol content in silage may have a negative impact on animal production. Polyphenols may inhibit the activity of certain digestive enzymes and modulate the gut microbiota, thus negatively affecting digestion. Nevertheless, polyphenols have also been reported to improve animal gut health due to their antioxidant and anti-inflammatory properties [34]. Due to all the aforesaid results, their preservation during ensiling is crucial. Therefore, during grape pomace ensiling, the TP and TT contents were closely monitored.



The TP content in fresh Graševina grape pomace was 58.80 g kg−1 DM (Figure 1a). Antonić et al. [3] reported that the TP content in white grape pomace varies from 2.80 to 87.00 g kg−1 DM. The content of polyphenols decreased rapidly in all the grape pomace silages over the first 30 days of ensiling. On average, 82.24% of the polyphenols were degraded during the first 30 days. At the end of the experiment, 97.67% of the polyphenols had been degraded, on average, in all the monitored treatments. Winkler et al. [35], on the other hand, noted that 50% of the TPs in grape pomace ensiled for 56 days was degraded. Of the three silage treatments, after 90 days, the lowest TP degradation was seen in the treatment with zeolite (96.84%), while the control and inoculum treatments exhibited lower TP retention (98.21 and 97.96% of TPs degraded, respectively). The degradation of polyphenols has also been reported in studies by Alipour and Rouzbehan [31] and Winkler et al. [35]. This degradation generally occurs due to polyphenol polymerization and oxidation [35].



The TT content was monitored over the 90 days of grape pomace ensiling (Figure 1b). In fresh grape pomace, the TT content was 64.16 g kg−1 DM. A similar TT content in white grape pomace has already been reported in the literature [36]. As in the case of TPs, the most considerable number of tannins were degraded during the first 30 days of ensiling (66.71%, on average). This was slightly less evident in the control, where it was 47.92%. Nevertheless, after 90 days, the control treatment, together with the zeolite treatment, had the lowest TT content (1.24 and 1.19 mg g−1 DM, respectively). At the end of ensiling, only 2.15% of the tannins, on average, were preserved. Condensed tannin degradation during grape pomace ensiling has also been reported by Alipour and Rouzbehan [31], whereby after 30 days of ensiling, only 27.56% of the tannins remained in the grape pomace silage. The presented results (Figure 1) indicate that ensiling is not a suitable method for polyphenol and tannin preservation. Therefore, other methods for biologically active compound conservation should be applied.



Sokač et al. [2] reported a high stability for polyphenols and tannins during grape pomace drying. The authors noted that grape pomace drying at 70 °C ensured the highest level of secondary metabolite retention. Therefore, drying could be an acceptable alternative to ensure secondary metabolite stability in grape pomace. Despite the above-mentioned polyphenol and tannin degradation in grape pomace silage, ensiling has been reported to increase the digestibility of grape pomace, and thus, improve its feed value [9]. Grape pomace is generally considered to be a low-energy source when compared to the common forage used in animal diets. Nevertheless, ensiling may improve its digestibility, ensuring a year-round feed source [37]. The application of grape pomace as feed does not bring an extremely high added value to the whole wine-making process; however, it decreases the amount of wasted by-product and ensures its complete usage.




3.3. Effect of Additives and Storage Time on the Fermentative Characteristics of Grape Pomace Silage


Table 2 illustrates the dynamics of the fermentation quality of grape pomace silage during ensiling. Generally, the fermentation quality of silages improved by a low pH, a high lactic acid content, and a low level of ammonia-N can be achieved through the treatment of silage with different additives, including inoculants, chemical matter, and enzymes [12,21,26]. The pH of fresh grape pomace was 5.88, and after 90 days of the ensiling process, the value decreased. At the end of the silage, the pH value in the control treatment and the treatment with LAB was 4.06, and in the treatment with zeolite, it was 4.27. The decrease in the pH was expected due to the fermentation of water-soluble carbohydrates by lactic acid bacteria (LAB), and as a result, organic acids (mainly lactic acid) were produced [29]. The pH value of silage is an important index for evaluating the success of silage; well-fermented silage should have a pH of 3.80~4.20 [38]. The amount of acid required to decrease the original pH of 6 to a stable pH depends on the contents of the silage dry matter, the water-soluble carbohydrate content, and the crude protein content. Furthermore, forages with a high dry matter content are fermented at a slower rate than forages with low dry matter because of low water activity [39]. There are different opinions on the suitability of pH values for silage: some authors define a pH value of 4.2 as the upper threshold for a positive assessment of silage [40], while other researchers state that the final pH is not important; what matters is the decreasing rate, as this parameter is more important for inhibiting a secondary fermentation occurrence [4].



Lactic acid should be the primary acid in good silages. This acid is stronger than the other acids present in silage (acetic, propionic, and butyric acids), and as mentioned before, it is usually responsible for the decrease in the pH value. Lactic acid should represent at least 65 to 70% of the total silage acids in a good silage [26]. In this study, the lactic acid content before the silage of grape pomace was 28.35 g kg−1 DM, and after 30 days, the values in all the treatments decreased. Moreover, after 60 days of silage, an increase in lactic acid was noted and, finally, it decreased until the end of the process (Table 3). The content of lactic acid was higher in the treatment with zeolite than in the control and inoculum treatments. Also, Đorđević et al. [41] found in their research that the application of zeolite increased the content of lactic acid in corn, alfalfa, and perennial ryegrass silage compared to a control.



When lactic acid decreases, acetic acid increases (Table 3), which can be explained by the conversion of lactic acid to acetic acid with a prolonged ensilage time, in accordance with Ni et al. [23]. Der Bedrosian et al. [42] reported that some strains of lactic acid bacteria can utilize lactic acid anaerobically when sugar is limiting, which reduces the lactic acid concentration and increases the acetic acid concentration. Acetic acid is the acid with the second highest concentration in silage, usually ranging from 1 to 3%. The acetic acid content in silage is also affected by the dry matter content [38], while the acetic acid content decreases as the dry matter content increases, as also confirmed by the results of Juráček et al. [43]. Acetic acid is a promoter of aerobic stability during the ensiling process [44] and an effective inhibitor of fungi [45].



The butyric acid content was not determined in any of the grape pomace silage treatments. Furthermore, butyric acid is undesirable in silage due to its inhibitory effect on lactic acid bacteria and yeast growth. However, the presence of butyric acid in a range between 0.1% and 0.6% would not affect the silage quality [46]. Belém et al. [28] reported that the low values observed for butyric acid may be related to the low ammoniacal nitrogen in the silage, indicating low Clostridium spp. activity and a high silage quality. Besides the presence of butyric acid and lower-than-normal concentrations of lactic acid, clostridial silages are often characterized by a higher-than-normal pH and higher-than-normal concentrations of acetic acid and NH3-N [38].



Furthermore, the NH3-N concentration is a reliable indicator of protein degradation [25,44]. During the ensiling process, NH3-N accumulation can be explained by the activity of plant enzymes and fermentation by Clostridium and Enterobacter [47]. Usually, silage with high concentrations of NH3-N coupled with butyric acid may also have significant concentrations of other undesirable end products, such as amines, that may reduce animal performance [38]. Compared to the control, a significant reduction in ammonia was observed in the silages with the inoculant or zeolite opened after 30 and 60 days (Table 3). This may have been the result of the lower pH values, the activity of homofermentative lactic acid bacteria, or lactic acid production. Some authors [5,46] have also found that an inoculation with lactic acid bacteria or the use of zeolites significantly decreased the NH3-N levels compared with the controls. At the end of the silage, the lowest values of NH3-N were found for the treatment with zeolite in comparison with the control and the treatment with an inoculum (Table 3), which agrees with the literature [14,39].



Finally, the silage quality can be expressed by the Fleig score, which is the relationship between the dry matter content and the pH value of the silage [48]. The Flieg point was determined for all the treatments, and the value for the fresh grape pomace was 61.85. After the first 30 days of ensiling, the Flieg score increased significantly and the maximum values were achieved; these values were 141.74 for the control, 133.33 for the treatment with the inoculum of lactic acid bacteria, and 144.08 for the treatment with zeolite. At the end of the ensiling, the values decreased by 7.90%, on average, in comparison to the values determined 30 days after the process. The Flieg score had a value >80 for excellent silage, 61–80 for good, 41–60 for medium, 21–40 for weak, and 0–20 for poor silage [48,49]. Considering the mentioned scale and the calculated values for the Flieg score, in all the treatments, the silage was of a great quality. Similar results to those obtained in this work were reported by Zehra Saricicek et al. [25] for corn silage.





4. Conclusions


The present study illustrates the chemical and fermentative characteristics during grape pomace silage carried out in different treatments: control, with an inoculum of lactic acid bacteria, and with zeolite. After 30 days, the silages treated with additives had a better fermentation quality, as indicated by a significantly (p < 0.05) lower pH and NH3-N content and a higher lactic acid content compared with those of the control. Thus, our results suggest that inoculant and zeolite supplementation can improve the quality of grape pomace silage for its use in animal feed, mainly for ruminant herbivores.
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Figure 1. TP (a) and TT (b) content during 90 days of ensiling. Results are expressed as average values ± standard errors (CON-control; LAB-inoculum of lactic acid bacteria; ZEO-zeolite); n = 3. A–C The same superscript capital letters within a row denote no significant differences (p > 0.05) between the values obtained for the different treatments regarding the control sample according to Tukey’s ANOVA. a–d The same superscript lowercase letters within a column denote no significant differences (p > 0.05) between values obtained for different days of storage according to Tukey’s ANOVA. 
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Table 1. Formulas for two-way ANOVA.
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	Source of Variation
	d.f.
	SS
	MS
	F0





	Factor A (between groups)
	a − 1
	   S S A =    ∑  i = 1   a       n   i           y   i    ¯  −   y  ¯      2       
	   M S A =   S S A   ( a − 1 )     
	     M S A   M S E     



	Factor B (between groups)
	b − 1
	   S S B =    ∑  j = 1   b       n   i           y   j    ¯  −   y  ¯      2       
	   M S B =   S S B   ( b − 1 )     
	     M S B   M S E     



	Error (within groups)
	(a − 1)(b − 1)
	   S S E = S S T − S S A − S S B   
	   M S E =   S S E   ( a − 1 ) ( b − 1 )     
	



	Total
	N − 1
	   S S T =    ∑  i = 1   a        ∑  j = 1   n           y   i j   −   y  ¯      2         
	
	







n = 3.













 





Table 2. Chemical composition of fresh and ensiled grape pomace. Results are presented as average value ± standard errors.
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Variable

	
Day of

Ensiling

	
Control

	
Grape Pomace +

Lactic Acid Bacteria

	
Grape Pomace + Zeolite






	
DM

(g kg−1)

	
0

	
465.50 ± 3.05 A,a

	
465.50 ± 3.05 A,a

	
465.50 ± 3.05 A,a




	
30

	
485.72 ± 4.79 A,a

	
431.67 ± 9.57 A,a

	
513.44 ± 6.14 A,a




	
60

	
463.03 ± 15.01 A,a

	
428.68 ± 12.23 A,a

	
494.59 ± 0.79 A,a




	
90

	
424.74 ± 27.76 B,a

	
409.62 ± 0.31 B,b

	
498.33 ± 9.52 A,a




	
WSC

(g kg−1 DM)

	
0

	
54.83 ± 0.47 A,a

	
54.83 ± 0.47 A,a

	
54.83 ± 0.47 A,a




	
30

	
48.13 ± 0.02 A,b

	
23.40 ± 0.01 B,b

	
34.05 ± 0.01 C,b




	
60

	
11.89 ± 0.01 A,c

	
10.13 ± 0.01 B,c

	
11.76 ± 0.02 A,c




	
90

	
13.40 ± 0.01 A,d

	
11.78 ± 0.01 B,d

	
7.88 ± 0.07 C,d




	
CP

(g kg−1 DM)

	
0

	
96.25 ± 0.02 A,a

	
96.25 ± 0.02 A,a

	
96.25 ± 0.02 A,a




	
30

	
105.60 ± 0.02 A,b

	
93.70 ± 0.02 B,b

	
91.80 ± 0.02 C,b




	
60

	
98.10 ± 0.02 A,c

	
98.10 ± 0.02 A,c

	
98.10 ± 0.02 A,c




	
90

	
100.00 ± 0.02 B,d

	
102.50 ± 0.02 A,d

	
99.40 ± 0.02 C,d




	
NDF

(g kg−1 DM)

	
0

	
451.70 ± 0.54 A,d

	
451.70 ± 0.54 A,d

	
451.70 ± 0.54 A,d




	
30

	
454.80 ± 0.54 B,c

	
511.90 ± 0.54 A,c

	
511.20 ± 0.54 A,c




	
60

	
572.00 ± 0.54 B,b

	
579.90 ± 0.54 A,a

	
559.90 ± 0.54 C,b




	
90

	
593.00 ± 0.54 A,a

	
572.80 ± 0.54 C,b

	
585.90 ± 0.54 B,a




	
ADF

(g kg−1 DM)

	
0

	
395.40 ± 0.65 A,c

	
395.4 ± 0.65 A,d

	
395.40 ± 0.65 A,d




	
30

	
392.20 ± 0.65 C,c

	
445.6 ± 0.65 B,c

	
467.10 ± 0.65 A,c




	
60

	
527.20 ± 0.65 B,b

	
554.2 ± 0.65 A,a

	
529.70 ± 0.65 B,b




	
90

	
573.10 ± 0.65 A,a

	
547.1 ± 0.65 C,b

	
553.10 ± 0.65 B,a








DM: dry matter; WSC: water-soluble carbohydrate; CP: crude protein; NDF: neutral detergent fiber; ADF: acid detergent fiber. (n = 3). A–C The same superscript capital letters within a row denote no significant differences (p > 0.05) between the values obtained for the different treatments regarding the control sample according to Tukey’s ANOVA (real p-values are given in Supplementary Table S1). a–d The same superscript lowercase letters within a column denote no significant differences (p > 0.05) between values obtained for different days of storage according to Tukey’s ANOVA (real p-values are given in Supplementary Table S1).













 





Table 3. Fermentative characteristics of the grape pomace silage. Results are presented as average value ± standard errors.
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Variable

	
Day of

Ensiling

	
Control

	
Grape Pomace +

Lactic Acid Bacteria

	
Grape Pomace + Zeolite






	
pH

	
0

	
5.88 ± 0.14 A,a

	
5.88 ± 0.08 A,a

	
5.88 ± 0.05 A,a




	
30

	
4.01 ± 0.05 A,d

	
3.95 ± 0.03 A,d

	
4.09 ± 0.03 A,d




	
60

	
4.12 ± 0.04 A,b

	
4.12 ± 0.03 A,b

	
4.20 ± 0.01 A,c




	
90

	
4.06 ± 0.05 A,c

	
4.06 ± 0.02 A,c

	
4.27 ± 0.01 A,b




	
Lactic acid

(g kg−1 DM)

	
0

	
6.09 ± 0.07 A,b

	
6.09 ± 0.07 A,a

	
6.09 ± 0.04 C,a




	
30

	
0.18 ± 0.18 B,d

	
6.98 ± 0.20 A,a

	
5.08 ± 0.15 B,a




	
60

	
11.19 ± 0.33 B,a

	
6.80 ± 0.18 C,a

	
11.54 ± 0.26 A,b




	
90

	
4.58 ± 0.03 B,c

	
0.17 ± 0.29 C,b

	
7.86 ± 0.01 B,d




	
Acetic acid

(g kg−1 DM)

	
0

	
15.39 ± 0.10 A,c

	
15.39 ± 0.10 A,c

	
15.39 ± 0.10 A,a




	
30

	
22.25 ± 0.29 A,a

	
15.72 ± 0.13 B,c

	
14.63 ± 0.02 C,a




	
60

	
11.79 ± 0.31 B,d

	
16.53 ± 0.87 A,b

	
8.68 ± 0.02 C,b




	
90

	
19.19 ± 0.11 B,b

	
24.40 ± 0.37 A,a

	
14.53 ± 0.02 C,a




	
Butyric acid (g kg−1 DM)

	
0

	
-

	
-

	
-




	
30

	
-

	
-

	
-




	
60

	
-

	
-

	
-




	
90

	
-

	
-

	
-




	
NH3-N

(g kg−1 DM)

	
0

	
0.00 ± 0.04 A,c

	
0.00 ± 0.04 A,c

	
0.00 ± 0.04 A,c




	
30

	
1.19 ± 0.02 A,a

	
0.90 ± 0.02 B,a

	
0.84 ± 0.01 C,a




	
60

	
0.92 ± 0.01 A,b

	
0.63 ± 0.01 C,b

	
0.79 ± 0.01 B,b




	
90

	
0.97 ± 0.01 A,b

	
0.99 ± 0.02 A,a

	
0.94 ± 0.02 A,a








(n = 3). A–C The same superscript capital letters within a row denote no significant differences (p > 0.05) between the values obtained for the different treatments regarding the control sample according to Tukey’s ANOVA (real p-values are given in Supplementary Table S2). a–d The same superscript lowercase letters within a column denote no significant differences (p > 0.05) between values obtained for di