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1  Introduction

In the 21 st century, there has been an intensified concern 
about addressing the environmental impact generated by 
agricultural activities without affecting the economic per-
formance of the crops (FAO 2018). Effective management 
of crop fields is essential to mitigating environmental dam-
age such as the eutrophication of water bodies (Beeckman et 
al., 2018; MacDonald et al. 2011), being a proper fertiliza-
tion a key factor (Chien et al. 2009). This imply not over-
applying mineral fertilizers but just the necessary nutrients 
required by a crop in a specific soil at a specific time, being 
recently addressed by an Integrated Nutrient Management 
(INM) strategy (Jat et al. 2015; Wu and Ma 2015; Beeckman 
et al., 2018; MacDonald et al. 2011). This will beneficial 
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Abstract
Propose  Sustainable agriculture promotes the use of local resources for management and production without diminishing 
crop profitability. This represents a challenge in the search for new products with lower environmental impact and fertilizer 
alternatives that meet the nutritional needs of crops. The objective of this study was to develop a tailored amendment, for-
mulated and produced from recovered waste, and to evaluate its effectiveness in meeting the specific needs of the soil and 
the Vitis vinifera var. Red Globe crop.
Methods  The amendment was formulated from agro-industrial waste (asparagus residue, four different types of bagasse, 
cattle manure, and ash) sourced within a 150-km radius from the production facility. Its response in a vineyard —1 ha per 
treatment— was compared against a mix of cattle and sheep manure (conventional amendment). Quality assessment was 
performed based on the soil’s physicochemical characteristics during the 615 days after application, and its response to the 
crop during the first year, using growth and productivity variables. Economic performance was assessed through a cost–ben-
efit comparison of the two amendments transportation, production, application and product sells.
Results  The soil fertilized with the designed amendment showed improved nutritional status, with increased organic mat-
ter, nitrogen, and cation exchange capacity compared to both the control and pre-fertilization conditions. Vine growth and 
productivity parameters showed a significant increase in branch length, yield, bunch count per plant, and bunch weight, 
resulting in an increase of more than 9 Mg of grapes/ha with the designed amendment compared to the conventional one. 
Economic evaluation revealed a net gain exceeding USD 18,500 per hectare when using the designed amendment instead of 
the conventional manure, therefore the financial analysis also showed the opportunity for scaling it up in the sector.
Conclusion  The designed amendments based on the valorization of agro-industrial waste proved to be an appropriate solu-
tion for vineyard fertilization, contributing to improved its productivity and soil quality.
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both, the environment and it has also been demonstrated to 
enhance economic performance by reducing costs (Amanul-
lah et al. 2023; Wu and Ma, 2015). Additionally, the optimi-
zation on fertilization management to only fulfill soil and 
crop demands is key for reaching sustainability in agricul-
ture (Hebebrand and Glauber 2023; Medinets et al. 2025). 
In viticulture specifically, integrated organic fertilization 
strategies have been shown to improve not only soil physi-
cochemical properties but also influence grape biochemical 
composition, including phenolic compounds, anthocyanins, 
and nutritional attributes.

Promoting circular economy in agriculture is one of the 
most promising strategies (Chojnacka et al. 2020; Comis-
sion 2020) The use of agro-industrial by-products and waste 
as fertilizers offers a promising alternative to complement 
inorganic fertilizer applications (Amanullah et al. 2023; Jat 
et al., 2015). This approach reduces costs while enhancing 
soil properties by adding organic matter, which indirectly 
improves key edaphic parameters such as cation exchange 
capacity, water retention, and the gradual release of nutrients 
(Agnew and Leonard 2003; Scotti et al. 2015). The valori-
zation of waste in agriculture can be performed by directly 
applying these materials (crop residues) to the soil to prevent 
erosion, for example, but also through composting, instead 
of sending them to landfills (Lou and Nair 2009), which 
causes pollution besides clogging problems. Scientists sup-
port the development of organo-mineral amendments as a 
sustainable alternative for waste valorization (Ravindran 
et al. 2021). A substantial number of scientific articles and 
books discuss the benefits of these practices, such as reduc-
ing greenhouse gas emissions (Lou and Nair 2009; Walling 
and Vaneeckhaute, 2020), improving soil structure, water 
retention, and obtain a hygienized —through fermentation 
processes— product, among others (Le and Price, 2024).

In vineyards, several studies have already demonstrated 
that waste-derived organic amendments can improve soil 
organic matter, nutrient availability and biological activity, 
while significantly raised grape yield and total acidity (Rubio 
et al. 2013). Similarly, the combined use of cover crops and 
amendments made from by-products has also been shown 
to increase grape yield and influence berry sugar concentra-
tion in cool-climate vineyards (Messiga et al. 2016). More 
recently, long-term trials in Mediterranean vineyards have 
shown that different organic amendments such as munici-
pal solid-waste compost, cattle manure and sewage sludge 
can alter soil fertility and water availability, highlighting the 
need to better understand soil–plant feedback under organic 
fertilization strategies (Botelho et al. 2020). Last year, Kaya 
et al. (2024) showed that the right use of soil management 
and waste-derived fertilizers can reduce the concentration 
of biogenic amines and this year. However, it is needed to 
keep on studying the behavior of waste-derived organic 

amendments as fertilizers, specifically for vineyard Biagi et 
al. (2025). They tested the vineyard soil health by modifying 
soil C and N pools, enzymatic activities and the structure of 
bacterial and fungal communities, highlighting the effect of 
the type of waste-derived amendment, which can behave as 
a regular amendment but also as mineral fertilizers.

Given the current issues previously mentioned regarding 
waste generation, the scarcity and rising costs of fertiliz-
ers (Hebebrand and Glauber 2023b), and the conservation 
of soil quality and groundwater, innovative alternatives 
that can address these problems in an environmentally and 
economically viable way are needed. These amendments 
cannot totally replace inorganic fertilizers to sustain the 
production levels necessary to feed the current and future 
global population due to, for example, their inability to tar-
get a specific soil nutrient because their application inevi-
tably alters other soil elements. This limitation presents a 
significant challenge for the scientific community, many of 
whom have pushed the INM (Jat et al., 2015; Wu and Ma, 
2015), where combining organic and inorganic fertilizers 
can enhance crop quality and yield through more precise 
and specific fertilization, thereby minimizing nutrient loss 
and respecting the environment. Comprehensive reviews 
also underline that organo-mineral products obtained from 
waste streams can simultaneously address soil degradation, 
nutrient imbalances and greenhouse gas emissions (Bouhia 
et al. 2022; Uddin et al. 2025).

Our approach is conceptually related to the organo-
mineral fertilization framework, which combines organic 
matrices with mineral nutrients to enhance nutrient use 
efficiency and soil health. However, very few studies have 
explored the formulation of waste-based amendments spe-
cifically tailored to the nutrient demands of grapevine and 
to the constraints of a given vineyard soil, without relying 
on synthetic mineral fertilizers. Positioning our study within 
this emerging field helps bridge the gap between general 
organo-mineral fertilizer research and viticulture-focused 
applications. In addition, understanding the temporal evolu-
tion of soil properties following organic amendment appli-
cation is crucial for optimizing fertilization strategies, as 
recent multi-year investigations have demonstrated signifi-
cant time-dependent changes in nutrient availability and soil 
chemical characteristics (Kaya et al. 2024).

Thus, the objective of this study is to demonstrate in 
field conditions that formulating an amendment from many 
waste-derived materials to target specific crop and soil 
nutrients demands is a plausible sustainable strategy that 
has environmental, social and economic benefits. An inno-
vative aspect of this approach is the exclusion of synthetic 
inorganic fertilizers within the fertilizer, replacing them 
with organic and inorganic waste as a potential alternative, 
differing from INM. A key challenge lies in ensuring that the 
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theoretical formulation (expected properties) aligns with the 
observed performance of the final product, while comply-
ing with the European Union (EU) Regulation 1009/2019 
on fertilizers —which is one of the most developed and 
restricted regulations worldwide. This novel methodology 
for synthesizing sustainable fertilizers is highly relevant, 
as it facilitates the efficient management of large quantities 
of waste, yielding both economic and environmental ben-
efits. Furthermore, it has the potential for global application, 
considering legislative constraints, which could be revised 
based on scientific evidence.

2  Materials and methods

2.1  Setting and experimental design

This study was conducted in the desert of Sechura, Piura 
(Peru), at the agro-industrial facility of Frutas de Piura 
S.A.C company, dedicated to the production, processing, 
and export of mango, grape and banana (Fig. 1). This area 
has an arid and warm climate with a maximum temperature 
range from 27.5 to 34 °C, while the minimum ranges from 
17 to 23  °C (July and February, respectively). The mean 
annual precipitation is 235 mm, concentrated from January 
to April (Castro et al. 2021).

The soil of the study area belongs to Haplic Arenosols 
group (IUSS Working Group WRB 2022), characterized by 
a 90% of sand, low fertility, and cation exchange complex, 
no structure and no diagnostic horizon observed (MINAM 
2010).

A representative 2.7 hectares of the vineyard was selected, 
which was managed uniformly and irrigated using the same 
well (Fig. 1). The experimental area contains 3200 plants of 
Vitis vinifera var. Red Globe, ~ 14 years old, were affected 
by Cylindrocarpon spp —black foot disease of grapevine— 
showing a yield decrease from ~ 27 Mg ha− 1 (2018) to ~ 18 
Mg ha− 1 (2020).

The experiment consisted of two treatments: (1) a Control 
treatment, in which a conventional amendment composed of 
cattle and sheep manure was thoroughly incorporated into 
the soil; and (2) an inoculated amendment treatment (IA), 
where the formulated amendment —prepared from aspara-
gus residue, four types of bagasse, cattle manure, and ash— 
was similarly mixed with the soil. The treatments were 
defined to compare the farmer´s management against the 
innovative formulated alternative, which contain a micro-
bial cocktail to combat Cylindrocarpon spp and to stimu-
late the growth of new young roots (see Sect. 2.2 for more 
details about inoculation). The treatments were applied in 
one hectare each (~ 20 rows of plants), which were sepa-
rated by a lane of 0.75 hectares (~ 15 rows of plants). Both 

Fig. 1  Location of the study 
area, experimental area and plot 
diagram with an area of 1 ha for 
each treatment (C: Control; IA: 
Inoculated Amendment)
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ha, so the total amount of nutrients absorbed by the grape-
vine in a season was determined according to the guide-
lines of Torres et al. (2017) and the current soil condition 
(Table 1). With the identification of nutritional needs, vari-
ous agro-industrial residues or by-products were selected to 
allow their use in the formulation, based on the key require-
ments that were: (1) Supply ~ 118 kg of available K during 
the season, releasing more than 50% in the first ~ 3 months 
and gradual release during the rest of the crop cycle, that is, 
contributing with materials that have a high content of avail-
able K, (2) Contribute to the increase of the cation exchange 
capacity, with the goal of going from 6 to 10 cmolc/kg; (3) 
provide high contents of C and N that allow obtaining a 
product with an adequate C/N ratio, (4) Provide materials 
with slightly alkaline pH or low buffer capacity, as well as 
moderate to low electrical conductivities to obtain a prod-
uct with pH conditions in the ideal range of 6.5–7.5 and < 4 
dS·m− 1, and (5) Low or zero content of potentially toxic 
elements, according to with the restrictions of mentioned 
regulation.

It was also considered that composting processes result in 
the loss of around 30% of organic carbon and 40% of total 
nitrogen, as well as some nutritional content, through leach-
ing (Sommer 2001). Taking all these factors into account, 
seven wastes materials located near Inproyen’s production 
facilities in Peru, were selected to ensure the economic via-
bility of the designed product.

The formulation obtained for the designed amendment is 
presented in Table 2. It is obtained by mixing the materials 
in the indicated proportional quantities and homogenizing 
them. The mixture was then placed in trapezoidal piles with 
a base of 4 m and a height of 1.8 m. The temperature of the 
mixture was measured daily during the maturation process 
with a thermal lance (Dial GT300R-42 Industrial Bimetallic 
Thermometer) to ensure the sanitation of the resulting prod-
uct (Larney et al. 2006). After 39 days, the amendment was 
physiochemically analyzed.

amendments were applied at the same time and according 
to the farmer’s methodology. A trench ~ 35  cm wide and 
~ 30 cm deep was dug on one side of the plants row (125 m 
long), where the amendments (C and IA) were manually 
mixed with the soil (~ 400 Mg) and the mixture was then 
covered with 5 cm of soil. The corresponding doses were 
55 and 35 kg of manure and design amendment per plant 
(65 and 42 Mg ha− 1, respectively). The crop was drip irri-
gated, sharing the treatments though the same system that 
was managed by the farmer. The irrigation water quality 
characteristics are presented in Table S1.

During the study, the main soil chemical properties, plant 
growth parameters (shoot length, shoot diameter, number of 
internodes and yield), and leaf and fruit quality were moni-
tored, which are mentioned in the following sections.

2.2  Elaboration and formulation of the designed 
amendment

The formulation of the designed amendment was based on 
plant demands and soil conditions, complying with the lev-
els established in the European Regulation 1009/2009 on 
Fertilizers, specifically CFP3 (b) inorganic amendments 
(IA). The objective was to increase yield from 18 to 25 Mg/

Table 1  Expected and observed soil properties in relation to grapevine 
requirements (Torres et al. 2017)
Parameters Units Soil Properties Crop 

nutrients 
uptake

Recommended Observed kg ha− 1

OM1 g kg− 1 > 15 17.7 -
pH - 6.2–7.0 7.1 -
EC2 (1:1) dS m− 1 < 1.5 0.74 -
Total N mg 

kg− 1
300–600 200 90

Inorganic N 15–30 -
Olsen P > 15 37 7
Fe 4–6 28 -
Mn 2–4 7.9 -
Cu 0.5–1.0 3.1 -
Zn 0.8–1.5 8.6 -
B 0.8–1.5 0.4 -
CECe3 cmolc 

kg− 1
8–15 5.9 -

Exchange Ca 7–10 4.28 18
Exchange Mg 1.0–1.5 1.29 11
Exchange K 0.3–0.5 0.35 118
Exchange Na 0.03–0.3 0.01 -
SBases > 8 5.93 -
CaCEC % 60–65 72.2 -
MgCEC 12–15 21.8 -
KCEC 2–3 5.9 -
NaCEC < 1 0.2 -
Ca/Mg - 8 3.3 -
1 Organic matter; 2 Electrical conductivity, 3Effective cation exchange 
capacity

Table 2  Designed amendment formula showing the volume (V) and 
dry matter (DMW) percentage (%) of each waste
Waste V (%) DMW 

(%)
W1–Bagasse A 5 3
W2–Ashes 6 27
W3–Bagasse B 10 7
W4–Bagasse C 10 7
W5–Bagasse D 10 7
W6–Cow manure 9 17
W7–Asparagus brushwood 50 32
The letters of the bagasse materials refers to the different indus-
trial origin and therefore they possess different physicochemical 
properties.
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area at a depth of 30 cm, excluding the first 5 cm. The analy-
ses performed correspond to the aforementioned methodol-
ogy for pH, electrical conductivity, organic matter, total N, 
available P, cation exchange capacity, exchangeable cations, 
as well as micronutrient contents obtained by DTPA extrac-
tion (Lindsay and Norwell 1978).

At the plant level, aspects of development, productivity 
and nutrition in the leaves and fruit were evaluated. Growth 
parameters of the plants, such as shoot length and diameter 
and the number of internodes, were measured twice during 
the monitoring period (at 62 and 129 DAI), using the same 
20 plants selected at random per treatment each time. Addi-
tionally, four days before harvest, the number and weight 
of bunches were measured to determine yield, as well as 
the size and Brix of the grapes. To achieve this, bunches 
were counted on 15 plants per treatment, and a total of 100 
bunches were weighed. The size of the grapes was measured 
using a digital caliber on 90 grapes, and the Brix degrees 
were measured on 15 grapes using a refractometer.

Nutrient concentration in leaves was measured twice 
before and after implementation, choosing the veraison plant 
stage as the most stable period for foliar sampling (Torres 
et al. 2017). This stage is the phase in grape development 
when berries begin to change color and accumulate sugars, 
marking the transition from growth to ripening. During this 
stage, nutrient concentrations in leaves are more stable, pro-
viding a reliable representation of the vineyard’s nutritional 
status. 50 leaves (one per plant, opposite to the first bunch of 
the charger branch) from each treatment were collected. The 
nutrient concentration in fruits was also measured one time 
before and after implementation, taking the samples 1 day 
before harvesting. Grapes (50) were randomly selected from 
the bunches weighed. Either leaves or fruits were dried out 
and then digested with nitric acid before elemental content 
was measured by ICP-OES.

Soil inoculum monitoring was not carried out because of 
the marked concentration decrease under field conditions, 
particularly in soils with sandy texture and low content of 
organic matter (Gonzalez-Guzman et al. 2021).

2.4  Statistical analysis

A Randomized Design ANOVA where variables were com-
pared between Control and IA treatments was performed. A 
square root transformation was used when the data did not 
fulfill normal distribution and homoscedasticity. Due to the 
inherent variability of field experiments and the large-scale 
nature of this trial we denoted the term “significant” as the 
probability of less than 10% (P < 0.1) to refuse null hypoth-
esis (Gomez and Gomez 1984; Crawley 2015; Gonzalez-
Guzman et al. 2021). All statistical analyses were performed 

The designed amendment was then inoculated with 
Trichoderma harzianum, Trichoderma asperellum and 
Trichoderma viridae contained in Bio-Trichod® product 
and with >Pseudomonas fluorescens Azotobacter, >Azo-
spirillum and >Bacillus subtilis contained in Promobiol® 
product. To achieve this, 2 kg of Bio-Trichod® and 2 L of 
Promobiol® in 400 L of water with 0.01% soap (to facilitate 
conidium homogenization) and the mixture was spread over 
the surface of the pile using a hand-pumped compressed air 
sprayer backpack. The estimated total conidia concentration 
of 4.7 × 104 conidia g⁻¹ of IA. Inoculation and homogeniza-
tion were carried out three days before the application of the 
amendment designed in the field.

2.3  Physicochemical characterization and test 
monitoring

For the characterization of the wastes used for the formu-
lation of the IA, as well as the resulting product, samples 
were collected, dried at 40 °C, homogenized and sieved at 
2 mm. The following physicochemical analyses were per-
formed on the fraction smaller than 2 mm: electrical con-
ductivity (EC) (SMEWW 2017a) and pH (SMEWW 2017b) 
at 1:2.5 (m: V); total C, N and S contents (Schumacher 
2002); total organic carbon (Co) (Walkley and Black 1934); 
labile carbon, extractable with sodium pyrophosphate (Cp) 
(Bascomb 1968); available phosphorus (Olsen et al. 1954); 
nitrate and ammonium (NO3-, NH4+) extracted by KCl 
and measured by spectrophotometry on a Power-Wave-
XS microplate reader according to the methods proposed 
by (Miranda et al. 2001; Mulvaney 1996); cation exchange 
capacity (CEC, extraction with 1  M NH4OAc buffered to 
pH 7) with the contents of Ca, Mg, Na and K in the CEC; 
The elemental contents of the available fraction determined 
at equilibrium (1:20; m: V) were determined using the 
methodology of Buján et al. (2010); and the elemental con-
tents of the pseudo-total fraction obtained by acid digestion 
(EPA 3050B 1996). The different elements (Ag; Al; As; Ba; 
Ca; Cd; Co; Cr; Cu; Fe; Hg; K; Mg; Mn; Mo; Na; Ni; P; 
Pb; S; Sb; Se; Si; Sn; Sr; Tl; Ti; V and Zn) in the available 
and pseudo-total fractions were quantified by inductively 
coupled plasma optical emission spectroscopy (ICP-OES). 
The organic matter (OM) content was determined accord-
ing to the Van Bemmelen conversion factor to total organic 
carbon (Co) × 1.72. All results were prepared in ISO 17,025 
certified laboratories.

Soil quality was monitored by sampling and analyzing 
the soil before application (PreT) and at 51, 163, 365 and 
615 days after application (DAI), resulting in a total of five 
samplings. For each treatment (Control and IA), one com-
posite sample of 12 subsamples was collected each time. 
These samples were obtained from the trench application 
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2003), temperature (Noble et al. 2011), and withdraw 
turnings (Ma et al. 2022; Wang et al. 2024). The amend-
ment was sanitized, with the composting process exhibit-
ing a thermophilic phase (45–70 °C) that persisted for 19 
days, with a total of 8 days exceeding 60 °C. The day after 
exceeding this temperature, the pile was mixed to homog-
enize and prevent high water evaporation due to its scarcity. 
The total duration of the homogenization and fermentation 
processes was 39 days, reducing the composting process 
time and eliminating turning (mainly minimizing C and N 
losses). Despite this, the parameters Cp, N, S, and OM have 
decreased significantly in the final product (Fig. 2). This is 
due to the significant loss of C (CO2 and CH4), N (NH3 and 
N2O), and S gases during fermentation (Bao et al. 2010). 
The Cp experienced the greatest decrease since it represents 
the carbon fraction easily degradable by microorganisms 
(Hall et al. 1996). On the other hand, the expected results 
were obtained with respect to leaching, showing the greatest 
losses in Na and K (Fig. 2), elements more soluble in water, 
contrary to what was found by Gao et al. (2023), who found 
a decrease in the order Ca > K > Mg > Na. This may be due 
to the higher concentration of Ca and Mg in the cell wall of 
organic waste (Bagasses) and the higher soluble concentra-
tion of K and Na in the manure and ashes used. In agreement 
with what was seen in Gao et al. (2023), micronutrients (Fe, 
Cu, Mn and Zn) and potentially toxic elements such as Sr, 
Ba, Pb, and Co were increased due to organic decomposi-
tion and weight loss and because heavy metals are not bio-
logically degraded (Fig. 2). In addition, Si, Fe, Al and Ti 
increased due to their high concentration in ashes and low 
leaching loss favored by the alkaline pH. The influence of 
processing methods on nutrient retention and availability 
in organic amendments has been extensively studied, with 
recent research demonstrating that pre-treatment strategies 
and processing conditions significantly affect the chemical 
composition and nutrient release characteristics of the final 
products (Incesu et al. 2022; Kaya et al. 2024, 2025).

On the other hand, regarding the suitability of the amend-
ments, when comparing the Control and the IA, both showed 

with the software STATISTIX v. 10.0 (Analytical Software, 
Tallahassee, FL, USA).

3  Results and discussion

3.1  Quality of the designed amendment

The amendment was designed to comply with European 
Union Fertilizer Regulation 1009/2019, under Functional 
Product Category (PFC) 3B. To address the correct dos-
age of the materials used in the formulation, the total and 
available content was considered (Table S2), without posing 
a risk to the environment, and the quality of the resulting 
product was evaluated (Table 3) and showing its analytical 
robustness with the coefficients of variation of each analysis 
(Table S3).

The formulation was one of the key steps, in which nutri-
tional aspects, soil demands and loss in the production pro-
cess were considered. The loss of elements to the atmosphere 
and through leaching must be considered due to different 
variables such as moisture (Richard et al., 2002), bulking 
agents (Zhang and Sun, 2016), redox potential (Khalil et 
al. 2008), aeration, particle size, time, organic matter con-
tent, C/N ratio (Bueno et al. 2008; Sadaka and El–Taweel 

Table 3  Chemical properties of the traditional manure (Control) and the designed amendment (IA)
Parameter units Control IA Parameter units Control IA
pH - 8.9 8.7 Mg g kg− 1 5.1 3.9
EC dS m− 1 5.6 4.0 Na g kg− 1 3.7 1.0
CEC cmolc kg− 1 - 33.9 Fe mg kg− 1 1545 12,030
OM g kg− 1 800 240 Cu mg kg− 1 16 25
Cp g kg− 1 - 8.7 Mn mg kg− 1 82 215
S g kg− 1 8.3 1.2 Zn mg kg− 1 44 59
N g kg− 1 23.2 5.2 B mg kg− 1 128 120
P g kg− 1 3.5 4.2 Mo mg kg− 1 < 2.5 5.0
K g kg− 1 24.4 8.4 Co mg kg− 1 - 4.0
Ca g kg− 1 20.8 16.0
EC: Electrical conductivity; OM: Organic matter; CEC: Cation exchange capacity

Fig. 2  Percentage variation of the concentration values formulated of 
chemical elements respect to final observed in the IA formulation
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elevated reaction conditions, with a pH > 8.5, as well as high 
EC (Table  3). The IA presented lower EC because of the 
stabilization of the materials during the composting process, 
which leads to salt loss (Álvarez González et al., 2009), the 
elimination of potential pathogens, and favors the forma-
tion of humic substances (Noble and Roberts 2004). These 
substances are responsible for the high CEC observed in 
IA, of ~ 34 cmolc/kg (Table 3), and the resulting capacity to 
retain cationic nutrients (Ca, Mg, and especially K), which 
will improve the gradual release of nutrients at times of crop 
demand (Cayuela et al. 2004).

The OM contents were high in Control compared to the 
IA, with values ​​of 800 and 240 g/kg, respectively (Table 3). 
While these values ​​are high in Control, they also show a 
greater tendency toward mineralization, with very low 
C/N ratios. In IA, the C content in its labile fraction (Cp) 
is less than 1%, which could be related to greater stability 
(Table 3). This favors root development because it prevents 
rapid mineralization of organic matter within the soil, and 
consequently a possible abrupt change in soil pH (Lauchli 
and Grattan 2017; Tan et al. 2019).

For most macronutrient and micronutrient contents, the 
IA ​​presented much lower contents, which is largely due to 
leaching losses during the composting process (Alvarez 
González et al. 2009). The greatest differences were observed 
for S and N, with approximately 8 and 5 times higher in 
Control than in IA (Table 3). The P contents were higher 
in IA, with values ​​of 4.2 g/kg (Table 3), which is related 
to the contribution of ash as part of the constituents, which 
contributes a mineral fraction, such as apatite or oxides, that 
are not readily available, as also observed by other authors 
(Möller et al. 2007; Tan and Lagerkvist, 2011). Regarding 
the maintenance of P in the designed amendment, high Fe 
contents were observed (12030  mg/kg), which favors the 
binding with phosphate groups, which are stable and less 
vulnerable to leaching (Tan and Lagerkvist, 2011).

The IA, being constituted from the mixture and interac-
tion of different agro-industrial wastes, was evaluated for 
its content of potentially toxic elements, in accordance with 
EU legislation (Unión Europea, 2019), the results of which 
are presented in Table 4. The highest contents were evident 
for Al and Cr, the former being associated with mineral 
constituents and of neglected availability under the existing 
pH conditions (Dhal et al. 2013; EPA 2003). The Cr also 
originates from the ash, being found in unavailable forms 
and the values, of 148 mg/kg (Table 4), meet the contents 
for class B in fertilizers obtained from materials of plant or 
animal origin. The remaining metal and metalloid contents 
are low, some of them below the analytical detection limits 
and do not pose a risk, even meeting the metal values ​​​​to 
be considered as class A fertilizers (Table 4). It is impor-
tant to emphasize that the total contents, although they are 
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due to mineralization or leaching within the soil. The con-
tents in the soil with IA remained higher than pre-treatment 
values ​​for 615 DAI (Fig.  3c), while for the Control, val-
ues similar to the initial soils were maintained throughout 
the evaluation period, in the different periods of this first 
year of monitoring and maintenance of these contents for 
615 DAI (Fig. 3c). The N content with the application of 
the amendments increased to 1500 and 2400 mg/kg of soil 
(Control and AI, respectively) at 51 DAI, and then gradu-
ally decreased over time, with final values of the first year 
(365 DAI) similar to those under pre-fertilization condi-
tions, which increased slightly in the following year as a 
result of the continuous degradation of the OM (Fig. 3d). 
During the evaluation year, the N content obtained met the 
recommended amounts for this nutrient in soils according to 
Torres et al. (2017) (Table 1). It is worth noting that despite 
the difference in the application of each amendment, the 
IA treatment showed greater efficiency from the start, as it 
contained more stable N forms due to the amendment was 
stabilized, contrarily to manure application (Bernal et al. 
2009). In the Control treatment, since the OM was fresh, 
most of the C and N content was lost after application either 
by leaching or to the atmosphere (Qi et al. 2023). This was 
evident in the first season at 51 DAI, which was already 
lower than for the IA (Fig. 3c-d).

The cation exchange capacity is low, both from the val-
ues ​​prior to the different treatments and with the addition 
of both amendments at different times. The initial increase 

normally considered at the regulatory level, must consider 
the available fractions and the biogeochemical evolution 
that they may undergo in the soil.

3.2  Evolution of the amended soil

The application of both amendments, Control and IA, 
at doses of 65 and 42 Mg/ha respectively, led to changes 
in various physicochemical parameters at the soil level 
throughout the 615-day follow-up period (DAI). Soil pH 
remained close to neutral throughout the evaluation period 
(Fig. 3A), initially increasing in the IA treatment due to the 
liming effect of the ash (Ohno and Erich, 1990) and decreas-
ing over time as a result of acidification and degradation of 
OM, reaching values of almost one pH unit lower than the 
control treatment after 615 DAI. Soil EC was the parameter 
that varied the most during the experiment, decreasing to 
0.25 dS/m—from 0.75 dS/m—with both amendments in the 
first 365 DAI, and continuing to decrease to 0.14 dS/m at 
615 DAI (Fig. 3b). Colloidal flocculation and adsorption of 
negatively charged ions from OM appear to be the domi-
nant processes (Churchman et al. 1993), in addition to plant 
nutrient uptake.

Soil OM increased 10 g/kg more with AI than with Con-
trol at 51 DAI, contrary to what would be expected given 
the OM contribution of each amendment and the lower 
application rate at IA (Fig.  3c). However, as indicated 
above, the IA exhibited greater stability and lower losses 

Fig. 3  Temporal evolution of soil 
properties in the 615 days after 
the application of the amend-
ments (C: Control; IA: designed 
amendment; PreT: soil values ​​
previous to application) for the 
following parameters: (A) pH; 
(B) EC: electrical conductivity; 
(C) OM: organic matter; (D) N: 
total nitrogen, (E) CEC: cation 
exchange capacity, and (F) cat-
ions in the exchange complex
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amendments for Fe did not lead to increases in the available 
fraction in the first 51 DAI, with increases observed starting 
at 163 DAI (Fig. 4). The Zn contents also showed similar 
behavior, although the availability of this element reached 
up to three times the contents previously present in the soil 
(Fig.  4). The Cu content remained below initial values ​​in 
both treatments, and although it increased over time, at 365 
DAI it reached values ​​similar to those under previous con-
ditions (Fig. 4). These results indicate that Cu availability 
is closely associated with OM, which acts as a complexing 
agent for this element and limits its availability, which is 
gradually released with the degradation or mineralization of 
OM. In any case, the available Cu contents also meet the 
recommended ranges for these elements in the soil for grape 
cultivation (Torres et al. 2017).

The concentration of available Mn remained stable with 
both Control and IA throughout the evaluation period, while 
B contents increased with the application of the amend-
ments (Fig. 4). The application of IA showed higher levels 
than treatment Control for all evaluation periods, with val-
ues ​​suitable for grapevine cultivation exceeding 0.85 mg B/
Kg (Torres et al. 2017), which were maintained over time 
up to the 365 DAI evaluated (Fig. 4). The observed patterns 
in soil micronutrient availability are particularly important 
as they directly influence plant mineral nutrition and sub-
sequently affect berry biochemical composition, including 
phenolic compounds, vitamins, and amino acid profiles 
(Kaya et al. 2025).

observed in IA also led to an initial increase in the CEC, 
from 6 to 11 cmolc/kg (Fig. 3e), conditions already suitable 
for soils of this crop (Torres et al. 2017). The decrease in the 
IA treatment was also associated with the loss of the OM, 
reaching values ​​of around 7 cmolc/kg for 365 DAI, which 
were maintained for 615 DAI (Fig. 3e). The evaluation of 
the cations presents in the exchange complex showed that 
the proportion of exchangeable K in the AI ​​treatment at 51 
DAI was 3 times higher than in the C treatment, which was 
one of the objectives pursued in the formulation and whose 
increase was maintained until 163 DAI. After this time, 
the amount of K in the complex is not different between 
treatments, remaining similar in the 615 DAI evaluated. 
No significant differences were observed at different times 
or between treatments, with the complex saturated by Ca 
ranging between 45 and 70%, followed by Mg, K, and Na 
(Fig. 3f). These temporal patterns in soil organic matter and 
nutrient dynamics align with recent multi-year monitoring 
studies in vineyards, which have demonstrated sustained 
improvements in soil quality parameters extending beyond 
single growing seasons following organic amendment appli-
cations (Kaya et al. 2025).

The micronutrient content, referring to the contents 
obtained through DTPA extraction for Fe, Zn, Mn, B, and 
Cu, was generally higher in IA than in Control, and was 
assessed in the first year of monitoring (Fig. 4). In general, 
the initial soil for the trial was not deficient in these elements, 
except for B, whose values ​​were half of those recommended 
by Torres et al. (2017) (Table 1). The application of both 

Fig. 4  Availability of soil micro-
nutrients (Fe, Zn, Cu, Mn and 
B) before implementation (PreT) 
and throughout the first 365 days 
of monitoring in soils with appli-
cation of conventional (C) and 
designed (IA) amendments
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under both treatments (Table  5). Although the soils with 
both amendments presented neutral to slightly alkaline pH 
values, the availability of P remained high, facilitating its 
absorption by the plant. This is explained because organic 
amendments have demonstrated strong effects on P and K 
dynamics in vineyards, increasing their mobility and plant 
availability even under neutral or slightly alkaline soils 
(Sitzmann et al. 2024). Simultaneously, the contents in the 
leaves for Fe and Zn exceeded the recommended thresholds 
(specified for the ripening period) in both amendments, con-
sistent with the high concentration of these elements in the 
fertilized soil (Fig. 4). Additionally, Fe and Zn concentra-
tions agree with findings showing that amendments enhance 
micronutrient bioavailability and influence berry secondary 
metabolism, including phenolic and antioxidant profiles 
(Biagi et al. 2025). However, it should be noted that this 
also means that, although the addition of OM tends to form 
organo-mineral compounds, the levels in the soil for these 
elements were too high as indicated in previous sections, 
with the exception of Cu, which presents a greater affinity 
and greater complexation (Clemente et al. 2006), condition-
ing its availability and absorption by plants. In contrast, 
foliar concentrations of Ca, Mg, K, Cu and B were within 
acceptable ranges for both amendments (Table 5). It should 
be noted that the improvement in the availability of potas-
sium (K) in the soil, favored in the AI ​​treatment, was also 
reflected in the K contents at the level of leaves and fruits 

3.3  Grapevine growth and nutrition

The various improvements observed at the soil level with 
the application of IA, such as increased OM, N, and K avail-
ability in the CEC, as well as improved micronutrient con-
tent, led to improved growth and nutritional status in the 
vine compared to Control. Grapevines in the IA showed an 
increase in shoot length and diameter compared to Control, 
in the mid-growth period (62 DAI) and at the end of the 
branches (129 DAI), with statistically significant increases 
in shoot length for both periods (Fig.  5). In contrast, the 
number of internodes was slightly lower with the IA, imply-
ing an absence of water stress (Bavestrello-Riquelme et al. 
2012) because adequate soil amendments enhance water 
availability (Hudson 1994). These physiological responses 
align with evidence showing that waste-derived amend-
ments improve vine vigor, nutrient uptake efficiency, nutri-
ent dynamics, root system architecture but also soil structure, 
microbial activation and gradual nutrient release (Messiga 
et al. 2016), which directly influencing shoot growth, leaf 
nutrient balance and berry formation (Botelho et al. 2020).

At the nutritional level, the status of the grapevine in 
both treatments was evaluated by the nutrient composi-
tional diagnosis, which is discussed according to the range 
of normal values ​​for vine leaves established by Torres et 
al. (2017). The nutrient analysis of the leaves (180 and 330 
DAI) showed an enrichment in P, Fe and Zn in the plants 

Fig. 5  Grapevine growth parameters (shoot length and diameter and number of internodes) for both treatments (C and IA) 62 (A, B, and C) and 
129 (D, E, F) days after implementation (DAI). N = 20 (by treatment)
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with IA but there are no quantitative measurements of the 
improvement and effect of the biological factors considered. 
However, recent vineyard studies confirm that microbial 
inoculants synergize with organic amendments by promot-
ing root proliferation, increasing nutrient-use efficiency and 
enhancing plant tolerance to soilborne pathogens, suggest-
ing this represents an important area for future investigation 
in organic amendment systems (Biagi et al. 2025).

3.4  Fruit yield and quality

Vines in the AI ​​treatment showed a significant increase in 
the number of bunches per plant and weight per bunch com-
pared to the Control, which also resulted in a significant 
increase in crop yield, reaching 26.9 Mg/ha compared to 17.8 
Mg/ha obtained in the control (Fig. 6). The concentration of 
Fe, Cu and Zn un fruits was between 24 and 12% higher 
with IA than with Control treatment (data not shown). This 

compared to treatment Control (Table  5). The enhanced 
foliar nutrient status observed with the designed amendment 
reflects complex soil-plant interactions that extend through-
out the growing season, as recent research has demonstrated 
significant phenological stage-dependent variations in min-
eral, hormonal, and vitamin contents in grapevines (Kaya 
et al. 2025).

The results obtained are due not only to nutritionally 
appropriate formulation but also to the combined application 
of fungal and bacterial inoculants intended to combat the 
Cylindrocarpon spp and promote plant growth. pathogen. 
Trichoderma species applied can act as antagonists of other 
pathogens in soil, succeeding even against Cylindrocarpon 
spp (Fourie et al. 2001). In addition, plant growth promoters 
agents as the bacterial cocktail applied stimulate the forma-
tion of young roots (Vacheron et al. 2013). These effects 
were only assessed visually during field inspections, show-
ing an improvement in root development in treated plants 

Table 5  Concentration of macro and micronutrients in leaves at Pre-Treatment time, and 180 (end of vegetative growing) and 330 (ripening) days 
after implementation (DAI). Red color means concentration level above the maximum (Max) limit established by the INIA Manual (Torres et al. 
2017), whilst pink colors means that concentration is below the recommended minimum (Min) concentration
Leaf nutrients Units Reference values Sampling time & treatments

Min Max PreT 180 DAI 330 DAI
- C IA C IA

P g kg− 1 0.8 4 6.6 15.8 14.1 8.5 9.5
Ca 12 30 11.4 23.8 22.9 22.2 21.3
Mg 1.4 8 3.2 6.6 6.3 4.8 4.2
K 8 18 17.3 17.9 19.8 15.8 16.6
Fe mg kg− 1 40 200 367 364 464 1119 929
Cu 4 25 37 8 11 22 20
Mn 20 250 194 337 380 182 168
Zn 20 100 259 275 282 124 116
B 25 300 99 180 202 85 72

Fig. 6  Comparison of the mean 
number of bunches produced per 
plant (A), bunch mean weight 
(B), yield (C, number of plants 
per hectare × mean number of 
bunches per plant × mean weight 
of each bunch), degree Brix (D) 
and caliber (E) for both treat-
ments. Nbunches = 100; NCalibre = 
90; NBrix = 15
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(product and transportation costs) with the sales value of 
the product obtained under both treatments. The balance 
showed the benefits obtained from using the designed 
amendment versus the traditional amendment of more than 
USD 18,500 per hectare (Fig. 7). The costs associated with 
product acquisition were higher for the designed amend-
ment, at $270.27/Mg, compared to $86.49/Mg for the con-
ventional amendment. The elaboration cost of the IA is 
higher than that of manure, as these additional costs arise 
from material processing and the operational requirements 
of the composting process. Regarding transportation, the 
unit price was the same for both treatments, around $67/Mg, 
given the similar distance traveled between source and final 
destination. At this stage, optimization resulted from using 
a smaller quantity of the IA compared to Control, result-
ing in a 35% reduction in transportation costs. Despite this, 
total costs per hectare were USD 9,955 for Control and USD 
14,151 for IA, generating a higher cost of USD 4,196 with 
the use of the AI (Fig. 7).

This evaluation, although superficial and ignoring the 
overhead costs and other costs that affect companies equally 
with one type of amendment or another, demonstrated that 
although initial acquisition costs may entail a higher invest-
ment, investing in formulated amendment solutions with 
more stabilized materials allows for greater crop response, 
improving crop health and contributing to greater economic 
recovery. This also demonstrates the viability of these types 
of solutions (Bouhia et al. 2022, 2023; Uddin et al. 2025), 
which can be applied to different regional and crop contexts, 
and the additional benefit of once again allowing agro-indus-
trial waste to integrate into biogeochemical cycles through 
the creation of amendments formulated according to the 
needs of the soil and crop. This contributes to circularity 
and a lower environmental footprint of the final products.

4  Conclusions

The formulation and production of fertilizers obtained from 
the valorization of agro-industrial waste is a sustainable 
strategy, not only environmentally but economically, for 
improving nutritional status in vineyards and enhancing soil 
quality. The results of this study showed how the designed 
amendment, despite being used in smaller quantities than 
conventional amendment, contributed to a greater increase 
in soil organic matter, increased CEC, and increased nutri-
tional intake, without contributing to the risk of potentially 
toxic elements. Furthermore, waste stabilization through 
composting proved effective in maintaining C in the soil, 
slowing the rate of mineralization and providing a more 
stable fertilizer with gradual nutrient release. With the use 
of the designed amendment, vines showed greater branch 

is supported by the increase in Fe and Zn observed in leave 
concentration. Thus, nutritional improvements at the foliar 
level have important implications for berry quality develop-
ment, as recent studies have shown that organic fertilization 
influences phytochemical transformations throughout mul-
tiple berry development stages, affecting not only mineral 
content but also sugar accumulation, organic acid profiles, 
and secondary metabolite synthesis (Incesu et al. 2022; 
Kaya et al. 2025).

Fruit quality parameters for both treatments showed no 
significant differences in Brix degrees, with average values ​​
around 12°, while significant differences were observed 
in grape size, with those obtained in the IA being larger 
(Fig. 6). The increase in yield obtained in the AI is consis-
tent with the increase observed in vegetative tissue growth. 
This increase is greater particularly when amendments 
enhance soil water retention, N availability and K supply, 
three factors strongly associated with bunch number, berry 
size and sugar accumulation (Botelho et al. 2020; Messiga 
et al. 2016), parameters that we have focused on at formula-
tion step process.

Furthermore, grape size and Brix degrees are quality 
parameters (Poni et al. 2018), with the former significantly 
improving with the use of the designed amendment. Brix 
levels experienced a marginal decrease attributable to the 
dilution of soluble solids (predominantly sucrose), a com-
mon yield-related phenomenon. Contemporary research has 
revealed that organic fertilization impacts extend beyond 
basic nutrition to influence secondary metabolite profiles 
and even biogenic amine levels in grape berries, demonstrat-
ing the complexity of soil-plant biochemical interactions 
(Incesu et al. 2022; Kaya et al. 2025). Therefore, besides of 
waste valorization through composting the amendment also 
enhance the productivity and quality of grapes.

The cost-effectiveness analysis was conducted by com-
paring the unit price costs of implementing both treatments 

Fig. 7  Comparative economic analysis of conventional (C) and engi-
neered amendment (IA) treatment systems in terms of sales, operating 
expenses, and balance sheet. Values ​​expressed in US dollars (USD)
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length and diameter, as well as a greater number and size 
of bunches per plant, increasing production by 9.1 Mg/ha 
more than the conventional amendment. This improvement 
led to a recovery in crop yields in just one year, following 
a three-year period of consecutive decline, and to meeting 
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level. These results contribute to the growing evidence base 
supporting organic amendment integration in viticulture 
systems, demonstrating that properly formulated products 
from waste valorization can simultaneously address multi-
ple sustainability objectives, soil fertility enhancement, crop 
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