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Abstract

Soil health is crucial for the sustainability of agricultural practices and ecosystem resilience.
Using a data mining approach, this study aims to explore emerging themes related to
the impact of soil improvers on soil health by analyzing results from various EU-funded
agricultural projects, with the final goal of identifying the key factors driving the effective-
ness of soil amendments. By integrating data mining and text analysis, the study extracts,
aggregates, and visualizes insights, providing a comprehensive overview of innovative
strategies to enhance soil fertility and promote ecological balance. This integrated analytical
framework offers a nuanced understanding of the conceptual landscape surrounding soil
health in EU projects, highlighting the multifaceted roles of organic amendments and
microbial solutions. Our findings underscore the critical link between organic amendments
and soil health, highlighting their potential as strategic tools for achieving more sustainable
agricultural systems. These findings provide a basis for refining soil management strategies
in agriculture and support the development of evidence-based policies aimed at improving
soil health and fostering ecological balance across Europe.
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1. Introduction

Soil health is fundamental to achieve sustainable agriculture, as the foundation for
efficient land resource management and long-term productivity. It refers to the soil’s
ongoing capacity to function as a living ecosystem compared to its potential (called soil
quality) [1], supporting plant growth, maintaining water quality, and providing habitat for
soil organisms [2]. Therefore, soil health extends beyond physical and chemical properties
to include the biological vitality of the soil [3,4] sustaining plant, animal, and human health.
A healthy soil ecosystem enhances biodiversity, and plays a critical role in nutrient cycling,
as well as in the regulation of carbon and water cycles. In recent years, the importance
of soil health has grown significantly, with soil biodiversity emerging as a cornerstone of
sustainable crop production [5,6]. To assess soil health, over past two decades a range of
biological, chemical and physical indicators have been proposed to measure soil properties
and functions, indicating the degree to which soils can fulfill expected ecosystem services [7].
More recently, a minimum set of suitable biological indicators to monitor soil health has
been identified, capturing both the composition and diversity of soil communities, as well
as their functional attributes, according to their dominant contribution to soil processes
and ecosystem services [8,9].

Recent research has highlighted various aspects of soil health and agricultural sus-
tainability. In this context, soil improvers play a key role in enhancing soil health and
promoting sustainable agricultural practices [10,11]. The term refers to organic and inor-
ganic materials solely added to soil in situ to enhance its physical, chemical, and biological
properties, thereby improving fertility, structure, moisture retention, and nutrient avail-
ability for plant growth [12]. These materials play a crucial role in maintaining long-term
soil fertility, nutrient content, and biological activity, which are essential for sustainable
agricultural productivity. In the European Union, the production and use of soil improvers
are regulated under the Fertilising Products Regulation (EU) 2019/1009, which establishes
quality standards, safety requirements, and labeling criteria to ensure environmental and
agricultural safety [13,14].

Among these materials, biochar has emerged as a promising amendment for sus-
tainable soil management [15,16]. In fact, it has demonstrated potential in improving
soil physicochemical properties, such as pH and cation exchange capacity, increasing
nutrient-use efficiency, and contributing to long-term carbon sequestration, thereby sup-
porting resilient and sustainable agroecosystems [17]. A recent study has also highlighted
biochar’s role in modulating microbial communities and enhancing soil enzymatic activity,
which further contributes to nutrient cycling and plant health [18]. Biochar improves soil
structure, enhances nutrient retention, supports microbial life, and contributes to carbon
sequestration, thus mitigating climate change [19,20].

Despite the growing interest in biochar as a soil amendment for improving soil health,
carbon sequestration, and crop productivity, several uncertainties and limitations remain.
One major concern is the low solubility and bioavailability of essential nutrients, particu-
larly phosphorus (P) [21]. This can limit its immediate nutritional benefits for plants. In this
context, integrating biochar with plant growth-promoting microorganisms (PGPMs) repre-
sents a synergistic strategy, as both approaches enhance soil health, nutrient availability, and
crop productivity while contributing to sustainable and resilient agroecosystems [22,23].
PGPMs can enhance nutrient solubilization, such as mobilizing phosphorus from biochar
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and soil reserves, and may also colonize the biochar’s porous structure, improving micro-
bial activity and resilience [24]. By leveraging the complementary properties of biochar and
PGPMs, it may be possible to overcome some of biochar’s limitations and unlock its full
potential as a sustainable soil amendment. Furthermore, conservation agriculture practices,
such as minimum tillage, cover cropping, and crop rotation, have also been shown to
increase soil organic matter, improve soil structure, enhance biodiversity, and improve the
sustainability of agricultural systems [25,26]. In this context, soil improvers derived from
organic waste streams play a pivotal role in promoting a circular bioeconomy. By valorizing
agricultural and food industry residues, these inputs contribute to resource efficiency while
enhancing soil fertility, water retention, and biological activity. Unlike synthetic inputs,
soil improvers foster a regenerative soil system, aligning agricultural production with
environmental sustainability and climate goals. Integrating these solutions within a circular
bioeconomy framework not only reduces dependency on external inputs but also closes
nutrient cycles and supports long-term soil health. This approach is strongly supported by
one of the objectives of the EU-funded DELISOIL project, which focuses on the evaluation
and upscaling of sustainable soil improvers within circular value chains.

Integrating microbiome-based solutions and soil improvers into sustainable agricul-
tural practices is a key strategy for enhancing soil fertility, boosting crop productivity, and
ensuring the long-term sustainability of farming systems [27]. To maximize the potential
of these tools in achieving sustainable agricultural goals, sustained collaboration among
policymakers, farmers, and researchers is essential [28]. Within this collaborative frame-
work, data mining plays a critical role by enabling the integration and harmonization of
heterogeneous datasets, thereby facilitating the extraction of meaningful patterns and ac-
tionable insights that support evidence-based soil health management strategies. Through
the application of techniques such as predictive modeling, machine learning, and data inte-
gration, researchers can analyze complex data from multiple sources to identify the most
effective soil improvers and agricultural practices tailored to specific soil types [29,30]. This
data-driven approach supports the development of targeted interventions that promote
resilient and sustainable farming systems.

The European Union has increasingly recognized soil health as a critical pillar for
achieving climate neutrality, biodiversity protection, and food system resilience. On
23 October 2025, the European Parliament approved the Soil Monitoring Directive, es-
tablishing a common monitoring framework to achieve the goal of ensuring that all EU
soils are healthy by 2050 [31,32]. Building on strategic initiatives such as the EU Soil
Strategy for 2030 and the Mission “A Soil Deal for Europe”, the EU is actively promoting
research, innovation, and policy integration to reverse soil degradation and promote sus-
tainable land management practices. Under Horizon Europe, the EU funds a wide range
of projects, such as DELISOIL, bioSOILUTIONS, and PREPSOIL, dedicated to developing
sustainable soil management practices, mapping soil threats, and co-designing solutions
with stakeholders across sectors. These initiatives not only support scientific advancement
but also strengthen capacity building and public awareness, fostering a broader transition
toward soil stewardship at both local and European levels.

Within the frame of the DELISOIL project (Delivering safe, sustainable, tailored and
societally accepted soil improvers from circular food production processes for boosting
soil health), we aimed to evaluate how different soil improvers contribute to enhancing
soil health and to identify the key factors driving their effectiveness with the goal of sup-
porting the sustainable valorization of food system by-products into high-performance soil
improvers. The central research hypothesis of this study is that organic soil amendments—
specifically compost, digestate and biochar—and biofertilizers can significantly improve
soil health through complementary effects on soil physicochemical properties, nutrient
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dynamics, and microbial activity, thereby enhancing the sustainability and resilience of
European agroecosystems. By thoroughly analyzing five EU projects using data mining
and text analysis, we adopted an innovative approach to analyze large volumes of text-
based data from various EU agricultural projects, including research papers and public
deliverables [33]. This in-depth analysis of the scientific literature related to European
projects focused on soil health enabled us to synthesize complex information from diverse
sources. The overarching goal was to evaluate the effect of soil improvers on soil health,
supporting the transition towards sustainable agricultural practices, and advance resilient
and healthy farming systems across Europe. The results of this analysis enabled the formu-
lation of practical recommendations for farmers to optimize soil management and enhance
soil health.

2. Materials and Methods
2.1. Research Corpus: Selected EU Projects

The included EU projects are: EJPSOIL, which aims to build a sustainable European
integrated research system and develop and deploy a reference framework on climate-
smart, sustainable agricultural soil management [34]; LEX4BIO, which explored the use of
fertilizers derived from biological resources (BBF) to transform the agricultural industry
by minimizing the environmental impact of existing fertilizers and improving sustainabil-
ity through recycling of nutrient-rich side-streams (NRSS) [35]; SIMBA, which provided
innovative microbiome-based solutions to increase food and nutrition security [36]; BIO-
FECTOR, which developed specifically adapted bio-effectors (BEs) to reduce the input of
mineral fertilizers in EU agriculture and improve the efficiency of alternative fertilization
strategies [37]; and SOLACE, which developed innovative strategies (novel crop geno-
types and agroecosystem management innovations) to improve water and nutrient use
efficiency [38]. The corpus included open-access and publicly available documents related
to five Horizon 2020 projects (BIOFECTOR, EJPSOIL, LEX4BIO, SIMBA, and SOLACE),
focusing on the topics of soil amendments (compost, digestate, biochar), microbiome-based
solutions and sustainable soil management. Mineral and “geo-” amendments (zeolites,
basalt meal, etc.) are outside the present research. Records were collected from official
project repositories, Zenodo communities, and bibliographic databases within the projects’
active years (2013-2024). Mission-oriented or monitoring initiatives outside these projects
were not included to ensure thematic coherence.

2.2. Computational Environment and Configuration

The analysis was carried out using Python (version 3.12.7) and a suite of open-source
libraries for data mining and analysis. NumPy (version 1.26.4) was employed to effi-
ciently process multidimensional arrays, as highlighted in recent studies [39], while Pandas
(version 2.2.2) facilitated the management and manipulation of tabular data. Data visu-
alization was performed using Matplotlib (version 3.9.2), and scikit-learn (version 1.5.1)
supported the machine learning techniques applied in the analysis. Additional libraries,
including Seaborn (version 0.13.2), adjustText (version 1.3.0), and NetworkX (version 3.3),
enabled dimensionality reduction and the visual interpretation of complex data, thereby
completing the computational infrastructure [40-44].

2.3. Document Download Procedure

A total of 228 documents (scientific articles and deliverables) were collated to construct
the dataset, including 20 documents from SIMBA, 97 from EJPSOIL, 37 from SOLACE,
36 from LEX4BIO, and 38 from BIOFECTOR EU projects. Documents were directly
downloaded from the websites of the European projects (https://simbaproject.eu/, https:
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/ /ejpsoil.eu/, https:/ /www.solace-eu.net/, https:/ /lexdbio.eu/, https:/ /www.madora.
eu/Biofector/ accessed 12 March 2025) using automated Python scripts that leveraged the
Unpaywall and CrossRef APIs. For each document, the corresponding DOI was identified
from BibTeX files or texts containing DOIs [45]. Parallel PDF downloads were implemented
using ThreadPoolExecutor to ensure efficiency, guaranteeing access to open-access versions
following documented approaches in the literature [46]. The results of each download,
including title, source, and status, were recorded in a CSV file for subsequent analysis. The
documents were subjected to a robust processing pipeline that entailed text extraction and
extensive preprocessing, forming the foundation for the investigation into the utilization of
soil improvers and their impact on soil health [47].

2.4. Text Extraction and Preprocessing

Documents in PDF format underwent a cascaded text extraction process. Initially,
text was extracted using pdfplumber, followed by pdfminer and finally PyPDF2, ensuring
optimal retrieval even from complex formats [48]. The extracted text was subsequently
pre-processed with spaCy, which performed lemmatization and stopword removal to stan-
dardize the content for semantic analysis. Bibliographic sections, such as the “references”
segment, were eliminated to prevent contamination in the text mining process. Overall,
integrating these methods produced high-quality text suitable for subsequent quantitative
analyses [49,50].

2.5. DataFrame Construction and Keyword Analysis

The pre-processed text was structured into a DataFrame that associated each document
with its file path, raw text, and processed text. Additionally, a separate DataFrame was
created to count the occurrences of specific keywords (Table S1), normalized to lowercase,
that represent themes related to soil improvers, soil health, and agricultural sustainability.
For each project, regular expressions were employed to map the number of occurrences
of each relevant term, thereby facilitating quantitative analysis [51,52]. This methodology
provided a robust foundation for exploring correlations between the usage of soil improvers
and key indicators of soil health [42,53].

2.6. Co-Occurrence DataFrame Creation

To quantify the use of specific keywords related to soil improvers and soil health, a
Dataframe aggregates, for each project, the number of occurrences of each term identified
in the pre-processed text [54].

2.7. Normalized Heatmap Visualization

A heatmap was generated to represent the normalized distribution of the counts of
the most frequently cited keywords per project. Initially, the data were aggregated for
the 50 most frequent keywords and then normalized row-wise using the Min-Max scaling
method provided by scikit-learn [55,56]:

x" = (x — min(x))/ (max(x) — min(x))

The visualization was created with Matplotlib and Seaborn. This approach standard-
izes data and facilitates comparisons between different projects. In this way, each value is
transformed onto a comparable scale while preserving the relative differences [46].
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2.8. WordCloud Visualization

The WordCloud was created using a dedicated Python library and subsequently
rendered with Matplotlib, highlighting the predominant terms and offering an immediate
overview of the dominant lexicon [57,58].

2.9. Correlation Heatmap Visualization

A correlation heatmap was generated to illustrate the relationships among the 30 most
frequently cited keywords, allowing the identification of potential thematic associations
and lexical synergies [57]. Using Pandas to compute the correlation matrix and Seaborn for
visualization, a mask was applied to display only the upper triangle, thereby enhancing
the readability of the graph [42,43,59].

2.10. t-SNE Clustering and Visualization

The code implements a visualization based on a color scale by combining t-SNE
(t-distributed stochastic neighbor embedding) with K-means clustering to graphically
represent the relationships among the most frequent keywords. After filtering the
top 80 keywords from the transposed DataFrame, the data were standardized and re-
duced to two principal components using t-SNE. Subsequently, the K-means algorithm,
configured to form three clusters, assigns each point a cluster label, which is visualized
using a color map (cmap = ‘viridis’) in a scatter plot [60,61].

2.11. Network Analysis (Cosine Similarity)

After selecting the 60 most frequent keywords from the DataFrame, cosine similarity
was computed between their frequency vectors:

cosine similarity : (A,B) = (A-B)/(||Al| ||B]])

Subsequently, using the NetworkX library, a graph was constructed where each node
represents a keyword, and two nodes were connected if their similarity exceeds a predefined
threshold (>0.65), ensuring that only significant relationships are included. The node sizes
are scaled based on the keyword frequencies, normalized via Min-Max scaling, while the
graph layout is determined by the Kamada-Kawai method, which optimizes the spatial
distribution by minimizing the tensions among nodes [44,62].

2.12. The Owverall Workflow

Figure 1 summarizes the overall workflow. Peer-reviewed papers and public deliver-
ables from five EU projects (LEX4BIO, SIMBA, BIOFECTOR, EJPSOIL and SOLACE) were
collected and harmonized. Text extraction and lemmatization were performed in Python,
followed by the construction of a document x keyword matrix. A predefined keyword
list was counted (Table S1), and co-occurrence and similarity metrics were computed. The
corpus was analyzed using a suite of quantitative visualizations, including normalized
heatmaps (See Section 2.7), word cloud (See Section 2.8), correlation matrix (See Section 2.9),
t-SNE clustering (See Section 2.10), and cosine similarity networks (See Section 2.11). Find-
ings were ultimately synthesized into policy-oriented recommendations.
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EU PROJECT PAPERS COLLECTION

Collecting datasets from EU projects:
LEX4BIO, SIMBA, BIOFECTOR, EJP SOIL and

SOLACE Data
Collection
PYTHON ANALYSIS
Choosing specific keywords for the purpose
of conducting a detailed analysis
Data
Analysis
KEYWORD FOUND AND KEYWORD
COUNT
Searched for predefined keywords in the
extracted text Data

Visualization
GRAPHICAL REPRESENTATION

Generate visual representations of the
data, to facilitate the interpretation of the
results
Results
SUMMARY AND SUGGESTION

Offers recommendations based on the
patterns and insights identified within the
collected data

Figure 1. Scheme of the work process. Peer-reviewed papers and public deliverables from five EU
projects LEX4BIO, SIMBA, BIOFECTOR, EJPSOIL and SOLACE were harvested and harmonized.

2.13. Use of Generative Al Tools

During the preparation of this manuscript, the authors used the generative Al tool
ChatGPT (OpenAl, https://chat.openai.com) to assist with language translation, text
editing, and brainstorming. All Al-generated content was thoroughly reviewed, revised,
and verified by the authors to ensure scientific accuracy and compliance with the journal’s
ethical standards. The final responsibility for the content remains entirely with the authors.

3. Results
3.1. Min—Max Heatmap Analysis

A Min-Max normalization of keyword frequencies across projects was performed
to enable comparative pattern recognition. This scaling transformed the data into a
uniform [0, 1] range, allowing clearer interpretation of thematic emphasis and priorities
across EU-funded initiatives (Figure 2). The normalization facilitated direct comparison
of keyword prominence among projects [54,57,63]. The visualization highlighted distinct
thematic emphases across the projects, underscoring the diversity of research priorities
within soil-related studies. The raw keyword frequencies ranged from 0 (absence of term)
to 748 (highest occurrence in EJPSOIL), with project-specific maxima of 349, 748, 136, 627,
and 458 for BIOFECTOR, EJPSOIL, LEX4BIO, SIMBA, and SOLACE, respectively. These
minimum and maximum values define the empirical limits of the Min-Max normalization
quantifying the relative stability and sensitivity of the system across projects. For example,
in the BIOFECTOR project, high normalized values for keywords such as biostimulant
and biodiversity indicated a strong focus on microbial soil enhancement and ecological
parameters. EJPSOIL exhibited the highest intensities for digestate and soil organic matter,
reflecting a strong focus on nutrient recovery and soil regeneration. LEX4BIO showed
consistent elevation values for compost, biofertilizer, and circular economy, pointing to the
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frequent inclusion of topics related to waste-derived soil inputs and resource efficiency. In
SIMBA, keywords such as bacteria and microbe reached high relative frequencies, suggesting
an emphasis on soil microbial communities and their biological functions. Finally, SOLACE
reported elevated values for crop growth and yield, corresponding to terminology related
to agronomic performance. The heatmap distribution highlights distinct thematic profiles
across the projects analyzed.

Min-Max Heatmap

1.0

BIOFECTOR

0.8

EJPSOIL

-0.6

Projects
LEX4BIO

-04

(pa1eOS Xe\-UlN) Aouanbai4 paziewioN

SIMBA

0.2

SOLACE
'

1 1 ' 0.0
T VLS L >X> cCL omch O >2X 05«2 >2>2>2cWwweEL scuvueaoas ccLf ODccgmgcecouls 5 > c
S EES 2282 SRR E 8052855522582 255535885¢8¢¢2
2 =9 = g8 &8N 2S5 5 X NS =1 b= 5 o8 g &
SEQEL 5B B8 e e R EE SR 5 38R E0E53EpEc s EEE2a T gEsE g
] £ £ kY [ = § 2 25 C £
= a D2co0 VY 8F o290 » T S E .g"-S‘—>~8°’wo~:'Scu>-.-_~4i.:h::95‘{:'w.9’"w g2 =
LT LeTFEO LT algE v 8 =9 EadY%e52580. 5. EE5988EDEEY =3T3
fe2e 5" FE 2 3§ £85f Efs £S5EL£E2EZesgeiey B
> o > 5 Y s o 3 3 8 e v gV ®® =L 35> 30694 Il 5 E 2
=4 7] b4 P4 5 O £ = 2 Mz o = © g £
5 S s 2 o S93 -0 °€83sZ2 £ 3 o4&
o v = > < @
= £ z @ 3 = o
3 3 ° o SE"8 2 g = 5 £8¢2
a a ERG k=i o= H >
gx =] S © c
o"u S Eu [T
Keywords < g 35 5
] £
£E K <
=< & 2
= S
ES
3
=
=]
I
&

Figure 2. Heatmap showing the relative frequency of the 50 most cited keywords, normalized using
Min-Max scaling, across the projects BIOFECTOR, EJPSOIL, LEX4BIO, SIMBA, and SOLACE. Warmer
colors (approaching red) denote higher normalized keywords counts, while cooler tones (blue) reflect
lower frequencies, with color gradients scaled from 0 (blue) to 1 (red).

3.2. Wordcloud Analysis

Wordcloud visualization provided a qualitative overview of the keyword frequency
distribution across the corpus, highlighting dominant concepts based on aggregated textual
occurrences (Figure 3). The most visually prominent keywords were yield and biomass,
indicating that agricultural productivity terms were frequently cited throughout the dataset.
Their prominence reflects the central role of productivity-oriented concepts in both agro-
nomic and environmental research. Keywords such as compost and biochar also appeared
prominently, reflecting recurrent mentions of organic soil amendments and circularity



Environments 2025, 12, 472

90f23

5 blOfeV‘tlllZeV‘ ;
o= o
,_|
(] = Q
Y n htc =
+
= circular economy crop growth & g
o
7 biochar @ plant growth compost ¥
bulk density bacteria 5“”?““*“““ — s
environmental health m r
1Crobe t %
et 60
soil amendment ' 9] B
- pollution e _
Sallnlty denitrification & —
: : § o (@)
respiration o
human health oyrolysis SOLL organic carbon soil health?

principles. Additionally, biodiversity, organic matter, and soil organic carbon consistently
appeared large, pointing to widespread references to ecological and soil quality parameters.
Furthermore, words such as erosion, contamination, and salinity were present with moderate
prominence, reflecting the inclusion of soil degradation and pollution topics. The frequent
appearance of microbe and bacteria further emphasized the focus on microbiological aspects
within the discourse on soil health.

digestate @O biOdiverSityi

sustainability
contamination

Figure 3. WordCloud based on cumulative keyword frequencies across all projects. Font size is
proportionally scaled to keyword occurrence, with larger fonts indicating higher occurrence, as
quantified in Figure S1.

3.3. Correlation Heatmap Analysis

A correlation matrix was conducted to examine the strength of co-occurrence relation-
ships among keywords, identifying positive or negative associations to uncover thematic
linkages shaping the conceptual structure of the literature on soil improvers and soil health.
The correlation matrix (Figure 4) displays pairwise relationships among 30 frequently cited
keywords, using a color gradient; i.e., redder cells indicated a stronger positive correlation
(such as the co-occurrences compost—soil fertility, biochar—carbon stock, biodiversity—microbe,
and soil organic matter—soil fertility), whereas cooler tones reflected weaker or negative
associations, highlighting less frequent or inverse associations between terms. This ap-
proach provides quantitative insights into the semantic interconnections between terms,
linking soil improvers to agronomic practices [64]. Overall, compost and biochar exhibit
strong positive correlations with soil fertility, organic matter, and yield, indicating these
soil improvers frequently co-occur with enhanced productivity and improved soil quality.
Compost also shows a moderate positive association with circular economy, suggesting a
recognized emphasis on resource recovery within the analyzed documents. Negative corre-
lations appear between degradation-related terms (e.g., contamination) and yield-focused
keywords. Moderate positive correlations also emerge between biodiversity, microbe and soil
health, highlighting their interconnected roles in the discourse.
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Figure 4. Correlation matrix of the 30 most frequently cited keywords. Color scale represents Pearson
correlation coefficients (r) among keyword pairs. Red tones indicate strong positive correlations
(frequent co-occurrence), while blue tones indicate weak or negative correlations (rare or inverse
co-occurrence). Neutral tones represent low or no correlation.

3.4. t-SNE Clustering Analysis

t-SNE was applied to reduce the dimensionality of the data and identify clusters of
related keywords. This visual mapping (Figure 5) reveals how certain terms group together
conceptually, supporting a deeper interpretation of thematic proximities across soil-related
topics (Table S2). The first cluster, located primarily on the left side of the plot, features
terms such as soil organic matter, carbon stock, and respiration, reflecting an emphasis on
the biological and biochemical processes fundamental to soil health. Within this group,
keywords like compost and biochar also appear in proximity, suggesting their frequent co-
occurrence in discussions about carbon sequestration and nutrient retention, key functions
of organic soil amendments.

A second cluster, located near the center, contains terms such as yield, biomass, and crop
growth, underscoring an agronomic dimension that often aligns with microbial inoculants
and organic amendments to enhance productivity. This cluster also includes references to
circular economy and organic fertilizer, suggesting an integrated approach where resource
recovery and waste valorization play a role in sustainable intensification. On the right
side, a third cluster is characterized by keywords such as pollution, contamination, and
pesticide, reflecting environmental concerns, particularly the mitigation of negative impacts



Environments 2025, 12, 472

11 of 23

within agroecosystems. Unlike the first two clusters, this one emphasizes potential risks
associated with certain soil improvers, such as heavy metal accumulation in biochar or
compost [65,66], nutrient imbalance or losses via leaching or volatilization [67], and risks
from pathogens or high salinity in poorly processed organic amendments. It also includes
terms like denitrification and microplastics, pointing to ongoing research into biogeochemical
cycles and emerging soil contaminants.

t-SNE of Keywords - K-means Clustering

bulk density vinasse N
carby\ §tobk respiration .f/e,ather meal re(/:ycled fertilizer
) . e > ) pah © [gobased fertilizer worm
soil organic carbay” O _soil organic matter erniséions hte.
"o soikhealth— S Ve ®horn meal— @ rocessing indust
20 : o gidn Ospil fertility peb ¢y CARaerobic digestion p.n.ace P 9 v
prosion Ocontamination Rgrman health 7
biodigsity O o-—cec © —carbon concentration
! ch o—1 . - pelletizing
X i o organic fertilizer -
organic matter sustainability denitrification bioaccumulation
pyrolysis \
10 o _circular-economy vegetabre Waste 150
. O plant nutrients Se
pollution’e, digestate toxjeol
~ © compost blood meal
k=l 125
2
[
£ i
5 yield carbog/footprlnt _
g biomass plant.growth chemical properties 2
» r - 7/ 3
o - bacterial diversity 100y
o _ @iochar  crop-growth p 3
bacten—® Ps - .eryﬂ nmental health o
-10 iosti . . ©
&|o.st|:1ulant soil amendm&ht fgod processing
Ny - °
migrobe biofertilizer @edycled waste s
@ fungi biomass quality
salinit N
Y @ nitrification protozoa
—20 mycorrhiza
® micronutrients 0.50
plant avajlability
‘a roots
@ fuggaldiversity
_30 physicaﬁ:haracteristic fungal biomass
daphon soil indicators 025
@ @ pacterial biomasg
nitrogen leaching | ghg emigsions
° ® @po ° nematodes
c_ové} cropping biological-properties
soil water content 000

-40 -30 -20 -10 10 20 30

t-SNE diménsion 1

Figure 5. t-distributed Stochastic Neighbor Embedding (t-SNE) plot of the most frequent keywords.
Positions are determined through t-SNE dimensionality reduction, capturing semantic relationships
in two-dimensional space. K-means clustering groups the keywords into distinct thematic clusters,
revealing one focused on biological and biochemical processes, another on agronomic productivity,
and a third addressing environmental stressors.

Altogether, these clusters underscore the dual role of soil improvers, ranging from
compost and biochar to microbial solutions, as both contributors to soil health and produc-
tivity, and as potential sources of environmental trade-offs. This highlights the importance
of quality control, risk assessment, and context-specific application to ensure that soil
amendments contribute positively to sustainable agriculture without unintended harm.

3.5. Keyword Network Analysis (Cosine Similarity)

To explore the semantic associations among keywords, a cosine similarity network
was constructed. This network provided insights into thematic clusters and the structural
positioning of core terms within the broader discourse on soil health. Figure 6 presents the
network of frequently cited keywords, where node size reflects keyword frequency, and
edge thickness indicates the strength of association between terms.

Several clusters emerge, illustrating how soil improvers and related concepts align
with soil health and sustainable agricultural practices. Indeed, the yield cluster dominates
the network, surrounded by well-connected nodes such as biomass, erosion and biodiversity.
These linkages suggest an integrated discourse connecting agricultural productivity and
ecological themes. Keywords such as crop growth, bacteria, and microbe cluster around these
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nodes, reflecting a strong interest in microbiome-based solutions that support both plant
performance and environmental resilience.

Keyword Relationship Network (Cosine Similarity)
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Figure 6. Cosine-similarity network with normalized keyword frequency. Nodes correspond to
frequently cited keywords, with edges representing cosine similarity above a specified threshold.
Larger node sizes reflect higher overall frequency, and color intensity indicates node degree or
centrality. The network highlights interlinked concepts such as “yield” and “biodiversity” at the
core, along with clusters of related terms that underscore the multifaceted nature of soil health
and sustainability.

Another distinct cluster centers on organic matter, soil organic carbon, and compost, indi-
cating a frequent co-occurrence of themes related to soil fertility and organic amendments.
Within this cluster, biochar is tightly linked to organic matter (under the biomass node) and soil
organic carbon. Nearby, terms like circular economy and nutrient recycling connect with the
resource-recovery cluster (including compost, anaerobic digestion, and digestate), emphasizing
the role of soil improvers in resource recovery and carbon sequestration. This cluster is
also linked to soil health, underscoring the significance of soil amendments in enhancing the
biological, chemical, and physical properties vital for long-term agricultural sustainability.
In the lower region of the network, terms such as pollution, pesticide, and contamination
form a more peripheral cluster, indicating a focus on mitigating environmental impacts.
While less densely connected to yield-oriented nodes, these terms link to erosion and salinity,
reflecting ongoing concerns about soil degradation.
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4. Discussion

This study demonstrates the effectiveness of a cross-project text-mining and data visu-
alization framework for uncovering thematic patterns in EU-funded research on soil amend-
ments, microbial ecology, and sustainable agriculture. This study highlights a growing
research convergence within soil research, centered on the dual imperatives of agricultural
productivity and ecological resilience, with soil improvers—particularly biochar, compost,
and microbial inputs—emerging as central to this paradigm shift. The analysis presented
in this study offers compelling evidence for the pivotal role of soil improvers in enhancing
soil health and advancing sustainable agriculture. By applying advanced data mining and
text analysis techniques across multiple European research projects, this study was able
to uncover distinct yet complementary thematic orientations within the soil amendment
landscape. Rather than indicating fragmentation, these thematic divergences illustrate the
inherently multi-dimensional nature of soil health, which encompasses physical, chemical,
and biological components interacting across scales.

4.1. Main Products Used as Soil Amendments, Their Properties, and Functions

The analysis presented in this study offers compelling evidence for the pivotal role of
soil improvers in enhancing soil health and advancing sustainable agriculture. Notably, the
BIOFECTOR project highlighted keywords such as biostimulant and biodiversity, reflecting a
clear focus on microbiome-based solutions aimed at enhancing soil fertility and ecological
stability [68]. Conversely, EJPSOIL centered on terms such as soil organic matter and digestate,
reflecting a primary interest in nutrient recycling and the restoration of soil organic carbon
stocks. Similarly, LEX4BIO underscored keywords including compost, biofertilizer, and circu-
lar economy, highlighting a commitment to sustainable waste valorization and the transition
toward bio-based fertilizers that demonstrate agronomic efficiency, health and environmen-
tal safety, and support optimal fertilization strategies. This thematic emphasis is supported
by Mora-Salguero et al. (2024) [69] and Cucina et al. (2025) [70], who underline the strategic
importance of biofertilizers and circular economy principles in modern soil management.
The SIMBA project stood out for its emphasis on microbial terms such as bacteria and
microbes, signaling an intensive investigation into the impact of microbiome-based solutions
on soil microbiome and their pivotal role within soil ecosystems [71]. Conversely, SOLACE
adopted a productivity-driven perspective, with frequent references to crop growth and yield,
aligning with the findings of Ali et al. (2024) [72], who reviewed how sustainable practices
can enhance agronomic outcomes. These divergent research orientations, though focused
on different aspects of soil management, collectively demonstrate that the effective use of
soil amendments requires a multifaceted understanding of both their specific properties
and their context-dependent applications.

A coherent framework emerges from these diverse research priorities: soil amend-
ments operate across complementary functional domains, carbon sequestration and struc-
ture (biochar, compost), nutrient availability (digestate), and ecological resilience (bios-
timulants, microbes), requiring integrated strategies adapted to regional conditions. The
divergence across projects reflects soil health as multidimensional, requiring simultaneous
attention to physical, chemical, and biological properties.

4.2. Main Indicators to Evaluate the Effect of Amendments on Soil Health

Quantitative analyses clarified both thematic divergence and convergence across the
projects. The Min-Max normalized heatmap revealed distinct keyword intensity distri-
butions, evidencing each project’s unique research focus. Correlation heatmap analysis
uncovered strong associations among compost, biochar, soil fertility, and soil organic matter,
underscoring the essential role of organic amendments in promoting soil health. These
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findings are consistent with findings by Allam M. et al. (2022) [73], who found simi-
lar correlations between organic amendments and fertility-related indicators in their soil
management research.

Complementing these insights, t-SNE clustering identified coherent subclusters cen-
tered around biological processes, agronomic productivity, and environmental stres-
sors. Furthermore, cosine similarity-based network analysis uncovered intricate se-
mantic relationships among key terms such as yield, biodiversity, and microbial amend-
ments. These patterns highlighted the central role of organic and microbiome-based
soil amendments in improving soil quality while simultaneously supporting agricultural
productivity objectives [74].

Correlation and clustering results showed that terms like biochar, compost, and soil
organic carbon display strong positive correlations, highlighting the fundamental role of
these organic amendments in enhancing soil carbon content. Frequent co-occurrences of
these terms underscore that biochar and compost serve as effective means for augmenting
the carbon content in soil, thereby enhancing soil structure, moisture regulation, and nutri-
ent availability [75]. The close proximity and strong connections within the microbiome
cluster, such as microbe, bacteria, and fungi/mycorrhiza, further confirm the vital role of
microbiome-based solutions in nutrient cycling, organic matter turnover, and long-term
soil stability. These findings are also supported by Raimi et al. (2023) [76], who found that
microbial diversity plays a significant role in sustaining core soil functions, acting as a key
driver of essential soil processes like nutrient transformation, carbon sequestration, and
biological disease control, all of which underpin both ecosystem resilience and crop yield
stability. The observed positive correlation between compost, biochar, and yield reflects a
strong thematic association in the literature, indicating substantial research interest in the
potential of organic amendments to enhance ecological resilience and agronomic produc-
tivity. However, these benefits are highly context-dependent and may vary significantly
across different soil types, climatic conditions, and management practices. For instance, a
global-scale meta-analysis by Jeffery et al. (2017) [77] found that biochar had, on average,
no effect on crop yield in temperate regions, while yielding a 25% average increase in
tropical regions. This highlights the importance of climate and soil context when evaluating
the agronomic benefits of biochar. Importantly, the observed correlation should not be in-
terpreted as empirical proof of causality or guaranteed effectiveness. Conversely, negative
correlations observed between contamination-related terms (contamination, salinity, heavy
metals) and yield-related terms indicate that soil degradation adversely impacts agricultural
productivity. This pattern reflects the conclusions of Idbella et al. (2024) [78] and Bass
et al. (2016) [79], both of whom documented the adverse effects of soil degradation on
crop yields. Nevertheless, the prominent clustering of keywords such as compost, biochar,
and circular economy underscores their combined effectiveness in mitigating these stressors
through nutrient recycling and waste valorization.

Our text-mining framework reveals a clear evolution in EU-funded soil research,
shifting from a primary focus on yield maximization toward a more holistic paradigm
that integrates ecological sustainability. Across projects, keywords such as fertilizer and
biochar consistently ranked highly, attesting to the centrality of organic amendments in
delivering both agronomic and environmental benefits. Biochar co-occurred strongly with
soil structure, nutrient retention, and carbon sequestration, confirming its dual function in
enhancing productivity and contributing to climate change mitigation [80,81]. Results from
projects like BIOFECTOR and LEX4BIO provide empirical validation of these benefits,
showing improved soil fertility and reduced N,O emissions when biochar is combined
with compost. This broadened research orientation is further reflected in correlation
matrices and WordClouds, where productivity indicators like yield and biomass appear
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alongside ecological terms such as biodiversity, microbe, and soil organic carbon. Notably,
the main research clusters identified in this study—SOM/SOC, yield, pollution/risks,
microbial diversity, nutrient cycling, soil structure and compaction, and erosion—are
directly aligned with the EU soil health indicators, supporting policy-relevant evaluation
and targeted intervention design. This alignment highlights the policy relevance of our
findings, supporting the development of science-based evaluation frameworks and targeted
management interventions in line with the EU Soil Agenda.

The combined t-SNE + K-means and cosine similarity network analyses illustrate
that microbial diversity occupies a pivotal position at the intersection of productivity and
sustainability goals. This aligns with recent evidence demonstrating that diverse microbial
communities support nutrient turnover, pathogen suppression, and resistance to abiotic
stress. This is echoed in the work of Cornell et al. (2023) [74] and Fenster et al. (2021) [82],
who highlighted the foundational role of microbial diversity in sustaining critical ecosystem
services within agricultural systems.

Three essential indicator categories emerge: biological (microbial communities, en-
zyme activity), chemical (organic carbon, nutrients, pH), and functional (yield, nutrient
cycling, carbon sequestration). Strong positive correlations link organic amendments to
all three categories. However, amendment efficacy remains highly context-dependent,
contingent on soil type, climate, and management intensity.

4.3. Practical Recommendations for Sustainable Soil Management

Focusing on both agricultural output and ecosystem resilience resonates with the
objectives of the new EU Soil Monitoring and Resilience Directive [31] and the Soil Strategy
for 2030 (COM/2021/699) [83], which emphasizes the need for long-term fertility through
structured monitoring. Practices validated in BIOFECTOR, SIMBA and LEX4BIO such as
judicious use of biochar and organic fertilizers, support the directive’s goals of enhancing
soil carbon stocks and reducing synthetic inputs. However, while the regulation mandates
standardized laboratory assays (e.g., pH, cation exchange capacity, nutrient content), it
currently lacks provisions for biological indicators such as microbial biodiversity and
gene-level markers, elements that our network-based analysis identifies as critical for
comprehensive soil health assessment.

While this study demonstrates the feasibility of near real-time monitoring via text-
mining, there is currently no infrastructure to integrate these insights into farmer practices,
particularly for smallholders with limited access to digital tools [84]. To address this gap, a
more flexible regulatory framework should incorporate bioindicators from large-scale text
analysis, such as normalized frequencies of terms like microbe or biodiversity, and pair them
with regionally adapted machine learning tools [85-87]. This would facilitate the timely
integration of scientific evidence into policy, supporting both innovation and adoption. Em-
pirical convergence across the studied projects affirms this recommendation: BIOFECTOR
demonstrated that the use of bio-effectors, such as beneficial microbes and organic amend-
ments like biochar, significantly improves soil structure, microbial activity, and organic
matter content, supporting long-term soil resilience. EJPSOIL reported that the application
of compost and digestate improves microbial activity and soil fertility, contributing to
improved soil health and nutrient cycling, while SOLACE found that microbiome-based
inputs, like mycorrhizae and beneficial microbes, raise yields even under suboptimal con-
ditions and significantly enhance soil microbial diversity, which is crucial for ecosystem
stability [88,89]. In LEX4BIO, the combination of biochar with recycled fertilizers effectively
reduced nutrient losses, while SIMBA observed that the application of biofertilizers and
biochar can enhance the function of the soil/plant ecosystem without altering the biodi-
versity of the resident microbiome [22,23,90-93]. These consistently validated practices
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highlight that tailored combinations of organic and microbial amendments constitute a
cornerstone of resilient, future-oriented agriculture.

Organic and microbial soil amendments are most effective when used alongside
mineral fertilizers rather than as complete replacements. While organic amendments
improve soil health and nutrient availability, relying solely on them can present several
challenges, including imbalanced nitrogen and phosphorus supply, slower nutrient release,
and higher costs and labor requirements. Gulli et al. (2025) [93] found that biofertilizers
(such as SynComs) and novel amendments (such as biochar) can partially replace the
intense use of chemical fertilizers, pesticides, and insecticides, favoring the transition to
more sustainable agriculture. Therefore, the adoption of integrated nutrient management
(INM) practices—combining organic amendments, biofertilizers, and mineral fertilizers—is
vital to revive sustainable soil health without compromising yield potential [94].

Potential risks of using organic soil amendments like compost or biochar include
the presence of heavy metals or organic contaminants in the feedstocks, high salinity,
pathogens if the material is poorly treated, nitrogen losses, and microplastic contamina-
tion [95]. These risks can be mitigated through rigorous feedstock selection and traceability,
hygienization or stabilization processes ensuring pathogen removal, controlled composting,
anaerobic digestion or pyrolysis conditions to minimize contaminants, and blending or co-
composting with other organic materials to balance nutrient ratios and dilute contaminants.
Appropriate application rates based on soil tests, combined with simple field monitoring
of pH, electrical conductivity, and specific contaminants, further ensure safe and effective
use. With these safeguards, the benefits of compost and biochar can be realized while
minimizing potential environmental or health risks.

Overall, five strategic imperatives emerge: (I) Integrated Nutrient Management bal-
ancing organic and mineral inputs; (II) regulatory frameworks incorporating biological
indicators alongside physicochemical assays; (III) region-specific monitoring protocols
adapted to local conditions; (IV) rigorous risk mitigation through feedstock traceability
and controlled processing; and (V) long-term field trials validating findings across diverse
pedoclimatic zones. These actions translate research into operational capacity for achieving
soil health objectives while maintaining productivity and sustainability.

5. Limitations

While this study provides useful insights into thematic patterns in EU-funded research
on soil amendments, several limitations are recognized. First, the analysis is based solely on
open-access, English-language documents. Second, keyword frequency and co-occurrence
patterns do not reflect the quality, rigor, or impact of individual studies. Documents were
not weighted by peer-review status, impact factor, or methodological strength, although
a weighted sensitivity analysis is outlined as a future extension. Importantly, the corre-
lation heatmaps and clustering analyses reveal textual co-occurrence rather than causal
relationships. For example, a positive correlation between “compost” and “yield” does not
imply that compost use increases crop yield compared to other fertilization strategies—it
simply indicates that these terms frequently appear together in project outputs. As such,
results should be interpreted as evidence of thematic association, not as empirical proof of
agronomic effectiveness. Third, the projects span different timeframes (2013-2025), and
while normalization was applied, temporal heterogeneity may still influence keyword
prominence and trends. Fourth, the analysis sometimes treats soil improvers as a single cat-
egory (e.g., biochar, compost, digestate), despite their distinct chemical properties, nutrient
profiles, and environmental risks. This aggregation may obscure meaningful differences
between amendments. Additionally, the corpus research treated the EU data as a whole,
without regional stratification nor time-trend analysis by publication year was performed.
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Since amendment effects depend on climate, soil type, and management system, a simple
stratification (by regions/years) could permit us to investigate the effect of soil improvers
at local level.

Finally, future research should adopt more differentiated approaches that integrate
text-mining with experimental or field data to better capture the specific benefits and
challenges of individual soil amendments.

6. Conclusions

This research offers a twofold contribution to the advancement of sustainable agricul-
ture. First, it pioneers a cross-project text-mining methodology to systematically extract
and analyze thematic patterns from EU-funded research initiatives. By moving beyond
isolated case studies, this methodology allows for a broader synthesis of trends, knowledge
gaps, and emergent priorities across diverse projects, thereby equipping policymakers with
actionable insights for the promotion of conservation agriculture, precision farming, and
the strategic use of organic soil amendments.

Our findings underscore the need for an integrated, multi-dimensional approach to soil
management, one that simultaneously considers productivity, environmental impact, and
long-term soil health. Such an approach is essential to balance yield optimization with the
protection of ecosystem services and the reduction of agriculture’s carbon footprint. Second,
this study highlights the novel utility of advanced text analytics and visualization tools—
such as correlation mapping, hierarchical clustering, and network analysis—in agricultural
research. These techniques reveal co-occurrence patterns, thematic clusters, and conceptual
interlinkages, helping researchers identify emerging areas of interest and refine future
investigations. For example, the consistent link between microbial biodiversity and organic
amendments points to an urgent research need in microbiome-soil interactions, a promising
avenue for developing ecologically sound interventions. Crucially, the study confirms
that soil health is a multidimensional construct, closely tied to agronomic performance,
ecological sustainability, and climate resilience. By applying an integrated text-mining
framework, this work deepens understanding of these intersections and supports the design
of evidence-based strategies to meet the global challenge of increasing food production
while conserving natural resources.

These links matter for both practice and policy as they demonstrate how thematic
research outputs can be directly mapped onto operational indicators used by EU soil
agendas, enabling targeted interventions and monitoring. Translating data-mined clusters
into the EU indicator framework supports prioritization of investments (for example, in
biochar—compost co-applications where SOC and microbial activity align with policy tar-
gets), guides quality control and certification schemes for amendments and helps design
monitoring programs that explicitly include biological indicators alongside physicochemi-
cal metrics. Ultimately, aligning research clusters with EU soil indicators provides a clear
pathway from evidence to actionable policy and on-farm practice.

In conclusion, the study demonstrates that organic soil improvers and microbiome-
based solutions are strongly associated with indicators that EU policy prioritizes (notably
SOM/SOC and biological activity). Their practical effectiveness is maximized when inte-
grated into holistic nutrient management systems and supported by quality-assured supply
chains. Furthermore, monitoring frameworks should explicitly incorporate biological indi-
cators (such as microbial biomass, enzymatic activity and biodiversity metrics) alongside
physicochemical measures to capture the multidimensional nature of soil health and ensure
stronger alignment between research outcomes and EU soil policy objectives.
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