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Drought stress is a major abiotic constraint limiting plant growth and ornamental
quality. Despite the importance of ornamental species in global horticulture, they
remain underrepresented in drought-related research compared to food and
industrial crops. This study presents a bibliometric and network-based analysis of
drought stress research in ornamentals from 1995 to 2025, based on 1,387
records from Web of Science and 1,212 from Scopus. After screening, 383 WoS
and 436 Scopus records were retained, yielding 819 articles. Keyword analysis
showed dominant themes in gas exchange, photosynthesis, stomatal
conductance, proline, and antioxidant activity. Recent inclusion of transcription
factors, RNA-seq, and proteomics suggests a growing molecular focus. Salt
tolerance, evapotranspiration, and floral traits under drought were also
highlighted. Microbial strategies, such as PGPR and mycorrhizae, appeared
infrequently. China, the USA, and Spain were the leading contributors,
supported by international collaborations. Core journals included HortScience,
Scientia Horticulturae and Frontiers in Plant Science. This work outlines the field's
thematic structure and evolution, underscoring the need to integrate
physiological, molecular, and ecological tools to strengthen drought resilience
in ornamentals. This study conducts a longitudinal and network-based
bibliometric analysis of drought stress research in ornamental plants, drawing
from peer-reviewed literature published between 1995 and 2025 across the Web
of Science Core Collection and Scopus databases.

drought stress, floriculture, physiological responses, omics, climate-resilient
horticulture, collaboration networks flowering
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1 Introduction

Drought is among the most critical abiotic stressors threatening
global horticulture, imposing severe constraints on plant growth by
limiting water uptake, altering metabolism, and destabilizing
physiological processes (Anjum et al., 2011; Kapoor et al., 2020).
Projections from the IPCC Sixth Assessment Report (2021) indicate
that global temperatures may rise by up to 4.4°C by 2100 under
high-emission scenarios, further increasing drought frequency and
severity worldwide (Molina et al., 2025). While its impacts on staple
crops are extensively documented, drought effects on ornamental
plants despite their high aesthetic and economic value remain
underexplored. In ornamental horticulture, drought can sharply
reduce market value by lowering floral quality and foliage
aesthetics, causing premature aging, reduced flowering, shorter
stems, smaller leaves, and lower biomass (Toscano et al., 2019;
Sanchez-Blanco et al., 2019; Rebi et al., 2024; Zhao et al., 2024;
Chachar et al., 2025). Early detection remains difficult, but
markers such as proline, malondialdehyde, antioxidant enzyme
activity, and chlorophyll fluorescence are reliable measures of
stress intensity (Toscano et al., 2016; Jafari et al., 2019; Toscano
and Romano, 2021; Cui et al., 2022; Kittipornkul et al., 2024) and
provide insights into adaptation mechanisms (Mircea et al., 2024).
Morphological traits (reduced leaf size, thicker cuticle) minimize
water loss; physiological responses (stomatal closure, reduced
photosynthesis) improve water use; biochemical defenses involve
antioxidants and osmolytes; and molecular adjustments include
ABA signaling and stress-related gene expression (Toscano
et al,, 2016). Omics approaches transcriptomics, metabolomics,
proteomics—have advanced understanding of these responses in
ornamentals (Zhang et al., 20214, b; Sahithi et al., 2021; Xiong et al.,
2021; Cui et al.,, 2023; Naresh et al., 2024) (Figure 1). Bibliometric
tools now map research trends and thematic evolution, yet analyses
on ornamentals are rare.

This study aims to systematically examine global research
output on drought stress in ornamental plants between 1995 and
2025 using bibliometric and scientometric approaches. It explores
temporal trends and growth dynamics in scientific production,
identifies the most influential countries, institutions, and authors
contributing to the field, and analyzes recurring keywords and
thematic clusters to illustrate the conceptual structure of research.
Furthermore, it highlights critical knowledge gaps, neglected topics,
and emerging research fronts, providing a comprehensive
foundation for guiding future studies aimed at enhancing drought
tolerance in ornamental horticulture.

2 Methods
2.1 Review framework and PICOS strategy
The research question guiding this systematic mapping review

was structured according to the PICOS framework, adapted to the
context of bibliometric analysis:
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Population (P): Peer-reviewed scientific publications related to
drought stress in ornamental plants published between
1995 and 2025.

Intervention (I): Application of bibliometric tools and network
visualization methods to assess research trends and patterns.

Comparators (C): Not applicable, as the study does not involve
experimental groups or comparative treatments.

Outcomes (O): Identification of publication trends, prolific
authors, institutional and international collaboration, core
journals, and evolving research themes.

Study Design (S): Systematic mapping review based on data
retrieved from Scopus and Web of Science databases using
predefined inclusion criteria and search strategy.

2.2 Data sources and search strategy

Given their broad coverage and credibility within the academic
community, the Web of Science Core Collection and Scopus
databases were selected to retrieve bibliometric data relevant to
the field. The search was conducted in May 2025 and included peer-
reviewed articles and review papers published between January 1,
1995, and April 30, 2025. To ensure consistency and
comprehensiveness in data collection, the following Boolean
query was employed across both databases: (“drought stress” OR
“water stress” OR “water deficit” OR “drought tolerance” OR “heat
stress” OR “deficit irrigation” OR “restricted irrigation”) AND
(“ornamental plants” OR “ornamentals” OR “floriculture”). In the
Web of Science, the query was applied using the Topic Search (TS)
field, which encompasses the title, abstract, author keywords, and
Keywords Plus. In Scopus, the same query was executed across the
title, abstract, and keyword fields. No restrictions were imposed on
language, document type, or indexing category to preserve the
inclusivity of the dataset. The retrieved records were screened
manually to determine thematic relevance. Titles, abstracts, and
keywords were carefully examined, and publications unrelated to
drought or ornamental species were excluded. This process
specifically removed studies focusing on drought stress in non-
ornamental crops, forestry species, or non-plant subjects, even if
they matched the search terms. The discrepancy in record counts
between Scopus (436) and Web of Science (383) can be attributed to
differences in database coverage, indexing scope, journal inclusion
policies, subject categorization, and keyword-matching algorithms.
Notably, Scopus indexes a broader range of horticultural and
regionally focused journals, which likely explains part of the
higher count. It should be noted that, while the study is designed
to cover the period up to 2025, the data extraction date (May 2025)
means that publications from the remainder of the year are not fully
represented. This temporal limitation is particularly relevant for
recently accepted articles not yet indexed at the time of data
retrieval and may result in a slight underrepresentation of the
most current research trends. The sharp decrease observed
between 2024 and 2025 in Figure 2 is therefore likely attributable
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FIGURE 1
Key mechanisms underlying drought adaptation in ornamental horticulture.

to indexing delays in the databases rather than a true decline in
research output.

The study selection procedure followed the PRISMA 2020
guidelines for systematic reviews (Page et al., 2021), and the
process is detailed in the flow diagram (Figure 3). The initial search
yielded a total of 2,599 records 1,387 from Web of Science and 1,212
from Scopus. Following the removal of 880 duplicates, 900 records
were excluded after screening titles and abstracts based on predefined
criteria. Specifically, studies were retained only if they focused on
drought stress in ornamental plants. Publications addressing drought
stress in non-ornamental crops (e.g., cereals, vegetables, fruits,
medicinal and aromatic plants), forestry species, or non-plant
subjects were excluded, even when search terms matched.
Additional inclusion criteria comprised publication type (articles
and reviews) and language (English). The final dataset consisted of
819 publications, which formed the basis of the bibliometric
mapping. The PRISMA diagram outlines each step of the
identification, screening, eligibility, and inclusion phases, ensuring
transparency and reproducibility in the data selection process.

2.3 Data merging and preprocessing

The bibliographic records obtained from Web of Science (in
“plain text” format) and Scopus (in “csv” format) were initially pre-
processed to ensure compatibility with VOSviewer (version 1.6.15).
Manual adjustments were performed to harmonize metadata
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structures, particularly field labels corresponding to authors,
sources, and keywords. Data cleaning and standardization
procedures were carried out using Microsoft Excel, which
facilitated the removal of duplicate entries, correction of syntactic
inconsistencies, and normalization of metadata across both
datasets. This process ensured consistency and reliability in the
unified dataset. Subsequently, the cleaned files were merged using
the Create Map Based on Bibliographic Data function in
VOSviewer, with the multiple file input option enabled.

2.4 Data analysis and visualization

The integrated bibliographic dataset, compiled from Web of
Science and Scopus, was analyzed using VOSviewer (version
1.6.15), a widely used software for constructing and visualizing
bibliometric networks. Following data refinement, the bibliographic
records from both sources were combined in VOSviewer using the
multi-file input feature under the “Create Map Based on
Bibliographic Data” option.

2.5 Systematic review protocol
This systematic review was not registered in advance and did

not follow a pre-specified protocol. However, all methods, including
the search strategy, inclusion criteria, and screening process, were
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Publication Trends on Drought Stress in Ornamental Plants (1995-2025)
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Yearly scientific output and indexing artifacts (1995-2025). Created by the authors using Scopus/WoS data.

transparently documented and strictly adhered to in accordance
with PRISMA 2020 guidelines.

2.6 Bibliometric mapping and visualization

Using the unified dataset, bibliometric mapping was performed
to reveal the thematic organization and collaborative relationships
in the field.

Co-authorship networks (authors, countries, institutions)
Citation networks (authors, documents, journals, countries)
Keyword co-occurrence maps (thematic clustering)

Source bibliographic coupling

Each analysis was conducted using minimum occurrence
thresholds (e.g., minimum number of documents or citations >1),
and clustering was based on total link strength. Visual outputs were
exported as high-resolution figures for interpretation.

These analyses enabled the identification of leading
contributors, dominant themes, and global collaboration patterns
in drought stress research related to ornamental plants. Figure 3
provides a visual summary of both the selection methodology and
the analytical structure adopted in this study.

2.7 VOSviewer parameter configuration

All bibliometric network analyses were conducted using
VOSviewer version 1.6.20 (Leiden University, The Netherlands).
Separate analyses were performed for co-authorship (authors,
countries, institutions), keyword co-occurrence, and citation/
bibliographic coupling. Full counting was applied unless
otherwise indicated. The association strength method was used
for normalization across all analyses. The LinLog/modularity
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optimization layout algorithm was applied with attraction = 2
and repulsion = 0 to optimize network clarity. Label size scaling
was set to 150% to enhance readability, and clustering resolution
was maintained at 1.00. Minimum threshold values for inclusion
were determined based on network density and visualization clarity,
as summarized in Table 1.

Records identified

— Web of Science (n1,387)
— Scopus (n=1,212)

;

Duplicates removed
(n=2880)

'

Records excluded
(n=900)

y

Studies included in review
(n=819)

FIGURE 3
PRISMA 2020 flow diagram showing the identification, screening,
and inclusion process of the studies (Page et al,, 2021)
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TABLE 1 VOSviewer parameter configuration for different bibliometric analyses.

Threshold
(Min.)

Unit of
analysis

Analysis

Counting

method method

type

Normalization

Label
size
scaling

Layout
algorithm/
parameters

Clustering resolution/
visualization type

Co- > 3 documents, LinLog, attraction = 2,

. Authors Full counting . Association strength g 150% 1.00 / Network visualization
authorship > 30 citations repulsion = 0
Co- LinLog, attraction = 2, I

. Countries Full counting > 5 documents  Association strength g 150% 1.00 / Network visualization
authorship repulsion = 0
Co- LinLog, attraction = 2, N

. Institutions  Full counting | >3 documents | Association strength g 150% 1.00 / Network visualization
authorship repulsion = 0

Keyword co- All

Full counting > 5 occurrences

Association strength

LinLog, attraction = 2,

150% 1.00 / Overlay visualization

occurrence keywords repulsion = 0
Citation LinLog, attraction = 2, i o
Authors Full counting > 30 citations Association strength g 150% 1.00 / Network visualization
network repulsion = 0
Bibliographic LinLog, attraction = 2, .
.g P Documents = Full counting > 5 citations Association strength g 150% 1.00 / Network visualization
coupling repulsion = 0

Unit of analysis = network entity (authors, countries, institutions, keywords, or documents). Threshold (Min.) = minimum inclusion; e.g., “>3 documents, 230 citations” means an author must
meet both criteria to be included. This was applied to exclude weak nodes and improve clarity. Full counting = each publication counted once per author/country/institution. Association strength
= normalization method. LinLog (attraction=2, repulsion=0) = layout algorithm. Label size scaling (150%) = enlarged for readability. Clustering resolution (1.00) = modularity parameter.

Visualization type = network maps for authors/journals; overlay map for keywords.

3 Results on drought stress trends in
ornamental horticulture

3.1 Publication trends in drought stress
research on ornamental plants

Core bibliometric indicators, such as the total number of
publications and their citation frequencies, serve as essential metrics
for assessing research productivity and influence. As depicted in
Figure 2, the number of publications exhibited a steady upward
trend over the past three decades, rising from fewer than 250 articles
in 1995 to a peak of over 1,000 in 2020. This sustained growth reflects
an increasing global concern for water scarcity and its effects on the
aesthetic and physiological performance of ornamental species.
Following the peak period between 2020 and 2021, a marked decline
in annual publication numbers is observed, particularly in 2024 and
2025. This sharp drop is likely due to database indexing delays, which
typically affect the completeness of recent-year records in both Scopus
and Web of Science. Nonetheless, the overall pattern indicates a long-
term expansion of research efforts targeting drought-induced stress
mechanisms and management strategies in ornamental horticulture.

Beyond temporal trends, a species-level assessment revealed the
taxa that have received the most research attention over the past 30
years (Table 2). Petunia hybrida emerged as the most frequently
studied ornamental species under drought stress, representing
12.59% of all publications. This was followed by Chrysanthemum
morifolium (8.54%), Rosa chinensis (6.71%), Tagetes erecta (5.32%),
and Pelargonium x hortorum (4.91%). The prevalence of these taxa
reflects both their global horticultural importance and their
commercial relevance in the ornamental plant industry.
Conversely, a substantial number of horticulturally valuable
species remain underrepresented in the literature, highlighting
potential opportunities for future research to broaden the
taxonomic scope of drought-resilience studies.
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3.2 Keyword co-occurrence themes in
drought stress research

The keyword co-occurrence network shown in Figure 4 reveals the
thematic contours of drought stress studies in ornamental horticulture,
with densely grouped terms reflecting distinct and recurring research
focal points. At the core of the network, terms such as “drought stress”,
“gas exchange”, “photosynthesis”, and “abiotic stress” appear as high-
frequency nodes. These keywords form the central axis of research,
highlighting the dominant focus on physiological responses to drought
conditions. Surrounding clusters reflect specialized thematic areas. One
prominent cluster includes terms such as “proline”, “antioxidant
enzymes”, and “oxidative stress”, indicating strong interest in the
biochemical defense mechanisms of plants under drought. Another
major cluster is defined by terms like “transcription factors”, “gene
expression”, and “ma-seq”, pointing to the integration of molecular and
transcriptomic approaches in more recent publications. Additional
peripheral themes include evapotranspiration models, irrigation
efficiency, flower quality, and root development, which reflect applied
research directions targeting water management and plant performance
optimization in ornamental crops. The network structure reveals a
mature research domain, enriched by the integration of classical
physiological knowledge with emerging molecular techniques and
practical applications. This thematic diversity signals sustained growth
and innovation.

3.3 Leading journals in drought stress and
ornamentals research

The bibliographic coupling map of journals presented in
Figure 5 identifies the core publication sources contributing to
drought stress research in ornamental plants. The clustering of
journals in this network is driven by overlapping citation patterns,
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TABLE 2 Most Frequently studied ornamental plant species under
drought stress (1995-2025) Based on combined scopus and web of
science data.

Share of total (%)

Species (binomial) = Publications (n)

Petunia hybrida 18 12.59
Zinnia elegans 15 10.49
Impatiens walleriana 14 9.79
Tagetes erecta 14 9.79
Cyclamen persicum 13 9.09
Chr)fsar‘:themum 10 6.99
morifolium

Catharanthus roseus 10 6.99
Rosa chinensis 8 5.59
Helianthus annuus 7 4.9
Gerbera jamesonii 7 4.9

where closer and more strongly linked journals tend to address
similar topics and cite comparable sources. Prominent nodes such
as Scientia Horticulturae, HortScience, and Frontiers in Plant
Science appear at the center of the network, indicating their
dominant roles as core dissemination platforms. These journals
are characterized by a high volume of publications and strong
coupling with multiple other sources, highlighting their centrality in
the field’s knowledge structure. Other tightly coupled journals
include Agronomy-Basel, Horticulturae, and Acta Horticulturae,
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which are thematically aligned with applied and empirical studies in
horticultural science, particularly under abiotic stress conditions.
The presence of Environmental Monitoring and Assessment and
New Zealand Journal of Crop and Horticultural Science on the
periphery suggests narrower or more region-specific thematic scope
with limited cross-journal referencing. The coupling density and
clustering pattern indicate that drought stress research in
ornamentals is concentrated within a relatively cohesive group of
journals, bridging foundational plant science, applied horticulture,
and environmental stress disciplines. The network structure offers a
valuable reference for researchers seeking to publish in journals
with higher thematic coherence and visibility in this domain.

3.4 Author collaboration patterns in
drought stress research

The co-authorship network presented in Figure 6 reveals the
structural dynamics of author collaborations in the field of drought
stress and ornamental plants. The visualization identifies several well-
defined clusters, each representing distinct research communities that
frequently collaborate on publications within this domain. The most
prominent node, Sun Youping, appears as a central hub connecting
multiple author groups, indicating a high level of productivity and
cross-group collaboration. Surrounding this node are secondary
clusters led by Niu Genhua and Kopittke Peter M., whose co-
authorship patterns suggest stable, long-term collaborations often
confined within their institutional or regional affiliations. Other
notable clusters include van Iersel Marc W. and Chen Jie, both of
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whom anchor independent author networks with relatively strong
intra-group cohesion but limited cross-linkages to other clusters. This
structural feature may reflect thematic specialization or geographic
concentration in collaborative practices. The overall structure of the
network of the network exhibits a combination of centralized and
clustered traits, where a few prolific researchers serve as bridges
between otherwise discrete author groups. Such a configuration
supports efficient information flow across subfields, while still
maintaining specialized research foci within individual clusters. The
analysis reveals both integrative and fragmented aspects of current
research collaboration. While certain researchers contribute to
broader academic cohesion, some clusters remain isolated.
Promoting stronger ties across regions and institutions may drive
more innovative and diverse approaches in upcoming research on
drought stress in ornamentals.

3.5 Institutional networks in ornamental
plant drought research

Institution-level co-authorship analysis was conducted to examine
the structural organization of research collaborations on drought
stress in ornamental plants. Two distinct visualizations were
generated to reflect different dimensions of institutional
connectivity. Figure 7 presents a cluster-based collaboration map,
where institutions are grouped into relatively distinct regional or
thematic clusters. Universities such as University of Florida,
University of Catania, and Chinese Academy of Sciences appear as
central actors within their respective clusters. This structure highlights
regionally dominant institutions and reveals discrete networks of
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cooperation, often shaped by geographical proximity or shared
funding mechanisms. In contrast, Figure 8 displays a more
integrated and densely connected network, indicating broader and
more complex patterns of collaboration. Institutions such as CSIC
(Spain), University of Milan, University of Georgia, and Texas A&M
University occupy central positions and demonstrate strong linkages
across multiple countries and research hubs. The dense structure of
the network reflects the growing globalization of research, with
collaborations increasingly crossing regional borders. Taken
together, the visualizations provide complementary insights:
clustered maps highlight the division of research communities,
while the integrated network demonstrates a trend toward globally
connected research on drought stress in ornamental plants.

3.6 International collaboration patterns in
drought-stressed ornamentals

Further analysis of the country co-authorship network revealed
a highly collaborative structure, particularly from 2010 onwards. As
shown in Figure 9, China, the United States, and Spain emerged as
the most central countries, forming dense clusters of international
collaboration. These countries maintain extensive international
collaborations spanning Europe, Asia, and Africa, underscoring
their leading role in drought stress research within ornamental
horticulture. Other notable contributors include Italy, Iran, and
Pakistan, which also exhibited multiple international linkages. The
international collaborations observed such as China-France, USA-
Chile, and Spain-Mexico—demonstrate that water stress in
ornamental horticulture is a shared global challenge.
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Integrated institutional network (1995-2025) showing key collaboration hubs. Created by the authors using VOSviewer.

3.7 Citation impact in ornamental drought
stress literature

The citation patterns identified in this study highlight the
maturation and concentration of scholarly focus of drought stress
research within ornamental horticulture (Figure 10). The most
frequently cited articles, primarily published in journals such as

Frontiers in Plant Science, Scientia Horticulturae, and Journal of
Horticultural Science and Biotechnology, consistently address
physiological and biochemical adaptation mechanisms to drought
conditions. This citation concentration suggests that the academic
community places high value on studies elucidating stress-
responsive pathways and tolerance traits in ornamental species.
Such works not only enhance fundamental understanding but also
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Frontiers in Plant Science 09

frontiersin.org


https://doi.org/10.3389/fpls.2025.1644092
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Karaguizel

10.3389/fpls.2025.1644092

Top Cited Articles on Drought Stress in Ornamentals (1995-2025)

60
150 11 Source
128 3 Web of Science
125 3 Scopus
- 3 16 110 260
S 1 101
8 100 93 a0 o %
g 81 77 82 80 "
5 6 64 55
©
S
S 50
25
0 1
>
& s é\\'b ‘9@ \Z‘;v &é* O i\\‘% ?,bl? 0(57
& & o & S S B & & &
& & 'e\((' > S o & & & &
N 3 RY > S IS N N & &
X & & © ° RS & S §& S
< 2> & & o 8 & N & &
N & & @& o S) S = & &
$ & s & & oS o & ¢
O Q & o & &F S S & &
O > Al ) & S & &' N <
& & & & & & & @\*% @b ‘,o\'”
o & RS & ; & &
& & & & <& ~o“‘& K & $ )
q‘& .\o@ & QD(\" o\@ & & & & Q@\
N Q' o O O o8
& & & o R 2 & o & &
N 2 A A & & S O O §
& g o > O & o N RN Py
oF & & & & & s & & &
Ny R & & S & Mg & & &
& & & &° N o & i & &
& o '3(\6 'o{‘b o° "0\ ‘\“\0 \“‘é & )
»&‘*\ ,LS‘Q\ \(f'} @\ 0‘\(9 & \3’ & Qg}\’ \?5)\‘
% o S S R <& NS & S
& & 8° o L & ,{s\‘» o8
' £ ¢ & & o &
& g ¥ &
& & Q‘\* (}.@ &
&
Article Title (Shortened)
FIGURE 10

Top cited articles on drought stress in ornamentals (1995-2025).

provide practical insights for nursery selection and landscape
management under water-limited environments. An analysis of
the most frequently cited articles in the field of drought stress and
ornamental plants was conducted using bibliometric data extracted
from Web of Science and Scopus for the period 1995-2025.
Figure 10 presents a comparative overview of citation counts for
the top 10 most cited publications across both databases. While the
ranking of key publications remains largely consistent between the
two sources, Web of Science tends to report higher citation values
for most documents. This discrepancy may reflect differences in
indexing coverage, update frequency, and inclusion criteria between
the databases. For example, the article by Fleta-Soriano and Munne-
Bosch (2016), addressing drought stress memory in plants, has
received over 160 citations in Web of Science, whereas Scopus lists
128 citations, indicating a difference in database coverage.
Thematically, highly cited articles predominantly focus on
physiological adaptation mechanisms, stress tolerance traits, and
biochemical responses of ornamental species under water deficit
conditions. These core topics appear to form the conceptual
backbone of research in this area, consistently attracting scholarly
attention and shaping future inquiry. The citation analysis shows
that studies combining practical applications with an understanding
of plant responses—particularly in Mediterranean and landscape
ornamentals—tend to receive more citations. This highlights the
growing importance of climate resilience research in ornamental
horticulture, especially in the context of water scarcity and
increasing environmental variability.
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3.8 Citation-based profiling of key
contributors in ornamental plant stress
studies

The citation analysis revealed a distinct pattern of scholarly
influence among researchers investigating drought stress in
ornamental plants. As shown in Figure 11, Sara Alvarez emerged
as the most cited author, followed by Stefania Toscano and Daniela
Romano, each contributing extensively to the physiological and
biochemical understanding of stress tolerance mechanisms.
Notably, Sanchez-Blanco et al. (2019) also ranked among the top
contributors, reflecting their sustained efforts in Mediterranean
species’ resilience studies. The prominence of these authors
corresponds closely with institutional clusters in Spain and Italy,
reinforcing regional research leadership. This pattern aligns with
the broader trend of localized expertise in abiotic stress adaptation
within ornamental horticulture. Furthermore, the observed citation
impact underscores the centrality of interdisciplinary approaches
ranging from field trials to molecular assessments in shaping
citation visibility and long-term research relevance. Although
authors such as van Iersel Marc W. and Chen Jie occupy central
positions within the co-authorship network (Figure 6), they do not
appear among the top-cited authors in Figure 11. This discrepancy
may be attributed to their collaborative roles in multi-authored
publications or their focus on specialized subtopics within the
broader field, which may yield lower overall citation counts
despite high connectivity within the research network.
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4 Discussion: advances in ornamental
plant responses to drought stress

The bibliometric mapping reveals key patterns in the
development, intensity, and thematic evolution of drought stress
research in ornamental plants over the past three decades. Journals
such as HortScience, Scientia Horticulturae, and Frontiers in Plant
Science have emerged as primary publication venues, reflecting their
alignment with experimental and applied horticultural research.
Their bibliographic coupling suggests a shared emphasis on
physiological adaptation and drought mitigation strategies.
Authorship and institutional data highlight a relatively
consolidated academic network, with researchers such as van
Tersel, Niu, and Sun playing central roles in advancing the field
and fostering international collaboration. These networks are
essential for addressing the complex, multi-scale nature of
drought stress, which spans molecular biology to ecological
applications. The leading role of countries like the USA and
China may be attributed to their robust research infrastructure
and funding capacity, while active participation from European and
Asian institutions signals a growing recognition of drought
resilience as a global research priority. Keyword co-occurrence
analysis revealed two dominant thematic clusters: one grounded
in classical physiological parameters (e.g., stomatal conductance,
photosynthesis, proline) and another reflecting emerging molecular
themes (e.g., transcription factors, RNA-seq, proteomics). This shift
aligns with broader developments in plant stress genomics and
reflects a transition from traditional screening methods toward
molecular and integrative approaches (Zhao et al., 2024; Chachar
et al,, 2025). Prominent studies, such as Liu et al. (2011), have
underscored the role of antioxidant systems and osmotic regulation
in drought tolerance. Likewise, Toscano et al. (2016) demonstrated
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that differential antioxidant responses in Photinia fraseri and
Eugenia uniflora can assist in selecting drought-adaptive varieties
for Mediterranean conditions. These findings support the use of
physiological markers in both research and breeding contexts.
Coupling analysis further revealed that Scientia Horticulturae,
Frontiers in Plant Science, and HortScience consistently host the
most cited articles, indicating strong visibility and thematic
consistency in the field. Collaborative networks, particularly those
anchored by Sun Youping and Niu Genhua, enhance knowledge
exchange across borders, though some clusters (e.g., those centered
around van Iersel or Chen Jie) remain relatively isolated, suggesting
opportunities for greater interdisciplinary integration. Institutions
like CSIC, University of Milan, and University of Florida serve as
international collaboration hubs. Their centrality in co-authorship
networks demonstrates the importance of cross-border alliances in
tackling climate-driven challenges in ornamental horticulture.
Citation analysis identified Alvarez, Toscano and Sanchez-Blanco
as highly influential contributors, largely due to their focus on
regulated deficit irrigation and physiological plasticity in
Mediterranean ornamentals (Alvarez et al., 2009; Sanchez-Blanco
et al., 2009; Toscano et al, 2016). These authors exemplify how
region-specific challenges can shape impactful research agendas.
Compared to staple crops, ornamental plant research remains less
connected globally, with clusters heavily concentrated in Southern
Europe. This reflects the Mediterranean region’s vulnerability to
drought and a heightened demand for resilient ornamental cultivars
(Alvarcz and Sanchez-Blanco, 2013; Toscano et al.,, 2016). While
molecular methods are increasingly cited, their implementation
remains limited compared to food crops. Studies on stress memory
(Fleta-Soriano and Munne-Bosch, 2016) and nursery selection for
resilience (Franco et al., 2006) continue to shape the field’s long-
term trajectory. Finally, the increasing appearance of terms related
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TABLE 3 Integrated view of drought-stress research foci in ornamental plants (1995-2025): VOSviewer label alignment, physiological/molecular
focus, concise findings, and references.

Figure label / species
or topic

Dominant process
(Physiol./molecular)

Representative
references

Concise finding / focus

Petunia hybrida

Physiol. + Molecular

Osmotic adjustment, antioxidant responses; ABA-associated
regulation under water deficit

Wang et al. (2018)

Helianthus annuus

Chrysanthemum morifolium

Limonium sinuatum

Physiol. + Molecular

Physiol. + Molecular

Physiol. + Molecular

Recovery of photosynthesis and carbon metabolism after
drought; hormone signaling reprogramming

Photosynthetic performance, ROS detox; TFs and stress-
responsive genes implicated

Osmotic adjustment and ion homeostasis under water/salt
deficit; ABA-related responses

Janzen et al. (2023); Shen et al.
(2023)

Gonzalez-Orenga et al. (2019);
Giordano et al. (2021)

Fu et al. (2021)

Rosa chinensis

Molecular + Physiol.

Transcriptome: WRKY, MYB, ERF, bHLH; MAPK and Ca2+
signaling; antioxidant enzymes under drought

Drought-induced gene expression shifts in a non-model

Li et al. (2024); Giordano et al.
(2021)

Heimi, tifoli Molecul Lin et al. (2022
eimia myrtifolia olecutar ornamental; regulatory adaptation signals in et al. ( )

Bombax ceiba Molecular High-fold DE}GS; u.blq}utm—medlated proteolysis and oxidative Zhou et al. (2015)
phosphorylation highlighted
T i ic drought analysis in a high-altituds al;

Veronica nakaiana Molecular ranscriptomic drought analysis in a hig] itude ornament Kaur et al. (2024)
osmolyte and ABA pathways
Antioxidant tivi d delayed tty

Salvia splendens Physiol. ntioxidant enzyme activity and delayed senescence patterns Giordano et al. (2021)

under water deficit

Orchidaceae spp. (e.g.,
Dendrobium)

Paeonia ostii

Molecular + Physiol.

Physiol. + Molecular

Genotype-specific antioxidant defense; secondary metabolism
and transcriptional dynamics

Reductions in photosynthesis, gs, Fv/Fm; DEGs in proline/
flavonoid biosynthesis under drought

Decline in chlorophyll a/b; increased ROS; antioxidant

Yuan et al. (2024); Huang et al.
(2023)

Giordano et al. (2021)

Antirrhinum majus Physiol. Giordano et al. (2021)
responses
L . Enhanced SOD, CAT; membrane stability under drought; .
Bougainvillea spp. Physiol. i i Giordano et al. (2021)
quality maintenance
Antioxidant enzymes (SOD, . . Most frequent physiological theme; ROS scavenging correlates Sanchez-Blanco et al. (2009);
Physiol./Biochem. . - . .
CAT, POD) with tolerance and quality retention Giordano et al. (2021)
A lati lates t tection; oft - ted ,
Proline / Osmotic adjustment Physiol./Biochem. 'ccumu.a 1'0n rea e.s .0 osmoprotection; often co-reporte Sanchez-Blanco et al. (2009)
with antioxidant activity
Chlorophyll & PSII efficiency Physiol. Wifiely used s'tress index; drops under severe drought; recovery Giordano et al. (2021)
(Fv/Fm) varies by species
ABA / Hormonal signaling Molecular Céntral in st(.)matal closure and stress gene activation; interacts Qian et al. (2025); Giordano
with GA/auxin pathways et al. (2021)
Transcription factors (WRKY, Molecular Core regulators enriched in drought-responsive transcriptomes | Li et al. (2024); Qian et al.

MYB, NAC, ERF, bZIP)

Stress memory / priming

General physiological screens
(e.g., Tagetes)

Concept / Molecular

Physiol.

of ornamentals

Evidence for priming mechanisms shaping recurrent drought
responses

Early varietal screening via gas exchange, WUE, visual traits
informs selection

(2025)

Fleta-Soriano and Munné-
Bosch (2016)

Cicevan et al. (2016)

to genomics and biotechnology alongside references to applied 4.1 Research foundations and molecular

practices like regulated irrigation and urban landscaping suggests gdvances

a growing convergence of molecular research with real-world
horticultural needs. As Mircea et al. (2024) propose, integrating The evolution of drought stress research in ornamental
genetic tools, microbial consortia, and remote sensing technologies  horticulture has transitioned from classical physiological assessments
could help overcome current limitations and foster a more holistic =~ to more integrated molecular frameworks. Early studies primarily

understanding of drought adaptation in ornamentals. focused on parameters such as water-use efficiency, leaf gas exchange,
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and visible stress symptoms, which still form the foundation of
experimental evaluations. For instance, Cicevan et al. (2016)
conducted a comprehensive screening for drought tolerance in
Tagetes cultivars based on morphological and physiological traits,
underscoring the importance of varietal selection for ornamental plant
resilience. However, recent research has increasingly embraced omics-
based approaches including transcriptomics, proteomics, and
metabolomics to uncover deeper regulatory mechanisms underlying
stress responses. Fleta-Soriano and Munne-Bosch (2016) highlighted
the concept of stress memory and gene priming in drought adaptation,
which has since been supported by transcriptome-wide analyses in
ornamental species. Similarly, Sanchez-Blanco et al. (2009)
emphasized the importance of osmotic adjustment and antioxidant
enzyme activities in conferring drought tolerance in potted
ornamental plants, providing early evidence of physiological
plasticity under water-deficit conditions. Recent omics approaches
further advanced this perspective. In Iris germanica, transcriptome
profiling revealed over 31,000 differentially expressed genes
in response to PEG-induced stress, indicating tissue-specific
transcriptional reprogramming (Zhang et al., 2021a). In
Hemerocallis middendorfii, drought stress triggered hormonal signal
transduction and the activation of multiple transcription factor (TF)
families such as AP2/ERF, WRKY, MYB, NAC, and bZIP (Qian et al.,
2025). Genome-wide expression profiling in Rosa chinensis identified
key transcriptional regulators such as WRKY, MYB, ERF, and bHLH,
alongside MAPK and calcium-mediated signaling cascades (Li et al.,
2024). Additionally, multi-omics and transcriptomic approaches in
Dendrobium species demonstrated genotype-specific antioxidant
defenses and transcriptional dynamics under drought conditions
(Yuan et al, 2024; Huang et al, 2023). These findings underscore
the growing research focus not only on morphological and
physiological adaptability but also on the molecular signaling
networks and transcriptional regulators that mediate drought
tolerance in ornamentals. Moreover, additional ornament species
beyond the commonly studied taxa have recently been subjected to
transcriptome-based drought stress analysis. For example, Heimia
myrtifolia exhibited distinct gene expression profiles under water
limitation, offering insight into regulatory adaptations in non-model
ornamentals (Lin et al., 2022). Transcriptome profiling of Bombax
ceiba a species valued in ornamental and medicinal contexts identified
hundreds of genes with >1,000-fold differential expression, including
those involved in ubiquitin-mediated proteolysis and oxidative
phosphorylation (Zhou et al, 2015). Additionally, studies on
Veronica nakaiana provide one of the first transcriptome-based
drought analyses in a high-altitude ornamental species, emphasizing
its molecular adaptability (Kaur et al, 2024). Even in Helianthus
(sunflower), which also serves aesthetic purposes, transcriptomic
investigations have linked physiological recovery after drought to
specific stress responsive networks (Janzen et al., 2023; Shen et al,
2023). For instance, Paeonia ostii and Antirrhinum majus exhibit
significant reductions in net photosynthetic rate, stomatal
conductance, and chlorophyll fluorescence under prolonged water
deficit, coupled with notable decreases in chlorophyll a and b content.
In Bougainvillea and Rosa chinensis, drought induces pronounced
oxidative stress, reflected in elevated reactive oxygen species (ROS)
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accumulation, alongside increased activities of antioxidant enzymes
such as superoxide dismutase (SOD) and catalase (CAT) (Giordano
et al,, 2021). Species-specific differences in recovery patterns have also
been reported; while some taxa rapidly restore photosynthetic
performance upon rewatering, others maintain prolonged
physiological impairment (Giordano et al., 2021). Notably, country-
level trends show distinct research emphases: China has demonstrated
strong leadership in molecular and genomic investigations,
particularly in integrating transcriptomics with physiological assays,
while the United States has contributed substantially to applied
horticultural practices and drought management strategies. In
contrast, Spain’s output is characterized by an intermediate
approach, combining applied experimentation with emerging
molecular techniques. Despite these advances, the application of
integrative molecular methods remains largely confined to a small
group of commercially important genera, most notably Petunia
hybrida, Chrysanthemum morifolium, Limonium sinuatum,
Helianthus annuus, and Rosa chinensis (Wang et al., 2018;
Gonzalez-Orenga et al., 2019; Fu et al,, 2021; Park et al., 2021; Cai
et al,, 2025). Addressing this imbalance through targeted omics-based
research in underrepresented yet horticulturally valuable taxa could
accelerate the development of drought-resilient ornamental cultivars.
Our bibliometric mapping (Figure 4) reveals that research in this field
has largely focused on physiological and biochemical mechanisms. In
particular, increases in antioxidant enzyme activity, proline
accumulation, and changes in chlorophyll content under drought
conditions are among the most frequently addressed topics. In
contrast, studies on morphological traits such as leaf morphology
and root development, as well as on molecular-level regulatory
mechanisms, remain relatively limited. This highlights the need for
wider adoption of transcriptomic, proteomic, and other omics-based
approaches. Applying such molecular methods to underrepresented
yet horticulturally important ornamental species could enhance our
understanding of drought adaptation. In doing so, it may be possible
to identify critical pathways in gene expression and signal
transduction, ultimately facilitating the development of more
resilient cultivars. While traditional physiological and biochemical
studies have provided valuable insights to date, complementing them
with advanced molecular techniques will likely accelerate scientific
progress and broaden the scope of practical applications. To
complement the visual representation in Figure 4, Table 3
summarizes the ornamental plant species most frequently
investigated under drought stress during the past three decades. For
each species, the table outlines the primary physiological and/or
molecular response mechanisms documented in the literature, along
with representative references.

4.2 Regional disparities and collaborative
gaps

While the volume of scientific output on drought stress in
ornamental plants has steadily expanded over the past three
decades, regional disparities remain evident. Most high-impact
publications originate from institutions in China, the United
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States, Spain, and Italy countries with well-established research
infrastructures and robust funding schemes for plant stress
physiology and horticulture (Toscano et al., 2016; Chachar et al.,
2025). In contrast, contributions from Southeast Asia and South
America are comparatively fewer and tend to remain peripheral
within the international co-authorship and institutional networks
(Figures 7, 8). This imbalance potentially limits the transferability of
existing findings to other agro-climatic contexts, particularly those
facing severe drought conditions. For example, countries in tropical
and subtropical zones many of which are highly vulnerable to
climate-induced water scarcity remain underrepresented in leading
collaborative clusters, despite growing ornamental markets and
ecological stress pressures in these regions (Alvarez et al, 20095
Jafari et al., 2019). Strengthening cross-regional cooperation
particularly through multilateral consortia and institutional
twinning programs could promote the inclusion of more diverse
taxa, genotypes, and production systems in future studies.
Moreover, encouraging open-access publishing and multilingual
dissemination platforms may help improve visibility and citation
potential for researchers in lower-representation regions (Franco
et al., 2006; Fleta-Soriano and Munne-Bosch, 2016).

4.3 Journal coupling and publication
strategy

The bibliographic coupling analysis (Figure 5) indicates that
drought-related ornamental research is concentrated within a
narrow range of horticultural journals, notably Scientia
Horticulturae, Frontiers in Plant Science, and HortScience. While
these journals offer focused visibility, they may also restrict
interdisciplinary outreach, particularly toward climate science,
environmental modeling, or landscape ecology communities.
Highly cited articles such as Franco et al. (2006) and Toscano
etal. (2016) succeeded not only through content quality but also by
selecting platforms with strong field-specific relevance and
international readership. Thus, journal selection emerges as a
strategic factor influencing citation performance and thematic
diftusion. To enhance both visibility and scholarly impact, future
authors might consider targeting journals with broader ecological
or environmental scopes—such as Environmental and Experimental
Botany or Agricultural Water Management while maintaining
methodological rigor aligned with horticultural standards.

4.4 Methodological considerations and risk
of bias

As this study is based on secondary bibliometric data retrieved
from established scientific databases (Scopus and Web of Science),
traditional sources of bias such as selection bias, performance bias,
or reporting bias are not applicable. However, certain limitations
may influence the comprehensiveness and neutrality of the findings.
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These include database coverage discrepancies, indexing delays,
language bias (favoring English-language publications), and the
underrepresentation of regional or non-indexed journals.
Furthermore, the exclusion of unpublished materials, institutional
reports, conference abstracts, and other non-peer-reviewed
documents may have limited the breadth of the review by
omitting potentially relevant sources not indexed in major
databases. Although efforts were made to harmonize and clean
the dataset manually, metadata inconsistencies may still introduce
minor distortions in network visualizations or keyword clustering.
Nevertheless, the transparent reporting of search strategy, inclusion
criteria, and PRISMA-aligned study selection workflow enhances
the reliability and reproducibility of the analysis.

5 Conclusion: future directions in
drought-resilient ornamental
horticulture

This study highlights the growing scientific interest in drought
stress research within ornamental horticulture. The findings
indicate a shift from classical physiological approaches to more
integrated molecular and multidisciplinary strategies. While
significant progress has been made, particularly in countries with
strong research capacity, gaps remain in regional representation
and species diversity. Strengthening international collaborations
and expanding research on underexplored ornamental species will
be essential for developing more resilient and adaptive practices in
the face of increasing water scarcity.
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