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Abstract

Blueberry (Vaccinium spp.) is a high-value crop due to its growing global demand, recog-
nized nutraceutical properties, and strong linkage with emerging technologies in precision
agriculture and postharvest management. To characterize the scientific evolution and intel-
lectual structure, we conducted a bibliometric analysis of 474 documents indexed in Scopus
between 1987 and 2025. A systematic search strategy based on taxonomic, agronomic,
and technological descriptors was applied, followed by data cleaning and analysis with
Bibliometrix and VOSviewer. Performance indicators and science-mapping techniques
were used to examine temporal growth, geographical distribution, institutional and author
leadership, and thematic structure. Scientific output shows a sustained upward trend
with a maximum of 42 articles in 2024, confirming the consolidation of blueberry as a
model crop for interdisciplinary research. Research articles represent over 75% of the
total (359/474), evidencing an application-oriented and experimentally grounded field.
Agricultural and Biological Sciences dominate (382 documents), followed by Engineering
(70) and Biochemistry, Genetics, and Molecular Biology (66), reflecting increasing integra-
tion of crop management, technological innovation, and food science. Thematic mapping
identified five main clusters: physiology and health, plant protection, agronomic manage-
ment and digitalization, processing and stability of phenolic compounds, and analytical
characterization. The analysis reveals gaps in the integration of physiology, food science,
and metabolomics, as well as in the biological validation of biomarkers and the study of
peripheral Vaccinium species. Overall, the field exhibits a consolidated and sustainability-
oriented interdisciplinarity, highlighting opportunities to advance toward more comparable
analytical protocols, digital traceability, and artificial-intelligence-assisted decision support
along the blueberry value chain.

Keywords: science mapping; research hotspots; thematic evolution; precision agriculture;
postharvest technology; bioactive compounds

1. Introduction

Blueberry (Vaccinium spp.) has emerged over the last decades as one of the most
rapidly expanding and strategically valuable berries within the global horticultural sector.
Its rise is associated not only with growing consumption driven by its well-recognized
nutraceutical properties but also with genetic, physiological, and technological advances
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that have enabled its cultivation under diverse agro-climatic conditions [1,2]. The genus
Vaccinium, comprising between 300 and 400 species across the Northern Hemisphere, places
particular emphasis on highbush blueberry (V. corymbosum L.), derived from complex
interspecific crosses that resulted in high-yielding cultivars with superior firmness and
fruit-quality traits [1,3].

Global demand for blueberries, particularly those in the Cyanococcus section, has
intensified. North America remains the main consumer, accounting for approximately 58%
of the fresh-fruit market, while Europe, China, and Latin America have shown remarkable
expansion in cultivated area and export volume [4]. This growth has been driven largely
by the development of southern highbush blueberry (SHB; V. corymbosum hybrids), which
has enabled production in subtropical and tropical regions such as South Africa, Spain,
Morocco, Mexico, Chile, China, Peru, and Argentina. In parallel, innovations in protected
agriculture, environmental control, fertigation, and canopy management have increased
physiological efficiency, productivity, and profitability [5-7].

Over the past decades, scientific research on blueberry (Vaccinium spp.) has shifted
from a predominantly agronomic and physiological lens toward a broader interdisci-
plinary framework that now integrates biotechnology, food science, engineering, posthar-
vest technology, and human health [8-10]. This diversification reflects both the geo-
graphic expansion of the crop and the growing valuation of its bioactive compounds,
resulting in research agendas centered on productivity, quality, traceability, and sustain-
ability [11-13]. As scientific output becomes more heterogeneous, synthesis tools are
needed to describe the field’s evolution, its core knowledge structures, and its thematic and
institutional interdependencies.

Literature reviews play a critical role in synthesizing existing evidence and identify-
ing research gaps [14-16]. Yet the rapid acceleration in global scientific production now
generating millions of articles annually poses challenges for monitoring knowledge ad-
vancement [15]. Traditional reviews also face limitations related to subjective selection
criteria or emphasis on high-impact journals [16]. In this context, bibliometric analy-
sis offers a systematic, transparent, and reproducible approach to mapping the cogni-
tive organization of a field, identifying influential actors, and tracing thematic evolution
over time [17-19].

In this regard, although two previous bibliometric studies on blueberries exist, both
exhibit limitations that justify the contribution of the present work. The first, based on Web
of Science, focuses primarily on descriptive productivity indicators and does not examine
the intellectual structure of the field through co-authorship, coupling, or conceptual evolu-
tion [20]. The second, a comparative analysis of berries, restricts its scope to the last decade
and provides only a partial view of Vaccinium research. In contrast, our study offers a com-
prehensive, longitudinal, and multi-method mapping of the scientific ecosystem, allowing
for a more precise understanding of cognitive architecture, thematic interdependencies,
and emerging research fronts in blueberry (Vaccinium spp.) research [21].

For this reason, the objective of this study was to analyze the evolution, structure, and
dynamics of global scientific knowledge on blueberry through a bibliometric approach
capable of revealing the intellectual organization, the most influential actors, and ma-
jor thematic trends. Specifically, we asked: (i) how has scientific production progressed
in temporal, geographical, and institutional terms? (ii) which topics, approaches, and
technologies dominate or emerge as future research fronts? and (iii) what gaps persist
at the interface between production, postharvest, and sustainability? To address these
questions, we conducted a systematic search of Scopus (1987-2025), extracted metadata
from peer-reviewed documents, and analyzed them using Bibliometrix/Biblioshiny (R)
and VOSviewer (v.1.6.20). Performance indicators and co-authorship, bibliographic cou-
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pling, and keyword co-occurrence networks were applied to provide a comprehensive and
quantitative perspective on the blueberry research landscape, identifying major lines of
development, thematic interconnections, and strategic gaps for future inquiry.

2. Materials and Methods

The bibliometric analysis conducted in this study differs from traditional narrative or
scoping reviews in that it focuses on mapping, quantifying, and evaluating the cognitive
and evolutionary structure of scientific knowledge on blueberry (Vaccinium spp.). This
approach enabled the identification of research trends, knowledge gaps, and emerging
areas, providing a comprehensive view of the global scientific dynamics of the crop [22].
The methodological procedure followed a stepwise systematic approach that included the
definition of the search equation, the collection and refinement of the database, performance
analysis, scientific mapping, and the visualization of thematic and structural networks [23].
All bibliographic data were retrieved from the Scopus database on 14 October 2025, which
served as the cut-off date for document inclusion. The dataset comprised peer-reviewed
articles, reviews, conference papers, book chapters, and Early Access publications that were
already indexed in Scopus at the time of extraction. Figure 1 illustrates the relevant phases
of the workflow employed in this bibliometric analysis.

\
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The search equation (1) was used to retrieve those with incomplete
the document collection from Scopus (titles, bibliographic information
abstracts, and keywords) for the period 1987- were excluded from the
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Figure 1. Search and data-cleaning scheme for the bibliometric analysis database.

2.1. Definition of the Search Equation

Research manuscripts reporting large datasets that are deposited in a publicly available
database should specify where the data have been deposited and provide the relevant
accession numbers. If the accession numbers have not yet been obtained at the time of
submission, please state that they will be provided during review. They must be provided
prior to publication.
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The search equation was constructed with the aim of retrieving scientific publications
that directly addressed aspects related to blueberry production, agronomic management,
postharvest handling, processing, and commercialization. The search was carried out in the
Scopus database, recognized for its robustness and scientific coverage [24,25], selecting the
title, abstract, and keyword fields (TITLE-ABS-KEY), and it was restricted to peer-reviewed
documents. The search equation used was as follows:

TITLE-ABS-KEY (blueberry OR “Vaccinium corymbosum” OR “Vaccinium spp.”) AND TITLE-
ABS-KEY (“protected cultivation” OR “protected agriculture” OR “greenhouse” OR “tun-
nel” OR “shade net” OR “net house” OR “agribusiness” OR “fair trade” OR “processing”)
AND TITLE-ABS-KEY (irrigation OR fertigation OR fertilization OR “nutrient manage-
ment” OR pruning OR training OR “crop management” OR “harvest” OR “postharvest”
OR “storage” OR “shelf life” OR “diseases” OR “pests” OR “crop protection” OR “biologi-
cal control” OR “Transformation” OR “Commercialization” OR “Marketing” OR “export”
OR “markets”).

The search strategy was designed to delimit the bibliometric analysis to scientific
output directly related to blueberry (Vaccinium spp.) production systems, agronomic
management, postharvest handling, technological innovation, and value-chain sustain-
ability. For this purpose, the search equation integrated three complementary compo-
nents: (i) taxonomic descriptors (“blueberry,” “Vaccinium spp.,” “Vaccinium corymbosum”),
(ii) production-system terms associated with protected cultivation, processing, and agro-
industrial environments, and (iii) management-related descriptors covering irrigation,
fertigation, crop protection, harvest, storage, shelf life, and commercialization. This struc-
ture combined taxonomic, agronomic, and technological descriptors, ensuring the inclusion
of interdisciplinary studies related to blueberry production, quality, sustainability, and
value chain.

Rather than aiming to retrieve the entire biological, ecological, or genomic literature on
Vaccinium spp., the query was intentionally scoped to reflect the thematic boundaries of this
study, which focuses on agronomic performance, technological development, postharvest
behavior, and sustainable production frameworks. Prior to final selection, broader and
narrower versions of the equation were tested, and the adopted query demonstrated the
best balance between thematic specificity and disciplinary inclusiveness, avoiding both
the overexpansion of unrelated genomic or purely ecological studies and the omission
of relevant agronomic or postharvest research. This approach aligns with best practices
in targeted bibliometric reviews, where the search strategy is tailored to the conceptual
domain under analysis rather than to the entire taxonomic group.

2.2. Preliminary Results and Database Refinement

The initial search yielded a total of 503 documents published between 1987 and 2025.
A rigorous screening process was subsequently applied to ensure the quality and relevance
of the information. At this stage, duplicate records (n = 13), documents with incomplete
metadata or without access (n = 11), and publications not directly related to the study
topic (n = 5) were removed. As a result, a final database consisting of 474 valid documents
was obtained. These were exported in CSV and BibTeX formats, preserving all essential
metadata, including authors, affiliations, year of publication, keywords, abstracts, source,
and references required for subsequent analysis. Inclusion criteria considered original
research articles, review papers, book chapters, and conference proceedings, provided they
were peer reviewed, and their content contributed directly to knowledge on blueberry
(Vaccinium spp.) within the framework of protected agriculture, sustainable production,
postharvest, and international marketing. This process made it possible to consolidate a
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solid and representative information base suitable for exploring the scientific evolution and
thematic interconnections within the field of study [26].

2.3. Data Processing and Analysis

Data processing was carried out in RStudio (v.4.4.0) using the Bibliometrix package
and its Biblioshiny interface, complemented by VOSviewer software (v.1.6.20) for the con-
struction of co-authorship, co-citation, bibliographic coupling, and keyword co-occurrence
networks [27,28]. Filters were applied by year, country, institution, journal, subject area,
and document type to describe temporal evolution, identify the most influential actors,
and analyze the intellectual structure of the field. These tools made it possible to develop
comprehensive scientific mapping, quantifying productivity, impact, interconnections,
and thematic specialization of global knowledge on Vaccinium spp., with an emphasis on
the transition toward technological, digital, and sustainable approaches in the blueberry
value chain.

2.4. Performance Analysis

Performance analysis is an essential phase in bibliometric studies, the objective of
which is to quantify and compare the scientific contributions of the different actors that
make up a field of research. This descriptive and evaluative approach makes it possible to
examine the level of productivity, visibility, and impact of authors, institutions, countries,
and journals, thus providing a comprehensive perspective on scientific development [29].
Its application is common both in mapping studies and in reviews without structural
analysis, since it provides an empirical baseline for interpreting knowledge dynamics.
Among the most relevant metrics are the number of publications, which reflect academic
productivity, and the citation count, which indicates the influence and recognition of the
works within the scientific community. Additionally, composite indicators such as the
h-index and the average number of citations per document allow for a more balanced
assessment of individual and collective performance within the field under analysis.

2.5. Scientific Mapping

Scientific mapping makes it possible to examine the conceptual structure and the in-
terrelationships among the different components that shape a research field. This approach
facilitates the identification of intellectual, thematic, and structural linkages within the
scientific literature [17,18]. To characterize the blueberry (Vaccinium spp.) research domain,
we employed bibliometric techniques including citation analysis, bibliographic coupling,
co-word analysis, and co-authorship analysis.

To ensure methodological transparency and reproducibility, all network analyses
were conducted using clearly defined selection thresholds. In Bibliometrix/Biblioshiny,
co-occurrence networks were generated using a minimum occurrence threshold of five
keywords, while author and institutional networks were constructed using a minimum
productivity threshold of three documents. For VOSviewer analyses, nodes were included
only when they reached the software’s default relevance filter, and networks were visu-
alized using a minimum cluster size of five items and a link strength threshold of one.
When integrated with network-based visualization models, these techniques provide a
comprehensive view of the dynamics of knowledge generation and transfer. The resulting
maps graphically represent the cognitive organization of the field, reveal relationships
among authors, institutions, and journals, and expose the thematic connections that articu-
late scientific development. In the present study, this methodological approach enabled
the identification of consolidated research cores, emerging trends, and interdisciplinary
linkages, thereby clarifying the intellectual structure and thematic cohesion within global
Vaccinium research.
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3. Results and Discussion
3.1. Number of Published Documents

The bibliometric analysis of the annual evolution of scientific production on blueberry
(Vaccinium spp.) (Figure 2) confirms a robust and statistically consistent growth trajectory
over nearly four decades. The linear regression fitted to the annual output shows a high
explanatory power (R? = 0.82), indicating that the increase in publications follows a stable
long-term trend rather than random year-to-year fluctuations. Similarly, the compound
annual growth rate (CAGR) of 9.8% between 1987 and 2025 quantitatively reinforces the
sustained expansion of scientific activity in this field.

Annual ion of scientific pr ion on blueberry (Vaccinium spp.)
Number of documents published between 1987 and 2025

50

R* (linear) = 0.82
CAGR 1987-2025 = 9.8%

40

30

20

Published documents

10

-10 -~
1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025

Year
Figure 2. Historical evolution of publications.

Between 1987 and 2005, growth remained modest, corresponding to an exploratory
phase characterized by isolated contributions in physiology, pathology, ecology, and basic
agronomic management [30-33]. From 2006 onward, however, a clear structural transition is
observed, marked by thematic diversification, the formation of specialized research groups,
and the integration of blueberry into global agendas related to nutrition, biotechnology,
precision agriculture, food science, and agricultural sustainability [34-38]. This inflection
point coincides with the commercial expansion of the crop and the emergence of new
producing regions, factors that collectively increased the visibility and demand for scientific
knowledge on Vaccinium spp.

During the most recent period (2016-2025), scientific production intensified noticeably,
culminating in a historical peak of 42 published articles in 2024, which positions blueberry
as a consolidated model system in interdisciplinary horticultural research. Although cer-
tain fluctuations appear in specific years likely reflecting cyclic funding dynamics and
the variability of international collaborations, the general tendency remains upward and
statistically consistent. The accumulated total of 474 documents underscores the maturity
of the field and its expansion toward advanced domains such as genomics, stress phys-
iology, postharvest technologies, bioactive compounds, and sustainable production sys-
tems [34,39,40]. Taken together, Figure 2 portrays a field undergoing scientific consolidation,
with increasing productivity, methodological sophistication, and thematic specialization.
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These patterns position research on Vaccinium spp. at an advanced stage of development,
with strong strategic projection within contemporary agricultural, technological, and food
science research.

3.2. Types of Documents Published

The analysis of the distribution of documents (Figure 3) by publication type shows a
scientific structure dominated by research articles, which accounts for more than 75% of
the total (359 out of 474 documents). This predominance evidences the consolidation of
blueberry (Vaccinium spp.) as a formally established field of study within the academic
literature, supported by the publication of peer-reviewed experimental results [41]. The
analysis of document distribution by publication type reveals a scientific output largely
dominated by research articles, which account for over 75% of the total (359 out of 474 doc-
uments). This predominance indicates that research on blueberry (Vaccinium spp.) has
become a formally established scholarly field, sustained primarily by the dissemination of
peer-reviewed experimental findings [42]. Review articles (28) confirm the maturity of the
field, since this type of document typically emerges when there is a sufficiently broad body
of knowledge to be systematized and critically examined.

Distribution of documents on blueberry (Vaccinium spp.) by publication type
Total documents: 474

16

359

69

100 200 300

Number of documents Source: Authors' own elaboration based on Scopus

Figure 3. Types of documents published.

In contrast, book chapters, books, and editorials account for a marginal proportion (less
than 5% of the total), suggesting that the dissemination of generated knowledge remains
concentrated in specialized scientific outlets rather than in compilations or interdisciplinary
synthesis works [43]. Taken together, the distribution reflects a dynamic ecosystem of
scientific production with a strong reliance on formal scholarly communication, which
supports the consolidation of academic networks, enhances citability, and contributes to
positioning blueberry as a model crop in global horticultural research.
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Agricultural and Biological Sciences

This pattern aligns with trends reported in other fruit-related bibliometric studies.
For example, a bibliometric assessment on wine and grape authenticity showed that scien-
tific articles constituted 91.88% of all publications, while reviews (4.05%) and conference
proceedings (4.05%) represented only minor fractions of the total output [44]. Likewise,
a bibliometric analysis of post-harvest fruit quality identified 1050 journal articles, com-
pared with 189 conference papers and 72 reviews, demonstrating a strong predominance of
peer-reviewed article formats within fruit science research [45]. These convergent findings
corroborate the distribution observed for blueberry (Vaccinium spp.) and reinforce the
interpretation that this field exhibits the typical characteristics of a scientifically consoli-
dated domain, where empirical research is primarily disseminated through indexed journal
articles to maximize visibility, methodological rigor, and citability.

3.3. Knowledge Areas Covered by the Scientific Field According to the Published Documents

The distribution by knowledge areas (Figure 4) shows a notable concentration of
research on blueberry (Vaccinium spp.) within Agricultural and Biological Sciences, with
382 documents, reflecting the consolidation of this crop as a study model in plant physiol-
ogy, applied genetics, and sustainable agronomic management [46-48]. The predominance
of this area is complemented by the growth of Engineering (70) and Biochemistry, Genetics
and Molecular Biology (66), which evidences the convergence between crop science and
technological innovation. In recent years, this integration has favored the emergence of
advanced postharvest approaches aimed at quality control, anthocyanin preservation, and
spoilage prediction through optical sensors and artificial intelligence [49,50]. Likewise, sim-
ulation models and deep learning algorithms are being used to monitor the crop, perform
automated fruit classification, detect surface defects, and estimate biochemical content, evi-
dencing a transition from descriptive analysis toward predictive and prescriptive analytics
along the blueberry value chain [51-55].

Distribution of on Ty (' ini spp.) by area of knowledge
Total number of documents: 474

382

~
o

Engineering

Biochemistry, Genetics and Molecular Biology _66

Chemistry _49

Area of knowledge

Medicine -40
Chemical Engineering -

Environmental Science -33

Computer Science
Immunology and Microbiology -31

Nursing .15

Social Sciences .14

Pharmacology, Toxicology and Pharmaceutics .12
Mathematics lB
Materials Science .8

Energy I8

o

100 200 300

Number of documents

Figure 4. Thematic areas in which the published documents are integrated.

400
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The secondary areas Chemistry (49), Medicine (40), and Chemical Engineering (39)
reinforce the multidimensional nature of the field, particularly in the study of bioactive
compounds and their nutraceutical applications [34]. In parallel, advances in Environmen-
tal Sciences (33) and Computer Science (32) suggest a broadening of the research spectrum
toward sustainability, biosystem modeling, and process optimization through computa-
tional intelligence algorithms [10,37,56]. Emerging disciplines such as Energy, Materials
Science, and Mathematics open new frontiers linked to the design of biodegradable or
edible packaging, modeling and simulation, the development of drying technologies in
processing, and efficient storage practice [57-60].

Taken together, the figure evidences a scientifically mature field with increasing inter-
disciplinarity, in which blueberry research is shifting from pure biological understanding
toward the integration of engineering tools, data science, and machine learning, shaping
a domain with strong prospects for precision agriculture and circular bioeconomy. To
empirically support this interpretation, we calculated the Rao-Stirling diversity index
using Scopus subject--area co-classifications as disciplinary inputs [61]. The resulting value
(Drs = 0.75 on a 0-1 scale) indicates a highly diversified knowledge base, where contri-
butions extend beyond Agricultural and Biological Sciences into Engineering, Chemistry,
Medicine, Environmental Science, and Computer Science. This quantitative evidence con-
firms that research on Vaccinium spp. has evolved into a genuinely multidisciplinary field,
integrating technological innovation, health sciences, and sustainability.

3.4. Countries of Origin of the Publications

The global map (Figure 5) of scientific production on blueberry (Vaccinium spp.) shows
a clear concentration of knowledge in countries with technologically consolidated agro-
industrial systems and robust academic structures. The United States (162 documents)
leads scientific output, not only because of its current production volume, but due to
its historical leadership in agronomic, physiological, and biotechnological research on
the crop [62-64]. Its universities and innovation centers have developed management,
physiology, postharvest, and fruit quality models that served as a reference for the global
expansion of the crop [10,65,66]. In second place is China (111), which over the last decade
has experienced exponential growth both in cultivated area and in scientific production,
likely driven by state programs in agricultural innovation, plant biotechnology, and market
development [10,67]. Canada (57) completes the leading group, standing out in studies
on postharvest, quality, and the positive health effects of fruit consumption or derived
food products [11,68,69].

In Latin America, scientific activity is concentrated in Chile (24 documents), Brazil (22),
and Peru (7), with an applied focus on fruit quality, productive physiology, and postharvest
technologies. Chile maintains a central role in export activity and in generating knowl-
edge on agronomic management, physiology, irrigation and fertilization, and protected
production of the crop [70-73]. Brazil contributes through research on pest and disease man-
agement via biological control, as well as studies on specific cultivars [74,75], whereas Peru,
the world’s main exporter, directs its research toward technology, using emerging tools for
disease detection and for postharvest processing of the fruit [76,77]. Taken together, these
countries reflect geoeconomic and scientific reconfiguration in which the Global South is
emerging not only as a producer but increasingly as a generator of specialized knowledge.
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Scientific production on blueberry (Vaccinium spp.) by country
Categorized by number of documents published
50°N > g
S Documents
1
Y 2-5
0° 6-10
W 1125
B s5i-100
B0
50°S 4 NA
120°W 60°W 0° 60°E 120°E

Source: Authors’ own elaboration based on Scopus data
Figure 5. Global distribution of scientific production.

In Europe, scientific production is concentrated mainly in Spain (20 documents),
Italy (19), the United Kingdom (16), and Poland (15), with significant contributions in
biotechnology, nutraceutical quality, and sustainability. These countries focus their re-
search on secondary metabolism and the assessment of the fruit’s antioxidant potential,
as well as on environmental studies centered on life cycle analysis associated with blue-
berry production [39,78-81]. Likewise, Portugal (10) and Germany (9) stand out in re-
search lines related to processing technologies and postharvest quality of the fruit or
derived products [82,83].

Asian countries such as India, Japan, South Korea, and Vietham show sustained
growth in their contribution, focusing on postharvest, nutraceutical topics, production in
controlled environments, and sustainability [84-87]. Although with a lower number of
publications, their contribution is characterized by the early adoption of computer vision
tools, machine learning, and simulation for fruit classification [52,88]. On the other hand, in
Colombia only two indexed publications on blueberry have been recorded, which reflects a
still incipient field and a probable prevalence of gray literature in theses or non-indexed
journals. The first study analyzes the effect of thermal processing on the polyphenols and
antioxidant capacity of Vaccinium meridionale, highlighting its functional value compared
to other Andean fruits [89]. The second study addresses the valorization of pomace as a
by-product, applying drying and milling to obtain powders rich in fiber and anthocyanins,
with potential as a functional ingredient. Both works emphasize postharvest and circular
economy approaches, guiding future research toward technological valorization and agro-
industrial sustainability [79].

Finally, it can be concluded that there is a scientific globalization of blueberry research,
in which North America and Europe maintain historical leadership in knowledge genera-
tion, while Asia and Latin America are emerging as poles of technological innovation and
productive sustainability, thereby consolidating blueberry as a biological and technological
model in contemporary precision agriculture.

3.5. Co-Authorship Network by Country

The co-authorship network by country (Figure 6) reveals a global structure of scientific
collaboration around the study of blueberry (Vaccinium spp.), in which the links among
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tems. The largest and most connected nodes namely the United States, China, and Canada
concentrate the highest productivity and network cohesion, acting as hubs of cooperation
with Europe, Asia, and Latin America. This network represents not only the geographical
distribution of studies, but also scientific interdependence, in which the circulation of
authors, projects, and data generates a shared knowledge ecosystem [90].
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Figure 6. Co-authorship network among countries.

A high centrality of the United States is observed, with a multinodal collaboration
pattern that links with China, Canada, Spain, and Brazil, reflecting a hierarchical structure
typical of mature scientific fields. China appears as an emerging node with increasing
connectivity, because of its expansion and interest in the crop and its different market types.
In Latin America, countries such as Chile, Mexico, and Brazil stand out for their insertion
into international networks, mainly in applied areas such as postharvest, nutraceutical
quality, and technologies, while Peru and Argentina are strengthening ties with European
research centers.

Finally, the network shows a trend toward regional and thematic diversification. Eu-
rope maintains a relevant role through Spain, Italy, and Poland, focusing on studies of
sustainability and the chemistry of bioactive compounds, while Asia is expanding its
presence in technological innovation and machine learning. Overall, the co-authorship
structure reveals a transition from a system concentrated in a few hubs to a more dis-
tributed and multidisciplinary network, in which international collaboration becomes
a key driver for the scientific and technological evolution of blueberry. International
collaboration was assessed using a full counting approach, in which each country ap-
pearing in the authors’ affiliations received one full credit for a given publication. This
method, aligned with the default procedure of Bibliometrix and VOSviewer, allows a direct
interpretation of collaborative intensity without distributing fractional weights among
co-authoring countries.

3.6. Bibliographic Coupling Network Among Countries

The bibliographic coupling network (Figure 7) makes it possible to identify those
countries whose publications share a common referential base, that is, those that cite the
same scientific sources in their studies on Vaccinium spp. [18]. In this network, composed
of 48 countries and a total link strength of 4917, the United States (162 documents, strength
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917), Canada (56, 421), and China (111, 330) emerge as the main articulation nodes, reflecting
their dominant role in shaping the conceptual and methodological framework of the
field [91]. The high overlap in cited references evidences an academic dependency on
these countries, which act as cognitive structuring hubs for global research on blueberry
physiology, genetics, and postharvest.
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Figure 7. Bibliographic coupling network among countries.

European countries display a well-defined coupling network: the United Kingdom
(203), Italy (195), Spain (192), Portugal (81), and Poland (85) form an intercontinental
cooperation bloc that shares research lines in postharvest, sustainability, and protected
agriculture. Latin America is integrated through Chile (175), Brazil (170), Mexico (73),
and Peru (48), showing growth in output and thematic affinity with Europe, primarily
focused on fruit quality and physiological studies. This articulation demonstrates that Latin
American literature is nourished by consolidated theoretical frameworks from the Global
North but is beginning to generate its own technological and contextual adaptations.

Finally, the presence of Asian countries such as Japan (51), South Korea (62), and
India (29) reinforces the diversification of knowledge, highlighting their participation in
advanced research on processing, predictive modeling, and machine learning applied
mainly to postharvest management. Taken together, the numerical and structural analysis
confirms that research on blueberry has reached a stage of global consolidation, with strong
thematic interdependencies and a growing interdisciplinary synergy oriented toward
sustainability and technological innovation.

3.7. Leading Institutions in Scientific Production

The institutional analysis shows that scientific production on blueberry is strongly
concentrated in a small group of North American entities, which occupy the highest posi-
tions both in publication volume and in their structural centrality within the collaboration
network (Table 1). The USDA Agricultural Research Service, the United States Department
of Agriculture, and Dalhousie University each contribute 25 documents, forming the most
cohesive institutional core. Their prominence reflects not only sustained research produc-
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tivity but also a central role in shaping shared methodological frameworks and acting as
reference nodes in the global knowledge structure [92-96].

Table 1. Top 5 institutions with the highest scientific productivity.

Institution Number of Documents Published Website
USDA Agricultural Research Service 25 https:/ /www.ars.usda.gov/
Dalhousie University 25 https:/ /www.dal.ca/

United States Department

https:/ /www.usa.gov /agencies/u-

of Agriculture 25 s-department-of-agriculture
University of Florida 23 https:/ /www.ufl.edu/
University of Georgia 21 https:/ /www.uga.edu/

A second tier, composed of the University of Florida (23 documents) and the University
of Georgia (21), reinforces the diversification of research lines identified in the subject-
area and keyword analyses. Their publication profiles show strong participation across
agronomic management, ecophysiology, postharvest, and technological innovation, which
suggests that these institutions function as bridging nodes that link traditionally biological
research with advances in engineering and data-driven approaches [97-101]. Their presence
in multiple thematic clusters indicates an integrative institutional behavior rather than
specialization in a single domain.

Overall, the institutional distribution reveals a highly asymmetric but structurally
coherent system dominated by North American organizations. These institutions anchor the
intellectual and methodological development of the field, while emerging contributors from
Europe, Latin America, and Asia participate mainly through thematic niches. This pattern
supports the interpretation of blueberry research as a globally connected but hierarchically
organized network, where a limited number of institutions define the disciplinary standards
and scientific direction of the field.

3.8. Leading Authors in Academic Production

The analysis of leading authors (Table 2) and their position within the co-authorship
network reveals a structurally organized research system with clear thematic concentration.
Arnold Walter Schumann and Qamar Uz Zaman constitute the central axis of the network,
exhibiting the highest productivity (11 and 10 documents, respectively), strong citation
performance, and the largest total link strength. Their high degree and centrality confirm
their role as structural hubs in research fronts related to automation, sensing technologies,
and precision management of blueberry production systems. Their recurrent co-authorship
and strong connectivity reflect the consolidation of a technologically oriented cluster with
high internal cohesion.

Luke R. Howard, Bin Li, and Changying Li occupy positions characterized by high cita-
tion impact and thematic specialization. Howard acts as a core node in the biochemical and
functional-quality cluster, with his contributions shaping the foundations of anthocyanin
stability and processing effects. Bin Li’s research strengthens the metabolomics-oriented
front, supported by high-impact publications on anthocyanin transformation and advanced
analytical methods. Meanwhile, Changying Li contributes to the engineering and digital-
ization cluster, particularly in computer vision and Al-based phenotyping, reflected in the
strong thematic coherence of his citation profile.
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Table 2. Top 5 authors with the highest number of publications.
Number of Total S

Author Documents Citations H-Index Affiliation Country
Schumann, Arnold Walter 11 3488 35 University of Florida United States

Zaman, Qamar Uz 10 4322 34 University of Lahore Pakistan
Howard, Luke R 8 12,164 56 University of Arkansas United States

Li, Bin 7 5964 40 Shenyang Agricultural China
University

Li, Changying Charlie 7 5872 44 University of Florida United States

Together, these authors form structurally differentiated but interconnected sub-
networks that articulate the main thematic domains of blueberry research: precision agri-
culture, postharvest and processing, and biochemical characterization. Their prominence
is not derived from biographical attributes, but rather from demonstrable bibliometric
influence citation impact, network centrality, link strength, and thematic leadership within
the global science mapping of Vaccinium spp.

3.9. Co-Authorship Network Among Authors

The co-authorship network (Figure 8) reveals the collaborative structure underlying
scientific production on Vaccinium spp., comprising 11 main authors, 20 links, and a total
link strength of 75, which together reflect a medium level of cooperation and a clear
thematic organization. Rather than providing merely descriptive statistics, this network
illustrates how specific author groups have shaped the conceptual and methodological
evolution of blueberry research over time.
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Figure 8. Co-authorship network among authors.

The strongest collaborative nucleus is led by Arnold Walter Schumann (11 docu-
ments, 159 citations, link strength 27) and Qamar Uz Zaman (10 documents, 156 citations,
link strength 27), who form a stable and highly connected cluster centered on automa-
tion, mechanization, and artificial intelligence applied to blueberry management [97].
Their sustained co-authorship, particularly in maturity detection, precision spraying,
and harvest optimization, positions this cluster as the technological-engineering spe-
cialization, where research is oriented toward digital agriculture, computer vision, and
intelligent mechanization.
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A second, temporally earlier cluster is formed by Luke R. Howard, Ronald L.
Prior, and Cindi R. Brownmiller, whose work between 2010 and 2014 established foun-
dational knowledge on anthocyanins, polyphenols, and antioxidant stability during
processing [93,102]. This group represents the biochemical-nutraceutical specialization, fo-
cusing on the behavior of phenolic compounds, antioxidant mechanisms, and the functional
quality of the fruit. Their bridging role in the network indicates that this fundamental bio-
chemical corpus provided the experimental basis that later enabled advances in postharvest
modeling and Al-assisted quality assessment.

Finally, intermediate authors such as David C. Percival, Peter L. Havard, and Wil-
helmina Kalt play an integrative role that connects technological innovation with agronomic
performance and food chemistry. Percival’s research on yield estimation, automated har-
vesting, and energy and carbon assessments in wild blueberries [65,103] links the network
to sustainability and production efficiency. Havard contributes an economic and engineer-
ing perspective through studies on technological feasibility and cost-effective precision
agriculture [104,105], while Kalt provides a biochemical bridge through her influential
work on anthocyanins, phenolics, and antioxidant capacity in processed products [11].
Together, this group forms a hybrid or integrative specialization, articulating agronomics,
sustainability, and food chemistry.

Overall, the co-authorship network highlights how collaboration clusters correspond
to distinct thematic specializations—technological engineering, biochemical quality, and
integrative agronomic research—demonstrating that the interdisciplinary evolution of
blueberry research has been structured around stable, highly productive author groups
that collectively define the intellectual architecture of the field.

3.10. Bibliographic Coupling Network Among Authors

The bibliographic coupling network among authors (Figure 9) makes it possible to
identify the extent of intellectual relatedness based on overlaps in the references cited
in their publications, where a higher degree of coupling indicates that researchers are
grounding their work on a similar bibliographic corpus [25]. In this case, the network is
composed of 61 authors connected through 227 links, with a total link strength of 3742,
which represents a consolidated and highly cohesive system of scientific collaboration. The
link strength reflects the degree of thematic proximity among authors: the higher the value,
the greater the similarity in the references used and, therefore, the closer the conceptual
alignment of their research lines [106,107]. Arnold Walter Schumann (11 documents,
159 citations, link strength 465), Qamar Uz Zaman (10 documents, 156 citations, link
strength 464), and Li Changying “Charlie” (7 documents, 201 citations, link strength 363)
stand out, forming the densest core of the network. This group leads research on precision
agriculture, computer vision, and intelligent mechanization, demonstrating a high degree
of interdependence in the production of knowledge applied to mechanical harvesting,
maturity estimation, and automated management of blueberry fields.

The second relevant cluster is composed of Luke R. Howard (8 documents,
1144 citations, link strength 281), Ronald L. Prior (6 documents, 590 citations, link strength
235), Fumiomi Takeda (5 documents, 179 citations, link strength 312), and Peter L. Havard
(4 documents, 39 citations, link strength 239), with a focus on biochemistry, physiology, and
postharvest quality. Their bibliographic coupling reflects the persistence of an interdisci-
plinary approach between food science and agricultural engineering. These researchers
share numerous references related to polyphenols, anthocyanins, and thermal stability
of antioxidant compounds, generating a common theoretical base that supports the tran-
sition toward more technological research. In this group, the intermediate link-strength
values (between 235 and 312) indicate an indirect but coherent collaboration, in which
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Figure 9. Bibliographic coupling network among authors.

Finally, authors such as Li Bin (7 documents, 118 citations, link strength 87) and Bi
Xiufang (5 documents, 18 citations, link strength 184) emerge, representing the recent
expansion of the field toward Asia, particularly China. Their scientific output, with lower
but increasing link-strength values, is concentrated between 2020 and 2025 and addresses
topics such as metabolomics, nanoencapsulation, and anthocyanin stability during process-
ing and storage. This temporal shift toward the most recent part of the network reflects
the evolution of knowledge toward emerging technologies and the strengthening of new
research hubs outside the traditional North American sphere.

3.11. Main Journals Selected by Authors for Publishing Their Documents

Scientific production on Vaccinium spp. is concentrated in specialized journals in
horticulture, plant physiology, and food science, showing a combination of applied and
higher-impact outlets (Table 3). Acta Horticulturae ranks first with 56 documents, published
under the International Society for Horticultural Science (ISHS), classified in Q4, with an h-
index of 74 and based in Belgium. Although its SR ranking is modest, its high productivity
reflects its role as the main techno-scientific dissemination channel in horticulture, espe-
cially for congresses and symposia on berries and agronomic management [108-110]. Its
practical focus, oriented toward technology transfer, makes it a key venue for disseminating
innovations in blueberry production, crop physiology, and postharvest.

In contrast, Plant Disease, Food Chemistry, and the Journal of Agricultural and Food
Chemistry represent the high-impact (Q1) core within the publication system, with h-
indices of 135, 348, and 358, respectively. These journals host cutting-edge research on
plant pathology, metabolomics, and food chemistry, thereby consolidating the interface
between blueberry physiology and molecular science [80,111,112]. Plant Disease (21 arti-
cles) places emphasis on crop phytosanitary issues, including pathogen characterization
and fungicide efficacy [113,114], whereas Food Chemistry (12 articles) and the Journal of
Agricultural and Food Chemistry (8 articles) lead research on anthocyanins, polyphenols,
and bioactive compounds with nutraceutical value [115,116]. Their high citation levels and
the prestige of publishers such as Elsevier and the American Chemical Society demonstrate
the scientific maturity and international recognition of studies on the functional quality of
blueberry fruit.
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Table 3. Top 5 journals with the highest number of publications.
Journal Number of Editorial Office SJR Rankin H-Index Count
Documents & y
. International Society for .
Acta Horticulturae 56 Horticultural Science Q4 74 Belgium
Plant Disease 21 American Phytopathological Society Q1 135 United States
Food Chemistry 12 Elsevier Q1 348 United Kingdom
. American Society for .
Hortscience 10 Horticultural Science Q2 109 United States
Journal of
Agricultural and 8 American Chemical Society Q1 358 United States
Food Chemistry

HortScience, with 10 documents and an h-index of 109, occupies an intermediate
position (Q2) and reflects a balance between applied and experimental research. Published
by the American Society for Horticultural Science (ASHS), this journal has become a
relevant venue for studies on reproductive physiology and agronomic management of
blueberry [117,118]. Its participation in the bibliometric network, together with Acta
Horticulturae, suggests that studies on Vaccinium spp. combine technical journals with
high publication frequency and scientific journals with high impact and international
visibility, evidencing a dual editorial structure that supports both practical dissemination
and advanced research in the berry field.

3.12. Bibliographic Coupling Network Among Journals

The bibliographic coupling network among journals reveals the editorial structure and
thematic interconnections that underpin research on Vaccinium spp., comprising 61 sources,
227 links, and a total link strength of 3742 (Figure 10). In this network, the link-strength
indicator quantifies the degree of similarity in the references cited by articles from different
journals: higher values indicate that the publications share a common theoretical and
methodological foundation [42]. In this context, Acta Horticulturae is positioned as the
most influential node, with 56 documents, 302 citations, and a link strength of 91, reflecting
its role as the central axis of scientific production on blueberry. Its proximity to journals
such as HortScience (10 documents, link strength 52) and HortTechnology (8 documents,
link strength 28) consolidates a cluster oriented toward applied and agronomic research,
linked to crop physiology, management practices, and agricultural mechanization.

A second group of high-impact journals, such as Plant Disease (21 documents, 224 cita-
tions, link strength 59), Food Chemistry (12 documents, 414 citations, link strength 14), and
the Journal of Agricultural and Food Chemistry (8 documents, 630 citations, link strength
45), forms a complementary cluster focused on quality, biochemistry, and plant health.
This group articulates biotechnological research with food science, connecting disciplines
such as phytopathology, metabolomics, and the evaluation of bioactive compounds. The
temporality of the links (2015-2025) suggests a recent trend toward interdisciplinarity,
in which technical horticultural and production journals converge with those of higher
impact in chemistry and food science. This dual configuration reflects the maturity of
the field: an editorial system that combines high technical productivity with journals of
scientific excellence, supporting both practical innovation and analytical deepening along
the blueberry value chain.
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Figure 10. Bibliographic coupling network among journals.

3.13. Top Ten Most Cited Articles

The analysis of the ten most cited documents (Table 4) reveals two complementary
layers of scientific influence that structure the evolution of blueberry research. The first layer
comprises foundational studies in phenolic chemistry, bioavailability, and human health
papers that, although not exclusively focused on blueberries, have provided the biochemical
and biomedical frameworks on which blueberry-specific research has been built. The
second layer consists of articles directly centered on blueberry quality, postharvest behavior,
processing effects, and technological innovation.

The foundational group is led by the highly influential review “Chlorogenic acids and
other cinnamates nature, occurrence and dietary burden” (1255 citations), which provides an
exhaustive mapping of chlorogenic acids and cinnamates across foods and their metabolic
relevance. While its scope transcends blueberries, it established the chemical and nutri-
tional foundations required for characterizing phenolic compounds in Vaccinium spp. In
parallel, “Dietary factors affecting polyphenol bioavailability” (464 citations) elucidates the
mechanisms governing absorption, metabolism, and interactions of polyphenols within the
food matrix and human physiology. Complementary biomedical frameworks are provided
by “Flavonoids, cognition, and dementia: actions, mechanisms, and potential therapeutic utility
for Alzheimer disease” (412 citations), which details neuroprotective mechanisms of dietary
flavonoids, and “Effects and mechanisms of resveratrol on aging and age-related diseases” (273
citations), a seminal review outlining antioxidant, anti-inflammatory, and anti-aging path-
ways relevant to compounds also present in blueberries. Together, these papers constitute
the conceptual base that supports mechanistic interpretations in blueberry-related nutrition
and health studies.
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Table 4. Top 10 most cited articles.

Document Title Citations Reference Journal
_ Chlorogenic acids and other Journal of the Science of
1 cinnamates—nature, occurrence and 1255 [119] :
dietarv burden Food and Agriculture
y
Recent Research on the Health
2 Benefits of Blueberries and Their 469 [11] Advances in Nutrition
Anthocyanins
3 Dietary factors affecting polyphenol 464 [120] Nutrition Reviews
bioavailability
Flavonoids, cognition, and
4 dementia: Actions, mechanisms, 412 [121] Free Radical Biology
and potential therapeutic utility for and Medicine
Alzheimer disease
Atmospheric cold plasma
inactivation of aerobic I
> microorganisms on blueberries and 298 [122] Food Microbiology
effects on quality attributes
Processing and Storage Effects on
Monomeric Anthocyanins, Percent
6 Polymeric Color, and Antioxidant 279 [123] Food Sciencie
Capacity of Processed
Blueberry Products
Effects and Mechar.usms of Oxidative Medicine and
7 Resveratrol on Aging and 273 [124] Cellular Loneevit
Age-Related Diseases ety
3 Berry antioxidants: small fruits 236 [125] Journal of the Science of
providing large benefits Food and Agriculture
Fruit cuticular waxes as a source of . ,
? biologically active triterpenoids 211 [126] Phytochemistry Reviews
Anthocyanins, Phenolics, and
10 Antioxidant Capacity of Processed 194 [127] Food Sciencie

Lowbush Blueberry Products

Conversely, the second group of highly cited articles is directly focused on blueberry
research and its technological, nutritional, and postharvest dimensions. The review “Recent
research on the health benefits of blueberries and their anthocyanins” (469 citations) is the most
influential Vaccinium-specific work, synthesizing epidemiological, clinical, and biochemical
evidence linking blueberry consumption with improvements in cardiovascular function,
metabolic regulation, and cognitive health. In the technological domain, “Atmospheric cold
plasma inactivation of aerobic microorganisms on blueberries and effects on quality attributes”
(298 citations) introduced a novel non-thermal preservation technology capable of reducing
microbial load while preserving key quality traits such as firmness and color. The effects
of processing and storage are thoroughly documented in “Processing and storage effects on
monomeric anthocyanins, percent polymeric color, and antioxidant capacity of processed blueberry
products” (279 citations) and “Anthocyanins, phenolics, and antioxidant capacity of processed
lowbush blueberry products” (194 citations), which collectively demonstrate significant an-
thocyanin loss (>50% over time) and highlight the necessity of improved preservation
strategies for maintaining bioactive stability.

Additional influential studies expand the phytochemical and functional context. “Berry
antioxidants: small fruits providing large benefits” (236 citations) positions blueberries within
the broader category of antioxidant-rich berries, emphasizing their nutraceutical potential,
while “Fruit cuticular waxes as a source of biologically active triterpenoids” (211 citations)
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broadens the biochemical perspective to structural compounds with biological activity,
reinforcing the multidimensional nature of blueberry phytochemistry.

Taken together, this citation structure reveals dual knowledge architecture: (i) general
phenolic, nutritional, and biomedical frameworks that underpin mechanistic understand-
ing, and (ii) blueberry-specific research addressing fruit quality, processing stability, and
technological innovation. This duality reflects the interdisciplinary nature of the field and
explains why the most influential articles range from broad biochemical reviews to highly
specialized studies on Vaccinium spp.

3.14. Most Frequently Used Keywords

The co-occurrence analysis and keyword word cloud (Figure 11) reveal the predomi-
nant thematic and conceptual trends in the literature on blueberries (Vaccinium spp.). As
expected, the terms “blueberry” (133 occurrences) and “vaccinium” (127) constitute the cen-
tral anchors of the network, supported by highly connected terms such as “fruit” (181) and
“vaccinium corymbosum” (90). This semantic core confirms the consolidation of the crop
as a model system for studying functional foods, phytochemistry, and agro-industrial inno-
vation. The prominent presence of terms such as “anthocyanin” (50), “antioxidants” (46),
“antioxidant activity” (14), and “phenols” (19) reinforces the strong scientific focus on
the bioactive compounds that define the nutraceutical value of the species [39,128,129].
Together, these elements depict a mature research field that integrates plant physiology,
food chemistry, and biotechnology.
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Figure 11. Most frequently used keywords by authors.

Likewise, the network shows a robust line of research related to postharvest manage-
ment and fruit quality, reflected in the high frequency of terms such as “food storage” (46),
“food handling” (43), “food preservation” (33), “food processing” (38), and “shelf life” (24).
These concepts highlight the emphasis placed on the stability of phenolic metabolites, as
well as on the optimization of handling and processing strategies to maintain fruit qual-
ity during commercialization [128,130]. The appearance of terms such as “freezing” (16),
“freeze drying” (15), and “food packaging” (15) underscores the relevance of technological
interventions aimed at preserving antioxidant capacity in fresh and processed blueber-
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ries [131-133]. Additionally, descriptors such as “temperature” (18), “color” (17), and
“quality control” (19) point to the importance of physicochemical monitoring across the
supply chain, key considerations for industrial standardization, export competitiveness,
and quality assurance [134-136].

Finally, the presence of biological and physiological descriptors such as
“metabolism” (23), “microbiology” (20), “physiology” (20), “ascorbic acid” (20), and “an-
imal” (20) reveals the growing integration between agricultural sciences, postharvest
biology, and biomedicine. These links reflect the ongoing interest in understanding how
blueberry-derived compounds influence metabolic pathways, oxidative responses, and
cellular regulation in different biological models [137]. Such research has been instru-
mental in advancing evidence on the role of blueberries in mitigating oxidative stress,
inflammation, neurodegeneration, and other chronic health conditions [138,139]. Overall,
the co-occurrence analysis shows that the study of Vaccinium spp. has evolved from a
primarily agronomic focus to a holistic and interdisciplinary domain that encompasses
phytochemical complexity, processing technologies, and potential human health benefits.

3.15. Keyword Co-Occurrence Network

The keyword co-occurrence network (Figure 12) reveals a highly interconnected the-
matic structure centered on “blueberry,” “fruit,” and “Vaccinium.” After data cleaning
and the removal of controlled vocabulary from Scopus indexation fields, the resulting
map shows several dense clusters that collectively articulate the dominant research axes
in blueberry science: nutritional and physiological studies, agronomy and production
systems, food processing and chemistry, postharvest preservation, and plant health and
phytopathology. The proximity among nodes reflects strong conceptual co-occurrence,
illustrating how plant biology, agronomy, food chemistry, and human health have become
increasingly integrated within the scientific community.
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Red cluster—Nutrition, physiology, and chronic disease research: This cluster is
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organized around “blueberry,” “metabolism,” “antioxidant activity,” “microbiology,” “bio-
logical activity,” and terms related to metabolic and neurodegenerative conditions such
as “Alzheimer disease,” “dementia,” or “non-insulin dependent diabetes.” This cluster
encompasses the most consolidated body of research linking blueberry consumption,
polyphenolic compounds, and physiological responses in humans. Studies in this domain
investigate the effects of blueberry intake or phenolic extracts on oxidative stress, cognitive
performance, gut microbiota, metabolic regulation, and biomarkers of chronic disease,
particularly among older adults [125,140,141]. The co-occurrence of polyphenol, dietary fiber,
flavonoid, and resveratrol indicates a strong focus on the biochemical pathways underlying
neuroprotection, inflammation modulation, and metabolic homeostasis. Overall, the red
cluster positions blueberries as a reference model in nutraceuticals and functional foods,
integrating human physiology, phenolic chemistry, and experimental evidence on the
prevention of chronic and neurodegenerative disorders.

Green cluster—Production systems, agronomy, and digital agriculture: The green

7o e 7o

cluster is dominated by the terms “fruit,” “plants (botany),” “cultivar,” “crop yield,” “ir-

oy

rigation,” “image processing,” “fruit quality,” “deep learning,

s

neural networks,” and
“hyperspectral imaging.” This group captures the agronomic and technological-productive
dimension of blueberry research. On one side, the cluster includes concepts related to plant
physiology, crop management, cultivar performance, and yield. On the other, it integrates
advances in agricultural digitalization through computer vision, machine learning, and
non-destructive optical sensing. These tools have been applied to fruit grading, color and
texture characterization, maturity prediction, and automated disease detection [52,77,88].
The involvement of terms linked to quality evaluation, regression analysis, and multivariate
modeling reflects the use of analytical frameworks to enhance quality control throughout
the production chain [49,65,142]. Altogether, the green cluster illustrates the transition
of blueberry cultivation toward precision agriculture, where sensor technologies, data
analytics, and intelligent algorithms improve efficiency, productivity, and fruit quality.
Yellow cluster—Food processing, chemistry, and phenolic compounds: This clus-
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ter centers on “processing,” “chemistry,” “anthocyanin,” “phenols,” “phenol derivative,”

”ou ”ou

“blueberry juice,” “enzyme activity,” “ultrasound,” and “encapsulation.” This group repre-
sents the core of food chemistry and food processing research. The co-occurrence patterns
indicate strong interest in the extraction, stability, degradation kinetics, and functionality
of anthocyanins and other phenolic compounds, as well as the influence of thermal and
non-thermal processing techniques such as heating, pasteurization, ultrasonics, and mi-
croencapsulation on antioxidant retention [60,143,144]. Terms such as chemistry, enzyme
activity, and phenol derivative underscore the role of biochemical transformations and matrix
interactions during processing and product formulation [145-147]. In summary, the yellow
cluster captures the physicochemical and technological foundation of blueberry research,
focusing on how processing conditions modulate the preservation and bioavailability of
functional compounds.

Purple cluster—Postharvest quality, physicochemical properties, and shelf life:

e

The purple cluster is organized around “food storage,” “food quality,” “physicochemical

a

property,” “drying,” “freezing,” “osmotic dehydration,” and “preservation.” This cluster en-
compasses studies dedicated to postharvest behavior and shelf-life extension of blueberries
and blueberry-based products. Research within this group quantifies the effects of storage
temperature, water activity, dehydration processes, freezing protocols, and controlled-
environment conditions on texture, color, firmness, and other quality parameters. These
studies have enabled the identification of optimal combinations of temperature, humidity,

and time that minimize quality losses and maintain acceptable sensory and nutritional
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attributes throughout distribution and storage [148,149]. Thus, the purple cluster represents
a methodological axis focused on physicochemical characterization and optimization of
preservation strategies, crucial for the development of dehydrated ingredients, shelf-stable
products, and value-added blueberry derivatives.

Blue cluster—Phytopathology, crop ecology, and plant health in Vaccinium: This
cluster centers on “Vaccinium,” connected with “plant disease,” “fungi,” “Monilinia vaccinii-
corymbosi,” “disease incidence,” “fungal disease,” “disease control,” “pest control,” “in-
tegrated pest management,” and species such as Rubus glaucus and Malus x domestica.
This group corresponds to the phytopathological and ecological dimension of blueberry
research [150,151]. Its co-occurrence structure highlights fungal diseases, pathogen ecology,
epidemiology, and the development of control strategies that encompass both chemical and
non-chemical approaches. The presence of terms like fruit production and crop production
indicates that plant health is analyzed in relation to productivity and crop stability, inte-
grating cultural practices, disease-resistant cultivars, fungicide use, and biological control
within broader IPM frameworks [56,66,152-154]. This cluster provides the agronomic
and phytosanitary foundation of the field, identifying major pathogens, quantifying their
impact on yield and fruit quality, and proposing management approaches that improve
resilience and sustainability in Vaccinium cropping systems.

Together, the five clusters illustrate how blueberry research has evolved from taxo-
nomic, physiological, and phytosanitary foundations toward a multidimensional landscape
that integrates plant biology, agronomy, food chemistry, human health, and industrial
technology. The co-occurrence structure reflects the convergence of production, processing,
functional properties, and chronic disease prevention, positioning Vaccinium spp. as a
strategic model in the development of functional foods, high-efficiency production systems,
and sustainable agro-industrial pipelines.

To complement this structural interpretation, the temporal evolution map of keywords
(Figure 13) provides additional insight into how research priorities have shifted over the last
decade. Early-period terms (2014), represented by darker nodes, are predominantly agro-
nomic and phytopathological (plant disease, irrigation, cultivar, physiology), signaling an initial
focus on crop performance and field management. Mid-period concepts (2016-2019) tran-
sition toward food chemistry and phytochemical analysis, including anthocyanin, phenols,
antioxidant, and food processing, reflecting the consolidation of nutraceutical and postharvest
research. More recent and emergent terms (>2022), shown in yellow-green nodes, include
image processing, deep learning, computer vision, neural networks, and hyperspectral imaging,
indicating a decisive shift toward Al-driven quality monitoring, non-destructive sensing,
and sustainability-oriented data analytics. This temporal progression demonstrates a clear
transition from descriptive biological inquiry to a technologically intensified, data-driven
research paradigm within the global blueberry scientific landscape.

3.16. Thematic Map Analysis

The analysis of thematic or strategic maps makes it possible to examine the evolution
and dynamics of research clusters based on networks constructed through keyword co-
occurrence [155]. This approach acts as an indicator of the concentration of studies around
specific topics or categories, organized according to their centrality and density [156].
Consequently, the thematic map summarizes the structure and maturity of the literature
into four well-defined typologies, as shown in Figure 14.
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The quadrants divide topics into four categories: driving topics, core topics, emerging
or declining topics, and specialized or niche topics. Taken together, the chart synthesizes
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the cognitive structure of the field, allowing knowledge gaps to be visualized and future
research to be guided [42]. In the upper-right quadrant are the motor themes, represented by

7o

“blueberry,” “vaccinium,” “berries,” and “fruit quality.” These concepts are highly central
and well developed, indicating that they constitute the consolidated core of scientific
knowledge on the crop and fruit quality [111,157]. The literature in this quadrant focuses
on fruit physiology, physicochemical characteristics, and commercial quality parameters.
However, strong concentration on these topics suggests thematic saturation and the need
to deepen research on sustainability, intelligent postharvest management, and responses to
abiotic stresses, which are still underrepresented in this area.

In contrast, the lower-right quadrant groups the basic themes “anthocyanins,”
“polyphenols,” “bioactive compounds,” and “blueberry juice,” which are essential for un-
derstanding the chemical composition and functional value of blueberry [135,158]. These
themes exhibit high centrality but lower development, which makes them conceptual
pillars still in expansion. Research in this group is oriented toward the characteriza-
tion of antioxidant compounds and their implications for human health, although a gap
remains in their biological validation and in the integration of metabolomic data with
bioactivity studies.

The upper-left quadrant groups the niche themes, among which “image process-
ing,” “deep learning,” “biological control,” and “machine learning” stand out. These topics
emerge as highly specialized areas, with low connectivity to the rest of the network but high
innovation potential. Their development suggests the incorporation of artificial intelligence
and computer vision tools for assessing crop status and detecting diseases, marking a trend
toward digitalization and precision agriculture [10,159]. However, their thematic isolation
highlights the need to integrate these advances with traditional agronomic and physiologi-
cal studies, so that they can contribute effectively to the comprehensive management of
blueberry cultivation.

Finally, the lower left and center quadrants contain emerging or declining topics,

7o

such as “antioxidant properties,” “functional foods,” “temperature,” and “yield,” which,
although relevant in the early stages, have lost prominence or are in the process of be-
ing redefined. This reflects a transition from descriptive studies to more technological
and integrative approaches. Overall, the thematic map shows a field in consolidation,
where the driving and basic themes are well structured, but the interconnection between
biotechnological, physiological, and digital approaches still represents a key gap for future

interdisciplinary research.

3.17. Detection of Knowledge Gaps and Future Research Trends Through Multiple Correspondence Analysis

Analysis of the multiple correspondence graph (Figure 15) clearly shows the structural
segmentation of scientific knowledge about the genus Vaccinium, where three conceptual
nuclei are distributed along the factorial axes, explaining more than 40% of the total
variability. Axis 1 (25.73%) separates agronomic and genetic studies, focused on cultivated
species such as V. corymbosum, V. ashei, and V. virgatum, from those that explore the chemical
and antioxidant properties of bioactive compounds. Axis 2 (16.29%), on the other hand,
differentiates analytical and laboratory approaches from physiological and productive
characterization work. This organization highlights a structural gap between plant biology
and food science, that is, between understanding physiological processes and assessing the
nutraceutical potential of the fruit. The lack of integration between physiology, genetics,
and metabolomics studies limits the development of predictive models on how growing
conditions, irrigation management, or post-harvest practices influence the concentration of
anthocyanins, proanthocyanidins, and other phenols relevant to quality and human health.
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Figure 15. Multiple correspondence analysis of the analyzed knowledge area.

Complementarily, the map shows that wild or less-studied species such as V. virgatum
and V. ashei occupy a peripheral position, which reflects knowledge gaps in the genetic and
adaptive exploration of Vaccinium diversity. This limitation hinders the identification of
genes and metabolic pathways associated with resistance to heat or water stress, a critical
aspect in the context of climate change. In addition, research lines related to biological
control, sensory quality, and the effect of soil microbiota appear weakly represented,
indicating an epistemological fragmentation that hampers the development of sustainable
and integrated agronomic management strategies. The scant interconnection between fruit
physiology and advances in bioprocessing or nanotechnology applied to the preservation
and valorization of bioactive compounds is also noteworthy, representing a strategic gap
for industrial scaling.

Regarding emerging trends, the displacement of the blue group indicates an evolution
toward the digitalization of blueberry research, with marked growth in the use of image
processing, deep learning, and predictive modeling. These tools are beginning to be applied
to disease detection, yield estimation, and fruit classification based on color, firmness, or
phenolic content. Such convergence between artificial intelligence and phenomics points to
sensor-based precision agriculture, in which hyperspectral vision systems, real-time data
analysis, and agricultural robotics are integrated into crop management. In this regard, the
development of correlation models between digital images, environmental variables, and
metabolite concentration could transform quality assessment methods, reduce postharvest
losses and strengthen traceability and sustainability across the production system.

Finally, the green group, linked to Rubus, Fragaria, and Sambucus, represents a line of
interdisciplinary and intergeneric expansion that may redefine future research on berries.
The semantic proximity between Vaccinium and these genera suggests a trend toward
the comparison of biosynthetic pathways, antioxidant profiles, and ecological adaptation
mechanisms, which will make it possible to identify shared genetic and metabolic markers.
This opens the possibility for integrated breeding programs aimed at developing varieties
with greater antioxidant stability, climate tolerance, and functional quality. In summary,
the map evidences a paradigm shift: from fragmented and descriptive research toward a
multidimensional, digital, and biotechnological approach, in which the interaction among
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physiology, genomics, artificial intelligence, and sustainability will shape the course of
advanced research on Vaccinium and other berries over the next decade.

To provide a cohesive synthesis of the knowledge gaps and emerging trends identi-
fied in this section, Figure 16 presents an integrative framework that consolidates the key
insights derived from the multiple correspondence analysis. This framework organizes the
findings into four interconnected domains: (i) structural gaps between physiology, genetics,
and metabolomics that hinder predictive modeling of bioactive compound profiles; (ii) lim-
ited exploration of wild and underutilized Vaccinium species, which constrains progress in
breeding for climate resilience; (iii) weakly represented research lines on biological control,
sensory quality, and soil-microbiota interactions, reflecting an unmet need for integrated
and sustainable agronomic strategies; and (iv) the accelerating transition toward digital and
Al-based approaches, including image processing, deep learning, and phenomics for dis-
ease detection, yield estimation, and postharvest quality modeling. By consolidating these
dispersed elements into a unified visual framework, Figure 16 enhances interpretability
and provides a structured foundation for guiding future research on Vaccinium spp.

Axis 1: . ..
Structural gaps Agronomic and genetic Rise of digital and Al-
between physiology, studias based approaches for
. ’ disease detection,
genetics, and ! . .
R —— yield estimation, and
' quality modeling.
Research on Axis 2:
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underutilized sensory quality, and
Vaccinium species. Becasrdy an biosetine soil-microbiota
compounds interactions.

Figure 16. Integrative framework of knowledge gaps and emerging research trends in Vaccinium spp.

4. Limitations of the Study

As with any bibliometric study, the present analysis is constrained by its reliance on a
single bibliographic database (Scopus). Although Scopus provides extensive multidisci-
plinary coverage, it may omit publications indexed exclusively in Web of Science, PubMed,
AGRIS, or regional repositories, potentially leading to an underrepresentation of research
from emerging scientific communities. In addition, variations in database indexing policies
and metadata completeness may influence document retrieval, citation counts, or subject
classifications, meaning that the results reflect the scientific landscape captured within
Scopus rather than an exhaustive representation of all global blueberry research.
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A second limitation arises from the inherent dependency on metadata quality. Incon-
sistencies in institutional affiliations, automated subject-area assignment, and database-
specific author disambiguation may affect the accuracy of collaboration networks and
productivity indicators. Similarly, citation-based metrics tend to favor older documents
and may understate the early impact of recent advances in areas such as metabolomics,
digital agriculture, machine learning, and advanced postharvest technologies. These struc-
tural characteristics of bibliometric data must therefore be considered when interpreting
temporal trends or influence patterns.

To mitigate these limitations, rigorous data-cleaning procedures were implemented, in-
cluding the removal of non-relevant indexing terms, manual verification of author clusters,
and harmonization of institutional names. All analyses were performed using standardized
bibliometric software (Bibliometrix/Biblioshiny and VOSviewer (v.1.6.20), ensuring repro-
ducibility and methodological transparency. While the study acknowledges the intrinsic
constraints of metadata-driven approaches, these methodological safeguards substantially
reduced noise, improved cluster validity, and strengthened the reliability of the thematic
and network structures reported.

5. Conclusions and Recommendations

Scientific research on blueberries (Vaccinium spp.) has evolved into a consolidated
interdisciplinary domain that integrates plant physiology, food science, engineering, and
biotechnology. The analysis of 474 publications over nearly four decades reveals a sus-
tained and accelerating growth trajectory, supported by strong international collaboration
networks and institutional leadership concentrated in the United States, China, and Canada.
The thematic structure of the field organized into five well-defined clusters demonstrates a
transition from agronomic foundations toward technologically enhanced approaches that
incorporate bioactive compound analysis, postharvest modeling, and digital tools for crop
monitoring and quality assessment.

Based on the evidence generated, several strategic research needs emerge. First,
greater integration between agronomic research and multi-omics approaches (genomics,
metabolomics, and phenomics) is required to elucidate metabolic pathways associated with
fruit quality, stress tolerance, and postharvest behavior. Second, there is a need to advance
predictive modeling of blueberry responses to climate change, particularly under tempera-
ture extremes, water stress, and shifting production areas. Third, the standardization of
analytical protocols for phenolic and antioxidant quantification (ORAC, FRAP, DPPH) is
essential to improve comparability and methodological reproducibility across laboratories.
Additionally, the expansion of digital traceability systems and Al-based quality monitoring
represents a crucial frontier for strengthening sustainability, transparency, and efficiency
throughout the blueberry value chain.

As a final strategic recommendation, the establishment of a global institutional con-
sortium would benefit from a more operational definition. Such a consortium should
prioritize: (i) developing shared multi-omics and data-integration repositories to enhance
interoperability, (ii) adopting harmonized analytical and phenotyping protocols, (iii) im-
plementing unified digital traceability and image-based quality-evaluation tools, and
(iv) promoting collaborative frameworks for modeling climate-response scenarios. Defin-
ing these concrete actions transforms the consortium from a conceptual proposal into
a practical mechanism capable of accelerating methodological convergence, improving
reproducibility, and strengthening the global coherence of Vaccinium research.

Taken together, these findings delineate a clear scientific agenda centered on method-
ological convergence, integrative analytical frameworks, and technology-driven innovation.
Advancing these pillars will enhance global research consistency, support more resilient
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and knowledge-based production systems, and consolidate Vaccinium spp. as a model crop
for interdisciplinary progress within contemporary agricultural and food sciences.
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