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Abstract

:

Grape pomace (GP) has an added value because of its contribution to carbon (C) and nitrogen (N) in soils when applied as an organic fertilizer. Macronutrients from GP are translocated into the soil after amendment, but little is known about the factors that may influence the mobility of C, N and bioactive molecules, i.e., polyphenols, in the soil column. We investigated the mobility of the macronutrient content of GP, derived from two red (Dornfelder and Pinot noir) and two white grape varieties (Riesling and Pinot blanc). For that, three different soils (loamy sand RefeSol01A, silt loam RefeSol02A and a vineyard soil) were evaluated in a column model using a GP application rate of 30 t ha−1. The three-step lab-scale approach included the analysis of total C, N and polyphenols expressed as total polyphenolic content (TPC) in: (a) the fresh GP, representing the total amount of C, N and TPC; (b) the mobility with rainwater, representing the aqueous extractable fraction and (c) the mobility in the soil column and leaching potential. Our results showed that total C/N ratios were wider in the white GP varieties compared with the red ones. Higher TPC values were measured in Dornfelder and Pinot noir compared with white varieties. Analysis of the water-extractable fraction showed that the C recovery may reach up to 48% in Pinot blanc, which also corresponds to the highest N contribution. Extractable polyphenols were higher in the red compared with the white varieties by a factor of 2.4. C and N were mobilized with rainwater from the GP through the soil column. However, the application rate used in the experiment was not indicative of an accumulation in the soil. Compared with the control (no GP application), C values were significantly higher in the leachates from GP-treated soils, in contrast to N values. Up to 10% of the TPC of the pomace was leached into the soil. The TPC recovery in the soils strongly depended on the combination of soil type and GP variety. Generally, the sandy and more acidic soil showed an even distribution of phenolics with a high recovery rate (up to 92%) compared with more neutral and silty soil. Most of the polyphenol content could accumulate in the upper soil layer (0–10 cm). These results provide the first insights on the mobility of macronutrients in the soil using a column model and point out the need to relate those experiments to soil and GP properties in order to avoid the accumulation of nutrients in soil or mobility to adjacent ecosystems.
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1. Introduction


The grapevine (Vitis vinifera) belongs nowadays to Europe’s most cultivated crops, with a harvest yield of about 38.5 million tons of grapes per year [1]. During the process of juice and wine production, approximately 25% of the grapes’ weight ends up as a solid residue [2]. This residue, called grape pomace (GP) or grape marc, is a heterogeneous mixture of pulp, seeds, skins and the stalks of the grapes. As a natural by-product of viticulture, GP represents a nutrient-rich biomass, containing high amounts of available carbon (C) and nitrogen (N) as well as other nutrients such as potassium and phosphorus [3]. Various studies have shown that the application of composted GP positively affects phenological parameters and even increases resistance of the grapevine against drought and diseases [1,4]. For those reasons, the application of GP as an organic fertilizer, via introducing the GP back into the vineyard via landfill after harvests, is a widespread management technique in vineyards. Despite the offered advantages of agricultural use, the application GP has been banned or restricted in some cases [5,6] because of the risk of N-losses. When partially composted and applied to soil, GP may contain enough N to affect grapevine growth and, hence, wine quality [7]. Consequently, the potential for N oversaturation of soils is given [8,9]. This is considered as an ecosystem threat due to both nitrate leaching into streams and groundwater as well as nitrous oxide fluxes into the atmosphere [10].



An additional important macronutrient fraction in fresh GP is its polyphenolic compounds. These bioactive secondary metabolites have resulted in diverse applications of recycled GP, i.e., in the pharmaceutical, cosmetic and food industries due to their antioxidant potential [3,5]. During wine making, the pomace is gently crushed to prevent off-flavors in the end product. A large fraction of phenolic compounds such as procyanidins, flavonoids, phenolic acids and stilbenes remain in the GP. The phenolic composition strongly depends on the grape variety [11] and also seasonality [12]. In general, total polyphenolic content (TPC) is higher in red than in white varieties [13], with a large number of anthocyanins and flavanols being observed within red varieties [14]. The role of polyphenols in the pools and fluxes of inorganic and organic soil nutrients has been so far investigated based on the input from plants from exudation [15]. Polyphenols are regulators of biogeochemical soil processes [15], in particular those related to the C- and N-cycle in plant–plant interactions [16]. For example, the phenolic compound resveratrol hampered the potential nitrification in soils [17], namely the conversion of ammonium (NH4+) into nitrate (NO3−). Epigallocatechin gallate restricts soil nitrification by reducing the abundance of microorganisms carrying the related functional genes [18]. In contrast, more simple chemical structures such as phenolic acids do not affect this process [19], suggesting that the effects depend on the chemistry of the phenolic groups. In general, the composition of nutrients depends on the GP variety. This hampers predictions on the mobilization and residual concentrations of nutrients in the soil fractions. Knowledge about rainwater-based extraction and mobilization processes is scarce, since most publications focus on the maximization of the extraction rate via different techniques, such as the use of organic solvents, ultrasonication and temperature [20].



Bustamante et al. [21] observed that C and N mineralization rates depend on the type of GP and on soil characteristics. In this context, the contribution of intrinsic soil properties, such as pH or particle size distribution, may play a significant role in the fate of nutrients from GP. Sandy soils restrict the retention of NO3−; meanwhile, higher retention rates were observed for sandy clay loam [22]. Tannins and related polyphenols show a tight sorption to soil. However, this effect depends on the chemistry of each polyphenol and on the silt and sand fraction [23]. This points out the need of mobility studies considering the composition of single GP varieties as well as the soil properties. In Germany, the application of fresh GP is authorized when executed within 5 days after pressing (in-between storage in the vineyard is allowed) and the amount of applied GP is equal to the yield of the respective vineyard area. However, a single application is also allowed to account for N-fertilization of the respective area considering a time window of up to three years in total (equivalent to 16 t GP ha−1).



The aim of the present study is the systematic investigation of the mobility of C, N and polyphenols (expressed as TPC) in fresh GP-treated soils in a soil column model system. Four different GP varieties (Dornfelder, Pinot noir, Riesling and Pinot blanc) were independently considered and applied on three different soils (R01A, R02A and Vineyard). We hypothesize (i) a shift in soil C/N due to the wide C/N of the pomace and the translocation of carbon-rich substances. According to that, we expect (ii) leaching patterns of macronutrients to be based on soil characteristics such as particle sizes and soil pH. Concretely, leaching in sandy soils is prone to stronger leaching compared with silty soils, due to the sorption affinity of mobilized nutrients to clay particles. To test these hypotheses, we used two methods that are based on the OECD guidelines for batch equilibrium [24] and soil leaching experiments [25].




2. Materials and Methods


2.1. Grape Pomace Selection and Characterization


Grape pomace (GP) as fresh material was obtained from the Center of Rural Services Rheinpfalz (Dienstleistungszentrum Ländlicher Raum Rheinpfalz; DLR), Institute for Vitiscience, Neustadt an der Weinstraße, Germany and collected during the harvest season in 2021. Grapes were harvested using a harvester equipped with a sorting unit, decreasing the yield’s stem content to <1%. GP samples of four Vitis subspecies Dornfelder, Pinot noir, Riesling and Pinot blanc were taken directly after pressing in the winemaking process. Red varieties were fermented as a mash, while samples of white varieties were removed before fermentation. Samples were transported to the lab and kept at −20 °C in the dark until analysis. Grapevine varieties were chosen by their market representativity in the Rhineland-Palatinate region in Germany. In the vineyards, pesticides were applied during the growing season (nine conventional applications; first: 20/05/21, last: 10/08/21). Apart from the application of GP from the previous season, no additional fertilizing was applied to vineyard soils.



GP varieties were characterized for total carbon (C), nitrogen (N) and polyphenolic content (TPC). GP samples were prepared by freeze-drying and grinding with a granulator (Pulverisette 15.303, Fritsch, Idar-Oberstein, Germany). The water content (WC) was measured gravimetrically, while C and N of the pomace were determined via complete sample combustion in triplicates on an elemental analyzer (vario MICRO cube, elementar, Langenselbold, Germany) [26]. TPC analysis was conducted according to Fuchs et al. [27]. Briefly, 15 g of freeze-dried and pulverized GP and a mixture of methanol (MeOH) and water (300 mL, 3:2 v/v) were stirred at room temperature under exclusion from light for 1 h. The suspension was filtered, and the remaining solid was extracted again in the same way. The extracts were pooled, and the MeOH was evaporated under removed pressure. The residue was filled up to 400 mL with deionized water and applied to solid phase extraction. The XAD16N resin (Merck, Darmstadt, Germany) was conditioned with methanol (5 BV) and equilibrated with water (10 BV). The aqueous extract was loaded and washed with water (10 BV) before the polyphenolic fraction was eluted with MeOH (7 BV). The organic solvent was removed under reduced pressure and the extract lyophilized. Extracts were stored at −20 °C in the dark until analysis. TPC was determined using the spectrophotometric method of Folin–Ciocalteu [28] with slight modifications. Gallic acid (GA) was used as a phenolic standard. A six-point GA standard calibration curve was prepared (10 µg mL−1–200 µg mL−1, dissolved in dimethyl sulfoxide (DMSO)). Diluted extract (10 µL, 100–200 µg mL−1, dissolved in DMSO) or GA solution and Folin–Ciocalteu (10% in water, 100 µL) reagent were added to a 96-well microplate. After 10 min incubation at room temperature, sodium carbonate (100 g L−1 in water, 80 µL) was added. Absorbance was measured at 760 nm with a microplate reader after shaking for 1.5 h in the dark at room temperature. The TPC was expressed as grams of gallic acid equivalent per 100 g of dry matter (g GAE/100 g DM).




2.2. Soil Samples and Analysis


For this study, three soils were selected corresponding to a loamy sand and a silt loam as agricultural reference soils, as well as a soil sampled from a representative vineyard. The loamy sand RefeSol01A (R01A) and the silt loam RefeSol02A (R02A) were purchased from Frauenhofer IME, Germany. Vineyard soil was sampled from the Dornfelder vineyard (Mußbach-Bischofsweg, Neustadt, Germany) and was classified as a sandy clay loam (Table 1). All three soils were collected down to a depth of 20 cm [25] with a shovel. Soils were sampled by taking three individual samples and combining them into a single composite sample. The soils were air dried and sieved to 2 mm. The properties of the reference soils were given by the manufacturer, while the vineyard soil was characterized according to the following methods. The particle size distribution (PSD) was estimated using the hydrometer method [29] as well as the R package ‘envalysis’ [30]. The PSD served to classify the soils according to their texture. The maximum water holding capacity (WHCmax) of the sampled soil was determined gravimetrically with the funnel method [31] as the weight difference of a wet soil sample (WS) after 24 h of saturation and the respective dry soil (DS) (Equation (1)).


  W H C =   W S − D S   D S   ∗ 100  



(1)







Microbial activity of the investigated soils, basal and substrate (D-Glucose)-induced respiration was determined via the MicroResp™ method as described by Campbell et al. [32]. In brief, soils samples were preincubated at 40% of their WHCmax in a 96-deepwell plate for seven days. For the main incubation, water and substrate were applied to the plates and the mineralization to CO2 was determined after 6 h. The CO2 production was evaluated using a pH color reaction using cresol as an indicator in the agar gel in 96-well microplates (PS, F-Bottom, clear, Greiner bio-one, Frickenhausen, Germany). Absorbance at 572 nm was used for assessing differences in color change in response to CO2 evolved from respiration under basal conditions (water) and with glucose as substrate. Non-linear calibration data were used from Albert et al. [33] and measurements were performed on the same device. Microbial biomass C (Cmic) was determined according to the chloroform fumigation (CFE) method [34] before the soil was airdried.
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Table 1. Characterization of the investigated soils.
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	R01A
	R02A
	Vineyard





	Texture
	Sandy loam *
	Silt loam *
	Sandy clay loam **



	Sand/Loam/Clay (DIN)
	69.8/24.4/5.9 *
	1.7/82.6/15.6 *
	61.9/13.4/24.8 **



	Sand/Loam/Clay (USDA)
	70.5/26.1/3.4 *
	5.7/78.24/16.0 *
	62.5/12.7/24.8 **



	Total C (%)
	0.95 *
	1.06 *
	1.5 ± 0.4 **



	Total N (g kg−1)
	0.08 *
	0.11 *
	0.12 ± 0.01 **



	WHCmax (g% dry weight)
	29.3 *
	47.1 *
	46.8 ± 1.3 **



	pH (CaCl2)
	5.6 *
	6.5 *
	7.3 ± 0.1 **



	Basal respiration

(µg CO2-C g−1 soil h−1)
	n.d.**
	0.05 ± 0.01 **
	0.10 ± 0.06 **



	Glucose respiration

(µg CO2-C g−1 soil h−1)
	0.02 ± 0.02 **
	0.26 ± 0.06 **
	1.0 ± 0.12 **



	Cmic (mg kg−1)
	174 *
	794 *
	449 ± 20 **







* Data provided from Frauenhofer. ** Data generated by authors. n.d. = not detectable respiration based on calibration data in Albert et al. [34].












2.3. Rainwater Extraction: Water Soluble Fraction of C, N and TPC


To investigate the water-soluble fractions of C, N and TPC in the GP, a batch equilibrium experiment was conducted according to OECD guideline 106 [24]. For this, aliquots of 6 g and 3 g of fresh GP were added to 30 mL of artificial rainwater (0.01 M CaCl2 solution, 1:5 and 1:10 ratio) in 50 mL sterile and metal-free centrifuge tubes. MilliQ water was used throughout all experiments (18.2 MΩ cm–1, EASYpure II, Millipore, Bedford, MA, USA). The rainwater was additionally spiked with 0.05% of NaN3 to inhibit microbial degradation of the nutrients. The GP in the mixture with water was shaken for 24 h in the dark using an overhead shaker (10 rpm, Reax 20, Heidolph, Schwabach, Germany). The tubes were gently centrifuged at 200 rpm for 5 min to prevent excessive compression of the GP, the supernatant was transferred into two sterile 15 mL centrifuge tubes and stored at −20 °C until analysis. Water soluble fractions of nutrients were characterized as dry substance equivalents. TPC results additionally served as the basis for a mass balance in the soil leaching experiment (Section 2.4).




2.4. Soil Leaching Experiment


Leaching of the four GP varieties (Dornfelder, Pinot noir, Riesling and Pinot blanc) was evaluated in the three soils (R01A, R02A and Vineyard) in a factorial design according to OECD guideline 312 [25]. The dimensions of the glass leaching columns were 30 cm length and 5cm diameter, with a glass frit at the bottom (Pehl Laborbedarf, Montabaur, Germany). In total, 700, 600 and 650 g of air dry and 2 mm sieved soil, respectively, for R01A, R02A and vineyard soil. The columns were packed with the soils while the column was vibrated with the use of a vortex shaker (Vortex-Genie 2, Scientific Industries, New York, NY, USA) to a height of approximately 30 cm (fixed soil volume). The soil columns were completely saturated to 100% WHCmax with artificial rainwater over night. After saturation, 6 g of fresh GP (Dornfelder, Riesling, Pinot Noir, Pinot Blanc) was applied directly onto the soil surface, equivalent to an application rate of 30 t ha−1. Although the recommended and maximum allowed GP application is 2.6 t ha−1 and 16 t ha−1, respectively, a GP/soil ratio of ~1:100 was selected for a better comparability with other studies [7,9]. Fresh GP was used, since this is the most common legal procedure of GP application in Germany. To ensure an even distribution of the rainfall, the top of the column, including the GP, was covered with glass beads (1.7–2.1 mm, Roth, Karlsruhe, Germany). Then, a rainfall event (200 mm over 48 h) was simulated using an infusion set (Exadrop, B.Braun, Melsungen, Germany), which was set to 8 mL h−1, equivalent to 384 mL of rainwater. Columns containing the three respective soils without GP served as control treatment. After 48 h, the leachate (384 mL) and the whole glass columns were collected and frozen at −20 °C until analysis. The soil was removed from the glass columns by carefully dewing the outer side of the column and removing the soil core from the column. Soil cores were divided into 3 factorial depths (0–10, 10–20 and 20–30 cm). The column experiments were performed in triplicate. Soil samples were freeze dried (Alpha 1–2 LD plus, Christ, Osterode am Harz, Germany) and stored at −20 °C until further analysis.




2.5. pH, Carbon (C) and Nitrogen (N) in Aqueous Samples and in Soil


Rainwater extracted carbon content was analyzed via aqueous elementary analysis (multiNC 2011S, Analytik Jena AG, Jena, Germany) after filtration (0.2 µm, PET, Macherey-Nagel, Düren, Germany). Column leachates were directly measured due to prior filtration by the frit inside the glass columns (Pore size P4 ISO-Norm). Dissolved total nitrogen (TN) was measured with a test kit (Nanocolor total Nitrogen 22 and 220, Macherey-Nagel, Germany) in a portable photometer (400 D, Macherey-Nagel, Düren, Germany). The measurement was based on oxidative digestion (DIN EN ISO 11905-1 H36) on a thermal block (Nanocolor Vario C2, Macherey-Nagel, Düren, Germany) and photometric determination with 2,6-dimethylphenol in a sulfuric acid/phosphoric acid mixture at the wavelength suggested by the provider, i.e., 345/350/365 nm (ISO 7890-1; DIN 38405-D9). Total C and N in soil samples were determined via complete sample combustion using an elemental analyzer (vario MICRO cube, elementar, Langenselbold, Germany). The pH of untreated soils, rainwater extracts as well as of the leachates were measured with a pH electrode (Mettler Toledo LE422 and Consort C863) prior to calibration in buffer solutions (pH 3, 7 and 11, Roth, Karlsruhe, Germany). The pH of the soil samples was measured according to DIN ISO 10,390 at a 1:5 ratio in a 0.01 M CaCl2 solution after 2 h of equilibration.




2.6. Analysis of Total Polyphenolic Content (TPC) in Aqueous Phases and Soil Samples


The rainwater extracts were directly analyzed for total polyphenolic content (TPC) via the Folin–Ciocalteu method in a microplate (96-well, PS, F-Bottom, clear, Greiner bio-one, Frickenhausen, Germany). For that, 20 µL aliquot of sample or standard (GA) was added to 40 µL Folin–Ciocalteu reagent (FCR, Supelco, Merck, Darmstadt, Germany). After 5 min of ultrasonication, 160 µL of 7.5% carbonate solution (Na2CO3 · 10 H2O, Roth, Germany) was added to each well. The plate was shaken gently and incubated in the dark at 21 °C for 2 h. After the incubation, the plates were read for absorbance at 765 nm using a microplate reader (infinite M200, Tecan, Switzerland). The average absorbance of a sample was calculated using the mean of 4 plate replicates. For quantification, a dilution series of GA (Roth, Germany) ranging from 50 to 500 µg mL−1 (R2 = 0.973) was set up in the artificial rainwater solution (0.01 M CaCl2 + 0.05% NaN3 in MilliQ water).



Soil samples were extracted aqueously at a 1:2 ratio by adding 2 mL of MilliQ water to 1 g of soil and assistance by ultra-sonication (45 kHz, VWR) for 15 min. The extraction method was aimed to quantify the water-soluble and bio-available fraction of the TPC in the soil [35], as water-soluble polyphenols remain in solution between soil particles [36]. Due to the lower TPC in the soil of the leaching experiment, the method described above was slightly adjusted. Leachates and soil extracts were measured for TPC via the Folin–Ciocalteu method as described above, but in single-use 4.5 mL cuvettes (PS, Roth, Germany) instead of microplates. Reagent volumes were adjusted accordingly to a total volume of 3 mL. The incubation took place in 5 mL black reaction tubes (PP, Roth, Karlsruhe, Germany). After the incubation, the solution was transferred into a single-use polypropylene cuvette and read at 765 nm using a UV/VIS photometer (Specord 50, Analytik, Jena, Germany). For the calibration, a dilution series of GA (Roth, Karlsruhe, Germany) ranging from 1 to 75 µg mL−1 (R2 = 0.999, Figure S4) was conducted in the artificial rainwater solution (0.01 M CaCl2 in MilliQ water). TPC results are given as gallic acid equivalents (GAE).




2.7. Data Analysis


Raw data were processed and evaluated using R (version 4.0.3) and the package ‘tidyverse’ [37]. For statistical analysis of the rainwater extraction, an analysis of variance (two-way-ANOVA) was performed. The response was set as the explaining variable, and GP type and extraction ratio were set as grouping variables. An outlier check was performed with the ‘identify_outliers’ command from the ‘rstatix’ package [38]. Normal distribution and homogeneity of variances was checked via visual inspection of the qq plot and a Levene’s test. Pairwise comparisons were analyzed with the connection of a Tukey corrected multiple comparisons of means post hoc test with a 95% family-wise confidence level. The same approach was used for the analysis of results from the soil column leaching experiment. However, a three-way-ANOVA was performed with new grouping variables, soil type and soil depth. Soil and leachate C and N contents as well as pH are given as raw data content. Significant differences were tested using a Dunnett test (‘DunnettTest’ function from the package ‘DescTools’) [39], comparing the non-treated soil (control) to the GP-treated soils and leachates, respectively.



TPC data of the soil column were used for the calculation of a mass balance. Therefore, the soil and leachate data were corrected to the values of non-treated soil. Values below the lowest calibration standard were set to one-half of the lowest calibration level (0.5 µg mL−1). Then, TPC was converted to total mass of polyphenols by adjusting the unit to 10 cm (one soil section) of soil dry mass, respectively. The mass balance of polyphenolics was calculated by setting the mean TPC values of the grape pomace to 100% and relating the mean TPC of the rainwater and soil column experiment, respectively. Additionally, the TPC of both experiments (rainwater extraction and column leaching) were also compared with each other to calculate a recovery of TPC in the soils (Figure S1). Soil and leachate contents were additionally added up and displayed as the total amount of TPC. This group was not considered in the following statistical analysis. For the ANOVA, the mass balance was set as the explaining variable, with GP type, soil type and depth as grouping variables. Pairwise comparisons were analyzed with the connection of a Tukey corrected multiple comparisons of means post hoc test, with a 95% family-wise confidence level. The significance level was set to p < 0.05 for all experiments.





3. Results


3.1. C, N and TPC Composition in GP and Rainwater Extract Related to Grape Varieties


In general, total C in GP varied from 43.3 ± 0.2 to 50.2 ± 0.1%, with slightly higher content in red varieties (Table 2). The N content was two times higher in red (2.4% in Dornfelder and Pinot noir) than in white varieties (1.3 and 1.2% in Riesling and Pinot blanc). In this context, wider C/N ratios were observed for the white varieties. TPC values in GP were more than two times higher in red (4.5–4.7%) than in the white varieties (1.7–2.3%). GP samples contained at least 59 ± 1.2% (Pinot noir) and up to 67 ± 0.5% (Pinot blanc) water, based on fresh weight.



Results of the rainwater extraction experiment showed that only a fraction of C, N and TPC was extracted with water (Table 3). Approximately 21–27% and 31–46% of total C was extracted from the red and white varieties, respectively. Water-soluble N-fractions from GP corresponded to a maximum of 29% (Pinot blanc), with no significant differences between and among red and white varieties. Accordingly, C/N was higher in the aqueous samples than in GP (Table 3), ranging from 29 ± 7 (Pinot noir) up to 91 ± 66 (Riesling). No pattern was observed between red and white GP varieties. Aqueous fractions were also richer in polyphenols in the red than in the white varieties: Here, TPC values in the aqueous extracts of the red varieties ranged from 283 to 311 µg L−1. Meanwhile, the range in white varieties was 115–129 µg L−1 (Table 3). Generally, extractions of red varieties revealed a higher TPC and lower C content than the white varieties. The polyphenolic fraction measured in aqueous extract corresponded to 7% for Pinot noir up to 10% for Dornfelder variety of the TPC in the GP. The pH of the aqueous extract was slightly acidic and ranged from 3.9 to 4.0 (Table 3). Extracts from red varieties were slightly more acidic than those from white varieties. Statistically expressed, the GP variety significantly affected extract pH (df = 3, f = 182.6, p < 0.001) as well as total C (df = 3, f = 75.74, p < 0.001), but not TPC (df = 3, f = 6.543, p > 0.05) or TN (df = 3, f = 2.67, p > 0.05). Additionally, the extraction ratio (1:5 vs. 1:10, GP: water) significantly affected TPC (df = 1, f = 5.454, p < 0.05) and C content, with higher extraction rates at the 1:10 ratio. However, the extraction rate of total N did not differ between the ratios. The results of the 1:5 extraction ratio were used for further calculations.




3.2. Nutrient and Polyphenol Leaching Potential in the Soil Column


In general, no significant effect was observed regarding a C contribution from the GP varieties in the investigated soils (Figure 1a). The exception was Pinot blanc in combination with the soil R01A: the upper soil layer showed a 0.5% carbon gain compared with the non-treated soil (df = 4, f = −12.928, padj. < 0.001). In the leachates, the C content was higher in GP-treated samples than in the control soil, with significant differences for Dornfelder and Pinot blanc in R01A and Dornfelder in R02A. Leaching of C was not affected by the soil type (df = 2, f = 0.3279, p > 0.05), but showed significant differences according to the GP varieties (df = 4, f = 25.522, p < 0.001). The C fraction was higher in the leachates of Dornfelder, Pinot noir and Pinot blanc than that for Riesling GP treatments and up to 20 times higher compared with the control, respectively. Total N was generally constant in the soil samples, with marginal differences after GP application (Figure 1b). N-values in the leachates were higher in the control than in the GP treatments. However, this effect was not statistically significant. Among GP varieties, The N-leaching potential of white GP was slightly higher than that for red varieties.



Pinot blanc was the one GP variety that showed the strongest leaching potential of phenolic compounds, with a recovery of 17.5, 6.8 and 24.3% of the rainwater-extractable TPC in the leachates of R01A, R02A and vineyard soil, respectively (Figure 2). In the soil R01A, the strongest leaching potential was observed with an average recovery of 10% in the leachate. Independent from soil type and GP variety, the largest fraction of TPC in soils was recovered from the upper soil layer (0–10 cm; Table S1). The highest TPC observed in soils was 12 ± 9 mg kg−1 for R01A with Pinot Noir GP and 14 ± 12.0 mg kg−1 for R02A with Riesling GP. In the vineyard soil, the content of polyphenols was lower compared with the reference soils. Generally, the leaching potential of GP varieties can be rather differentiated by their classification, red vs. white (df = 3, f = 4.3713, p = 0.01), than by variety (Table S1). The highest recovery of the total aqueous-extractable fraction (Section 3.1) in all depths and leachate was represented by the combination of Riesling GP and R01A (84%) as well as for Riesling GP and R02A (92%). The lowest recovery (7.5%) was observed for Dornfelder GP in the vineyard soil.



The pH values of the soil samples were mainly determined via the soil type (df = 2, f = 265.3551, p < 0.001). Compared with the control, soil pH values remained constant after GP application with a few exceptions, e.g., the Dornfelder GP treatment significantly increased the pH of the vineyard soil in all depths investigated, but not in the leachate (Table 4). The pH values were significantly higher in the leachate than in the soil samples (df = 3, f = 92.7313, p < 0.001), respectively, with one exception, which is the application of Pinot blanc onto the vineyard soil. This combination decreased leachate compared with soil pH. Leachate pH was also not affected after GP application with two exceptions, namely the combinations Riesling GP and 02A (from pH 8.6 to 7.4) and Pinot blanc GP and vineyard soil (from pH 9.0 to 6.4). In general, Pinot blanc GP showed the strongest effect on soil and leachate pH.





4. Discussion


4.1. C, N and Total Polyphenol Content according to the GP Varieties


The composition of C, N and TPC varied among the GP varieties in line with previous studies [2,40]. Accordingly, the two red varieties were richer in C and N content than GP from white grapes, with 10–15% more C and up to 100% more N. TPC in the investigated varieties ranged in average from 1.7 to 4.7%. Spigno et al. [41] reported values of 9 to 12% TPC, while an average of 7.5% TPC was reported by Amendola et al. [42] with the variety Barbera. However, TPC is also strongly dependent on seasonality. As shown by Lorrain et al. [12], the effects of seasonality can account for up to 50% variation in phenolic content. In general, TPC was also higher in the red than in the white GP varieties by a factor of approximately 2.5. Martins et al. [43] also observed higher TPC values in red than in white varieties by a factor of 1.3 within the varieties “Maximo IAC 138-22” grapes, a hybrid grape variety of Syrah (75%) and Seibel (25%) and the white GP Moscato branco. Polyphenolic compounds in GP correspond to the groups of anthocyanins, phenolic acids, anthoxanthins and stilbenes [44], with differences in composition between seeds and pulp; namely, anthocyanins are much higher in pulp than in the seeds, while procyanidins are concentrated in the seeds [45]. The low TPC content measured in the fresh GP samples can be attributed to the clean-up step performed during the extraction of phenolic compounds. Consequently, not all polyphenols were retained in the column leading to lower TPC values compared with previous studies.



Aqueous GP extracts represent the fractions that mobilize in soil and are available for soil biogeochemical processes. Analysis of the rainwater-extractable C, N and TPC fraction showed different results compared with the values observed in the GP: Extractable C was significantly higher for white varieties than for red GP because of the high sugar (glucose/fructose) content [46]. Monosaccharides are highly soluble in water and thus reveal a strong mobility potential. The water-dissolved N was higher in the varieties Pinot noir and Pinot blanc than in Dornfelder and Riesling. This can be attributed to differences in organic and inorganic N such as protein and amino acid content or mineral N [2]. For example, Valiente et al. [47] reported values for total protein in GP of 7.4% DM for the white GP variety Airén. Meanwhile, Goñí et al. [48] reported a value of 13.8% DM for red GP (peels and seeds; Vitis vinifera var. Cencibel). Chikwanha et al. [49] observed that amino acid content in freeze-dried GP was higher in the varieties Pinotage, followed by Shiraz when compared with Sauvignon Blanc, which indicates differences in N species among GP varieties. Rainwater extractions showed wide C/N ratios, ranging from 29 ± 7 (Pinot noir) up to 91 ± 66 (Riesling). The high standard deviations observed of up to 73% (Riesling) can be attributed to the heterogeneity of fresh grape pomace and the chemical composition of the different fractions, i.e., skin, pulp and seeds [50].



The water-soluble TPC in red varieties was higher by approximately a factor of two than in the white varieties, in line with values observed in GP powder. Well-known polyphenolic compounds in GP varieties are present as mono or poly sugar-conjugates, i.e., O-rutinoside, O-glucoside, or O-galactoside [20,51,52], increasing the water solubility of the polyphenolic compounds. Results of the rainwater extraction represent an estimation for aqueous extractable fractions of macronutrients of the GP, which can be translocated into the soil during rain events. In light of the heterogeneity of the fractions in GP, the diversity in GP varieties and different practices for application in the fields, considerations on the water-extractable fractions are advisable to assess the potential rates of nutrients, which can be translocated into soil.




4.2. The Role of the Soil in the Leaching Potential of GP: Consequences for C, N and Soil pH


In general, C and N were not enriched in the soil fractions after leaching under the investigated application rate; therefore, (i) is rejected. However, the exception was the treatment with Pinot blanc GP, which significantly increased the C content in the upper soil layer of R01A. This corresponds to the fact that Pinot blanc is also the variety that provided (a) the highest C content in the aqueous extract and (b) the highest recovery of extractable C. In contrast to the investigated soils, the leachates showed significantly increased C when GP was applied; this was more evident with the red varieties. This indicates a wash-off of C from the soils, which is in line with the study of Ferjani et al. [53], who also observed a nutrient mobilization with water movement in a soil column experiment. Thus, the nutrient mobilization with water from GP seems to be effective for a translocation of C and N through the soil column. Paradelo et al. [9] described a slow release of nitrogen and nutrient enrichment in soil after GP amendment; however, the study did not include a mobilization process with water. In our study, we investigated fresh GP, but it is known that fermentation processes [9] as well the mineralization of N will increase the amount of water-mobile N as a function of time [7] with a risk of oversaturating soils [10]. Therefore, we suggest that GP-derived N is mainly introduced into the environment via mineralization and not during initial leaching (first 48 h). This indicates the importance of taking the soil into perspective as an ecosystem where N fluxes mainly depend on biological soil functioning such as microbial as well as macro- and megafauna activity. Furthermore, N leaching was observed to be suppressed by the GP application. Although these findings were not significant, this phenomenon might be based on the formation of covalent bonds between soil proteins and polyphenolics, leading to an immobilization of N, as described by Northup et al. [54]. However, the results of this study must be interpreted with caution, especially when, in practice, GP varieties are mixed before the application on the field, leading to GP mixtures with different nutrient contents and mobilization patterns in soils. We point out the need for the investigation of N-mobility and metabolism using different set-ups for GP application, i.e., fermentation or mixture application and considering soils types, since the availability and mobility of nutrients may depend not only on the input but also on soil texture [55]. Further, there are still research gaps regarding the role of the environmental conditions, soil properties and soil processes on the metabolism [21] and mobilization of N-species in soil [56]. This knowledge is necessary for better estimations of application rates to avoid excessive inputs.



The pH of the aqueous solutions (rainwater extracts) ranged in average from 3.9 to 4.3. On the other hand, the soil pH values ranged from 5.6 to 7.3. In the leachates, after the soil column experiment, pH values in the soil fractions were similar to values observed in the soils prior to the experiment. This effect was more visible for the vineyard soil. The capacity of soils to compensate pH changes was also observed by Bustamante et al. [21] in an incubation experiment. Similarly, long-term organic amendment with municipal waste improved the buffer capacity of humic acids by affecting their elemental and acidic functional composition [57]. Furthermore, treatments with compost improved the pH and buffering capacity of the soil [58]. This effect can be partly attributed, for example, to the presence of carbonates in GP or in soil [59]. Accordingly, grape residues have a carbonate content of approximately 2.5% [60], which may explain the stronger pH compensation effect in vineyard soil and respective leachate than in the two standards soils.



The present experimental setup provides an indication of the short-term mobility and leaching potential of macronutrients, but lacks the potential to evaluate for soil quality when GP is applied in the field. The buffer capacity of the soil was independent of the GP application. The higher pH in the leachate compared with soil is an interesting phenomenon that underpins the importance of soil and groundwater comparison in such studies. There is a poor correlation between groundwater chemistry and pH or Ca2+ in soil, disrupted mainly by mineral leaching, e.g., silicates, or the accumulation of organic matter in soil [61]. Therefore, incubation experiments that aim to investigate biogeochemical processes in the soil over time are essential [21], and not only covering the spatial distribution as investigated in this study.




4.3. Leaching Potential of Polyphenol Compounds in Soils


In the standard soils, the upper soil layer contained the most polyphenolic compounds, in line with Kurtz et al. [62], who investigated TPC in olive wastewater-treated soils. In their study, TPC fractions were 28 ± 9 mg kg−1 in the upper soil layer and between 14 ± 2 mg kg−1 and 17 ± 3 mg kg−1 in the deeper layers. In the vineyard soil, no accumulation of polyphenolic compounds was observed at the topsoil. Mass balance analysis showed differences in the TPC recovery in function of the soil type and GP variety; the latter one proved to be significant and, therefore, hypothesis (ii) is partly approved. Reduced TPC recovery in the vineyard soil can be attributed to the instability of polyphenolics at pH ≥ 7 and increasing persistency at low pH values. Sang et al. [63] reported that epigallocatechin-3-gallate was unstable in a phosphate buffer at a pH of 7.4, which is the pH range of the investigated vineyard soil, with a half-life of only a few hours, even in the absence of oxygen. On the other hand, Chethan and Malleshi [64] reported that the phenolic contents of millet extract remained constant at highly acidic to near neutral pH (6.5), but decreased gradually as the alkalinity increased to pH 10. Similarly, Zeng et al. [65] observed that tea polyphenols with a pH of 3–6 remained stable. The pH-mediated reactions leading to the instability of polyphenols can be attributed to protonation or deprotonation reactions [66] as well as ring-opening and hydrolysis. Further, chemical masking via iron complexation may occur in the soils [67], leading to reduced TPC recovery values. Vernhet et al. [66] observed that at pH 3.5, polyphenolic compounds derived from grape seeds and from wine may have no charge, which may reduce their mobility in water compared with ionized forms.



The different polyphenol mobility in the investigated soils can be further attributed to their sorption to clay minerals as described, e.g., by Hättenschwiler and Vitousek [15]. Reversible sorption of polyphenols in soil occurs via hydrophobic, hydrogen and ionic bonding [68]. Again, this is in accordance with our results, since R02A contains more silt and the vineyard soil more clay than the soil R01A (Figure S2). However, regarding the biogeochemical relevance of polyphenols in soil, sorption to clay not only demobilizes the substances but also stabilizes and physically deactivates them [69]. Polyphenols and carbohydrate-like compounds preferentially adsorb to mineral soils via the stabilization of functional groups by mineral surfaces [69]. Further, polyphenol–protein complexes may occur in soils [70], reducing polyphenol availability and mobility. Differences in the mobilization of GP constituents in the standard soils compared with the vineyard soil can be attributed to a long-term previous exposure of the soils to the GP-treatment because of an adaptation of the microbial community to the frequent GP inputs, improving degradation of polyphenols via enzymes [71]. Another factor which supports TPC losses can be the higher basal and substrate-induced microbial activity in the vineyard soil than in the two reference soils (Figure S3), in line with Buchmann et al. [72]. In addition, the re-wetting of dry soil leads to an overshoot of activity, also known as the Birch effect [73], which could be observed in this experiment since columns were filled with dry soil.



Studies investigating the introduction of polyphenolic secondary plant metabolites have frequently described their effect on the structure and function of the soil microbiome [74]. For example, the application of two phenolic acids, particularly vanillic acid, had a considerable impact on the microbial community, with a stimulation of microbial biomass at low concentrations and inhibition at high concentrations [75]. Therefore, a microbiological assay that investigates the effect of such a treatment will be essential in the future to better understand the effect on the soil microbiome. Even though this practice is not ideal for a microbiological assay, using dry soil was essential for our column experiment.



The GP variety also had a significant effect on soil TPC recovery. The stability of TPC in soil was not due to a reduction in soil pH, considering that soil pH was almost not affected by the GP treatment. A difference in GP color was especially observed, indicating an effect of grape processing (fermented vs. not fermented) on TPC mobility. This observation suggests the interaction with coexisting compound classes in the GP, e.g., sugars, fats or proteins. Sugars may interact with the polyphenols, as observed in vivo by Scholz [76], and change the physicochemical behavior of the molecules and their intermolecular interactions. This theory is in line with the higher sugar content in white GP varieties, which also lead to higher soil TPC recovery. In contrast, red varieties contain less sugars that are available for such interactions, due to the consumption of sugars in the fermentation process. Additionally, the fraction of sugar-conjugated polyphenols may differ between varieties, again altering the reactivity based on the molecules’ structure [77].



Finally, evaluating the use of GP regarding the mobility of polyphenols, our results showed that despite the application rate (30 t ha−1), only a minor fraction of TPC is actually mobile in the soil, namely a maximum of 5% of the total content after 48 h of a heavy rainfall event. Taking into account that our experiment resembled an extreme scenario with heavy rain fall combined with an over-application of fresh GP, it is questionable if an effective dose of polyphenols may reach the root zone of grapevine varieties (Vitis spp.) in such soils, since most varieties have their roots between 20 and 160 cm of soil depth [78,79]. Therefore, we suggest that the effect of phenolics takes place in the upper soil layer of approximately 10 cm. Here, different mechanisms play important roles that were not investigated in this study, such as the hydrophobicity of the soil surface [73,79], especially after repeated application of fresh GP.





5. Conclusions


The results of this study revealed that the mobility of macronutrients from GP in the soil mainly depends on the GP variety and, to a lesser extent, on soil properties. Higher extraction rates of C in white and N in red GP in extracts did not determine the mobility of the nutrients in the soil column. In general, C and N were not enriched in the soil fractions after leaching under the investigated application rate. But, Dornfelder GP treatment indicated C mobilization simultaneously with N retention, showing the potential of N oversaturation in soils. In general, the distribution of polyphenols in soil was affected by the soil type and GP variety. Recovery of polyphenols in the vineyard soil was less compared with reference soils, revealing a knowledge gap on the stability, fate and effect of these compounds in such soils. In general, polyphenolic fractions from GP were recovered better from the upper soil layer compared with lower soil depths. Since effects on soil microbiology, e.g., the nitrogen cycle, have already been confirmed for polyphenolic compounds from plant exudation, further investigation is needed to clarify the effect of secondary metabolites in the soil ecosystem after GP application. This study provides the first insight of the role of GP varieties and soil properties on the mobility of nutrients in a soil column model experiment. Considering that the applications in the field may be influenced by environmental properties or climatic events, evaluations of the mobility of nutrients after GP application are strongly advised in order to avoid losses and translocation in adjacent ecosystems. Therefore, long-term and field studies are required to monitor the change of macronutrients in the soils over an expanded time-frame.
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Figure 1. Total C (a) and N (b) content in three different soils depths and leachate. R01A represents an agricultural sandy loam, R02A a silt loam reference soil. Error bars indicate the standard deviation of three column replicates. Statistical differences are analyzed with a Dunnett test comparing the values to the untreated reference group via a t-test (C = Control, DF = Dornfelder, RS = Riesling, PN = Pinot noir, PB = Pinot blanc). Significant differences are indicated as ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ****: p ≤ 0.0001. 
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Figure 2. TPC in three different soil depths, leachate and total content. R01A represents an agricultural sandy loam, R02A a silt loam reference soil. Vertical lines indicate the mass balance between leaching and maximum aqueous extractable total polyphenolic content (TPC) of fresh grape pomace (GP; rainwater experiment). Points indicate the recovery (%) between total and soil water-extractable TPC. Mean values of the total content were set to 100%. Numbers indicate the recovery (%) of soil water-extractable content based on maximum aqueous-extractable TPC. Blank treatments were subtracted from GP treatments. 
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Table 2. Chemical characterization of four grape pomace varieties based on the C, N and total polyphenolic content (TPC) in the GP, expressed as dry weight (dw) equivalents. Pomace water contents (WC) are expressed in % fresh weight (fw). The errors are given as the standard deviation (n = 3).
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	Dornfelder
	Pinot Noir
	Riesling
	Pinot Blanc





	Total C (% dw)
	50.2 ± 0.1
	48.4 ± 0.1
	43.9 ± 0.2
	43.3 ± 0.2



	Total N (% dw)
	2.4 ± 0.0
	2.4 ± 0.0
	1.3 ± 0.0
	1.2 ± 0.0



	C/N
	21.1
	20.2
	34.4
	36.0



	TPC (% dw)
	4.5 ± 0.3
	4.7 ± 0.2
	1.7 ± 2.2
	2.3 ± 3.1



	WC (% fw)
	66 ± 0.2
	59 ± 1.2
	66 ± 1.3
	67 ± 0.5
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Table 3. Chemical characterization of four grape pomace varieties based on the C, N, total polyphenolic content (TPC) and pH in the rainwater extract fraction at 1:5 ratio (GP/water). Values in parentheses indicate the % of recovery from the respective GP variety based on dry substance of a 1:5 and 1:10 ratio.
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	Dornfelder
	Pinot Noir
	Riesling
	Pinot Blanc
	Significance





	Total C (g L−1)
	9.3 ± 0.1 (27; 30)
	8.4 ± 0.3 (21; 24)
	11.2 ± 1.1 (31; 32)
	12.8 ± 7.6 (46; 48)
	****



	Total N (mg L−1)
	229 ± 23 (11)
	354 ± 52 (15)
	230 ± 105 (17)
	287 ± 66 (29)
	n.s.



	C/N
	55 ± 8
	29 ± 7
	91 ± 66
	59 ± 15
	n.s.



	TPC (µg L−1)
	311 ± 16 (10; 13)
	283 ± 97 (7; 11)
	129 ± 66 (9; 15)
	115 ± 36 (8; 13)
	n.s.



	pH solution
	4.0 ± 0.0
	3.9 ± 0.0
	4.1 ± 0.0
	4.3 ± 0.0
	****







Statistical differences of parameters between varieties are calculated via an analysis of variance (ANOVA) and indicated as: n.s.—p > 0.05, ****—p ≤ 0.0001.
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Table 4. pH values of three soil depths and leachate samples. R01A represents an agricultural sandy loam, R02A a silt loam reference soil. The error is given by the standard deviation of three column replicates. Statistical differences are analyzed using a Dunnett test comparing the values to the untreated reference group via a t-test.
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GP Variety

	
R01A

	
R02A

	
Vineyard






	
0–10 cm

	
Control

	
5.69 ± 0.14

	
6.90 ± 0.13

	
7.05 ± 0.04




	
Dornfelder

	
5.71 ± 0.04

	
6.96 ± 0.06

	
7.23 ± 0.02 *




	
Pinot Noir

	
5.76 ± 0.10

	
6.97 ± 0.25

	
7.26 ± 0.13




	
Riesling

	
5.64 ± 0.07

	
6.61 ± 0.41

	
7.10 ± 0.06




	
Pinot Blanc

	
5.67 ± 0.03

	
6.73 ± 0.15

	
6.99 ± 0.05




	
10–20 cm

	
Control

	
5.60 ± 0.05

	
6.97 ± 0.09

	
7.13 ± 0.01




	
Dornfelder

	
5.69 ± 0.07

	
7.03 ± 0.07

	
7.32 ± 0.04 *




	
Pinot Noir

	
5.73 ± 0.11

	
7.09 ± 0.10

	
7.36 ± 0.07




	
Riesling

	
5.66 ± 0.06

	
6.98 ± 0.08

	
7.27 ± 0.14




	
Pinot Blanc

	
5.65 ± 0.03

	
6.95 ± 0.10

	
7.26 ± 0.10




	
20–30 cm

	
Control

	
5.69 ± 0.05

	
7.03 ± 0.08

	
7.19 ± 0.04




	
Dornfelder

	
5.74 ± 0.09

	
7.09 ± 0.07

	
7.36 ± 0.04 *




	
Pinot Noir

	
5.77 ± 0.08

	
7.12 ± 0.07

	
7.39 ± 0.07




	
Riesling

	
5.70 ± 0.05

	
7.07 ± 0.11

	
7.36 ± 0.06




	
Pinot Blanc

	
5.65 ± 0.12

	
7.04 ± 0.08

	
7.33 ± 0.07




	
Leachate

	
Control

	
7.18 ± 0.53

	
8.58 ± 0.13

	
8.98 ± 0.12




	
Dornfelder

	
7.50 ± 0.89

	
8.30 ± 0.14

	
8.88 ± 0.11




	
Pinot Noir

	
7.09 ± 1.02

	
7.73 ± 0.40

	
8.86 ± 0.27




	
Riesling

	
6.47 ± 0.45

	
7.41 ± 0.07 **

	
8.24 ± 0.39




	
Pinot Blanc

	
6.42 ± 0.64

	
7.58 ± 0.66

	
6.48 ± 0.31 **








Significant differences are indicated as *: p ≤ 0.05, **: p ≤ 0.01. pH of soil samples was measured according to DIN ISO 10,390 at a 1:5 ratio in a 0.01 M CaCl2 solution after 2 h of equilibration.
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