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Innovative approaches to soil
health: evaluating pruning waste
compost, inoculated compost,
and mineral fertilizer in a
controlled growth chamber for
sustainable vineyard practices

M. Lucchetta®'?*, M. Y. A. Zuluaga?, S. Monterisi?, R. Fattorini?,
F. Gaiotti?, S. Cescot! and Y. Piit*

Faculty of Agricultural, Environmental and Food Sciences, Free University of Bozen/Bolzano,
Bolzano, Italy, 2Council for Agricultural Research and Economics-Research Centre for Viticulture and
Enology (CREA-VE), Conegliano, Italy

Healthy and fertile soils are the foundation of sustainable global agriculture,
supporting both intensive and extensive crop cultivation, including orchards and
vineyards across diverse agroecosystems. However, widespread use of synthetic
fertilizers has degraded soil organic matter and overall quality, leading to significant
environmental consequences and threats to ecosystem services. Challenges in
accessing mineral fertilizers, along with growing concerns over environmental
sustainability, have driven interest in alternative approaches such as compost,
biofertilizers, biopesticides, and microbiome-based strategies to enhance soil
fertility and reduce chemical inputs in agriculture. Compost derived from grapevine
pruning waste shows promise in addressing agricultural challenges, but further
research is needed to understand its effects on nutrient release dynamics and
microbial activity. Inoculating compost with a fungal consortium presents an
innovative strategy to enhance nutrient cycling and microbial interactions, addressing
nutrient availability challenges. This study aimed to evaluate the impact of three
fertilization methods on soil health: NPK (mineral fertilizer), PWC (pruning waste
compost), and iPWC (pruning waste compost inoculated with fungal consortia).
Conducted over 135 days in a controlled growth chamber, fifteen pots received
equal macronutrient doses. Environmental parameters (humidity, temperature,
light/dark cycles) were closely monitored. Throughout the experiment, release
dynamics of key nutrients, soil enzyme activity, and microbial community responses
were rigorously assessed. The results showed that compost inoculated with fungi
significantly enhanced soil enzymes activities. Microbial community activity
was higher in fungal and compost treatments, with greater functional diversity
observed in the mineral fertilizer treatment. Compost released major minerals
more slowly than chemical fertilizers, while enhancing the available fraction.
These findings underscore compost’s potential, especially when supplemented
with fungi, to improve soil health and promote sustainable agricultural practices
and soil regeneration.
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1 Introduction

Soil quality and fertility are essential for sustainable development,
as highlighted by the Sustainable Development Goals (SDGs) (Lal
etal, 2021). In agriculture, maintaining soil health is critical, especially
given the challenges posed by soil degradation, which is often linked
to the intensive use of mineral fertilizers and cropping practices (Scotti
etal, 2015; Pahalvi et al., 2021). This issue is particularly pronounced
in Europe, where viticulture is widespread (Furostat, 2024). The
intensive nature of grape production requires substantial inputs of
fertilizers and phytosanitary products, contributing to soil acidification
(Litskas et al., 2020), biodiversity loss, and soil fertility depletion
(Karimi et al., 2020).

In response to these challenges, the European Union’s Farm to
Fork strategy (Directorate-General for Agriculture and Rural
Development, 2024) advocates for reducing chemical inputs and
enhancing soil fertility. Organic amendments, such as compost,
manure, and cover crops, have emerged as promising solutions in
viticulture. These amendments can significantly improve soil
structure, increase nutrient availability, and enhance grapevine
resistance to pests and diseases (Diacono and Montemurro, 2011;
Mondini et al., 2018; Lazcano et al., 2020; Romero et al., 2022).
However, organic amendments can also lead to unintended
consequences. For instance, a study by Fan et al. (2023) reported
increased greenhouse gas emissions, primarily methane, when organic
amendments replaced synthetic fertilizers. Similarly, Burgos et al.
(2006) found that municipal waste compost can increase nitrate
leaching, reducing nitrogen availability for plants. Additional studies
have highlighted adverse effects such as soil immobilization due to
high C/N ratios, leading to the depletion of readily available nitrogen
for plant uptake (Schoenau and Davis, 2006; Moral et al., 2009).

Given these complexities, evaluating various organic amendments,
including compost from grapevine pruning waste, presents a viable
alternative. The application of pruning waste compost (PWC) adheres
to circular economy principles, transforming waste into a valuable
resource (Velasco-Murioz et al., 2022), this practice can reduce
chemical inputs and contribute to a more sustainable viticulture
approach. Studies have shown that pruned grapevine wood (2 tons per
hectare per year) can improve and maintain soil organic matter and
properties without adverse effects over the long term (Morlat and
Chaussod, 2008). Other researchers have observed that PWC
enhances soil microbial activity (Garcia-Orenes et al., 2016; Mondini
etal., 2018), and improves grapevine yield and quality (Gaiotti et al,,
2017). Economically, PWC is a renewable, cost-effective resource that
promotes soil biological parameters (Karimi et al., 2020), making it a
sustainable solution for vineyard nutrition management.

Recent studies have focused on the benefits of arbuscular
mycorrhizal fungi (AMF) and multifunctional fungi such as
Trichoderma in enhancing soil health (Balestrini et al., 2020; El
Enshasy et al., 2020). AMF application enhances nutrient availability
to plants by forming symbiotic relationships with roots, which is
crucial for nutrient-deficient soils (Wipf et al., 2019). Additionally,
T. harzianum enhances soil structure by promoting soil particle
aggregation, thereby improving water and nutrient retention (O’Neill
et al,, 1996; Elad, 20005 Bernal-Vicente et al., 2015) and improving
grape quality, yield, and plant nutrition (Pascale et al., 2017).

The incorporation of fungi into compost serves a dual purpose: it
not only leverages the benefits of the fungi but also enhances the
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composts overall efficacy as a fertilizer. Compost can provide a
conducive environment for fungal growth and activity, improving
colonization rates compared to separate applications of dry or liquid
inocula. This compost-mediated delivery mechanism may enhance
the effectiveness of the inoculum by ensuring sustained contact with
plant roots and fostering beneficial microbial interactions within the
soil matrix.

For example, T. harzianum has been shown to induce resistance
to abiotic stresses such as drought and salinity (Hidangmayum and
Dwivedi, 2018). In Vitis vinifera, AMF and T. harzianum have
demonstrated positive effects on antioxidant synthesis, shoot weight,
and stress resilience. Hao et al. (2012) identified an increase in potted
grapevine shoot fresh weight following treatment with T. harzianum,
which also exhibited nematode-suppressing effects. Furthermore, the
impacts of Glomus (Syn. Funneliformis) mosseae in potted vineyards,
particularly under drought stress conditions of Cabernet Sauvignon,
yielded encouraging findings regarding stomatal conductance and
enhanced cytokinin production.

These findings suggest that inoculating compost with a
consortium of these fungi may enhance its properties, leading to a
more valuable and sustainable fertilizer for vineyards.

Despite the promising outlooks provided by previous studies,
there is currently a paucity of literature directly evaluating the effects
of pruning waste compost (PWC) on soil fertility parameters. Notably,
no studies have investigated the potential of a fungi consortium
inoculation to enhance PWC properties and further improve soil
health, so far. Considering these observations, our study focused on
comparing the effects of uninoculated pruning waste compost (PWC),
inoculated PWC, and standard mineral fertilizer on soil fertility
parameters, microbial community structure and function, and soil
enzyme activities. In this context, our research was aimed at
determining the nutrient release kinetics for the main macronutrients
(N, P, and K) and assess the response of the microbial community to
the treatments. Additionally, to further investigate the influence of the
treatments on soil quality and fertility parameters, we assessed the
activities of key enzymes involved in nutrient acquisition and cycling.

The preservation of soil quality and fertility is fundamental to
achieving sustainable agricultural development, as highlighted by the
Sustainable Development Goals (SDGs) (Lal et al., 2021). However,
soil degradation remains a significant challenge, particularly in
agriculture, where intensive cropping and the excessive use of mineral
fertilizers have led to the depletion of essential soil properties (Scotti
etal., 2015; Pahalvi et al., 2021). The reliance on synthetic fertilizers
poses a significant challenge in Europe, particularly due to the region’s
status as a global leader in wine production, with three of the largest
wine-producing countries located in Europe. Viticulture is not only
integral to the agricultural sector but also plays a vital role in the
broader European economy (Furostat, 2024). The intensive nature of
vineyard management, driven by the high economic stakes, has led to
increased fertilizer use, raising concerns about soil degradation,
environmental sustainability, and the long-term viability of grape
production in the region. The intensive nature of grape cultivation
demands high inputs of fertilizers and phytosanitary products, often
resulting in soil acidification, loss of biodiversity, and long-term
fertility decline (Karimi et al., 2020; Litskas et al., 2020). Furthermore,
in 2022, consumption of mineral fertilizers in the EU-27 experienced
a significant decline, reaching levels not seen since 2009. This
downturn was largely driven by the energy crisis that followed the
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Russian invasion of Ukraine, which had a profound impact on the
European industry. Notably, consumption of nitrogen, phosphate and
potash fertilizers decreased by 11, 16 and 15%, respectively (Fertilizers
Europe, 2023). This raises concerns about the reliability of these
fertilizers for viticultural production.

In response to these challenges, the European Union’s Farm to
Fork strategy (Directorate-General for Agriculture and Rural
Development, 2024) promotes reducing chemical inputs and
enhancing soil fertility through sustainable practices. Organic
amendments such as compost, manure, and cover crops have emerged
as viable alternatives to synthetic fertilizers in viticulture. These
amendments have been shown to improve soil structure, increase
nutrient availability, and bolster grapevine resistance to pests and
diseases (Diacono and Montemurro, 2011; Mondini et al., 2018;
Lazcano et al., 2020; Romero et al., 2022). However, the use of organic
amendments is not without potential drawbacks. For instance, some
studies have reported increased greenhouse gas emissions, particularly
methane, when organic amendments are used in place of synthetic
fertilizers (Fan et al., 2023). Other studies have noted increased nitrate
leaching (Burgos et al., 2006) and nitrogen immobilization due to high
carbon-to-nitrogen (C/N) ratios, which may reduce the immediate
availability of nitrogen for plant uptake (Schoenau and Davis, 20065
Moral et al., 2009). The use of green-waste compost has demonstrated
significant benefits in various agricultural contexts, underscoring its
potential for enhancing soil health and productivity in viticulture.
Eldridge et al. (2018) conducted a long-term study in peri-urban
vegetable production, comparing different compost treatments with
conventional farming practices. The results revealed that compost
treatments, even when supplemented with inorganic fertilizers,
consistently outperformed conventional methods in terms of yield and
economic benefits. Notably, a one-time application of green-waste
compost significantly improved crop yields over 10 crops, highlighting
the potential of compost to close yield gaps by improving soil quality.
Such findings are relevant to soils of perennial crops, where improving
soil structure and nutrient availability through compost application
could similarly enhance grape yield and quality, while promoting
sustainable soil management practices. In urban settings, where soil
degradation and compaction are common, the application of
municipal green-waste compost (MGWC) has been shown to improve
soil properties and plant growth (Somerville et al., 2018). This
research, focused on the establishment of deep-rooted woody plants,
demonstrated that compost amendments enhanced soil physical
characteristics such as bulk density and hydraulic conductivity. The
implications of this for sustainable cultivation management are clear:
compost can play a crucial role in restoring soil functions, particularly
in compacted soils, by improving water infiltration, gas exchange, and
root development. However, as the study also notes, site-specific soil
conditions must be considered, as the benefits of compost may vary
depending on factors such as nitrogen immobilization.

Despite these complexities, the use of grapevine pruning compost
(PWC) presents a promising alternative, aligning with circular
economy principles by transforming agricultural waste into a valuable
resource (Velasco-Munoz et al., 2022). Pruning waste compost
exemplifies a practical application of circular economy principles
within viticulture, as it allows for the reuse of organic materials that
would otherwise contribute to agricultural waste. By converting
vineyard residues into nutrient-rich compost, this process closes the
nutrient loop, reducing dependency on synthetic fertilizers and
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minimizing environmental pollution. As discussed by De Corato
(2020), the reuse of agricultural waste not only enhances soil quality
but also contributes to broader sustainability goals, supporting
ecosystem resilience and reducing waste disposal issues. The circular
economy framework emphasizes the efficient use of resources by
keeping materials in use for as long as possible, thus extending their
lifecycle and value. Pruning waste compost fits seamlessly into this
model by transforming biomass into valuable inputs for soil health,
improving nutrient cycling, and enhancing plant growth. This
approach contributes to resource conservation while fostering more
sustainable production systems in agriculture. Moreover, adopting
composting practices aligns with the European Union’s commitment
to sustainable development and climate goals, reducing the carbon
footprint of agricultural practices and supporting long-term soil
fertility and crop productivity. Research has shown that PWC can
enhance soil organic matter and improve soil properties without
adverse long-term effects (Morlat and Chaussod, 2008; Torres et al.,
2015; Isler et al., 2022). Additionally, pruning waste compost (PWC)
has been associated with a significant increase in soil microbial
activity, which plays a critical role in nutrient cycling and overall soil
health. By enhancing microbial biomass and enzymatic processes,
PWC fosters a more active and diverse soil microbiome, leading to
improved nutrient availability for grapevines. This, in turn, can
enhance root growth, water retention, and resistance to diseases,
creating a more resilient agricultural system. Furthermore, studies
have demonstrated that the use of PWC contributes to higher
grapevine yields and improved grape quality, likely due to the steady
release of nutrients and organic matter that promote balanced vine
growth and optimal fruit development. The slow decomposition of
organic matter in PWC ensures a continuous supply of nutrients,
which can improve berry composition, including higher sugar
content, better phenolic profiles, and improved organoleptic
characteristics, making it a valuable input for high-quality wine
production (Garcia-Orenes et al., 2016; Gaiotti et al., 2017; Mondini
etal, 2018). Economically, pruning waste compost (PWC) represents
a renewable and cost-effective solution for sustainable vineyard
management by turning an otherwise discarded by-product into a
valuable resource. The reuse of pruning waste not only reduces the
costs associated with waste disposal but also minimizes the need for
synthetic fertilizers, thus lowering input costs for growers (Karimi
et al., 2020).

Recent studies have further underscored the crucial role of
beneficial fungi, such as arbuscular mycorrhizal fungi (AMF) and
Trichoderma spp., in enhancing soil health and agricultural
productivity. These fungi form symbiotic relationships with plant
roots, facilitating greater nutrient uptake, particularly phosphorus,
nitrogen, and micronutrients, and contributing to improved soil
structure and plant resilience against biotic and abiotic stresses
(Pascale et al., 2017; Balestrini et al., 2020; El Enshasy et al., 2020).
AME for instance, create extensive hyphal networks that expand root
surface area, enabling plants to access nutrients from a larger soil
volume, which is particularly beneficial in nutrient-poor soils (Smith
and Read, 2010).

The incorporation of beneficial fungi into compost, such as in the
case of compost inoculated with AMF or Trichoderma spp., enhances
the efficacy of compost as a biofertilizer. This fungal inoculation
fosters beneficial microbial interactions, supports organic matter
decomposition, and boosts soil organic carbon levels, thus improving
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overall soil fertility (Leifheit et al., 2014). Trichoderma harzianum, a
well-known fungal species with biocontrol properties, not only
suppresses pathogenic organisms but also induces systemic resistance
in plants to various abiotic stresses such as drought, salinity, and
temperature extremes, leading to improved plant growth, yield, and
stress tolerance (Hao et al., 2012; Hidangmayum and Dwivedi, 2018).
Furthermore, the application of T. harzianum has been shown to
increase root biomass and enhance water use efficiency, which is
particularly valuable in regions facing water scarcity (Hermosa
etal., 2012).

Incorporating fungi into compost represents a promising strategy
for improving nutrient cycling, promoting soil biodiversity, and
enhancing the resilience of viticultural systems, aligning with the goals
of sustainable and regenerative agriculture. This fungal-enriched
compost can serve as a powerful tool to reduce the reliance on
synthetic fertilizers, further contributing to soil health, carbon
sequestration, and overall ecosystem balance.

Despite these promising findings, there is a notable gap in the
literature regarding the combined use of fungal inoculation and
pruning waste compost in soil for sustainable production in perennial
crops. To address this gap, our study investigates the effects of
uninoculated PWC, PWC inoculated with a fungal consortium, and
standard mineral fertilizer on soil fertility parameters, microbial
community structure, and soil enzyme activities. Specifically, we assess
nutrient release kinetics for nitrogen (N), phosphorus (P), and
potassium (K), as well as the microbial response to these treatments.

This research aims to provide new insights into the potential of
pruning waste compost, particularly when combined with fungal
inoculation, to enhance soil health and promote sustainable
vineyard management.

2 Materials and methods
2.1 Experimental setup

The soil incubation experiment was conducted at the Free
University of Bolzano within a climate-controlled chamber maintained
at the following conditions: a 14-h light/10-h dark photoperiod, a
temperature of 24°C during the day and 19°C at night, a light intensity
of 250 pmol m~s™!, and 70% relative humidity.

To isolate the effects of pruned compost as a fertilizer and soil
conditioner, an inert soil substitute was used as a control. The
experimental soil substrate was a loamy-sandy fluvial deposit, the
precise composition of which is detailed in Table 1. This material was
obtained from a local river quarry (Fornaci Grigolin S.p.A., Nervesa
della Battaglia, Italy; 45°48’56” N, 12°1529” E). The alluvial sand
component, with an approximate grain size distribution of 0-4 mm,
underwent a thorough washing and sorting process to ensure
uniformity and remove impurities.

The compost was prepared from 100% pruning waste from a local
vineyard. After pruning, the shoots were chopped and reduced to a
size of 5-6 cm to increase the surface area/volume ratio. This bulk
material was then placed in a heap and left under field conditions for
about 10 months, with occasional turning to facilitate aeration. At the
end of the period, the compost was collected, analysed by external
laboratory (A.L.S. Life Science Italia, Zoppola, Italy) (results are shown
in Table 1), parted in different boxes for the two treatments. The soil
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TABLE 1 Chemical characteristics of the compost and sandy soil utilized
in the study, where total nitrogen and organic carbon were determined
using the method of Dumas (1831), in accordance with the official
chemical soil analysis protocol set by Ministerial Decree 248/99.

Inert soil Compost

pH 7.75 7.36
Total organic carbon % <2 30.3
Organic matter % <3 52.2
Total N g/kg <0.005 1.48
C/N <LOQ 20.5
K g/kg 0.0018 578
P g/kg 0.0015 226
Phosphorus was determined using the method formulated by Olsen and Sommers (1982),

and potassium was analyzed spectrophotometrically from an aqueous soil extract using
ammonium acetate as the extracting agent. The limit of quantification (LOQ) was found to
be below the level that can be accurately determined through the use of conventional testing
methods.

incubation experiment was carried out by setting up 15 pots (volume
5.5L), five pots per treatment. Each treatment consisted in the
application of either the mineral fertilizer (NPK), the pruning waste
compost (PWC) or the inoculated pruning waste compost (iPWC).
The iPWC was inoculated with a mixture of Rhizophagus irregularis
and Funneliformis mosseae (80:20), at a concentration of approximately
300 propagules g™', and Trichoderma harzianum at an approximate
concentration of 1-10° cfug™. The fungal inoculants have been
provided by Microgaia Biotech S. L. (Murcia, Spain). In order to have
approximately the same supplementation of key nutrients with the
different treatments, the nitrogen (N) concentration was equalized to
standard supply in vineyards, considering 40 N units per hectare per
year (Gattietal., 2020). Based on N supplementation, defined amounts
of phosphorus (P) and potassium (K) were added through the
compost, and they were balanced in the mineral treatment accordingly.
The treatments supplementations to pots were thus composed
as follows:

o NPK: 3.5 kg sand +1.96 g Ca (NOs), + 0.56 g PK + 0.39 g K,SO4.

o PWC: 3.5 kg sand +0.168 kg of Compost.

o« IPWC: 3.5kg sand +0.168kg of Compost +0.067g
T. harzianum + 0.168 g R. irregularis and F. mosseae (80:20).

In order to simulate the growing season of a typical vineyard, soil
moisture was maintained at 50% of the Water Holding Capacity and
the experiment has been carried out for 135 days; soil samples have
been collected every 15 days and stored for further analyses.

2.2 Community level physiological profiling

Five grams of soil samples were added to 45 mL of sterile 0.85%
sterile NaCl physiological solution and shaken at 180 rpm for 1 h at
room temperature. The resulting suspensions were serially diluted to
107° with sterile 0.85% NaCl solution. An aliquot (150 pL) of the
resulting solution was added to the wells of Biolog Ecoplates®
microplates. The microplates were incubated at 25°C for 7 days in the
dark. The absorbance values were recorded every 24 h with a TECAN
Infinite F200 plate reader at 590 nm (Ge et al., 2018). The metabolic
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activity developed by microorganisms in the carbon source wells
results in formozan production, which develops a color change in the
tetrazolium dye (Preston-Mafham et al., 2002). A greater change in
the color intensity corresponds to a higher metabolic activity (Garland
and Mills, 1991). The average well color development (AWCD) was
determined as described by Zuluaga et al. (2021) using the equation
AWCD = X Wi/ n, where W is the adjusted absorbance from each well
and n is the total number of wells. The functional diversity within the
community was determined using Shannon’s diversity index (H),
evenness (E), and substrate richness (R), as outlined by Ge et al.
(2018). These calculations were derived from adjusted absorbance
values obtained during the incubation phase of heightened metabolic
activity, where a higher increase in the AWCD was observed. A
threshold Wi value of 0.20 was assumed to indicate positive catabolism
for each substrate.

2.3 Soil enzyme activity

Key enzymes involved in the P, carbon (C), sulfur (S), and N
cycles, such as acid phosphatase, beta-glucosidase, arylsulfatase,
protease, and urease, were analysed. Acid phosphatase activity was
determined in 1.0 g of soil utilizing 50 mM p-nitrophenyl phosphate
(pNPP) as a substrate (Tabatabai, 1994), with a modified universal
buffer at pH 6.5. Spectrophotometry at 405 nm was employed for
colorimetric analysis, and acid phosphatase activity was expressed
as ug pNPP ¢! h™'. -Glucosidase activity in soil was assessed by
incubating 1.0 g of soil with PNG (p-nitrophenyl-p-dglucoside) at
50 mM, in a modified universal buffer at pH 6, as described by
Tabatabai (1994). Absorbance was measured at 405 nm to quantify
the p-glucosidase activity expressed pg PNG g h™'. For
arylsulfatase, 1.0 g of soil was mixed with a solution containing
50 mM p-nitrophenyl sulfate (pNS) in a modified universal buffer at
pH 6. Absorbance of the reaction solution was measured at 420 nm
and arilsulfatase activity was expressed as pg PNP g h™' (Tabatabai,
1994). Protease activity in soil was determined by incubating 1.0 g
of soil with 2 mL of 1% casein at 50°C for 2 h. Thereafter, 1 mL of
Lowry’s solution and 100 pL of 1 N Folins phenol reagent were
added, and absorbance was measured at 750 nm. Proteolytic activity
was expressed as micrograms of BSA equivalent per gram of dry soil.
Urease activity was measured following the method of Kandeler and
Gerber (1988). One gram of soil was incubated with 500 pL of
0.72 M urea at 37°C for 2 h. Subsequently, 6 mL of 1 M KCI was
added, and the supernatant was collected. Addition of 1 mL of
sodium salicylate and 400 pL of 0.1% sodium dichloroisocyanurate
was followed by a second incubation of 30 min at room temperature
in the dark. Absorbance was read at 690 nm, and urea activity was
expressed as micrograms of NH, per gram of soil per hour ug NH,
g 'h™

2.4 Soil nutrient dynamic

To determine the dynamics of release of total N, available P, and
exchangeable K, approximately 20 g of soil were sampled every 30 days
throughout the whole experimental period. The samples were then
analysed by a certified external laboratory through standard
procedures (ALS Italia, Pordenone, Italy).
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2.5 Statistical analysis

Data were subjected to statistical analysis using XLSTAT software
version 2022.4.1 (Addinsoft, New York, USA). Differences between
treatments were assessed using one-way Analysis of Variance, Tukey’s
test was used to test the differences within the means, (p < 0.05).
Principal Component Analysis (PCA) was applied using the 13
different soil measurements of the trial with Pearson correlation
analysis. JASP version 0.18.1.0 for Windows (JASP Team, Amsterdam,
Netherlands, 2023) and SigmaPlot version 14.0 for Windows
(SigmaPlot 14.0, Systat Software, Inc., San Jose, California, 2023) were
used for graph editing. R software (version 4.3.1) was also used to
graphically represent data, by exploiting the following packages:
agricolae, ggplot2.

3 Results
3.1 Community level physiological profiling

Substrate utilization was calculated by measuring the average
wells color development (AWCD) values after 96 h of incubation. This
specific time was selected since the substrate conversion rate of
tetrazolium dye reached stable values for all indexes. Expecting
significant differences in a short time frame, the first two points were
sampled at a 15-day interval to assess the response of the microbial
community to the change in environmental conditions.

The estimation of the metabolic activity of the microbial
community highlighted significant differences among the treatments
(i.e., NPK, PWC and iPWC) applied to soils (Figure 1). The NPK soil
samples showed basal metabolic activities that significantly changed
only at 15 days after the application (p < 0,001) as compared to the
initial values. Afterwards, the AWCD for NPK samples progressively
decreased, reaching values close to zero (Figure 1). On the other hand,
PWC and iPWC-amended soils showed a remarkably different
behavior when compared to NPK samples (Figure 1). Indeed, 15 days
after the application of treatments, both PWC and iPWC soil samples
showed a steep increase in the AWCD reaching approximately 10-fold
higher levels as compared to NPK. This initial peak of metabolic
activities was afterward followed by a gradual decrease. At the end of
the experimental period, the metabolic activities of the microbial
communities in the three soil samples were comparable and
independent from the treatment applied. Interestingly, except for the
last sampling point, the activity detected in the iPWC samples was
always significantly higher with respect to PWC samples (Figure 1).

To gain further insight into the metabolic characteristics of the
microbial communities associated with the different treatments,
AWCD values related to classes of compounds were determined.
Based on the overall AWCD, metabolic activity remained active for at
least 75 days following fertilizer treatment. Specifically, at 15 days after
application, the iPWC-fertilized soil exhibited significantly higher
metabolic activity, primarily associated with polymer consumption,
as compared with PWC (p < 0.01) and NPK (p < 0.001) (Figure 2).
Notably, the specific polymers involved were polysorbate 40/80,
glycogen, and a-cyclodextrin. Furthermore, both PWC and iPWC
treatments showed a significantly higher degradation rates for amino
acids (e.g., L-alanine, L-phenylalanine, L-serine, L-asparagine,
L-pyroglutamic acid, L-threonine, and L-proline) and amines (e.g.,
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Average wells color development (AWCD) values. The average well color development (AWCD) was determined in soil samples subjected to three
different treatments (NPK, PWC, and iPWC) at various days after treatment application (DAT). Data are presented as mean values + SE (n = 5). Different
letters indicate statistical differences as determined by one-way Analysis of Variance with Tukey Post-Hoc test (p < 0.05) (see Supplementary Table S2).
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FIGURE 2

Average wells color development (AWCD) values for separated carbon sources. Amines, polymers, carbohydrates, amino acids, carboxylic acids, and
phenolic compounds were quantified at 595 nm in soils subjected to three different treatments: mineral fertilizer (NPK), pruning waste compost (PWC),
and inoculated pruning waste compost (iPWC). These values represent the average well color development, indicating the activity of the microbial
community in response to the substrates of the organic compounds. A one-way analysis of variance (ANOVA) with Tukey's post hoc test (p < 0.05) was
conducted to compare the effects of the three treatments on the response variables. Different letters indicate statistically significant differences based
on the ANOVA results. Five replicates were used for each treatment. The bars for each symbol represent the standard deviation (SD). DAT stands for the

days after the application of treatments.
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putrescine and phenylethylamine) compared to NPK for at least
75 days after treatment (Figure 2 and Supplementary Table S3). The
utilization rates of carboxylic acids were higher in compost treatments,
albeit the inoculated samples showed significantly higher values
during the experimental period. Conversely, the consumption
rates of phenolic compounds and carbohydrates (D-xylose,
N-acetylglucosamine) were comparatively slower in PWC and iPWC
soil samples related to the above-mentioned substrates, albeit
significantly higher than those observed in NPK-treated soil samples
(p < 0.05).

Metabolic functional diversity of microbial communities
associated to the different fertilization treatments has been estimated
by using diversity indices (Table 2 and Supplementary Table S1), as for
instance Richness (R), Shannon diversity index (H’), Shannon
evenness index (E), throughout the whole experimental period.

Concerning the richness (R) parameter, expressed as the number
of substrates utilized by the microbial community, no significant
differences were observed at the beginning of the experiment
(Table 2). In the following time points, R values of NPK-treated soil
samples remained almost constant and close to zero. Nevertheless, R
parameter calculated for PWC and iPWC-supplemented soil samples
showed significantly higher values compared to NPK samples, starting
from 15 days after the treatments (Table 2). Interestingly, at 105 days
after treatments, R parameter of PWC-treated soil samples decreased
back to basal values, whereas that of iPWC samples was maintained
significantly higher until the end of the experiment (Table 2). Shannon

TABLE 2 The microbial community indices Richness (R), Shannon
functional diversity (H), and Shannon evenness (E) were measured at
seven time points (0 days, 15 days, 45 days, 75 days, 105 days, and

135 days) to assess the temporal changes in the microbial community in
the PWC, iPWC, and NPK treatments.

DAT Treatments R H E
NPK 0.01 +0.01 2,06+ 1.11 0.01 +0.01
0 PWC 0.01+0.01 2784043 0.01+0.01
iPWC 0.01+0.01 2.28+1.28 0.01+0.01
NPK 03+£0.57c¢ 3.34+0.01a 0.01£0.01b
15 PWC 13.6+057b | 2.83+00lc 1.00+00la
iPWC 183+1.15a | 294+001b 1.00+00la
NPK 0.01+00lc  3.00£0.03a  0.00+0.01c
45 PWC 1.0+001b | 2.60+00lc 1.08+00la
iPWC 146+057a | 2.80+0.00b 1.04+001b
NPK 001+001b | 3.01+0.08a | 0.00%0.01b
75 PWC 10.0+001a | 245+0.03b 1.06+00la
iPWC 10.0£0.0la | 2.52+0.01b 1.09+00la
NPK 001+001b | 3.01+0.10a | 0.00%0.01b
105 PWC 001+001b | 3.12+0.04a | 0.00%0.01b
iPWC 566+057a @ 1.91+006b 1.11+0.10a
NPK 001+001b  3.08+004a  0.01+0.01
135 PWC 001+001b  317+0.03a  0.01+0.01
iPWC 1.00+0.01a | 230+0.35b  0.01+0.01

Data are presented as the average of five replicates + standard deviation. Different letters
indicate statistically significant differences (p < 0.05) among treatments based on one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test. DAT are the days after the
application of treatments.
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functional diversity values (H) was significantly higher in NPK
treatment as compared to PWC and iPWC, except for the initial
sampling point. Despite the notable metabolic activity observed in
both compost treatments in contrast to mineral fertilizer application,
a discernible linear trend in functional diversity was absent. This
observation underscores the complexity of the relationship between
metabolic activity (measured by AWCD) and Shannon diversity index
(H) within this experimental context. With regard to the evenness of
the microbial communities, significant differences were observed at
45 and 75 days after treatment, showing the highest impact on
compost-treated (PWC and iPWC) samples, independently from the
inoculation with AME These results suggest that the mineral
treatment supported a less evenly distributed community of microbial
species compared to the compost treatments.

3.2 Soil enzyme activity

Soil enzymes play a crucial role in various biogeochemical
processes, including nutrient cycling, organic matter decomposition,
and plant-microbe interactions. Their activities can provide valuable
insights into the overall health and functioning of soil ecosystems.

Enzyme activity was found to positively respond to both PWC
and iPWC treatments (Figure 3) Specifically, PWC and iPWC
fertilizers significantly stimulated arylsulfatase (Ars) activity
throughout the whole experimental period with respect to NPK
(p < 0.05), whose activity remained low and stable. On the other hand,
the Ars activity in PWC-treated samples increased linearly (Figure 3).
Differently, in iPWC-amended soil samples, Ars activity initially
showed a moderate increase, reaching a peak at 40 days characterized
by significantly higher values as compared to both NPK and PWC
(p < 0.05). After a decrease at day 105, Ars activity in iPWC-amended
soil samples recovered but remained lower than those determined in
PWC-supplemented samples (Figure 3).
p-glucosidase (B-Glu) activity, steady trend was observed in the three

Concerning the

treatments. The only exception was represented by the peak of activity
detected at 60 days after application of NPK fertilizer (Figure 3).
Overall, the stimulation of f-Glu activity was significantly higher in
the samples amended with compost with respect to those
supplemented with NPK fertilizers (Figure 2 and Supplementary
Table S4), thereby confirming the low effect of this latter on the
C-cycle related enzymes. All treatment applications positively
stimulated Acid Phosphatase (AcP) activity, exhibiting a continual
increase throughout the experiment. While analysis of variance
confirmed significantly higher activity for iPWC compared to both
PWC and NPK (p < 0.05), it's noteworthy that NPK displayed the
highest percentage increase in AcP activity (108%), followed by PWC
(92%) and iPWC (79%). All three treatments demonstrated similar
temporal trends in Protease activity (Ps), exhibiting a consistent
increase throughout the experimental period. Notably, NPK
consistently displayed the lowest activity values throughout the
experiment (p < 0.05). In contrast, both PWC and iPWC treatments
showcased significantly higher activity levels (p < 0.05). Interestingly,
despite lowest absolute activity, NPK exhibited the greatest percentage
increase from baseline (+485%), followed by PWC (+397%) and
iPWC (+298%). Urease (Ur) activity in NPK and PWC treatments
remained statistically unchanged (p > 0.05) throughout the initial
60 days after the treatments, exhibiting similar dynamics. Nonetheless,
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FIGURE 3

treatment application.

Soil enzymes activity measured over the trial. Protease (Ps), Urease (Ur), Acid Phosphatase (AcP), Arylsulfatase (Ars), and -glucosidase (B-Glu) activities
were measured. These values represent the average well color development, indicating the activity of the microbial community in response to the
substrates of the organic compounds. A one-way analysis of variance (ANOVA) with Tukey's post hoc test (p < 0.05) was conducted to compare the
effects of three treatments: mineral fertilizer (NPK), pruning waste compost (PWC), and inoculated pruning waste compost (iPWC) on the response
variables. Different letters indicate statistically significant differences based on the ANOVA results. Five replicates were used for each treatment. The
bars for each symbol represent the standard deviation (SD). Data are presented as the arithmetic mean + standard error. DAT means days after

PWC-amended soil samples subsequently showed significant peak in
activity at a later stage (p < 0.05), followed by a decrease. Notably,
iPWC treatment demonstrated a distinctly different pattern, featuring
a significantly higher and consistently rising activity rate (p < 0.05).
Despite being it initially low, the Ur activity in iPWC-treated soil
samples showed a 700% increase during the last 75 days of treatment
(Figure 3).

3.3 Soil nutrient dynamic

In Figure 4, the results of macronutrients analyses are shown.
Total N concentration in the soil samples was not affected by both the
treatments and the incubation time, except for the final sampling. At
this point, both iPWC and PWC-amended soil samples exhibited
significantly higher levels of total N as compared to NPK (p < 0.05).
However, despite the lack of significant differences along the period
monitored, the different treatments showed a different kinetic of N
release. In fact, NPK treatment showed a rapid initial increase, peaking
at 30 days before experiencing a substantial decline of approximately
100% at 60 days. Conversely, PWC and iPWC treatment demonstrated
sustained increases of total N concentration throughout the trial, with
final values 275 and 114% higher than their initial levels, respectively.

Phosphorus (Olsen-P) availability was generally low, as expected
based on the chosen soil type. Whilst the statistical analysis did not
reveal significant differences between treatments, the collected data
indicated potentially higher average p values associated with compost
amendments, particularly iPWC. Overall, P availability remained
relatively stable across the treatments, highlighting the potential
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benefits of iPWC for maintaining slightly higher P levels in this
soil type.

Levels of exchangeable K were measured at 100 meq per 100 g of
dry matter soil. Although these values may not provide conclusive
results about the impact on soil fertility, they present a promising
perspective for plant nutrition management, especially considering
the specific soil type and applied doses. Interestingly, Analysis of
Variance revealed a significant difference from the beginning to the
end of the experiment between compost treatments and NPK at equal
doses (p < 0.05). Notably, exchangeable K was consistently higher in
soils amended with compost, independently of the inoculation with
AME. Further analysis identified a trend where K availability peaked
for all treatments at 60 days, followed by a subsequent decline that was
more pronounced in PWC and iPWC compared to NPK.

3.4 Principal component analysis on soil
measurements

For a more detailed understanding of the dataset, a Principal
Component Analysis (PCA) was performed to explore latent
relationships among the various variables (Figure 5). The variables
considered include those pertaining to the microbial community
activity, the substrate consumption, enzymatic activity, and
macronutrients under examination. We correlated these variables with
sampling times to simultaneously consider time and treatment factors.
The PCA results were interpreted with various significance tests.

The Bartlett sphericity test revealed that at least one of the
correlations between variables significantly deviates from zero,
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Soil nutrient concentrations. From left to right, total Nitrogen (Tot N), Olsen available Phosphorus (P), and exchangeable Potassium (K) were measured
in the three different treatments—mineral fertilizer (NPK), pruning waste compost (PWC), and inoculated pruning waste compost (iPWC)—over the
135 days of experiment. Values represent means + standard error (SE) with five replicates (N = 5). Different letters indicate statistically significant
differences (p < 0.05) based on one-way analysis of variance (ANOVA) followed by Tukey's HSD post-hoc test.
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indicating meaningful relationships among the variables. Additionally,
the correlation matrix values demonstrate notable levels of association
among the variables, further supporting the robustness of the
relationships observed. While the Kaiser-Meyer-Olkin (KMO)
sampling adequacy test confirmed the sample’s suitability for analysis
(KMO = 0.786). The first two factors collectively explained 73.61% of
the variance, with PC1 primarily reflecting substrate metabolic activity
and PC2 being more influenced by enzymatic activities.
Macronutrients had a lower weight within the PCA. The visual
interpretation of PCA was facilitated through a Biplot in Figure 5,
which illustrates both variables and observations in the same space.
Interestingly, observations for all treatments at the first sampling (0
DAT) are clustred together in the negative quadrant of the scaterplot.
In the following sampling times, a variable-dependent evolution
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concerning PWC and iPWC has been observed. Indeed, at 30 days
after treatment, a clustering primarily driven by metabolic substrate
consumption was obtained. However, at 60, 90, and 120 DAT, the
variables more prominently influencing observations are the enzymes
Urease, Arylsulfatase, and Protease. This evolution is further
elucidated by examining the correlation between variables and the
principal component axes, as defined by the cosine squared values.
Notably, on axis 1, a stronger contribution is observed from the values
associated with substrate consumption by microorganisms and
betaglucosidase. Conversely, axis 2 demonstrates a greater
contribution from other enzymes, namely Urease, Protease,
Arylsulfatase, and Acid Phosphatase. Finally, the macronutrients—
total nitrogen, potassium, and phosphorus—demonstrate a more
significant contribution to Factors 4 (F4), 3 (F3), and 5 (F5),
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respectively, as identified in our principal component analysis (PCA).
These factors represent the underlying patterns extracted from the
data, with each factor corresponding to a specific combination of
variables that account for the variance observed in the dataset.

4 Discussion

Soil degradation and loss of biodiversity in agricultural systems
are primarily the result of decades of intensive cropping (i.e., mineral
fertilizers and phytosanitary products), to achieve higher productivity
levels (Scotti et al., 2015; Pahalvi et al,, 2021). Nevertheless, the
protection and preservation of soil quality and fertility parameters are
a key point for sustainable development (Lal et al., 2021). In this
context, different agricultural sectors, viticulture among them, have
identified organic amendments as promising tools to ameliorate soil
structure, increase nutrient availability and strengthen grapevine
resistance to pests and diseases (Diacono and Montemurro, 2011;
Mondini et al., 2018; Lazcano et al., 2020; Romero et al., 2022). In the
present research, the role of pruning waste compost, either non
inoculated or inoculated with AME, in promoting soil quality has been
investigated, thereby considering different fertility parameters.

The assessment of the functional diversity of complex microbial
communities, such as those of soil, obtained by monitoring the
catabolic activity of microbes, represents an interesting approach to
unravel ecosystems functioning according with alterations in the
structure and diversity of their microbiomes (Ros et al., 2008; Si et al.,
2018). In our experimental model, these determinations reflected the
response of microbial communities to changes in management
(Lundquist et al., 1999; Aislabie and Deslippe, 2013). The results of our
study demonstrate that the application of compost to soil significantly
increases the metabolic activity of soil microbial community. This is
evident from the significant differences registered in AWCD values
among the different treatments. PWC and iPWC-amended soil
samples displayed an increasing trend in the metabolic activities,
which reached the highest values at 15 days after treatments, thereby
showing a gradual decline afterwards. On the contrary, the
NPK-treated soil samples displayed a constant, basal metabolic
activity after the treatment application. Indeed, the substrate used for
the experiment was chosen to be very poor in nutrients, featuring in
fact low concentrations of total organic carbon and organic matter. As
also observed by other authors, the application of organic
amendments, like compost in the present research, has been
demonstrated to provide a supplement that is much richer in readily
available sources of nutrients to boost the metabolic activities of the
microbial community (Li et al., 2018), supporting the observation of
enhanced AWCD values in PWC and iPWC-amended soil samples.

On the other hand, consistent with findings from other studies
(Okur et al., 2009; Zhong et al., 2010), soil samples treated with
mineral fertilizers exhibited lower values of Average Well Color
Development (AWCD), likely due to the limited provision of organic
matter by these treatments. This suggests that microbial communities
in mineral-fertilized soils may experience carbon limitation, as these
treatments do not provide sufficient organic substrates required for
microbial metabolism. In contrast, the higher AWCD values observed
in PWC and iPWC treatments indicate that the organic matter
supplied by compost stimulates microbial metabolic activity. These
results suggest that the lack of carbon inputs in mineral fertilizer
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treatments restricts microbial growth and activity, whereas compost
treatments provide the necessary organic carbon to support a more
dynamic microbial community. This apparent carbon limitation in
mineral-fertilized soils aligns with the overall reduced microbial
function observed in these samples, further highlighting the
importance of organic matter in maintaining soil microbial health.

To date, few studies have investigated the differences in C
metabolism for bacteria belonging to different ecological groups
(Wang et al., 2022). Indeed, the ability of microbes to use specific
substrates as C source can influence their growth and their ecological
competence (Goldfarb et al., 2011; Saifuddin et al., 2019; Muscarella
et al., 2020). On the other side, also the ability of microbes to release
specific C metabolistes could be of paramount importance in the
mediation of inter-species communications within microbial
communities (Zengler and Zaramela, 2018; Niehaus et al., 2019). The
analysis of the specific substrate utilization reproduces the general
trend observed in the AWCD values. In particular, amines and amino
acids resulted the most used substrate by the microbial communities
of PWC and iPWC-supplemented soil samples, whereas carbohydrates
showed a lower consumption rate. Nevertheless, albeit reaching
slightly lower values, the consumption rate of carboxylic acids showed
a profile which followed those of amines and amino acids, suggesting
that also this class of compounds might sustain the metabolic activity
of soil microbes. This has also been observed in previous studies in
which the application of organic amendments favoured a microbial
community that preferentially degrades nitrogenous organic
compounds rather than carbohydrates (Carrera et al., 2007; Ros et al.,
2008; Bernard et al., 2012). In particular, species belonging to the
phylum of Proteobacteria have been shown to be primarily involved
in the mineralization of N-bearing organic substrates (Aguilar-
Paredes et al., 2023). Other experimental evidence demonstrated that
carboxylic acids and amino acids are the most used sources when the
microbial community of a soil is subjected to an abiotic stress (Jin
et al, 2015). Nevertheless, these metabolic preferences have also
be shown to be variable depending on different factors, as for instance
soil chemical and physical characteristics, as well as environmental
conditions (Zheng et al., 2004). As described by Sandle (2016), our
results indicate that certain microbes in our experiment exhibit
distinct substrate preferences for energy production. Specifically,
we observed a notable increase in the utilization of amino acids over
carbohydrates, suggesting a preference for amino acid catabolism as
an energy source.

The microbial community functional diversity indices revealed
intriguing patterns during samplings at 15-, 45-, and 75-days post-
fertilizer application. This suggests that soil microorganisms with a
greater capacity for substrate degradation were notably more
metabolically active during the initial 15 to 60 days following the
commencement of the experiment. Interestingly, the Shannon
diversity (H) exhibited significantly higher values in the mineral
treatment compared to compost application. Similar results were
found in previous studies (Jezierska-Tys et al., 2020; Liu et al., 2022).
This counterintuitive finding may be explained by the fact that mineral
fertilizers like NPK supply primarily inorganic nutrients without
substantial organic matter. As a result, microbial communities may
be more evenly distributed due to the limited availability of organic
carbon, with a greater number of species coexisting and competing for
these limited resources. In contrast, compost treatments provide a rich
source of organic matter, which could lead to the rapid growth of
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specific microbial populations that dominate the microbial
community, thereby reducing evenness and overall functional
diversity. Furthermore, mineral fertilizers may induce a more
heterogeneous environment, where opportunistic species that
specialize in stress-tolerant conditions thrive, further contributing to
higher functional diversity in these soils. However, these findings
stand in contrast to the prevailing trend observed in other studies,
which consistently report greater microbial diversity in soils from
organic farming systems compared to conventional ones (Raupp et al,
2004; Zhong et al., 2010; Sradnick et al., 2013). This could be explained
by the compost selecting for microbial communities that are more
specialized in decomposing organic matter, thus leading to a decrease
in the range of available carbon sources and less competition among
microbial species.

As highlighted by Qiao et al. (2022), soil quality is closely related
to its capacity to sustain agricultural productivity. A key method for
assessing soil quality involves measuring the activity of soil hydrolytic
enzymes (Gil-Sotres et al., 2005; Das and Varma, 2011). In nutrient-
poor soils, the application of mineral fertilizers resulted in lower
enzymatic activity, consistent with previous findings (Li et al., 2008;
lovieno et al, 2009; Zhang et al, 2015). Conversely, compost
application, whether inoculated or not, significantly enhanced
enzymatic activities. High levels of p-glucosidase (PGlu) and
arylsulfatase (ArS) activity were particularly associated with compost
amendments (Adetunji et al, 2017; Tang et al., 2020).

Nitrogen mineralization plays a critical role in soil fertility,
correlating directly with plant development through the supply of
essential nitrogen. Proteases, which cleave peptide bonds to generate
free amino acids, serve as key indicators of soil quality (Ali et al.,
2019). Our findings show that compost applications, regardless of
inoculation, improved protease activity, corroborating earlier studies
that linked organic amendments to elevated protease levels (Chang
et al., 2007; Saha et al., 2008).

A significant increase in urease and acid phosphatase activities
was observed with iPWC compared to PWC, suggesting that the
inoculation with Trichoderma harzianum, Funneliformis mosseae, and
Rhizophagus irregularis had an impact. While arbuscular mycorrhizal
fungi (AMF) typically form symbiotic relationships with plant hosts
(Veresoglou et al., 20125 Berruti et al., 2016), studies indicate that
arbuscular mycorrhizal fungi (AMF) can also engage with bacterial
communities (Hildebrandt et al., 2006; Hempel et al., 2007), which
might explain their metabolic activity in our plant-free system.
Nevertheless, there remains a lack of direct evidence to confirm AMF
presence or activity in this study. It is possible that non-mycorrhizal
fungi, like Trichoderma, drove the observed increase in enzyme
activity (Ali et al., 2011; Souza et al., 2016).

Urease, which catalyzes urea hydrolysis, showed higher activity in
iPWC-treated soils, possibly due to AMF’s preference for NH4* as a
nitrogen source (Tanaka and Yano, 2005; Hodge et al., 2010). Despite
the inoculation, previous pieces of research have also shown that
compost application alone enhances urease activity (Garcia et al,
1994; Pascual et al., 1999; Chakrabarti et al., 2000; Chang et al., 2007),
a trend corroborated by the presented data.

Acid phosphatase, an enzyme linked to phosphorus (P)
solubilization, showed increased activity in inoculated treatments,
potentially due to the role of AMF in enhancing P availability (Joner
and Johansen, 2000; Wu et al, 2021). Similarly, Trichoderma
harzianum has been associated with increased phosphatase activity
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and organic matter decomposition (Szczatba et al., 2019). While these
enzymes are important for nutrient cycling, it remains speculative to
attribute these increases solely to AMF activity, given the absence of
a plant host and direct measurements of AMF persistence in
the system.

In terms of nutrient dynamics, nitrogen availability was consistent
across all treatments at the start of the experiment. However,
NPK-treated soils showed a peak in nitrogen content at 30 days, which
rapidly declined, likely due to nitrogen leaching (Quemada et al.,
2013; Zhao et al., 2022). In contrast, compost-treated soils maintained
a steady nitrogen release over time, suggesting a slower mineralization
process that reduced the risk of leaching (Wei et al., 2021). These
results underscore the advantage of organic amendments in providing
a more sustained nitrogen supply compared to mineral fertilizers.

Phosphorus availability did not vary significantly between
treatments, although compost-treated soils showed a trend toward
higher bioavailability, in line with previous findings (Francioli et al.,
2016). The lack of a marked response in P availability contrasts with
other studies (Calleja-Cervantes et al., 2015; Maltais-Landry et al.,
2015; Boutchich et al,, 2018), possibly due to the shorter duration of
this experiment or the specific compost composition used.

Potassium (K), essential for plant water management (Hue and
Silva, 20005 Pandey and Mahiwal, 2020), remained stable throughout
the study, though compost treatments exhibited significantly higher
exchangeable K values than mineral fertilisers treated soils. This is
consistent with research showing that organic amendments increase
K availability (Najafi-Ghiri et al., 2018), this is likely due to the higher
potassium content in the compost (see Table 1). The slow-release
nature of the compost is thought to have contributed to the
maintenance of potassium levels over time.

While enzyme activities increased with compost application, the
contrasting results from community-level physiological profiling
(CLPP) and enzymatic assays suggest different substrate utilization
patterns. Compost-treated soils showed higher enzyme activities,
indicating increased nutrient cycling, but lower average well-color
development (AWCD) values, reflecting lower microbial functional
diversity. This discrepancy might be explained by the specific substrate
range targeted by enzymes versus the broader spectrum of carbon
sources available in the CLPP analysis (Ros et al., 2008). Additionally,
the Ecoplates technique, being culture-dependent, may underestimate
the complexity of soil microbial communities (Nannipieri et al., 2002).

The inoculation with fungi significantly enhanced enzyme activity,
but its impact on nutrient availability was less clear. While inoculated
compost improved microbial activity, nutrient release patterns were
not markedly different from compost alone. This raises questions
about the direct contribution of fungal inoculation to nutrient
mineralization, which remains an area for further research (Amora-
Lazcano et al., 1998; Cavagnaro et al., 2007; Veresoglou et al., 2012).

The principal component analysis (PCA) further highlighted
the distinct impacts of the treatments on soil characteristics.
NPK-treated soils showed minimal change over time, while
compost-treated soils, especially those with fungal inoculation,
demonstrated significant shifts in microbial and enzymatic
activity. This supports the hypothesis that compost, particularly
when inoculated, has a more pronounced effect on soil biological
indices and nutrient cycling, consistent with the gradual
described by Diacono and

mineralization  processes

Montemurro (2011).
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Opverall, the results of our study demonstrated that the addition
of a fungal consortium to pruning waste compost enhanced
enzymatic activities and microbial functionality compared to
non-inoculated compost and mineral fertilizer. However, some
limitations should be acknowledged. The study was conducted in a
controlled growth chamber, which does not fully account for
environmental factors that influence soil dynamics in field conditions.
Additionally, the absence of plant-soil interactions limits our
understanding of the direct effects of compost and microbial
inoculants on plant performance and nutrient uptake. Variations in
compost composition and microbial inoculation efficiency could also
contribute to differences in nutrient availability and microbial
responses. Moreover, discrepancies between CLPP and enzyme
activity data highlight the need for more comprehensive methods to
assess microbial function.

5 Conclusion

Grapevine pruning compost represents a critical advancement in
the application of circular economy principles within sustainable
agriculture. Transforming vineyard waste into a valuable organic
amendment aligns with the European Green Deals objectives,
particularly regarding the promotion of resource efficiency,
biodiversity, and climate resilience. The findings of this study
underscore the beneficial effects of pruning waste compost on key soil
quality parameters. Enhanced microbial activity, coupled with
increased enzymatic functions, has been shown to improve nutrient
cycling, particularly with regard to sustained nitrogen availability,
stable phosphorus levels, and elevated exchangeable potassium. These
improvements contribute to soil fertility and structure, fostering a
healthier soil ecosystem.

Despite these promising results, further research is essential to
understand how these enhancements in soil quality translate into plant
growth and productivity under real-world conditions. Future studies
should prioritize field or pot experiments with grapevine plants to
assess the broader agronomic impacts. Additionally, understanding the
compost’s performance under extreme environmental conditions—
such as droughts or heatwaves—will be crucial in determining its
suitability in the context of climate change.

Moreover, the role of fungal inoculation in biogeochemical
nutrient cycles requires further investigation, particularly in
understanding how the selected fungi enhance nutrient solubilization
and availability. Given the microbial interactions observed in this
study, additional research is needed to refine its application. By
demonstrating the effectiveness of pruning waste compost and fungal
inoculation in improving soil microbial health and nutrient cycling,
this research offers valuable insights for sustainable food systems. The
findings highlight the potential of organic amendments to reduce
environmental impact, maintain soil fertility, and support
regenerative agricultural practices. In addition, optimizing
composting techniques to maximize nutrient content and minimize
potential contamination will ensure high-quality organic inputs.
Moreover, implementing long-term soil monitoring programs will
allow growers to track improvements in soil biodiversity, carbon
sequestration, and nutrient availability, supporting more sustainable
vineyard management. Overall, pruning waste compost presents a
promising strategy for sustainable viticulture and soil management.
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While some uncertainties remain, its integration into agricultural
systems could significantly improve soil health, decrease dependence
on synthetic fertilizers, and contribute to long-term sustainability
in viticulture.
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