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Abstract

Population genetics has long relied on mathematical frameworks to interpret patterns of genetic variation and evolutionary
processes within populations. Among these frameworks, the Hardy-Weinberg equilibrium is one of the most fundamental models
for evaluating allele and genotype frequency distributions under theoretical population conditions. Despite its central role in
population genetics, the development and research trends related to the Hardy-Weinberg equilibrium and mathematical modeling
have not been systematically examined at the bibliometric level. This study aimed to analyze the evolution of scientific research on
Hardy-Weinberg equilibrium and mathematical modeling within population genetics using bibliometric approaches. Bibliographic
data were retrieved from the Scopus database, resulting in a final dataset of 1,899 research articles. Publication trends, leading
journals, productive authors, citation impact, international collaboration networks, thematic structures, and historiographic
evolution were analyzed using bibliometric techniques, VOSviewer, and Bibliometrix in R Studio. The results indicate a sustained
growth in publications, particularly since the early 2000s, reflecting the increasing role of quantitative and computational
approaches in population genetics. Citation and thematic analyses reveal a substantial intellectual transition from classical
equilibrium-based population genetics toward molecular, computational, and genomics-oriented research. Historiographic
periodization further demonstrates that Hardy-Weinberg-based mathematical frameworks have continuously evolved alongside
advances in high-throughput sequencing, statistical genetics, and large-scale genomic analysis. An important insight from this study
is that modern genomics research has not replaced the classical Hardy-Weinberg principles, but has instead expanded their
application through the integration of computational biology, bioinformatics, and genomics technologies. These findings highlight
the continuing relevance of mathematical population genetic frameworks in contemporary genetic science and provide a clearer
understanding of the state of the art and future direction of population genetics research.

Keywords: computational genetics, genomics, Hardy-Weinberg equilibrium, historiographic evolution, mathematical modeling,
population genetics

1. INTRODUCTION

Mathematical  approaches have  become
increasingly important in modern biology because
many biological phenomena involve complex
interactions that require quantitative interpretation
[1]. Over time, mathematical

transformed biology from a

reasoning has
predominantly
descriptive discipline into one capable of explaining
biological patterns and processes through formal
models. In particular, mathematical frameworks
enable researchers to describe biological systems
using measurable parameters, thereby improving
the precision of predictions and interpretations in
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scientific research [2].

One of the biological disciplines most strongly
shaped by mathematical reasoning is population
genetics [3]. This field seeks to understand how
genetic variation is distributed within and among
populations evolutionary processes
influence genetic composition over time [4].
Because changes in populations can be represented

and how

through allele and genotype frequencies, population

genetics has long relied on mathematical
formulations to analyze evolutionary dynamics and
population structure [5]. As a result, quantitative
approaches have become central to the development
of modern population genetic research.

Among the most fundamental mathematical
frameworks in population genetics is the Hardy-
Weinberg equilibrium, which describes the
expected distribution of allele and genotype
frequencies under theoretical population conditions
in the absence of evolutionary forces such as
mutation, migration, natural selection, and genetic
drift [6]. Although relatively simple, this model
provides an essential baseline for evaluating genetic
variation within populations. Deviations from

Hardy-Weinberg expectations frequently indicate
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Figure 1. Literature identification and screening process.

the influence of biological and demographic
processes affecting population structure [7][8].
Consequently, the Hardy-Weinberg framework has
become one of the most widely used analytical
foundations in population genetics.
Beyond its theoretical significance, Hardy-
Weinberg equilibrium is extensively applied across
diverse areas of biological research, including
conservation  genetics,

genetics, and

evolutionary  biology,
breeding programs, forensic
population monitoring [9][10]. Previous studies
have primarily focused on the application of Hardy-
Weinberg principles in empirical genetic analyses,
molecular marker studies, forensic identification,
and population structure assessment [11][12]. In
recent decades, advances in molecular biology,
computational methods, and high-throughput
sequencing technologies have further expanded the
analytical capacity of population genetics, leading
to broader applications involving microsatellites,
SNP markers, genomic datasets, and computational
simulations [13][14]. More recently, the rapid
expansion of population genomics has transformed
population genetics into a more data-intensive and
computationally driven discipline [15]. Large-scale

genomic datasets now require increasingly
sophisticated = mathematical and  statistical
frameworks to interpret genetic  variation,

demographic history, and evolutionary relationships
across populations [16][17]. As a consequence,
Hardy-Weinberg-based = mathematical — models
continue to serve as important conceptual and

analytical foundations in contemporary genetic and
genomic research.

Despite the extensive use of Hardy-Weinberg
equilibrium across multiple biological disciplines,
the overall evolution of scientific research related to
this mathematical framework remains insufficiently
explored from a bibliometric perspective [18][19].
Existing studies have largely concentrated on
theoretical population genetic models, empirical
genetic applications, or specific molecular and
genomic investigations [20]-[22]. However, limited
attention has been given to systematically
examining how Hardy-Weinberg-related research
has evolved over time, how thematic research
directions have shifted across different periods, and
how mathematical modeling has influenced the
broader development of population genetics
research [23]. In particular, the transition from
classical equilibrium-based population genetics
toward genomics-oriented and computational
approaches has not been comprehensively mapped
within the scientific literature.

Bibliometric analysis provides an effective
approach for addressing this gap because it enables
the identification of publication growth patterns,
influential  publication international
collaboration structures, and thematic developments
within a research field [24][25]. In the context of

population genetics,

sources,

bibliometric analysis can
provide a broader understanding of how Hardy-
Weinberg-based mathematical frameworks have
shaped scientific development across theoretical,
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molecular, forensic, and genomics-related studies
[26]. Such analysis is also important for
establishing the current state of the art and for
identifying major scientific transitions that continue
to influence contemporary population genetics
research.

Therefore, this article aims to analyze the
evolution of scientific research related to Hardy-
Weinberg equilibrium and mathematical modeling
within population genetics using bibliometric
approaches. this
several key questions, including how publication
trends have evolved over time, which journals,

Specifically, study addresses

authors, and countries have contributed most
prominently to this research field, how citation
impact reflects the intellectual influence of
scientific publications, how thematic research
clusters are structured, and how research themes
have shifted from classical population genetic
models toward genomics-oriented and
computational approaches. This work also examines
the historiographic development and periodization
of research trends to establish the broader state of
the art within this field. Through this approach, the
study seeks to provide a comprehensive overview
of how Hardy-Weinberg-based mathematical
frameworks have contributed to the development of
theoretical

population genetics from classical

models to modern genomics-driven research.
2. MATERIALS AND METHODS

2.1. Data Source and Search Strategy

The bibliographic data used in this study were
obtained from the Scopus database, which is widely
recognized as one of the most comprehensive
sources of peer-reviewed scientific literature [27].
Scopus was selected because of its extensive
coverage of journals across biological and
interdisciplinary research fields, its standardized
bibliographic metadata, and its compatibility with
bibliometric and scientometric mapping tools such
as VOSviewer and Bibliometrix [28]. Although
other databases such as Web of Science and
PubMed also contain relevant literature, Scopus
was selected as the primary data source because of
its broad interdisciplinary coverage and consistent
export format suitable for large-scale bibliometric
analysis.

To identify relevant publications, a structured
search strategy was developed to capture studies
related to population genetics, Hardy-Weinberg
equilibrium, and  mathematical modeling
approaches. The search was conducted using the
TITLE-ABS-KEY field to ensure that the retrieved
records contained relevant terms within their titles,
abstracts, or keywords. The search query used in the
Scopus database was as follows: ((TITLE-ABS-
KEY("Hardy-Weinberg equilibrium" OR "Hardy
Weinberg equilibrium" OR ("Hardy-Weinberg"
AND equilibrium) OR (HWE AND (Hardy OR
Weinberg))) AND TITLE-ABS-KEY ("population
OR OR
"genotype frequenc*" OR "mathematical model*"
OR "mathematical model*ing" OR "mathematical

genetic model*" "allele frequenc*"

modell*ing" OR simulation OR "computational
model*" OR "stochastic model*" OR "deterministic
model*")) AND ( LIMIT-TO
( SUBJAREA,"'BIOC" ) OR LIMIT-TO
( SUBJAREA,"AGRI" ) ) AND ( LIMIT-TO
( DOCTYPE,)"ar" ) ) AND ( LIMIT-TO
( LANGUAGE,"English" ) ) ). No restriction on
publication year was applied in order to capture the
full historical development of research related to
Hardy-Weinberg equilibrium and mathematical
modeling in population genetics. The search was
conducted on February 5, 2026, and the retrieved
records were exported for further analysis. Based on
the records indexed in the Scopus database, the
retrieved publications span the period from 1970 to
2026.

2.2. Study Selection and Screening Procedure
The selection of publications
systematic screening procedure adapted from the

followed a

PRISMA framework to ensure transparency in the
identification and selection of relevant studies [29].
The PRISMA flow diagram describing the article
selection process is presented in Figure 1. Initially,
all records retrieved from the Scopus database were
collected and exported. Duplicate entries were
removed to ensure that each publication was
represented only once in the dataset. The remaining
records were then screened based on their titles and
abstracts to assess their relevance to population
genetics research involving Hardy-Weinberg
equilibrium mathematical modeling
approaches. Articles that were not directly related to

and

1641

[5D PANDAWA



J. Multidiscip. Appl. Nat. Sci.

these topics were excluded during the screening
stage.  The remaining publications  were
subsequently evaluated to ensure that they met the
predefined inclusion criteria. After completing the
screening and eligibility assessment, the final set of
publications was retained for bibliometric analysis.
In addition to the search query, several filters
were applied within the Scopus database to refine
the dataset. The search results were restricted to the
subject areas of Biochemistry, Genetics and
Molecular Biology and Agricultural and Biological
Sciences, as these categories encompass most
research related to population genetics. Only
documents classified as research articles and written
in English were included to ensure consistency in
document type and language. Following database
filtering, the retrieved records underwent a
screening process based on titles and abstracts to
remove publications not directly related to Hardy-
Weinberg equilibrium or population genetic
modeling. Duplicate records were also identified
and removed prior to the final dataset construction.

2.3. Inclusion Criteria

Several inclusion criteria were applied to ensure
the relevance and quality of the dataset. First, only
documents classified as research articles were
included in the analysis, as these represent original
scientific contributions. Second, only publications
selected to ensure

written in English were

consistency in text processing and interpretation.

Finally, all retrieved articles were required to
contain relevant concepts associated with Hardy-
Weinberg equilibrium and mathematical modeling
within population genetics. After applying these
criteria and completing the screening process, a
total of 1,899 articles were included in the final
dataset used for analysis.

2.4. Data Extraction

Bibliographic information from the selected
articles was exported from Scopus in CSV format.
The exported metadata included authors, article
titles, publication years, source titles, author
keywords, abstracts, affiliations, and citation
information. These data were used to examine
publication trends, collaboration networks, and
thematic relationships within the research field.
Before performing the bibliometric analysis, the
dataset identify  potential
inconsistencies in keyword usage and to reduce

was reviewed to
redundancy caused by variations in terminology.
Minor adjustments were conducted to standardize
similar keywords where appropriate, ensuring more
accurate network analysis and visualization. In
addition, the dataset was examined to identify
duplicate entries and inconsistencies in author
keywords prior to network analysis. This data
cleaning step helped ensure that the bibliometric
mapping more accurately reflected relationships
To the
consistency of the keyword co-occurrence analysis,

among research themes. improve
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Figure 2. Annual publication trends related to Hardy-Weinberg equilibrium.
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a manual standardization procedure was applied to
merge synonymous or closely related keywords
prior to network construction. This process
involved identifying wvariations in terminology,
differences in singular and plural forms, and
alternative expressions referring to the same
concept. For example, terms such as “Hardy
Weinberg and

equilibrium” “Hardy-Weinberg

equilibrium” were unified under a single
standardized keyword. Similarly, variations such as
“single nucleotide polymorphism” and “SNP” were
treated as equivalent concepts where appropriate.
Minor  spelling and formatting

differences

variations

were also harmonized to avoid
fragmentation of keywords within the bibliometric
network. This normalization process ensured that
conceptually identical terms were represented

consistently in the keyword co-occurrence analysis.

2.5. Bibliometric Analysis

Bibliometric analysis was conducted to explore
the development and structure of research related to
Hardy-Weinberg equilibrium and mathematical
modeling in population genetics. Several analytical
approaches were employed to identify patterns and
relationships within the scientific literature. First,
annual publication trends were analyzed to examine
the temporal growth of scientific output related to
Hardy-Weinberg equilibrium and mathematical
modeling in population genetics. The number of
publications per year was extracted from the Scopus
metadata and summarized using Microsoft Excel to
visualize changes in research activity over time.
Second, leading journals and the most productive
authors were identified by calculating the number
of publications associated with each source title and
author within the dataset. These descriptive
bibliometric indicators were compiled and analyzed
using Microsoft Excel, allowing the identification
of major publication outlets and researchers
contributing most actively to this research field.
Moreover, citation analysis was also conducted to
evaluate the scientific impact of publications within
the dataset. Citation-based indicators were used to
identify highly cited articles, influential authors,
and major publication sources that contributed
substantially to the intellectual development of
research related to Hardy-Weinberg equilibrium
and mathematical modeling in population genetics.

Citation data extracted from the Scopus database
were summarized and analyzed descriptively to
assess patterns of scientific influence within the
research field.

Third,
collaboration networks were examined based on
author data.  The
relationships among countries were analyzed to

leading countries and international

affiliation co-authorship
explore patterns of international collaboration in
population genetics research. The collaboration
network  visualization was generated using
VOSviewer, which enables the construction of
bibliometric maps based on co-authorship
Fourth,
analysis was performed to identify the main
thematic clusters within the literature. Author

keywords extracted from the dataset were analyzed

relationships. keyword co-occurrence

using VOSviewer, which constructs network maps
based on the frequency with which keywords
appear together in scientific publications. In this
study, author keywords were used as the unit of
analysis, and a minimum occurrence threshold of
10 was applied to identify the most relevant terms.
The keyword
constructed

co-occurrence network was

using the association strength
normalization method implemented in VOSviewer.
Clusters were automatically generated using the
software’s built-in clustering algorithm, which
groups keywords based on the strength of their co-
Default

resolution parameters were applied to identify

occurrence  relationships. clustering
coherent thematic structures within the network.
The clustering procedure groups keywords based on
the strength of their co-occurrence relationships,
allowing conceptually related research topics to
emerge as distinct thematic clusters. Finally, the
thematic evolution of research topics was examined
through overlay visualization of the keyword co-
occurrence network. This analysis illustrates the
temporal distribution of research topics by
assigning colors to keywords based on their average
publication year, thereby revealing the progression
of research themes over time. Through these
analytical procedures, the study aims to reveal the
growth patterns, global research contributions,
collaboration networks, thematic structures, and
temporal evolution of scientific research related to
Hardy-Weinberg equilibrium and mathematical
modeling in population genetics.
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Table 1. Leading publication sources.

Source Title

Conservation Genetics Resources

Genetics and Molecular Research

Forensic Science International Genetics

Molecular Biology Reports

Gene

Forensic Science International Genetics Supplement Series
Journal of Forensic Sciences

Annals of Human Biology

Human Heredity

Frontiers in Genetics

Publication  Percentage from Overall Publication (%)
69 3.63
51 2.69
47 2.47
46 2.42
39 2.05
36 1.90
34 1.79
25 1.32
25 1.32
23 1.21

In addition to overlay visualization, thematic
evolution and historiographic analyses
conducted using the Bibliometrix package through
the Biblioshiny interface in R Studio. These
analyses were used to examine the temporal
development of research themes and to identify

WwWere

major shifts in the intellectual structure of the field
across different periods. To facilitate the analysis of
research development trends and periodization, the
publication timeline was divided into several
chronological phases based on publication growth
patterns and thematic transitions observed within
the dataset. This approach enabled the identification
of major historical phases in the evolution of Hardy
-Weinberg-related research, ranging from classical
theoretical population genetics to contemporary
genomics-oriented and computational approaches.

3. RESULTS AND DISCUSSIONS

3.1. Annual Publication Trends

The temporal development of research related to
Hardy-Weinberg equilibrium and mathematical
modeling in population genetics can be observed
through the annual distribution of scientific
publications. Examining publication trends provides
valuable insight into how scholarly attention toward
a particular topic evolves over time while also
reflecting broader developments in theoretical
frameworks, analytical methods, and biological
applications. illustrates the annual
publication output together with the percentage
contribution of each year to the total number of

Figure 2

publications included in the dataset.

The publication trend indicates that research on
Hardy-Weinberg equilibrium and mathematical
approaches in population genetics has experienced a
long-term increase. During the early decades,
particularly from the 1970s through the late 1980s,
the number of publications remained relatively low
and sporadic. This period likely reflects the early
stage of integrating formal mathematical modeling
into population genetics research, when analytical
tools and computational resources were still limited
[30]. Beginning in the mid-1990s, the number of
publications started to increase more steadily,
suggesting a growing
approaches to population genetics. This growth

interest in quantitative

coincides with the rapid development of molecular
genetics techniques and advances in computational
methods, which enabled researchers to analyze
genetic variation and population structure with
greater precision. Mathematical models based on
Hardy-Weinberg principles became increasingly
useful for interpreting genetic data and exploring
theoretical ~scenarios related to evolutionary
processes.

A more pronounced expansion in publication
output can be observed from the late 2000s onward,
when annual publications consistently reached
higher levels and fluctuated within a relatively
elevated range. This pattern suggests that Hardy-
Weinberg-based and mathematical
modeling have well-established

components of population genetics research. The

analyses
become

sustained research activity in recent years also
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indicates that quantitative frameworks continue to
play an important role in understanding genetic
variation, population dynamics, and evolutionary
mechanisms across diverse biological contexts.
Beyond the numerical increase in publications,
the observed reflects the broader
transformation of population genetics into a more

trend

data-intensive and quantitatively driven discipline.
Advances in molecular genetics, particularly the
development of high-throughput sequencing
technologies and large-scale genetic datasets, have
significantly expanded the scope of population
genetic analyses [31]. In this context, Hardy-
Weinberg equilibrium continues to function as a
foundational =~ mathematical  framework  for
evaluating genetic variation and testing theoretical
assumptions about population structure [32]. The
consistent growth in publication output therefore
suggests that mathematical modeling

central to contemporary population genetics

remains

research, supporting both theoretical investigations
and empirical analyses across diverse biological
systems [33]. This growth is also closely linked to
the rapid expansion of genomic technologies and
large-scale sequencing projects over the past two
decades. The availability of genome-wide datasets
has created new opportunities for testing population
genetic models at unprecedented resolution, thereby
increasing the relevance of Hardy-Weinberg-based
mathematical frameworks

research [34].

in modern genetic

3.2. Leading Journals and Most Productive Author
The scientific literature on Hardy-Weinberg
equilibrium and mathematical modeling in
population genetics is distributed across numerous
journals. Identifying the leading publication outlets
and the most productive author helps reveal the
primary channels through which knowledge in this
field has developed. The distribution of publications
across journals provides an overview of the primary
outlets contributing to research on Hardy-Weinberg
equilibrium and mathematical modeling in
population genetics. Identifying the journals that
publish the largest number of articles helps reveal
the main platforms through which knowledge in
this research area is disseminated. Table 1 presents
the ten journals with the highest number of

publications in the dataset.

As shown in Table 1, Conservation Genetics
Resources ranks as the leading journal in terms of
publication output, contributing 69 articles, which
represents approximately 3.63% of the total
publications in the dataset. This indicates the strong
relevance of Hardy-Weinberg-based analyses and
mathematical approaches in studies related to
conservation genetics, where understanding genetic
diversity and population structure is essential for
species management and preservation. Hardy-
Weinberg-based analyses are frequently used in
conservation genetics to evaluate genetic diversity,
detect inbreeding, and assess whether small or
fragmented populations maintain expected genotype
frequencies [35]. These analyses provide essential
baseline information for managing endangered
species and conserving genetic resources. The
prominence of this journal suggests that population
genetic models remain an important tool in
conservation-oriented biological research.

Several other journals also demonstrate
substantial contributions to the field. Genetics and
Molecular Research, Forensic Science
International: Genetics, and Molecular Biology
Reports appear among the most productive sources,
each publishing a considerable number of studies
related to
quantitative genetic analysis. The presence of these

journals highlights the interdisciplinary nature of

Hardy-Weinberg equilibrium and

population genetics research, where mathematical
frameworks are applied not only in theoretical
genetics but also in molecular biology and forensic
science contexts. In addition, Gene, Journal of
Forensic Sciences, Annals of Human Biology,
Human Heredity, and Frontiers in Genetics further
illustrate the broad disciplinary scope of this
research domain. The inclusion of journals from
fields such as human genetics, forensic genetics,
and molecular biology indicates that Hardy-
Weinberg equilibrium and mathematical modeling
approaches are widely applied across multiple
branches of biological science [36]. This diversity

the continued
frameworks in

of publication outlets reflects
importance of  quantitative
advancing the understanding of genetic variation
and population dynamics [37].

In addition to identifying the main publication
outlets, examining the most productive authors
provides insight into the individuals who have

1645
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contributed most actively to research on Hardy-
Weinberg equilibrium and mathematical modeling
in population genetics. Productive authors often
play an important role in shaping the development
of a research field by consistently producing studies
that advance understanding
methodological approaches [38]. Table 2 presents
the ten authors with the highest number of

theoretical and

publications within the dataset.

Budowle, B. emerges as the most productive
author in this research domain, contributing 16
publications, which accounts for approximately
0.84% of the total articles in the dataset. This level
of productivity highlights a sustained contribution
to studies related to population genetics and the
application of Hardy-Weinberg principles in genetic
analysis. The prominence of this author also reflects
the continued relevance of quantitative genetic
approaches in fields such as forensic genetics and
population structure analysis [39]. Other authors
also demonstrate notable research productivity.
Carracedo, A. and Pichéth, G. each contributed nine
publications, while Chen, Y., Graffelman, J.,
Gusmao, L., and Zan, L.S. each produced eight
articles within the dataset. The presence of these
authors suggests the existence of multiple active
research groups working on topics related to Hardy-
Weinberg  equilibrium,  population  genetic
modeling, and applied genetic analyses. Their
consistent publication output indicates a strong
engagement with methodological and empirical
investigations within this research area [40].
Additional contributors such as Chen, H., Lai, J.,

and Liu, Y. further illustrate the distributed nature
of scholarly productivity in this field. Although
each of these authors contributed slightly fewer
publications, their work still represents a
meaningful share of the research output within the
dataset. Overall, the distribution of productive
authors indicates that research on Hardy-Weinberg
equilibrium and mathematical modeling is driven
by a diverse group of scholars across different
research contexts, reflecting the interdisciplinary
and collaborative nature of population genetics
research.

Taken together, the distribution of leading
reflects the
multidisciplinary character of research on Hardy-
Weinberg equilibrium and mathematical modeling
in population genetics. The prominence of journals

journals and productive authors

in conservation genetics, molecular biology, and
forensic science suggests that mathematical
population genetic frameworks are widely applied
across both theoretical and applied biological
disciplines. At the same time, the relatively
dispersed distribution of productive authors
indicates that research activity in this field is not
concentrated within a single dominant research
group, but rather distributed across multiple
institutions and scientific communities. Such a
pattern highlights the broad applicability of Hardy-
Weinberg-based analyses and quantitative genetic
models in addressing diverse biological questions,
ranging from conservation and evolutionary studies
to human genetics and forensic investigations.

Table 2. Most productive author.

Author Name Publication

Budowle, B.
Carracedo, A.
Picheth, G.
Chen, Y.
Graffelman, J.
Gusmao, L.
Zan, L.S.
Chen, H.

Lai, J.

Liu, Y.

—_
@)

N 3 9 0 0 0 0 O O

Percentage from Overall of Publication (%)

0.84
0.47
0.47
0.42
0.42
0.42
0.42
0.37
0.37
0.37
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3.3. Citation Analysis

Citation analysis was conducted to evaluate the
scientific impact and intellectual influence of
publications related to Hardy-Weinberg equilibrium
and mathematical modeling within population
genetics. By identifying highly cited publications,
this analysis provides insight into the studies that
have contributed most substantially to the
conceptual and methodological development of the
field [41]. Citation-based evaluation is particularly
important in bibliometric studies because highly
cited publications often reflect influential scientific
advances, methodological innovations, and major
shifts in research direction within a discipline.

Table 3 presents the ten most highly cited
publications identified within the dataset. The
publication with the highest citation count was
“Bayesian inference of recent migration rates using
multilocus genotypes” by Wilson and Rannala,
published in Genetics in 2003, with 1,708 citations.
Several other highly cited studies were associated
with molecular polymorphism, Bayesian inference,
haplotype estimation, and computational genetic
modeling. The dataset also shows a strong
representation of journals such as American Journal
of Human Genetics, Genetics, and Genomics,
indicating the important role of human genetics and
molecular genetics in shaping the development of
population genetic research. Chronologically, most
highly
between the early 1990s and mid-2000s, reflecting a
period of rapid methodological and computational

cited publications were concentrated

expansion in the field.

The citation patterns observed in this study
reveal a substantial intellectual transition in
population genetics research. Earlier influential
studies were predominantly focused on genetic
variation, polymorphism detection, inheritance-
related disease analysis, and population-level allele
distribution. These studies established important
empirical and theoretical foundations for
understanding genetic structure and variation within
populations. However, subsequent highly cited
publications statistical

inference,

increasingly emphasized
Bayesian approaches, computational
simulations, and haplotype estimation methods,
demonstrating the growing importance of
mathematical and computational frameworks in
population genetics research.

This transition also reflects the broader evolution
of population genetics from classical equilibrium-
based analysis toward genomics-oriented and data-
intensive approaches [42].
such as

The emergence of
GENELAND,
alongside Bayesian and expectation-maximization
algorithms, indicates that modern population
relies on

computational  tools

genetics  increasingly sophisticated
mathematical modeling to interpret large and
complex genetic datasets [43][44]. In this context,
Hardy-Weinberg equilibrium remains an important
conceptual foundation, but its application has
expanded considerably through the integration of
computational biology, statistical genetics, and
genomic technologies. These findings support the
view that mathematical modeling has played a
central role in shaping the intellectual development
and methodological transformation of contemporary

population genetics research.

3.4. Leading Countries and International
Collaboration Network

The geographic distribution of publications
reflects the countries that contribute most actively
to research on Hardy-Weinberg equilibrium and
mathematical modeling in population genetics.
together  with
international collaboration patterns provides insight

Analyzing leading countries
into the global structure of research activity in this
field. The geographical distribution of scientific
publications provides an overview of the countries
contributing to research on Hardy-Weinberg
equilibrium and mathematical modeling in
population genetics. Mapping publication output by
country helps illustrate the global spread of research
activity and highlights regions that play prominent
roles in advancing this field. Figure 4 presents the
spatial distribution of publications across different
countries based on the total number of articles
included in the dataset. As illustrated in Figure 4,
research on Hardy-Weinberg equilibrium and
mathematical modeling in population genetics is
distributed across many regions of the world,
although the intensity of research activity varies
substantially between countries. The United States
and China emerge as the two most prominent
contributors, each producing a large number of
publications compared with other countries. Their
leading positions likely reflect strong research
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Table 3. Most cited documents.

Total of Citations
2003 1,708

Year of Publication

Source
Genetics

Wilson & Rannala

Authors

Bayesian inference of recent migration rates using multilocus genotypes

Document Title

1,254
1,066

1992
1995
2005

Genomics
Blood

Edwards et al.

Genetic variation at five trimeric and tetrameric tandem repeat loci in ...

2
3
4
5

Rosendaal et al.

High risk of thrombosis in patients homozygous for factor V Leiden ...

962
773
538
482

Molecular Ecology Notes

Guillot et al.

GENELAND: A computer package for landscape genetics

1997
2002

Biometrics

Sasieni

From genotypes to genes: Doubling the sample size

American Journal of Human Genetics

Niu et al.

Bayesian haplotype inference for multiple linked single-...

1994
2005

Human Molecular Genetics

Hassett et al.

Human microsomal epoxide hydrolase: Genetic poloymorphism and ...

7
8
9

362
355
353

American Journal of Human Genetics

Wittke-Thompson et al.

Rational inferences about departures from Hardy-Weinberg equilibrium

1998
2000

American Journal of Human Genetics

Weinberg et al.

A log-linear approach to case-parent-triad data: Assessing effects of ...

American Journal of Human Genetics

Fallin & Schork

Accuracy of haplotype frequency estimation for biallelic loci, via ...

infrastructures, extensive funding for genetic and
molecular biology studies, and the presence of
institutions  actively engaged in
population genetics research [45]. The availability

numerous

of shared genomic datasets and international genetic
repositories has further strengthened the capacity of
these countries to conduct population genetic
research [46][47]. Access to large-scale datasets
enables researchers to test mathematical population
genetic models across diverse populations and
geographic regions [48].

The strong research presence of these countries
may also be associated with their participation in
large-scale genomic initiatives and population-
based genetic studies [49]. International projects
such as global genome sequencing programs and
population genetic surveys generate extensive
datasets that require population genetic frameworks,
including Hardy-Weinberg-based analyses, to
interpret  patterns of genetic variation and
population structure [50]. Access to shared genomic
datasets and advanced computational infrastructure
therefore plays an important role in supporting the
development of population genetics research in
these regions [51].

Beyond these two major contributors, several
countries in Europe and Asia also demonstrate
substantial research activity. Countries such as
India, Germany, Spain, and Turkey show notable
publication outputs, indicating that population
genetics research is well established across multiple
scientific communities. The presence of these
countries among the leading contributors suggests
that mathematical modeling and Hardy-Weinberg-
based analyses are widely applied in diverse
research contexts, including evolutionary biology,
human genetics, and forensic genetics.

Research contributions are also visible in other
regions, including South America, Africa, and
Oceania, although the number of publications from
these areas is generally lower. Countries such as
Brazil, Australia, and South Africa contribute a
moderate share of publications, reflecting growing
engagement in population genetics research.
Overall, the global distribution of publications
indicates that studies involving Hardy-Weinberg
equilibrium and mathematical modeling have
developed into a widely distributed research field,
with contributions emerging from a broad range of
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countries and scientific environments. This global
distribution also reflects the increasing importance
of international population sampling and
collaborative data sharing, which are essential for
analyzing genetic variation across diverse
populations [52][53]. These patterns also reflect the
concentration of large-scale genomic initiatives and
population-based sequencing projects in
technologically advanced research environments.
Such initiatives generate extensive datasets that
require population genetic models, including Hardy
-Weinberg-based analyses, to interpret patterns of
genetic variation across populations.

Beyond examining national research
productivity, analyzing international collaboration
patterns provides additional insight into how
scientific knowledge in population genetics is
generated and shared across [54].

Collaborative networks reflect the extent to which

countries

researchers from different regions work together to
address common scientific questions [55]. Figure 5
illustrates the international collaboration network
countries based on

among co-authorship

relationships within the dataset.

As shown in Figure 5, the international
collaboration  network  reveals a  highly
interconnected  structure involving numerous

countries across different regions. The United
States appears as the most central node in the
network, forming extensive collaborative links with
many other countries. This prominent position
indicates that the United States plays a key role in
facilitating international research partnerships in
studies related to Hardy-Weinberg equilibrium and
mathematical modeling in population genetics.
China also emerges as an important hub within the
collaboration network, connecting with several
countries across Asia, Europe, and North America.
The strong presence of both the United States and
China suggests that these countries not only
contribute a large number of publications but also
actively participate in international research
collaborations. Such interactions often enhance the
exchange of  knowledge, methodological
approaches, and research resources, which are
essential for advancing complex scientific fields
such as population genetics.

In addition to these major hubs, several
European and regional clusters can be observed

within the network. Countries such as Spain,
Germany, France, and Brazil form visible
collaboration groups, reflecting active research
partnerships The

presence of these interconnected clusters indicates

within and across regions.
that international collaboration plays an important
role in the development of population genetics
research, enabling scientists from different
countries to jointly investigate genetic variation,
population structure, and evolutionary processes
using shared analytical frameworks. The observed
patterns  of  publication  distribution  and
collaboration networks underscore the increasingly
global character of research on Hardy-Weinberg
equilibrium and mathematical modeling in
population genetics. The strong presence of
countries such as the United States and China
reflects not only their substantial research capacity
but also their central role in facilitating cross-border
scientific cooperation. At the same time, the
participation of countries from Europe, Asia, and
other regions indicates that this field is supported by
a broad international research community. Such
collaborative networks are particularly important in
population genetics, where comparative analyses
across different populations and geographic regions
often require shared datasets, methodological
expertise, and coordinated research efforts [56].
Consequently, international collaboration continues
to play a crucial role in advancing the
understanding of genetic variation, population
structure, and evolutionary dynamics at a global

scale [57].

3.5. Keyword Co-occurrence Analysis and
Thematic Clusters

The thematic labels assigned to each cluster were
determined by examining the most frequent and
centrally positioned keywords within each group of
the network [58]. These keywords represent the
dominant research topics associated with each
cluster and therefore provide the basis for
interpreting the thematic structure of the field [59].
Analyzing keyword co-occurrence provides insight
into the conceptual structure of a research field by
identifying terms that frequently appear together in
scientific publications [60]. Through this approach,
it is possible to reveal thematic clusters that
represent the principal research directions and
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methodological approaches within the literature
[61]. Figure 6 presents the network visualization of
author keywords related to Hardy-Weinberg
equilibrium and mathematical modeling in
population genetics, highlighting the relationships
among frequently occurring terms.

As illustrated in Figure 6, the keyword co-
occurrence analysis reveals several interconnected
thematic clusters that characterize the research
landscape of population genetics studies involving
Hardy-Weinberg equilibrium and mathematical
modeling. These clusters represent different yet
complementary research directions, ranging from
molecular  marker analysis and  genetic
polymorphism studies to population structure
analysis and applications in forensic genetics. The
network structure indicates that while these themes

form distinct conceptual groups, they remain

strongly interconnected through shared
methodological ~ approaches  and  analytical
frameworks.

3.5.1. Cluster 1: Genetic Polymorphism and
Molecular Markers

The red cluster is primarily centered on
keywords such as polymorphism, single nucleotide
polymorphism, genetic polymorphism, genotype,
and association. This cluster reflects a major
research direction focusing on genetic variation at
the molecular level and its association with
phenotypic The
prominence of terms such as breast cancer, obesity,

traits or disease conditions.

and hypertension suggests that many studies apply
population genetics frameworks to investigate
genetic associations in biomedical contexts. In
addition, methodological terms such as PCR-RFLP
and references to livestock species including cattle
indicate that this research theme also extends to
agricultural and animal genetics. These studies
often aim to identify genetic polymorphisms
associated with economically important traits or
biological characteristics. Overall, this -cluster
highlights the central role of molecular genetic
variation in advancing research on population
genetics and applied genomics. The red cluster is
primarily centered on keywords such as
polymorphism, single nucleotide polymorphism,
genetic polymorphism, genotype, and association,
indicating a strong focus on molecular genetic

variation studies.

3.5.2. Cluster 2: Population Genetics and Forensic
Applications

The blue cluster centers around population
genetics, forensic science, DNA typing, short
tandem repeat, and polymerase chain reaction. This
thematic group represents research focusing on the
use of genetic markers to analyze population
structure and genetic identity. The presence of
forensic-related keywords indicates that Hardy-
Weinberg equilibrium plays a crucial role in
validating allele frequency distributions used in
forensic DNA analysis. Studies within this cluster
often involve the use of short tandem repeat (STR)

Total of publications:
=

uuuuuu

Figure 4. Global distribution of publications by country.
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markers and PCR-based techniques to evaluate
genetic variation within and between populations.
These approaches are widely applied in forensic
investigations, identity testing, and population
structure studies. Consequently, this cluster reflects
the intersection between theoretical population
genetics and practical applications in forensic and
legal contexts. The blue cluster is characterized by
keywords including forensic science, DNA typing,
short tandem repeat, and polymerase chain reaction,
which collectively represent research directions
related to forensic genetic identification.

3.5.3. Cluster 3: Genetic Diversity and Population

Structure
The green cluster focuses on themes related to
genetic  diversity, allele frequency, genetic

variation, microsatellites, and genetic structure.
This group of keywords reflects studies aimed at
understanding the distribution of genetic variation
within and among populations. Research in this
cluster often applies Hardy-Weinberg equilibrium
as a theoretical framework to assess whether
populations exhibit expected genotype frequencies
under conditions of random mating. Furthermore,
the presence of keywords such as linkage
disequilibrium, heterozygosity, and conservation
suggests that many studies in this cluster are
concerned with evolutionary processes and
These investigations

frequently use microsatellite markers or other

conservation  genetics.

molecular  tools to  analyze  population
differentiation, genetic diversity levels, and the
evolutionary dynamics of species. In conservation
genetics, these analytical approaches are widely
used to monitor genetic diversity in endangered
populations and to evaluate whether conservation
interventions maintain sufficient genetic variation
for long-term population viability [62]. The green
cluster includes dominant keywords such as genetic
diversity, allele frequency, genetic structure, and
microsatellites, reflecting studies that focus on
population structure and evolutionary genetic

processes.

3.5.4. Cluster 4: Genomic Markers and High-
throughput Sequencing

The yellow cluster represents a more recent
research  direction centered on  genomic

technologies and advanced molecular markers.
Keywords such as SNP marker, RAD-seq, and
transcriptome indicate the increasing use of high-
throughput sequencing techniques in population
These approaches
researchers to analyze large numbers of genetic loci
simultaneously, thereby providing more detailed

genetics  research. allow

insights into population structure and evolutionary
patterns. The integration of genomic-scale data has
significantly expanded the analytical capacity of
population genetics studies. By combining SNP-
based analyses with mathematical models and
statistical frameworks, researchers are now able to
investigate complex evolutionary processes with
greater resolution. This cluster therefore reflects the
ongoing transition of population genetics toward
genomics-driven research methodologies. The
yellow cluster is dominated by keywords such as
SNP marker, RAD-seq, and transcriptome,
indicating a research direction associated with
genomic  technologies and  high-throughput
sequencing approaches.

The overall structure of the keyword network
highlights the interdisciplinary nature of research on
Hardy-Weinberg equilibrium and mathematical
modeling in population genetics. While some
themes emphasize classical population genetics

concepts such as allele frequency, genetic diversity,

and  population  structure, others  reflect
methodological ~ developments in  molecular
genetics, forensic applications, and genomic

technologies. The strong interconnections among
these thematic clusters indicate that advances in
population genetics increasingly rely on the
integration of theoretical models, molecular
markers, and large-scale genomic data [63].
Understanding how these themes interact provides a
foundation for examining how research topics in
this field have evolved over time, which is explored
further in the following section [64]. These thematic
patterns also illustrate how research on Hardy-
Weinberg equilibrium has evolved beyond its
traditional role as a theoretical population genetics
model. The presence of clusters related to molecular
polymorphisms, forensic genetics, conservation
genetics, and genomic technologies indicates that
the Hardy-Weinberg framework has become an
essential analytical tool across multiple areas of

biological research [65]. Rather than remaining
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Figure 5. International collaboration network among countries.

confined to theoretical population studies, the
model is now widely integrated into empirical
investigations  involving molecular  markers,
genomic datasets, and applied genetic analyses [66].
This broad applicability highlights the continuing
importance of mathematical frameworks in
interpreting genetic data and demonstrates how
classical population genetics concepts continue to
support modern research in molecular biology,
evolutionary studies, and applied genomics [67].
The continued prominence of genetic diversity,
allele frequency, and population structure within the
the
relevance of Hardy-Weinberg-based analyses for
conservation genetics. Monitoring deviations from

keyword clusters also highlights strong

equilibrium conditions provides important insights
into inbreeding, genetic drift,
fragmentation, which are key
biodiversity conservation and genetic resource

and population
concerns in

management. The emergence of clusters related to
genomic markers and population structure also
reflects the growing demand for high-resolution
genetic analyses in conservation genetics and
biodiversity monitoring. As genomic datasets
become increasingly available for both model and
non-model organisms, mathematical population
genetic frameworks remain essential tools for

3.6. Historiographic Evolution and Research
Periodization

Examining the temporal evolution of research
provides
scientific attention and methodological priorities
within a field change over time [68]. In bibliometric

themes important insight into how

studies, thematic evolution analysis enables the
identification of major transitions in scientific
development by tracing how dominant research
themes emerge, expand, and shift across different
chronological periods [69]. In the present study,
thematic evolution analysis was performed using
the Bibliometrix package through the Biblioshiny
interface in R Studio to examine the historiographic
development of research related to Hardy-Weinberg
equilibrium and mathematical modeling in
population genetics. Figure 7 illustrates the
thematic evolution of research topics across four
chronological periods spanning from 1972 to 2026.

As illustrated in Figure 7, the thematic evolution
analysis reveals a clear transition in the intellectual
development of population genetics research over
time. During the earliest period (1972-2006), the
dominant research themes were primarily
population genetics
concepts, including allele, alleles, gene frequency,

associated with classical

genotype, and genetic variability. These themes

interpreting  genetic  diversity and guiding indicate that early studies largely focused on
conservation strategies. theoretical population genetic frameworks, allele
[ED PANDAWA 1652
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distribution  patterns, and equilibrium-based
analyses used to understand genetic variation within
populations. The prominence of these foundational
terms reflects the strong influence of classical
Hardy-Weinberg principles during the formative
stage of population genetics research.

In the subsequent period (2007-2013), the
thematic structure began to shift toward more
molecularly oriented approaches. Keywords such as
haplotype, genotype, and gene frequency became
increasingly prominent, indicating the growing
integration of molecular marker analysis and
inheritance-based genetic studies. This transition
suggests that advances in molecular biology and
statistical genetics substantially influenced the
analytical direction of population genetics research
during this period. The emergence of haplotype-
related themes also reflects the increasing use of
multilocus genetic data and computational inference
methods for evaluating genetic relationships and
population structure.

A more substantial transition became evident
during the 2014-2019 period, when themes related
to genomic DNA emerged prominently within the
thematic network. The appearance of genomics-
related terminology indicates the expansion of
population genetics into data-intensive and
genomics-oriented research approaches. During this
phase, population genetic analyses increasingly

relied on high-throughput sequencing technologies,

large-scale molecular datasets, and computational
analytical frameworks capable of evaluating
genome-wide variation. At the same time, classical
themes such as gene frequency and genotype
remained strongly connected within the network,
suggesting that traditional Hardy—Weinberg-based
mathematical frameworks continued to provide an
important conceptual foundation despite major
technological advancements.

In the most recent period (2020-2026), the
thematic evolution analysis demonstrates a stronger
emphasis on genetic variability, gene frequency,
and allele-related studies. This pattern indicates that
population
increasingly focuses on understanding genetic
diversity and population-level genomic variation
using more advanced molecular and computational

contemporary genetics ~ research

approaches. The persistence of gene frequency and
allele-related themes across all chronological
periods further the
relevance of Hardy-Weinberg-based population

demonstrates continuing

genetic  principles within modern genomics
research. Rather than being replaced by newer
technologies, classical mathematical population
genetic frameworks appear to have evolved
alongside computational and genomics-driven
approaches.

Overall, the thematic evolution analysis reveals
that the development of population genetics
research has progressed through several major
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Figure 7. Historiographic evolution and thematic periodization of research topics related to Hardy-
Weinberg equilibrium and mathematical modeling in population genetics from 1972 to 2026.

historiographic phases, beginning with classical
equilibrium-based population genetics, followed by
the expansion of molecular and haplotype-based
analyses, and ultimately transitioning toward
genomics-oriented and computationally intensive
research. These findings demonstrate that
mathematical models derived from Hardy-
Weinberg principles continue to play a central role
in interpreting increasingly complex genetic
datasets generated through modern molecular and
genomic technologies. The observed transition
toward genomics-driven population genetics also
reflects broader technological shifts in biological

sciences, particularly the widespread adoption of

high-throughput sequencing, computational
biology, and Ilarge-scale genomic analysis
frameworks.

3.7. Practical Implications for Applied Natural
Science

The historiographic evolution identified in this
demonstrates ~ that  Hardy-Weinberg
progressed from a classical

study
equilibrium has
theoretical framework into an essential analytical
foundation within modern genomics-oriented
population genetics. The transition from allele
frequency—based analyses toward computational,
molecular, and genomics-driven approaches
highlights the increasingly important role of

mathematical and  statistical ~modeling in
interpreting large-scale genetic datasets. These
findings indicate that Hardy-Weinberg-based
mathematical frameworks remain highly relevant
fields

forensic

for applied natural science such as
biodiversity  conservation, genetics,
breeding programs, and population monitoring,
while also emphasizing the growing integration of
computational  biology, bioinformatics, and
methodologies  in

genomics contemporary

population genetics research.

3.8. Study Limitations

This study has several limitations that should be
acknowledged when interpreting the results. First,
the bibliometric dataset was derived exclusively
from the Scopus database. Although Scopus is
widely recognized as one of the most
comprehensive sources of peer-reviewed literature,
it does not include all relevant publications indexed
in other databases such as Web of Science,
PubMed, or Google Scholar. Consequently, some
relevant studies on Hardy-Weinberg equilibrium
and mathematical modeling in population genetics
may not have been captured in the present analysis.
Second, the study included only research articles
written in English and relied primarily on
bibliographic metadata such as titles, abstracts, and
author keywords. As a result, research published in
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other languages or in different document types (e.g.,
reviews, conference papers, or book chapters) was
not considered. In addition, the bibliometric
analysis focused on keyword co-occurrence and
collaboration networks derived from metadata
rather than full-text content. Future studies could
expand the scope of analysis by integrating multiple
databases and incorporating additional text-mining
or citation-based approaches to provide a more
comprehensive representation of the research
landscape in population genetics.

In addition,

inherent to bibliometric

several methodological factors
studies should be
considered when interpreting the results. The
construction of the search query and the selection of
keywords may introduce bias by potentially
excluding relevant studies that use alternative
terminology. Differences in database indexing
practices may also influence the visibility of certain
publications or research fields within the dataset.
Furthermore, bibliometric mapping techniques such
as keyword co-occurrence analysis depend on the
structure of the available metadata and the
parameters used in visualization software. As a
result, the identified thematic clusters represent
general patterns within the literature rather than
exhaustive representations of all research directions
in population genetics.

4. CONCLUSIONS

This that
research related to Hardy-Weinberg equilibrium

bibliometric study demonstrates
and mathematical modeling in population genetics
has evolved substantially from classical equilibrium
-based population genetics
computational, and genomics-oriented approaches.

toward molecular,

Publication trends, citation analysis, collaboration
networks, and thematic evolution collectively
indicate that mathematical modeling has remained a
foundation throughout the intellectual
development of the field. We found that classical

central

Hardy-Weinberg principles has not been replaced
by modern genomics research. In contrast, modern
genomics research instead expanded their
application through the integration of computational
biology, statistical genetics, and
genomic technologies. These findings highlight the

continuing relevance of Hardy-Weinberg-based

large-scale

mathematical  frameworks in  contemporary
population genetics and provide a clearer
understanding of the historiographic development,
state of the art, and future research direction within

this field.
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