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Abstract. Understanding population genetics concepts, particularly the Hardy-
Weinberg equilibrium law, presents significant challenges to students at various
educational levels. Our research addresses methodological and practical limitations
in teaching these concepts through educational model experiments. We document
the evolution of an instructional approach for studying the Hardy-Weinberg law,
progressing from material models with manual calculations to a fully automated
simulation system. The enhanced methodology allows for substantial increases
in model population size and facilitates both technical and biological replication
in the educational context. Through iterative design and testing with undergrad-
uate students between 2015-2023, we demonstrate that automated modeling sig-
nificantly enhances students’ conceptual understanding by visualizing abstract
genetic-evolutionary processes. Our approach overcomes traditional experimental
limitations of mass sampling and replication while making complex population-level
phenomena accessible to students. Survey results indicate improved comprehension
of genetic equilibrium concepts, with increasing student engagement in exploring
evolutionary mechanisms. This work contributes to the theoretical integration
of computational modeling and science education by establishing a pedagogical
framework that connects abstract genetic concepts to their practical application,
promoting deeper scientific literacy through guided simulation experiences.
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equilibrium, technical replication, biological replication, science education, simulation-
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1. Introduction

The subject of biology in educational contexts represents a didactically adapted sys-
tem of scientific biological knowledge. As with other natural sciences, experimentation
plays a fundamental role in biology as a research method, providing the factual basis
upon which broader generalizations and patterns can be established. While extensive
research exists regarding experimental methods in biological sciences — including
types, methods, requirements, limitations, and historical development — our focus
centers specifically on adapting experimental approaches for educational purposes at
the secondary and undergraduate levels.

Within educational contexts, model experiments hold particular significance for
conveying complex biological concepts that students might otherwise find inaccessible.
Previous research has examined the implementation of model experiments in biology
education [13, 14], addressing both pedagogical approaches and their effectiveness.
The present study extends this work by specifically addressing the challenges of
teaching population genetics concepts through experimental approaches.

Modern biology curricula at secondary and undergraduate levels are structured
around fundamental theoretical principles of biological science. While Mendelian
laws of heredity have traditionally formed the cornerstone of genetics education,
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contemporary developments in theoretical biology — particularly in genetics, ecology,
and evolution — necessitate greater emphasis on population-level genetic concepts.
The Hardy-Weinberg equilibrium law, which describes the stability of genotype fre-
quencies in a population under specific conditions, has emerged as a key principle
for understanding evolutionary mechanisms. However, research consistently in-
dicates that students struggle to master these abstract population-level concepts
[10, 20, 23, 24, 26, 30].

1.1. Current state of student understanding

To assess the current level of understanding regarding the Hardy-Weinberg equi-
librium law, we conducted a survey among 52 high school students. The survey
evaluated students’ comprehension of genetic equilibrium concepts, their understand-
ing of the law’s mathematical representation, and their ability to apply these principles
to practical problems. The questions focused on:

1. Identification of the correct mathematical equation representing the Hardy-
Weinberg law.

2. Recognition of equations describing genotypic and allelic population structures.

Knowledge of the conditions necessary for the law’s validity.

4. Application of the law to solve population genetics problems.
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Figure 1: Student responses to the first task: identifying the correct mathematical equation of
the Hardy-Weinberg law. Option A: p + ¢ = 1; Option B: (p + ¢)? = 1; Option C: p? + 2pq + ¢*> = 1;
Option D: p? + pg + ¢*> = 1; Option E: p + 2pg + ¢ = 1.

Survey results revealed significant gaps in students’ understanding of population
genetics concepts. Regarding the conditions necessary for the Hardy-Weinberg law to
apply, students demonstrated fragmentary knowledge: 29% recognized the require-
ment for large population sizes, 24% understood the need for random mating, 18%
acknowledged the absence of new mutations, 12% identified the necessity of equal
fertility across genotypes, 12% recognized non-overlapping generations, 18% noted the
absence of gene exchange with other populations, 18% understood the requirement
for genes to be on autosomes rather than sex chromosomes, and 12% recognized the
need for equal viability across genotypes.

More concerning was students’ inability to solve genetic problems, with only three
students attempting one problem and all producing incorrect solutions. These find-
ings align with previous research suggesting that students often adopt a formal,
memorization-based approach to population genetics concepts without developing
genuine understanding. This formalistic learning approach contributes to difficulties
in applying these concepts to evolutionary processes or human population genetics.
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Figure 2: Student responses to the second task: identifying the equation describing genotypic
structure of the population. Option A: p+¢ = 1; Option B: (p+4¢)? = 1; Option C: p?>+2pg+¢* = 1;
Option D: p? + pg + ¢®> = 1; Option E: p + 2pq + ¢ = 1.
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Figure 3: Student responses to the third task: identifying the equation describing allelic
population structure. Option A: p + ¢ = 1; Option B: (p + ¢)? = 1; Option C: p? + 2pq + ¢*> = 1;
Option D: p? + pg + ¢®> = 1; Option E: p + 2pg + ¢ = 1.

1.2. Challenges in educational experimentation

The challenges in teaching population genetics concepts through educational ex-
perimentation arise from several factors. Simulation and modeling offer particularly
effective approaches for demonstrating complex biological processes, including ge-
netic and evolutionary dynamics in populations. However, implementing meaningful
educational experiments in this domain presents specific challenges related to the
fundamental requirements of scientific experimentation.

A scientific biological experiment should ideally fulfill several key requirements:
reliability, rule of single difference, replication, and mass sampling. In an educational
context, replication and mass sampling present particular difficulties for the following
reasons:

1. Temporal limitations within the educational process.
2. Limited access to sufficient experimental objects.

3. Inaccessibility of certain biological phenomena for direct observation due to scale
(molecules, cells, viral particles) or complexity (population-level processes).

Recent methodological discussions in biological science have highlighted the issue
of pseudoreplication in research [6, 18]. This phenomenon occurs when observations
are not statistically independent but are treated as if they are, leading to potentially
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misleading results. While initially viewed negatively [11], attitudes toward pseu-
doreplication have evolved, with ongoing debate regarding its status as a genuine
methodological problem versus a contrived concern [16, 34, 35].

Reish, Dewey and Kirschman [33] define pseudoreplication as a statistical error
occurring when treatments are not replicated or when replicates are not statistically
independent. In educational contexts, understanding the difference between technical
replication (repeating measurements on the same sample) and biological replication
(measurements from different biological sources) becomes crucial. Technical replica-
tion provides information about measurement precision and accuracy for a specific
object, while biological replication helps determine whether observations generalize
across a group [17, 38].

Our research addresses these challenges by developing an enhanced methodology
for teaching population genetics through model experimentation. We specifically focus
on creating a pedagogical approach that balances scientific rigor with educational prac-
ticality, allowing students to meaningfully engage with population genetics concepts
while developing proper understanding of experimental methodology.

2. Methodology and research design

To address the challenges of teaching population genetics concepts through educa-
tional experimentation, we developed and refined a model experiment methodology
over a five-year period (2015-2020). Our approach evolved through several stages to
overcome limitations in mass sampling and replication while providing students with
meaningful learning experiences.

2.1. Research questions
We began by formulating several key questions to guide our methodological develop-
ment:

1. Is a model experiment necessary for teaching genetic equilibrium concepts and
conditions?

2. Can other educational methods effectively replace model experimentation?

3. How can we overcome the limitations of mass sampling and replication in an
educational setting?

4. How can we help students distinguish between technical and biological replica-
tion?

5. What is the optimal approach for visualizing genetic changes across generations
in a population?

Through careful consideration of these questions, we determined that while alterna-
tive teaching approaches exist (e.g., multimedia presentations, theoretical material,
problem-solving), model experimentation offers unique advantages for conceptualizing
abstract genetic principles. These advantages include:

1. Providing concrete manifestations of abstract biological categories.

2. Visualizing ideal population processes not directly observable in nature.

3. Simulating changes in real populations across multiple generations in com-

pressed timeframes.

Allowing for variation in replication with minimal material costs.

5. Teaching proper replication concepts in experimental design.

6. Demonstrating the effects of various factors (including stochastic effects) on
population structure.

»
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2.2. Evolution of the experimental methodology
Our methodological approach progressed through three distinct stages of develop-
ment, each addressing specific limitations of the previous stage.

Stage 1: Material models with manual calculation

Initially, we implemented a physical model experiment using material objects to
represent gene alleles. Students manually created genotype models, calculated fre-
quencies, and constructed models of parental and daughter populations across gener-
ations. This approach allowed direct manipulation of model elements but was limited
by physical constraints and calculation time.

Stage 2: Hybrid material-digital approach

In the second stage, we combined material modeling with digital tools. Students still
created physical models and performed random combinations of alleles, but entered
results into web-based tables that automatically calculated frequencies and generated
graphical representations. This hybrid approach reduced calculation burdens while
maintaining hands-on engagement with model construction.

We developed several web pages to support different modeling scenarios:

* Model experiment 1: Study of genetic structure in ideal populations (two variants).
* Model experiment 2: Study of genetic structure under natural selection.

* Model experiment 3: Modeling gene flow effects on genetic structure.

* Model experiment 4: Modeling random processes and gene drift effects.

This system allowed students to enter experimental results from physical modeling
activities and automatically process the data to visualize genetic changes across
generations. However, significant limitations remained, particularly regarding sample
size and replication.

Stage 3: Fully automated modeling

In the third stage, we addressed the limitations of previous approaches by developing
a fully automated modeling system. This approach eliminated physical constraints on
population size and allowed for extensive replication, both technical and biological. The
enhanced system enabled simulation of much larger populations (potentially millions
of individuals) and increased the number of observable generations, thereby providing
more statistically robust results that better aligned with theoretical expectations.

This automated approach was implemented through a new web page (https://web.
archive.org/web/20221221225840/http://mybio.education/mod/exp6/en/) that al-
lowed users to specify initial population parameters and observe multiple generations,
with automatic visualization of results. The system’s enhancements included:

1. Ability to model populations of hundreds, thousands, or millions of individuals.
User-specified initial allele frequencies.

Increased generational scope (five generations plus parental population).
Automatic calculation and visualization of genetic structure changes.

Support for both technical replication (multiple generations within one session)
and biological replication (different populations across sessions).

oLk N

2.3. Experimental design and validation

To evaluate the effectiveness of our enhanced methodology, we conducted a valida-
tion study during the 2019-2020 academic year. The study involved 6 undergraduate
biology students from the Institute of Living Systems at Immanuel Kant Baltic Fed-
eral University and 12 eleventh-grade students from the “School of the Future” in
Kaliningrad Region, Russia.
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Figure 4: Results of a model experiment with a population of 20,000 individuals, starting with
allele frequencies p = 0.7 and ¢ = 0.3.

Model experiment 1. Study of the genetic structure of the ideal population (third option)

1. In column 2 for the parent generation P, we introduce the number of pairs of two-body gene alleles (in other words, the number of individuals).
2. We are determined by the ratio of the dominant (A) and recessive (3) alleles, and we introduce their values in columns 9 and 18 for the parent
generation P.
. Click the "Calculate” button.
. Click the "Calculate" button opposite the lines F1, F2, F3, F4, FS.
Click on the "Show Graphs" button.
. Based on the analysis of the obtained graphs and diagrams, formulate the conclusions of the plan:
e Change in the frequency of genotypes in generations;
e Change in the ratio of gene frequencies in generations;
e The direction of evolutionary changes in the population.

owHw

Table 6. Genetic structure of the ideal population
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Figure 5: Results of a model experiment with a population of 200,000 individuals with different
initial allele frequencies (p = 0.2 and ¢ = 0.8), demonstrating how the system can be used for
biological replication.

The validation occurred within the framework of the “Effective High School” confer-
ence organized in collaboration with the National Research University Higher School
of Economics. During practical sessions on modeling genetic-evolutionary processes,
participants were divided into two groups with different instructional sequences:

1. Group 1: Began with the original manual model experiment followed by the fully
automated approach.
2. Group 2: Used only the fully automated modeling approach.
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Both groups performed multiple experimental trials with different initial parameters
(population size and allele frequencies). Data collection included:

1. Observation of participant interaction with the modeling systems.
2. Documentation of student difficulties and questions.
3. Post-activity interviews regarding comprehension and learning experience.

This design allowed us to assess both the technical functionality of the modeling
system and its pedagogical effectiveness in developing student understanding of popu-
lation genetics concepts, particularly regarding technical and biological replication.

3. Results

The implementation and validation of our enhanced methodology for teaching
population genetics concepts yielded significant insights into both the technical aspects
of the modeling system and its educational effectiveness. We present these findings in
relation to the key research questions and methodological goals.

3.1. Technical implementation results
The fully automated modeling system successfully addressed the limitations identi-
fied in previous approaches, enabling:

1. Simulation of much larger populations, ranging from thousands to millions of
individuals.

2. User-controlled specification of initial allele frequencies.

3. Visualization of genetic structure across five generations plus the parental popu-
lation.

4. Support for both technical replication (multiple generations within a session) and
biological replication (different population parameters across sessions).

This technical implementation significantly expanded the scope and capability of the
educational model experiment, bringing it closer to the conditions of real population
genetics research while maintaining accessibility for educational purposes.

3.2. Validation study results
The validation study with undergraduate biology students and high school students
revealed important patterns in user experience and learning outcomes.

3.2.1. User experience with different approaches
Participants in Group 1, who began with the manual approach before transitioning
to the automated system, reported several challenges with the initial methodology:

1. Difficulty understanding the purpose of repetitive manual calculations at the
beginning of the activity.

2. Fatigue and frustration with routine data handling tasks.

3. Increased error rates in calculations due to fatigue, requiring repeated experi-
mentation.

4. Strong preference for the automated system once introduced.

In contrast, Group 2 participants, who used only the automated system, completed
the assigned tasks more efficiently. However, both groups expressed uncertainty about
the purpose of performing multiple experimental replicates with different population
parameters (biological replication), while understanding the value of observing multiple
generations of the same population (technical replication).
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3.2.2. Understanding of replication concepts
A key finding was the differential understanding of technical versus biological
replication concepts:

1. Participants readily grasped the concept of technical replication, understanding
why observing multiple generations of the same population was scientifically
valuable.

2. The concept of biological replication — using different starting parameters to
explore the generalizability of findings — was less intuitively understood.

This observation aligns with contemporary discussions in scientific methodology
regarding pseudoreplication [16, 25, 34, 35]. The lack of clear understanding of
biological replication among participants suggests a need for more explicit instruction
regarding experimental design principles.

3.2.3. Learning outcomes
The automated modeling system demonstrated significant advantages for learning
outcomes:

1. Reduced cognitive load from mechanical calculation tasks allowed greater focus
on conceptual understanding.

2. Visual representation of population changes across generations enhanced com-
prehension of the Hardy-Weinberg equilibrium.

3. The ability to observe large populations made statistical patterns more evident,
reinforcing theoretical principles.

4. Opportunity to explore different initial conditions facilitated deeper understand-
ing of the factors influencing population genetics.

These benefits align with recent research on computational modeling in science edu-
cation, which emphasizes the value of interactive simulation for developing conceptual
understanding of complex systems [9, 27].

3.3. Analysis of student understanding
The evaluation revealed three key patterns in student understanding of population
genetics concepts through the model experiment approach:

1. Students became more adept at connecting mathematical formulations with
biological processes when using the automated system, demonstrating improved
integration of quantitative and qualitative aspects of population genetics.

2. The automated approach helped students overcome key threshold concepts in
population genetics, particularly regarding the stability of genotype frequencies
in ideal populations and the factors that disturb this equilibrium.

3. Students developed greater awareness of the importance of sample size and
replication in scientific research, though more support was needed to fully
appreciate the distinction between technical and biological replication.

These findings are consistent with research by Cannady et al. [5] on scientific
sensemaking in students, which demonstrates how structured engagement with
scientific practices can enhance content learning across disciplines.

3.4. Comparative analysis

To place these findings in context, table 1 presents a comparative analysis of the
three methodological approaches developed throughout this research.

This comparison demonstrates the evolution of our approach toward greater ef-
ficiency, scale, and conceptual focus, while maintaining the essential educational
benefits of model experimentation.

260


https://doi.org/10.55056/cte.735

CTE Workshop Proceedings, 2025, Vol. 12, pp. 253-269

Table 1

Comparative analysis of three methodological approaches

https://doi.org/10.55056/cte.735

Characteristic

Material models
with manual
calculation

Hybrid material-
digital approach

Fully automated
modeling

Maximum popu-
lation size

Number of observ-
able generations

Technical replica-
tion

Biological replica-
tion
Data visualiza-
tion

Student cognitive
focus

Implementation
time

Pedagogical em-
phasis

50-100 individuals

3 (parental + 2
daughter)

Limited by calcula-
tion time

Difficult due to re-
source constraints

Manual graphing

Mechanical calcula-
tion processes

2-3 class periods

Process understand-
ing

50-100 individuals

3 (parental + 2
daughter)

Limited by material
constraints

Difficult due to re-
source constraints

Automatic  gener-
ation of limited
graphs

Data entry and inter-
pretation

1-2 class periods

Hybrid process-
concept learning

Unlimited (potentially mil-
lions)

6 (parental + 5 daughter)

Extensive and efficient

Easily implemented
through parameter varia-
tion

Comprehensive auto-

mated visualization

Conceptual understand-
ing and analysis

Single class period with
deeper exploration

Conceptual understand-
ing with methodological
awareness

4. Discussion

Our research addresses fundamental challenges in teaching complex population

genetics concepts through the development and refinement of an enhanced model-
ing methodology. The findings contribute to several key areas of biology education
research, with implications for both theoretical understanding and practical imple-
mentation.

4.1. Addressing educational challenges in population genetics

Population genetics concepts, particularly the Hardy-Weinberg equilibrium law,
present significant educational challenges due to their abstract nature, mathematical
complexity, and disconnect from students’ everyday experience. Our study confirms
previous findings regarding students’ difficulties with these concepts [10, 20, 23,
24, 26, 30], but offers a promising approach to address these challenges through
computational modeling.

The results of our validation study suggest that an automated modeling approach
significantly enhances students’ ability to engage with population genetics concepts
by:

1. Providing concrete visualization of abstract genetic processes.

2. Demonstrating the mathematical relationships between allele and genotype
frequencies.

Allowing exploration of equilibrium conditions and disturbances.

Reducing cognitive load associated with mechanical calculations.

Facilitating understanding of statistical patterns through large sample sizes.

ol 0
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These benefits align with theoretical perspectives on the value of simulation and
modeling in science education [1, 4]. As Tutwiler and Grotzer [39] argue, immersive,
interactive simulations are particularly valuable for helping students understand
complex causal dynamics that are otherwise difficult to observe directly.

4.2. Bridging technical and conceptual understanding

A significant contribution of our approach is its potential to bridge technical and
conceptual understanding in population genetics education. Traditional approaches
often treat mathematical formulations and biological concepts separately, leading to
fragmented understanding. Our methodology integrates these aspects by connecting
the mathematical relationships of the Hardy-Weinberg law with visual representations
of population changes across generations.

This integration reflects recent theoretical perspectives on the relationship between
scientific methodological knowledge and concept mastery [15, 41]. As Papadouris and
Constantinou [29] suggest, elevating attention to the epistemic and ontological aspects
of content knowledge, rather than focusing solely on substantive content, enhances
conceptual understanding and epistemological stance toward science learning.

4.3. Replication concepts in biology education

Our findings regarding students’ differential understanding of technical versus
biological replication highlight an important area for improvement in science education.
While participants readily grasped the value of technical replication (observing multiple
generations of the same population), they struggled to appreciate the importance of
biological replication (testing with different population parameters).

This observation connects to broader discussions about pseudoreplication in sci-
entific research [11, 16, 34, 35] and suggests that explicit instruction regarding
replication concepts could enhance students’ methodological understanding. As Nae-
gle, Gough and Yaffe [28] note, understanding the distinction between technical and
biological replication is crucial for proper experimental design and data interpretation
in biological sciences.

The challenge of teaching replication concepts effectively relates to deeper issues
in scientific literacy and methodological understanding. Recent work by Priest [31]
emphasizes the importance of “critical science literacy”, which involves understanding
the social character of science and the nature of scientific consensus. Our findings
suggest that computational modeling approaches can provide a foundation for devel-
oping this deeper literacy by engaging students in authentic scientific practices and
methodological considerations.

4.4. Technological affordances for science education

The evolution of our methodology from manual modeling to fully automated simula-
tion reflects broader trends in educational technology and computational modeling
in science education. Our findings regarding the effectiveness of the automated ap-
proach align with research on the role of web-based tools in making abstract concepts
concrete for students [2, 12].

The advantages of our automated modeling system include:

1. Accessibility and ease of use for students with varying technical backgrounds.

2. Scalability to accommodate large virtual populations that better demonstrate
statistical principles.

Visualization capabilities that make abstract genetic processes observable.
Flexibility to modify parameters and explore different scenarios.
5. Efficiency in generating results quickly, allowing for more experimental iterations.

W
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These affordances address key challenges in science education identified by Ruza-
man and Rosli [36], who emphasize the importance of inquiry-based education that
awakens learners’ curiosity and wonder. By providing an interactive platform for
exploring population genetics concepts, our approach supports the development of
higher-order thinking skills through meaningful inquiry.

The implementation of our web-based system also responds to recent calls for more
effective integration of computational modeling in biology education [19, 27]. As
Voit et al. [40] argue, computational approaches are becoming central to biological
and medical research, necessitating greater emphasis on these skills in educational
contexts.

4.5. Limitations and areas for future development
Despite the demonstrated benefits of our enhanced methodology, several limitations
should be acknowledged:

1. Current implementation focuses only on ideal populations without evolutionary
factors.

2. Student understanding of biological replication concepts requires additional
support.

3. The system could benefit from more explicit connections to real-world population
genetics research.

4. Long-term retention of concepts was not assessed in the current study.

These limitations suggest several directions for future development:

1. Expansion of the automated modeling system to include evolutionary factors
such as natural selection, gene flow, genetic drift, and mutation.

2. Development of more explicit instructional scaffolding regarding experimental
design and replication concepts.

3. Integration of case studies from real population genetics research to enhance
contextual relevance.

4. Longitudinal assessment of conceptual understanding and transfer to other
biological domains.

5. Educational implications and theoretical framework

Our research contributes to the development of a more robust theoretical framework
for teaching complex biological concepts through computational modeling. Building
on existing work in science education, we propose an integrated framework that
connects scientific methodological knowledge with conceptual understanding through
simulation-based learning experiences.

5.1. Enhancing conceptual understanding through modeling

The results of our study support the value of computational modeling for enhancing
students’ conceptual understanding of abstract genetic concepts. This aligns with
theoretical perspectives on conceptual change in science education, which emphasize
the importance of making abstract ideas concrete and observable [3].

Our findings suggest that effective modeling approaches:

1. Provide visual representations of otherwise abstract processes.

2. Allow manipulation of variables to observe effects on outcomes.

3. Demonstrate relationships between mathematical formulations and biological
phenomena.
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4. Support exploration of multiple scenarios to identify patterns and principles.
5. Bridge theoretical knowledge and practical application.

These elements contribute to what Cannady et al. [5] describe as “scientific sense-
making”, which supports science content learning across disciplines and instructional
contexts.

5.2. Pedagogical content knowledge for population genetics

The development and implementation of our enhanced methodology contributes to
expanding pedagogical content knowledge (PCK) for teaching population genetics. As
defined by Shulman [37], PCK encompasses the specialized knowledge that teachers
need to make subject matter comprehensible to students.

Our approach enhances PCK for population genetics by:

1. Identifying key threshold concepts and potential misconceptions.

2. Providing concrete strategies for visualizing abstract genetic processes.

3. Offering tools for navigating between mathematical and biological aspects of
population genetics.

Developing awareness of methodological considerations in genetic research.

Establishing connections between theoretical principles and observable out-
comes.

o

This contribution addresses the need identified by Fikriyah, Yasir and Qomaria [8]
for enhanced PCK among science educators, particularly regarding complex biological
concepts.

5.3. Integrated framework for computational modeling in biology education

Drawing on our findings and existing theoretical perspectives, we propose an inte-
grated framework for computational modeling in biology education that encompasses
four key dimensions:

1. Conceptual understanding - developing robust mental models of biological
processes through simulation-based exploration.

2. Methodological awareness — building understanding of scientific methods, in-
cluding experimental design, replication, and data interpretation.

3. Technological integration — using digital tools to visualize, manipulate, and
analyze complex biological systems.

4. Contextual relevance — connecting abstract principles to real-world biological
phenomena and research applications.

This framework aligns with recent perspectives on the integration of computational
thinking in science education [21, 32] and supports the development of what Dorfner,
Fortsch and Neuhaus [7] describes as conceptual rather than content-focused teach-
ing.

Figure 6 illustrates the relationships between these dimensions and their contribu-
tion to enhanced biological literacy.

This framework provides a foundation for designing and implementing computational
modeling approaches across various biological domains, extending beyond population
genetics to other complex biological systems.
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Figure 6: Integrated framework for computational modeling in biology education, showing
relationships between key dimensions and their contribution to enhanced biological literacy.

5.4. Practical implications for biology education
Our research offers several practical implications for biology education at secondary
and undergraduate levels:

1. Integration of computational modeling approaches into standard biology cur-
ricula, particularly for abstract concepts like population genetics, can enhance
conceptual understanding and engagement.

2. Professional development for biology educators should include training in compu-
tational modeling approaches and their pedagogical implementation, addressing
both technical skills and conceptual knowledge.

3. Development of accessible, web-based modeling tools for various biological con-
cepts can support inquiry-based learning and conceptual exploration.

4. Evaluation of student understanding should incorporate modeling-based assess-
ments that reveal conceptual integration rather than relying solely on recall of
facts or formulae.

5. Computational modeling in biology education offers opportunities for interdisci-
plinary connections with mathematics, computer science, and statistics, enhanc-
ing students’ cross-disciplinary literacy.

These implications respond to calls for more innovative approaches to biology
education that prepare students for the increasingly computational nature of biological
research [22, 40].

6. Conclusion

Our research has documented the development and validation of an enhanced
methodology for teaching complex population genetics concepts through automated
modeling. By addressing the limitations of traditional educational experiments —
particularly regarding mass sampling and replication — we have created an approach
that balances scientific rigor with educational accessibility.

The evolution of our methodology from manual modeling to fully automated simu-
lation reflects a broader trend toward computational approaches in science educa-
tion. Our findings demonstrate that this approach enhances students’ conceptual
understanding of population genetics principles, particularly the Hardy-Weinberg
equilibrium law, while also developing awareness of methodological considerations in
biological research.

The proposed integrated framework for computational modeling in biology education
offers a theoretical foundation for extending these approaches to other biological
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domains. By connecting conceptual understanding, methodological awareness, tech-
nological integration, and contextual relevance, this framework supports the develop-
ment of enhanced biological literacy that prepares students for contemporary scientific
practice.

Future research should focus on expanding the automated modeling system to
incorporate evolutionary factors, developing more explicit scaffolding for experimental
design concepts, and assessing long-term retention and transfer of learning. Addi-
tionally, exploration of similar approaches for other complex biological systems could
further validate the effectiveness of computational modeling as a pedagogical strategy.
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