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Abstract 

Mediterranean vineyards are exposed to fertility decline due to continuous tillage and 

repeated applications of fertilizer and phytopharmaceutical products. Zeolites are considered 

to be one of the widely used natural inorganic soil conditioners to improve water holding 

capacity, infiltration rate and cation exchange capacity of agricultural soils, making the 

efficiency of fertilizers greater and the leaching losses lower. 

In the present paper, the response of the chemical and biochemical indicators of soil fertility 

to different doses (0, 5 and 10 t ha-1) of zeolite (85% of clinoptilolite with particles of 0.2-1 

mm Ø) has been evaluated in three vineyard soils after six month from zeolite application.  

Generally, TOC and TN were not influenced by the zeolite treatments. Conversely, a 

significant increase of N-NH4 and K2O values was observed in the three experimental soils 

treated with zeolite at the highest dose (10 t ha-1). This increase in nutrient availability, 

accelerated SOC microbial mineralization process. In fact, even though TOC content was 

not affected, a decrease of humic substances (humic and fulvic acids), representing the more 

stable part of organic matter, in the vineyard soils treated with zeolite was found. The 

enhancement of microbial processes involved in soil organic matter degradation by applying 

zeolite was confirmed by the increase of dehydrogenase activity, an enzyme used as an 

indicator of general microbial metabolism, and by the decrease of organic matter stability in 

terms of its chemical-structural composition. In fact, the pyrolysis (Py-GC) results clearly 

showed a decrease of the more stable aromatic (pirrole, phenol and benzene) and an increase 

of labile aliphatic (furfural) compounds. 

Further studies about zeolite dose and its eventual application in combination with a source 

of organic matter are needed in order to optimize the fertilizer use efficiency and preserve 

soil organic matter quantity and quality. 
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Introduction 

Due to the increasing pressure imposed to agricultural soils and to their consequent reduction 

in fertility, the development of management strategies able to increase the productivity and 

quality of soils has become a common priority.  

In particular, Mediterranean vineyards are exposed to severe risk of soil quality decline due 

to erosion, loss of organic matter, contamination and compaction. In intensive viticulture, 

the continuous working practices using heavy machinery and inappropriate tillage for 

eliminating competition between vines and other plants for water and nutrients, are 

responsible for increasing soil erosion rates, and CO2 emissions (Cerdà et al., 2017). In 

addition, in order to counteract the fertility decrease and to maintain appropriate plant vigor, 

conventional vineyards are usually exposed to excessive inputs of fertilizers and 

phytopharmaceutical products, such as herbicides (Zingore et al., 2007; Chevigny et al., 

2014; Prosdocimi et al., 2016), leading to release of contaminants into soil (Paul et al., 2014). 

In fact, even if nutrients are exploited by vine for the growth and wine production, they can 

be partially mobilized by runoff, resulting in their leaching through the soil and superficial 

water bodies. Zhang et al. (2010) reported that only 30–40% of the fertilizer applied in a 

Chinese vineyard is actually uptake by the plant. In Catalonia (Spain), García-Ruiz (2010) 

reported nutrient losses during a single extreme rainfall event to represent 12.5% and 60.5% 

of the annual N and P application, respectively.  

Several new environmental-friendly soil conditioners, including the use of rocks and 

minerals, have been recently proposed to improve physical and chemical properties of 

agricultural soils (Galli and Passaglia 2011; Campisi et al. 2016). Zeolites are considered to 

be one of the widely used natural inorganic soil conditioners to improve soil physical and 

chemical properties, such as water holding capacity, infiltration rate, saturated hydraulic 

conductivity, and cation exchange capacity (Inglezakis et al. 2012; Chmielewska 2014; 

Ebrazi and Banihabib 2015; Enamorado-Horrutiner et al 2016). They are crystalline, 

hydrated aluminosilicates with a high surface area (Réhaková et al., 2004). Thanks to their 

peculiar physical–chemical properties, they are able to release nutrients gradually for 

extended period of time, making the efficiency of fertilizers greater and the leaching losses 

lower (Réhaková et al. 2004; Campisi et al. 2016). The regulated release of nutrients using 

zeolites is due to the fact that they have a very high absorption/desorption capacity for 

several cations (Garau et al. 2007). In particular, it has been already demonstrated that 

zeolites have a high affinity for NH4
+, enhancing its retention in soil (Vilcek et al. 2013; 

Torma et al. 2014) and reducing the extent of nitrification process, thereby the amount of 



nitrate leaching into the groundwater decreased as well (Torma et al. 2014; Colombani et al. 

2015). The lower leaching of NH4
+ and K+ cations in zeolite treated soils with respect to 

unamended soils resulted also independent from the type of soil and its texture (Colombani 

et al. 2015; Campisi et al. 2016). 

The very high exchangeable cations capacity of zeolites ensure a stable and constant supply 

to plants for several vegetation seasons (Puschenreiter and Horak 2003). Nutrients held by 

zeolites in soil can be dissolved at root zone through the release of root exudates, given that 

root exudation is suggested as one of the major pathways for the nutrient acquisition 

mechanisms (Ström et al. 2005). 

In addition, zeolites are characterized by a large amount of free water within their structural 

channels, which can be lost and gain reversibly (Gholamhoseini et al. 2013). Because of 

their higher water holding capacity (WHC), zeolites have the ability to improve the water 

use efficiency (Xiubin and Zhanbin, 2001). Bernardi et al. (2009 and 2013) reported that 

adding zeolite to light-textured soils improved their WHC. 

In this paper the potential of zeolite for improving vine nutrition management has been 

studied with the aim of reducing dependence from mineral fertilizers in vineyard systems 

and increasing their fertility. 

Experimental Layout 

The experimentation was set up in the San Miniato area (Pisa, Tuscany) in Central Italy 

(coordinates 43°40'55.1"N 10°53'13.8"E). The climate is typically Mediterranean, semiarid, 

with a mean annual precipitation of 859 mm and a mean annual temperature of 14.3°C. The 

soil was classified as calcixerept (Soil Survey Staff, 2014) with a sandy clay loam texture 

(51.1% sand, 28.3% clay and 20.6% silt) (USDA classification). 

Two different vineyards, Trebbiano and Cabernet-Sauvignon, were selected.  

The management system is based on the fertilization with organic matter at a rate of 80 t ha-

1 every three years. 

Each vineyard was divided into three plots, where zeolite at the dose 0 t ha-1 (control), 5 t 

ha-1 and 10 t ha-1 was applied, respectively, and incorporated by ploughing to a depth of 30 

cm. The zeolite used in this study was made by natural clinoptilolite (85%) with particles of 

0.2-1 mm Ø (Zeocem) (Table 1). 

In each plot (135 m x 35 m with vine spacing of 2.5 m x 0.8 m), 3 composite soil samples 

were taken between rows from the 0–30 cm layer.  

The vineyard Cabernet-Sauvignon was 18 years old located in an area with a 7% slope. In 

order to evaluate the effect of soil slope, the soil samples were collected in two different 

vineyard zones, top (T) and bottom (B), and separately analyzed. The vineyard Trebbiano 

https://www.sciencedirect.com/science/article/pii/S2452219817301982?via%3Dihub#bib9


(Y) was one year old, not in production yet, located in a flat area. The soil samplings were 

carried out immediately after the zeolite treatment (before the beginning of the vegetative 

growth of the vine, march 2017) and after six months (after the grape harvest, September 

2017).  

Chemical and biochemical soil parameters after six months from zeolite application are 

reported in this work.  

 

Methods 

Electrical conductivity (EC) and pH were measured in a 1/10 (w/v) aqueous solution using 

selective electrodes. Total organic carbon (TOC) and Total Nitrogen (TN) content were 

measured with LECO, U.S.A. RC-412 Multiphase Carbon and FP-528 Protein/Nitrogen 

Determinators, respectively.  

Total phosphorus (TP) and potassium (TK) were extracted with nitric-perchloric acid 

digestion (HNO3:HClO4, 5:2) in microwave. Total phosphorus (TP) was measured using the 

method reported by Murphy and Riley (1962). Available potassium (Kav) was extracted 

with ammonium acetate (Helmke and Sparks, 1996). Total (TK) and available potassium 

(Kav) were determined by ICP-OES (Varian AX Liberty). 

N–NH4 and N–NO3 were determined in 1:10 (w/v) KCl extracts 0.5 M; N–NH4 was detected 

with ion selective electrode (Seven- Multi, Mettler Toledo) and N–NO3 was detected by 

Norman et al. method (1985). 

Sodium pyrophosphate (0.1M, pH 11) at 60 °C for 24h under shaking at 200 oscillationmin−1 

was used to extract Total Humic Carbon (THC). The THC extract was separated into humic 

(HA) and fulvic (FA) acids by addition of H2SO4; the extract was kept overnight at 4 °C, 

and then the flocculent (HA) and the supernatant (FA) were centrifuged. THC and FA were 

determined by the Yeomans and Bremner (1988) method, while HA were obtained by 

subtracting FA from THC. 

Dehydrogenase activity was assayed using the method of Masciandaro et al. (2000). Cation-

exchange capacity (CEC) of the soils was determined by Sumner and Miller (1996) method, 

using barium chloride (pH 8.1). Pyrolysis-gas chromatography (Py–GC) was used to 

evaluate soil organic matter quality. It is based on a rapid decomposition of organic matter 

under a controlled high flash of temperature, in an inert atmosphere of gaseous N2 carrier. 

The obtained pyrolytic fragments were separated and quantified by using the gas 

chromatographic technique (CDS Pyroprobe 190 coupled to a Carlo Erba 600 GC) (Macci 

et al., 2012a). 

https://www.sciencedirect.com/science/article/pii/S0301479717307703?via%3Dihub#bib23
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The following volatile pyrolytic fragments, corresponding to the major chromatographic 

peaks were considered: acetonitrile (E1), acetic acid (K), benzene (B), pyrrole (O), toluene 

(E3), furfural (N), and phenol (Y). Acetonitrile (E1) is derived from the pyrolysis of 

aminoacids, proteins, and microbial cells. Furfural (N) is principally derived from cellulose 

and other aliphatic organic compounds. Acetic acid (K) is preferentially derived from 

pyrolysis of lipids, fats, waxes, cellulose and other carbohydrates. Phenol (Y) is derived from 

fresh or condensed (humic) lignocellulosic structures. Benzene (B) and toluene (E3) are 

basically derived from condensed aromatic structures of stable (humified) organic matter, 

particularly for benzene, since toluene must come from rings with aliphatic chains, albeit 

short. Pyrrole (O) is derived from nitrogenated compounds, such as nucleic acids, proteins, 

and microbial cells (Bracewell and Robertson, 1976). Peak areas were normalized, so that 

the area under each peak referred to the percentage of the total of the selected seven peaks 

(relative abundances). 

Some ratios between relative abundances of some of the peaks were determined (Ceccanti 

et al., 1986): (i) O/N: mineralization index. This index expresses the ratio between pyrrole, 

which derives from nitrogenous compounds, humified organic matter, and microbial cells, 

and furfural, which is the pyrolytic product arising from polysaccharides. The higher the 

ratio, the higher the mineralization of fresh organic matter. (ii) B/E3: humification index. 

The higher the ratio, the higher the humification of organic matter, because benzene is 

derived mostly from pyrolytic degradation of condensed aromatic structures, while toluene 

comes from aromatic uncondensed rings with aliphatic chains. (iii) AL/AR 

(Aliphatic/Aromatic compounds): index of “energetic reservoir” expresses the ratio between 

the sum of aliphatic products (K, N, and E1) and the sum of aromatic compounds (B, E3, O, 

and Y) (Ceccanti et al., 2007; Macci et al., 2012b). 

 

Statistical Analyses 

The statistical analysis has been carried out using Statistica 7.0 software (StatSoft Inc., Tulsa, 

Oklahoma, USA). The average of three field replicates was used in order to obtain valid 

data. Differences among treatments within each experimental area were evaluated by 

analysis of variance (one way ANOVA). The means were compared by using least 

significant differences calculated at P < 0.05 (Fisher’s test). In addition, principal component 

analysis (PCA) was used to provide possible patterns or clusters between zeolite treatments 

and chemical and biochemical parameters. All raw data were log transformed to reduce data 

heterogeneity and subsequently standardized. Only component loadings >0.60 were 

considered for interpretation of the PCs. 



 

Results and Discussion 

The response of the chemical indicators of soil fertility to the different doses of zeolite is 

reported in Table 2. Similar pH values were found in control soils with respect to zeolite 

treated soils. However, the application of zeolite effectively reduces soil electrical 

conductivity (EC). A comparable trend was also observed in a composting process in 

presence of 5% and 10% zeolite (Chan et al., 2016) and in other studies about the effects on 

soil properties of superabsorbent polymers, such as zeolite (Bal et al., 2010; Yousefian et al., 

2018). Due to molecular sieve structure and high cation exchange capacity (CEC) of zeolite, 

it can provide lodging and allow the exchange of ions freely on its surface and adsorb the 

ions (Hedström, 2001), resulting in a decrease of the soil EC. In addition, the zeolite 

absorption capacity of a large volume of water leads to the dilution of solutes in soil and, 

thus to soil EC decrease (Bal et al., 2010).  

Generally, TOC and TN did not significantly changed after six months from the zeolite 

application. Likewise, Yusefian et al. (2018) showed that total nitrogen in semi-arid soils 

was not influenced by diffetent zeolite treatments and did not follow a clear trend.  

Conversely, the contents of TP and TK were slightly higher in zeolite treated soils in 

comparison with control soils. In particular, a significant increase of TK values was observed 

in the three experimental sites treated with zeolite at the highest dose (10 t ha-1). Similarly, 

the application of 10 t ha-1 zeolite significantly increased the TP content in Cabernet-

Sauvignon Top (T) and Trebbiano (Y) vineyards (Table 2).  

In agreement with our results, it was previously reported that soil quality was improved with 

the use of zeolite thorough the increase of element availability, such as K and P (Polite et 

al., 2004). In addition, it has been found that an amount of K included in the zeolite polymers 

could enter into the soil (El-Hady and Wanas, 2006). 

Even though TOC content was not affected by the zeolite treatments, a decrease of humic 

substances (humic and fulvic acids), representing the more stable part of organic matter, in 

the vineyard soils treated with zeolite was found. In particular, humic acids (HA) showed 

significant differences among the treatments, with a decrease when zeolite was applied 

(Table 3). Also the fulvic acids (FA) showed some significant negative changes as a result 

of the zeolie application. This decline can be explained by the fact that zeolite is able to 

improve nutrients and water availability and thus, the microbial soil conditions, with a 

consequent alteration of the delicate balance between C sequestration and biodegradation.  

Since zeolite has a strong adsorption capacity for positively charged ions (Table 1), it 

elevated the soil cations exchange capacity (CEC) of the treated soils (Fig. 1a). As shown in 

https://www.scopus.com/authid/detail.uri?authorId=6506200923&amp;eid=2-s2.0-85041536737
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Figure 1a, the soil CEC increased with increasing zeolite doses application; significant 

higher values of CEC with respect to control soils were observed in Cabernet-Sauvignon 

vineyards (T and B) at both zeolite doses, while in Trebbiano treated vineyard (Y) at the 

highest dose (10 t ha-1).  

Zeolites, including clinoptilolite, as minerals, are effective natural cation exchangers and 

have CEC that commonly range from 100 to 300 cmolc kg–1 (Table 1) (Pal et al., 2013; 

Inglezakis et al., 2015). Ozbahce et al. (2018) in an experimentation with clinoptilolite as 

soil conditioner, showed that CEC increased with increasing doses of clinoptilolite and 

irrigation levels. This increase resulted in higher nutrient retention by soil particles in zeolite 

treated soils compared with the control soils (Table 3). It is well known that zeolite provides 

an ideal trap for positive cations like nitrogen rich ammonium and potash which are then 

released when required by plants (Noori et al., 2006).  

In the present study, N-NH4 and K2O concentrations increased by 1.2-1.6 times in the zeolite 

treatments at the dose of 10 t ha-1 compared to the control treatments in all the experimental 

sites (T, B and Y).  

These findings are in agreement with the findings of Eslami et al. (2018) which reported that 

zeolites are capable to perform a controlled release of NH4
+ and K+ and decrease nutrients 

loss by leaching in sandy soils with low organic matter contents. 

Gül et al. (2005) found that the use of zeolite led to increased plant growth and higher N and 

K contents in plant tissues. Similarly, several studies reported that zeolite applications 

increased macro- and micronutrient contents (N, P, K, Mn, Cu, and Zn) in many crops 

(Gevrek et al. 2009; Mahmoodabadi et al. 2009; Yolcu et al. 2011). In particular, the internal 

pores of the zeolite used in the present study, mainly composed by clinoptilolite (85%), are 

small enough to limit the adsorption of some large ions, making it highly selective for K+ 

and NH4
+ with respect to Na+ or divalent cations such as Ca2+ and Mg2+ (Ming and Mumpton, 

1989). 

Given that zeolite application increased the concentration of available N and K, the positive 

priming effect very likely changed SOC dynamics (Kuzyakov, 2010). In fact, when 

microorganisms are limited by available substrates, the increase of microbial substrate 

availability can rapidly enhance soil microorganisms growth and enzyme production, 

inducing co-metabolic decomposition of SOM (Blagodatskaya and kuzyakov, 2008). Many 

studies report increasing SOM turnover after mineral nutrient additions, or, in turn, that SOM 

turnover is limited in nutrient-deficient soils (Allen and Schlesinger, 2004; Cleveland and 

Townsend, 2006; Conde et al., 2005). According to these concepts, it is reasonable to 

https://www.sciencedirect.com/science/article/pii/S0038071718300245?via%3Dihub#bib41
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speculate that the increase in nutrient availability might accelerate SOC microbial 

mineralization process.  

Enhancement of microbial processes of soil organic matter degradation by applying zeolite 

was confirmed by the trend of dehydrogenase activity (Fig. 1b). A clear increase in this 

activity occurred when zeolite dose increased (Fig. 1b). Dehydrogenase enzyme activity can 

be used as a proxy for general oxidative metabolisms of microorganisms and it is only found 

in living organisms, thus indicating microbial population growth and activity (Burns et al., 

2013; Garcia et al., 1997). In view of this, dehydrogenase activity is a good indicator for 

positive priming (i.e. microbial growth followed by increased SOC decomposition) 

(Blagodatskaya and kuzyakov, 2008). 

Wang et al. (2011) reported a change in composition and humification degree of dissolved 

organic matter in soils under N enrichment, rather than biodegradation of organic matter. 

Generally, a lower aromaticity, complexity and degree of humification was reported in N 

addition treatments (Aitkenhead-Peterson and Kalbitz, 2005; Michel et al., 2006, Fang et al., 

2014). Similarly, the enrichment of available N caused by the zeolite application, could 

affect organic matter quality. 

In the present paper, the effect of zeolite application on organic matter quality in terms of its 

chemical-structural composition was evaluated by using the pyrolysis technique (Table 4). 

The lower values of pyrrole/furfural (O/N) index in the zeolite treated soils with respect to 

control soils, can be explained by the significant decrease in O pyrolytic fragment, thus 

indicating the decomposition of more stable SOM, since substances releasing O (pyrrole) 

are chemically and microbiologically more stable than those producing N (Masciandaro et 

al., 1998; Masciandaro and Ceccanti, 1999). The humification index B/E3 (benzene/toluene), 

represents the structural condition of the condensed aromatic nucleus of SOM, that is the 

degree of condensation of aromatic rings.  

B/E3 was lower in zeolite treated soils (Table 4), confirming that, the activation of 

mineralization processes in such microbial enriched soils, determined a significant 

degradation of condensed aromatic structures (B) and an increase of less condensed humic 

substances producing E3 with respect to the respective control soils. Finally, AL/AR 

(aliphatic/aromatic compounds) expresses the ratio between the sum of aliphatic (acetic acid, 

furfural and acetonitrile) and aromatic (benzene, toluene, phenol and pyrrole) products. The 

soils amended with zeolite showed an increase in this pyrolytic ratio. Zeolite addition 

significantly increased the acetonitrile (E1), mostly derived from aliphatic compound and 

decreased the pyrrole (O), phenol (B) and benzene (B), mostly derived from aromatic 

compounds (Table 4).  



Soil analysis results were statistically treated by PCA in order to assess the correlations 

between different variables and identify the most important parameters that characterize the 

behavior of soil under different treatments. 

Soil properties can be summarized in two independent PCs, which explained 69.9% of the 

total variance (Table 5). The first PC (PC1, 40.2% of the total variance) included the 

chemical and biochemical soil properties, since dehydrogenase activity, pH, TN, TP, Kav 

and CEC were positively correlated on this PC (parameters denoting significance on the 

same PC with the same sign). This PC included also fulvic acids, which were negatively 

correlated to the others. The significant loadings on the second PC (29.7% of the total 

variance) included EC, N-NH4, TK, AL/AR, B/E3 and O/Y. The negative correlation 

between B/E3 and AL/AR indicated that the active metabolism is sustained by the 

mineralization of condensed aromatic compounds, because benzene (B) is derived mostly 

from pyrolytic degradation of condensed aromatic structures, while toluene (E3) comes from 

aromatic uncondensed rings with aliphatic chains (Table 5).  

Figure 2 provides the biplot of the PCA analysis obtained using the first two PCs. This plot 

gives a graphical representation of clusters of soils with similar chemical and biochemical 

properties. The biplot indicated that the application of zeolite positively affected soil nutrient 

content and cation-exchange capacity. In fact, the shift of all the zeolite treated samples with 

respect to the respective control soils along positive values of PC1 and PC2, may be partially 

attributed to the higher retention of dissolved cations (K+ and NH4
+) onto the added high-

CEC zeolite surfaces. In addition, the trend towards positive values of PC1 with increasing 

zeolite dose (0, 5 10 t ha-1) indicated a gradient of microbial metabolism stimulation. In 

addition, being the PC1 negatively associated with fulvic acids, this shift suggested that the 

application of zeolite promoted stable organic matter degradation. The prevalence of the 

mineralization processes over humification, was also confirmed by the shift of zeolite treated 

soils, in particular in T and B vineyards, along positive values of PC2 (Fig. 2).  

 

Conclusions 

The application of zeolite to the vineyard soils, especially at the higher dose (10 t ha-1) 

improved their cations exchange capacity and thus their ability to retain nutrients. The 

increase of available N and K in the three experimental sites (T, B and Y) treated with zeolite 

significantly promoted microbial metabolic activity (dehydrogenase activity) and utilization 

of soil organic matter, with the consequent change in soil organic matter composition. In 

particular zeolite application, especially at the higher dose, contrasted the accumulation of 

soil organic carbon pool. This is well evident considering the reduction of humic and fulvic 



acids and the alteration of the structural composition of soil organic matter. Py-GC clearly 

showed a decrease of the more stable aromatic (pirrole, phenol and benzene) and an increase 

of labile aliphatic (furfural) compounds. 

Further studies about zeolite doses and its eventual application in combination with a source 

of organic matter are needed in order to optimize vineyard nutrition and, at the same time, 

taking into account a proper soil management in order o preserve and/or improve soil quality. 

Finally, due to the unique characteristics of zeolites, their application could, in fact, improve 

the fertilizer use efficiency, thus reducing soil mineral fertilization. 
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Table 1. Chemical and mineralogical composition of the zeolite. 

  

SiO2 65-71.3% 

K2O 2.2-3.4% 

Na2O 0.2-1.3% 

Al2O3 11.5-13.1% 

Fe2O3 0.7-1.9% 

TiO2 0.1-0.3% 

CaO 2.7-5.2% 

MgO 0.6-1.2% 

Loss on ingnition 12.5% 

Ration Si/Al 4.8-5.4% 

CEC  120-150 cmolc kg-1 

 

  



Table 2. Chemical parameters in the vineyard soils (T, Cabernet-Sauvignon Top; B, 

Cabernet-Sauvignon Bottom; Y, Trebbiano) with different doses of zeolite (0, 5 and 10 t ha-

1). 
 

treatment pH EC 

dS.m-1 

TOC  

% 

TN 

% 

TP 

mg P kg-

1  

TK 

T 

control 7.86b 0.23a 1.04a 0.09a 539b 640c 

5 t ha-1 7.98a 0.19ab 0.98a 0.09a 548ab 726b 

10 t ha-1 8.00a 0.16b 1.01a 0.10a 564a 773a 

 
      

 

B 

control 7.96a 0.21a 1.15a 0.10a 595a 608b 

5 t ha-1 7.92a 0.20a 1.00a 0.08a 594a 649a 

10 t ha-1 8.02a 0.15b 1.12a 0.10a 600a 678a 

 
      

 

Y 

control 8.34a 0.19a 0.94a 0.12a 654b 642b 

5 t ha-1 8.26a 0.14b 0.94a 0.12a 657b 636b 

10 t ha-1 8.27a 0.16ab 0.98a 0.15a 794a 775a 

Values are the average of three replicates and the coefficient of variation of the replicates 

ranged from 3 to 15%. For each site, different lower case letters indicate statistically different 

values among the treatments for each experimental site (P < 0.05). 

  



Table 3. Available N and K and fulvic (FA) and humic (HA) acids. 

 treatment mgN-NO3
 kg-1 mgN-NH4 Kg-1 mgK2O kg-1 FA % AH % 

T 

control 19.6b 1.27c 174c 0.280a 0.475a 

5 t ha-1 20.8b 2.14b 210b 0.331a 0.359b 

10 t ha-1 29.8a 2.74a 287aa 0.331a 0.398b 

       

B 

control 35.9b 0.45c 187b 0.286a 0.479a 

5 t ha-1 40.5ab 2.26b 251a 0.281a 0.414b 

10 t ha-1 43.6a 3.51a 259a 0.229b 0.331c 

       

Y 

control 24.2b 0.03b 299 0.218a 0.446a 

5 t ha-1 30.6ab 0.60a 355 0.216a 0.297b 

10 t ha-1 32.9a 0.41ab 349 0.188b 0.346b 

Values are the average of three replicates and the coefficient of variation of the replicates 

ranged from 3 to 15%. For each site, different lower case letters indicate statistically different 

values among the treatments (P < 0.05). 

  



Table 4. Pyrolytic fragments and indices. For each site, different letters indicate 

statistically different values among the treatments (𝑃 < 0.05). 
 

treatment E1 K B E3 Y O N B/E3 O/N O/Y AL/AR 

T 

control 25.3c 5.5ab 21.1a 17.1b 14.7a 10.6a 5.6a 1.23a 1.88a 0.72b 0.57c 

5 t ha-1 33.0b 5.0b 17.4b 16.8b 13.5a 9.5a 5.0ab 1.03b 1.90a 0.71b 0.75b 

10 t ha-1 38.1a 5.8a 15.4b 19.0a 9.4b 7.6b 4.7b 0.81c 1.62b 0.81a 0.95a 
 

 

           

B 

control 32.2b 5.5 19.3b 15.1b 15.1a 9.1a 3.7a 1.27a 2.46a 0.60b 0.63c 

5 t ha-1 33.3b 4.8 23.1a 18.2a 9.6b 7.8b 3.3a 1.28a 2.36a 0.81a 0.80b 

10 t ha-1 39.0a 5.4 18.3b 18.3a 8.4b 7.0b 3.5a 1.00b 2.00b 0.83a 0.92a 
 

 

           

Y 

control 29.8b 6.6 24.1a 18.2b 9.4a 7.6a 4.3a 1.32a 1.77a 0.81a 0.69b 

5 t ha-1 34.8a 5.7 22.2a 20.1a 7.6b 5.7b 3.9a 1.10b 1.46b 0.75a 0.80a 

10 t ha-1 34.6a 6.0 22.9a 19.4ab 7.6b 5.7b 3.8a 1.18b 1.50b 0.75a 0.80a 

Values are the average of three replicates and the coefficient of variation of the replicates 

ranged from 3 to 15%. For each site, different lower case letters indicate statistically different 

values among the treatments (P < 0.05). 

  



Table 5. Principal components (PCs) and component loadings. 

 PC 1 PC 2 

DH-ase *0,601 0,573 

pH *0,961 -0,001 

EC -0,539 *-0,762 

TOC -0,583 -0,058 

TN *0,915 -0,035 

TP *0,899 0,026 

N-NO3 -0,013 0,433 

N-NH4
+ -0,610 *0,749 

FA *-0,823 0,096 

HA -0,450 -0,699 

TK 0,180 *0,653 

K av *0.888 0.400 

AL/AR 0,115 *0,975 

B/E3 0,192 *-0,843 

O/N -0,673 -0,336 

O/Y 0,204 *0,623 

CEC *0,755 0,564 

Var. Sp. 6.84 5.04 

Prp. Tot. 0.402 0.297 
DH-ase: dehydrogenase activity; EC: electrical conductivity; TOC: total organic carbon; TN: total nitrogen; 

TP: total phosphorus; FA: Fulvic acids; HA: humic acids; TK: total potassium; AL/AR: Aliphatic/Aromatic 

compounds; B/E3: benzene/toluene; O/N: pyrrole/furfural; O/Y: pyrrole/phenole; CEC: cation-exchange 

capacity. Var. Sp.: explained variance; Prp. Tot.: total proportionality.  

*Variables with component loadings used to interpret the PCs; threshold level: 0.60. 

  



Figure 1. a) Cations exchange capacity; b) Dheydrogenase activity.  

 

Values are the average of three replicates ± standard deviation. Lower case letters indicate 

significant differences (P < 0.05) between the three treatments (control, 5 and 10 t ha-1) of 

each experimental site (T, B and Y). 

  



Figure 2. Biplot of factor scores and loadings in each treatment (control. zeolite 5 t ha-1. 

zeolite 10 t ha-1) for each experimental site (T, B and Y). 

 
 

DH-ase: dehydrogenase activity; EC: electrical conductivity; TOC: total organic carbon; TN: total nitrogen; 

TP: total phosphorus; FA: Fulvic acids; HA: humic acids; TK: total potassium; AL/AR: Aliphatic/Aromatic 

compounds; B/E3: benzene/toluene; O/N: pyrrole/furfural; O/Y: pyrrole/phenol; CEC: cation-exchange 

capacity. T. vineyard Cabernet-Sauvignon top; B. vineyard Cabernet-Sauvignon bottom; Y. T. vineyard 

Cabernet-Sauvignon top; B. vineyard Cabernet-Sauvignon bottom; Y. vineyard Trebbiano. 
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