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Abstract 

In secondary school biology, mastering complex metabolic pathways—specifically photosynthesis, 

cellular respiration, glycolysis, the tricarboxylic acid cycle, and oxidative phosphorylation presents 

persistent cognitive obstacles. Students routinely reduce these dynamic biochemical cascades to 

superficial, rote memorization, leaving them unable to reconstruct reaction stages, trace energetic 

coupling, or track stoichiometric inputs and outputs. This classroom-based action research study 

investigated whether a structured, eight-week gamified retrieval-practice intervention supported Grade XI 

students in moving from mechanical memorization to connected, conceptual understanding of cellular 

energetic pathways. Grounded in an iterative action-research spiral (Plan–Act–Observe–Reflect–Re-plan), 

the intervention integrated game-informed mechanics (tiered mission narratives, unlockable stages, timed 

enzyme-substrate challenges, and mastery badges) with low-stakes active retrieval tasks and immediate 

explanatory feedback. Assessment records for 15 Grade XI Biology students were verified; 14 students 

completed complete paired pre- and post-intervention diagnostic tests (each scored out of 20 marks, 

subdivided into four 5-mark quadrants assessing component recall, sequence reconstruction, stoichiometry 

tracking, and conceptual perturbation). Quantitative shifts were evaluated using paired-samples t-tests, 

Wilcoxon signed-rank sensitivity tests, and individual gain trajectory analyses. The cohort mean increased 

significantly from 14.64 (SD = 3.27) at pre-test to 18.79 (SD = 1.58) out of 20 at post-test, representing 

an absolute mean gain of 4.14 marks (20.71 percentage points; 28.29% relative improvement). The 

increase was statistically significant, t(13) = 6.26, p < .001, 95% CI [2.71, 5.57], and supported by a 

Wilcoxon signed-rank test (W = 0, p = .0019). The standardized within-student change was substantial 

(Cohen’s dz = 1.67). Twelve of fourteen students (85.71%) demonstrated numerical gains, while two 

(14.29%) maintained perfect baseline scores of 20/20. No student declined.  
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1. Introduction 

In senior secondary science curricula, metabolic pathways constitute the foundational core of 

cellular physiology. Developing mastery of cellular respiration, glycolysis, the Krebs cycle, oxidative 

phosphorylation, and photosynthesis requires students to engage with dynamic biochemical networks that 

operate simultaneously across multiple dimensions. To fully comprehend these pathways, learners must 

coordinate nominal identification of substrates, coenzymes, and regulatory enzymes with spatial 

localization across distinct subcellular microenvironments, including the cytosol, mitochondrial matrix, 

inner mitochondrial membrane, and chloroplast stroma. Furthermore, students must trace the conservation 

of matter and energy, accounting for carbon transitions via decarboxylation and tracking electron flow 

through redox carriers coupled to ATP generation. Because these biochemical cascades operate at sub-

microscopic scales and involve complex feedback loops, senior secondary students routinely struggle to 

build coherent, operational mental models of pathway dynamics. 

In traditional biology classrooms, instruction is frequently dominated by didactic lecturing 

supplemented by the passive copying of finished textbook charts. Confronted with high cognitive load and 

dense biochemical terminology, students almost invariably default to rote, mechanical memorisation. 

While superficial rehearsal may enable a learner to define isolated vocabulary terms or recite intermediate 

names phonetically, it leaves cognitive schema fragmented and inert. When examination tasks demand 

the chronological reconstruction of scrambled reaction sequences, the tracking of net carbon balances 

across stages, or the deduction of metabolic consequences when an enzyme or transport complex is 

chemically inhibited, rote recall collapses. Without repeated opportunities to retrieve, organize, and re-

articulate pathway architecture from memory, students fail to transition from isolated factual recall to 

integrated conceptual understanding. 

Gamification, understood as the deliberate implementation of game-design elements within non-

game instructional settings, provides an actionable instructional framework to lower affective barriers and 

sustain learner persistence. Nevertheless, educational research demonstrates that gamification produces 
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negligible cognitive benefit when treated solely as an external layer of points or leaderboard competitions. 

The instructional potency of gamified design is realized when it is directly integrated with two empirical 

principles from cognitive science: active retrieval practice and immediate corrective feedback. The testing 

effect confirms that actively reconstructing knowledge from memory produces more robust retention and 

flexible transfer than passive review. Complementing this, immediate explanatory feedback allows 

learners to identify and correct biochemical misconceptions before erroneous reasoning becomes fixed. 

Combining game-informed progression with retrieval tasks and instant feedback facilitates the repeated 

active reconstruction of biological pathways, converting students from passive observers into active 

system modelers. 

 

1.2 Research Gap 

Existing gamification research has generally examined broad learning outcomes, engagement, and 

motivation, whereas comparatively less attention has been given to sequential biological knowledge 

requiring reconstruction of interconnected stages. Furthermore, classroom-based evidence from authentic 

secondary-school Biology settings remains limited, particularly where gamification is deliberately 

combined with retrieval practice and immediate corrective feedback. Most published studies in science 

education evaluate gamification as a generalized delivery mechanism rather than investigating its synergy 

with domain-specific cognitive bottlenecks in secondary classrooms. 

 

1.3 Research Questions 

This classroom inquiry addressed two central research questions: 

1. Does a structured gamified retrieval-practice intervention lead to measurable, statistically 

significant gains in Grade XI students' recall and conceptual understanding of complex biological 

pathways? 

2. How do individual student trajectories reflect the impact of repeated active pathway reconstruction 

across an eight-week instructional cycle? 

To evaluate these questions statistically, the null hypothesis stated that there is no significant difference 

between pre-test and post-test scores following the intervention ($\mu_D = 0$), tested against the non-

directional alternative hypothesis ($\mu_D \neq 0$) at $\alpha = 0.05$. 

 

2. Conceptual Framework 

The pedagogical architecture of this intervention integrates cognitive load theory, the testing effect, and 

game-informed instructional design. The framework operates as an iterative cognitive loop: Gamification 

Architecture $\rightarrow$ Active Retrieval Tasks $\rightarrow$ Corrective Feedback $\rightarrow$ 

Repeated Active Reconstruction $\rightarrow$ Conceptual Mastery. 

Within this instructional sequence, gamification elements—including narrative missions, tiered 

progression stages, and achievement badges—structure the instructional content into manageable 

cognitive units, thereby sustaining focus and reducing affective anxiety. Within each mission, students are 

required to engage in active retrieval tasks, such as ordering scrambled reaction steps, completing blank 

pathway ladders, and linking coenzymes without access to instructional notes. As students complete these 

retrieval challenges, immediate corrective feedback delivers explanatory guidance at the precise point of 

divergence, highlighting where an incorrect intermediate was placed or where stoichiometry was 

unbalanced. This immediate diagnostic input triggers re-trial loops, prompting learners to engage in 
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repeated active reconstruction of pathway logic. Through this recurring cycle of retrieval, feedback, and 

re-construction, learners gradually coordinate component recall, sequential stage recognition, carbon 

balance tracking, and perturbation analysis into a coherent cognitive model. 

 

3. Methodology 

3.1 Action-Research Design 

This study followed a practitioner-led classroom action research methodology structured around Kurt 

Lewin’s iterative problem-solving spiral: Plan, Act, Observe, Reflect, and Re-plan. Rather than 

functioning as a detached observer, the teacher-researcher conducted the investigation directly within the 

authentic ecology of the junior college classroom, aiming to examine and refine pedagogical practice in 

real time. The research design encompassed two continuous four-week instructional cycles. Cycle 1 

spanned Weeks 1 to 4 and targeted photosynthetic mechanisms, allowing the practitioner to baseline 

student performance, deploy gamified retrieval exercises, observe early operational challenges, and reflect 

on persistent stoichiometric confusion. Cycle 2 spanned Weeks 5 to 8 and targeted respiratory pathways, 

incorporating instructional modifications developed from Cycle 1 reflections, such as color-coded 

energetic counters and membrane gradient visualizers, concluding with comprehensive summative 

assessments. 

 

3.2 Context and Participants 

The study was conducted at K. K. Wagh Secondary School and Junior College, Saraswati Nagar, Nashik, 

Maharashtra, India. The target cohort consisted of Grade XI science stream students enrolled in Biology. 

Initial classroom rosters recorded 15 participating students. One student completed the diagnostic pre-test 

(earning a score of 10/20) but relocated due to family transfer prior to the unit’s conclusion, thereby 

missing the post-intervention assessment. In strict accordance with conservative data verification 

protocols, this incomplete record was retained descriptively but excluded from paired inferential 

calculations without score imputation. Consequently, the final verified sample comprised 14 students ($n 

= 14$) who possessed complete paired pre-test and post-test assessment records. To safeguard participant 

confidentiality, student identities were anonymised and designated as S1 through S14 throughout all 

analytical records. 

 

3.3 Initial Problem Identification 

During baseline instruction in plant physiology and cellular energetics, formal diagnostic exercises and 

formative notebook evaluations revealed that over 70% of students were unable to reconstruct the non-

cyclic photophosphorylation pathway (Z-scheme) or track carbon progression through the Calvin cycle 

without direct recourse to textbook illustrations. Formative classroom discussions further indicated that 

students routinely misidentified intermediate substrates, inverted enzymatic reaction sequences in 

glycolysis, and conflated the cellular sites of the Krebs cycle with those of the electron transport chain. 

The central practical problem was thus diagnosed as a heavy reliance on passive rote memorisation that 

failed to generate an integrated understanding of biological cascades. 

 

3.4 Intervention Cycles 

The intervention was conducted across eight consecutive weeks, structured into two weekly instructional 

sessions of approximately 35 to 40 minutes each, totaling 16 dedicated intervention periods. Table 1 details 
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the curriculum mapping, gamified mechanics, retrieval tasks, and practitioner reflections executed across 

each week of the intervention. 

 

Table 1 - Eight-Week Structured Gamified Retrieval-Practice Intervention Plan 

Week Biological 

Content 

DOCX+ 1 

Gamified Activity 

& Mechanics 

DOCX+ 1 

Retrieval Task 

DOCX+ 1 

Action-Research 

Observation, Feedback & 

Reflection DOCX 

W1 
Chloroplast 

Anatomy & 

Light Absorption 

 

Thylakoid 

Explorer: Level-1 

navigation mission 

to collect pigment 

complexes and 

unlock 

photosystem 

stages. 

Blank visual drag-

and-drop: Place 

Photosystem II (P680) 

and Photosystem I 

(P700) from memory. 

Observe: Students 

accurately named terms but 

inverted photolysis 

orientation. Feedback: 

Immediate visual prompt 

showing H2O splitting at 

lumen side. 

W2 
Light Reactions: 

Non-Cyclic & 

Cyclic Flow 

 

Electron Runner 

Challenge: Timed 

challenge shuttling 

electron packets 

through 

plastoquinone, 

cytochrome b6f, 

and plastocyanin. 

Free-recall flow 

mapping: Diagram the 

Z-scheme pathway 

from memory without 

notes. 

Observe: Confusion 

between cyclic and non-

cyclic flows. Reflect: Use 

comparative flashcards to 

contrast electron endpoints. 

W3 
Calvin Cycle (C3 

Pathway) 

 

RuBisCO Carbon 

Catcher: Point-

scoring task for 

fixing 3 CO2 

molecules and 

regenerating 

RuBP. 

Cloze-matrix 

retrieval: Fill in 

carbon counts (3C, 

5C, 6C) and 

ATP/NADPH 

consumption steps. 

Observe: Frequent errors in 

carbon balance. Feedback: 

Immediate branch-feedback 

displaying the 6-carbon 

intermediate cleavage. 

W4 
Photosynthesis 

Review & Cycle 

1 Synthesis 

 

Master Bio-Quest: 

Integrated quest 

connecting light 

products 

(ATP/NADPH) to 

Calvin cycle 

demands. 

Timed quiz challenge 

with streak multipliers 

for consecutive 

correct pathway links. 

Cycle 1 Reflection: 

Missions supported 

engagement, but energy 

stoichiometry needed more 

explicit tracking prior to 

respiration modules. 

W5 
Glycolysis 

(Cytoplasmic 

Cleavage) 

 

Glyco-Slicer 

Tournament: 

Timed sorting 

challenge matching 

kinases and 

Ten-step blank ladder: 

Reconstruct 

glycolysis from 

glucose to pyruvate, 

separating investment 

Re-Plan: Added color-

coded counters (Red = ATP 

used; Green = ATP 

produced) to address Cycle 1 

observations. 
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isomerases to 

pathway steps. 

and payoff. 

W6 
Link Reaction & 

Tricarboxylic 

Acid Cycle 

 

Matrix Detective: 

Clue-based puzzle 

identifying 

decarboxylation 

and 

dehydrogenation 

events. 

Rapid-fire retrieval 

cards: Reconstruct 

intermediate stages 

and track reducing 

equivalents per 

pyruvate. 

Observe: Students 

frequently forgot to double 

yields for one glucose 

molecule. Feedback: 

Interactive x2 multiplier 

prompt. 

W7 
Oxidative 

Phosphorylation 

& ETC 

 

Proton Gradient 

Fortress: 

Interactive defense 

challenge pumping 

protons across 

Complexes I–IV to 

activate ATP 

synthase. 

Mechanistic sketch: 

Draw the inner 

mitochondrial 

membrane, proton 

accumulation, and 

chemiosmosis. 

Observe: Visualizing 

gradient accumulation 

helped resolve persistent 

confusion regarding 

chemiosmotic coupling. 

W8 
Comprehensive 

Synthesis & 

Post-Test 

 

Metabolic Escape 

Room: Multi-

station team 

challenge solving 

enzymatic 

disruption 

scenarios. 

Comprehensive 

pathway synthesis 

from memory across 

both photosynthetic 

and respiratory 

systems. 

Cycle 2 Reflection: 

Substantial growth in 

student confidence; error 

rates on energy balances 

dropped notably. 

Administered post-test. 

3.5 Gamification Architecture 

The gamification system implemented during classroom sessions avoided commercial video-game 

delivery in favor of five targeted, classroom-manageable game design elements. First, all topics were 

framed around narrative mission briefs where students took on roles such as cellular bioenergeticists 

tasked with assembling the carbon engine or preventing proton gradient collapse. Second, content was 

arranged into unlockable stages, establishing a structural prerequisite system in which students had to 

demonstrate mastery of an upstream biochemical module (such as the preparatory phase of glycolysis) 

before unlocking downstream tasks. Third, students earned mastery badges (e.g., Chemiosmosis 

Specialist, RuBisCO Architect) and streak multipliers for completing multi-step pathway retrievals 

without consulting notes. Fourth, time-constrained enzyme matching challenges were incorporated to 

build fluency and transform slow, hesitant nomenclature recognition into rapid active recall. Fifth, 

corrective feedback was delivered via branching diagnostic answer keys; rather than merely assigning a 

binary score, the system identified the exact enzymatic step where a student deviated, directing immediate 

review of that specific reaction link. 

 

3.6 Assessment Instrument and Validity 

To assess student knowledge across the cognitive spectrum without making unsupported claims of 

standardized external psychometric validation, the teacher-researcher designed a targeted, curriculum-
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aligned diagnostic instrument administered identically as a pre-test in Week 1 and a post-test in Week 8. 

The instrument carried a total value of 20 marks, subdivided into four distinct 5-mark quadrants designed 

to measure discrete aspects of pathway mastery: 

1. Component Recall (5 marks): Assessing nominal knowledge of specific substrates, enzymes, 

electron carriers, and intermediate molecules. 

2. Sequence and Stage Reconstruction (5 marks): Requiring students to place scrambled enzymatic 

steps into correct chronological order and assign them to correct cellular compartments. 

3. Input, Output, and Stoichiometry (5 marks): Measuring students' ability to track carbon 

balances, ATP expenditure, and reducing equivalent generation (NADH, FADH2, NADPH) across 

complete cycles. 

4. Conceptual Explanation and Pathway Perturbation (5 marks): Requiring students to deduce 

the physiological consequences when specific pathway steps or electron complexes are blocked by 

metabolic inhibitors. 

The test items were mapped directly against the learning objectives established in the Maharashtra State 

Board Grade XI Biology syllabus. Before implementation, the complete assessment blueprint, scoring 

rubric, and item phrasing were independently reviewed by two senior secondary biology educators to 

ensure content alignment and curricular relevance. All tests were evaluated using an objective scoring 

rubric awarding one mark per verified component, sequence step, stoichiometric value, or mechanistic 

deduction. 

 

3.7 Data Verification 

Data verification was conducted by cross-referencing assessment score entries against physical student 

attendance rosters and examination papers. Three minor orthographic discrepancies in student names 

between the pre-test logging sheet and post-test rosters were resolved via unique institutional roll numbers. 

As noted, the single participant who lacked a post-test score was documented descriptively but excluded 

from inferential calculations, ensuring that all statistical comparisons rested strictly on verified, complete 

paired cases. 

 

3.8 Statistical Analysis 

All statistical calculations were executed using Python and R analytical libraries. Summary descriptive 

statistics included the mean, median, standard deviation (SD), sample variance, minimum, maximum, 

score range, and standard error of the mean (SE). To determine whether performance gains were 

statistically significant, a two-tailed paired-samples t-test was conducted. The distributional normality of 

the paired difference scores was evaluated using the Shapiro-Wilk test, which indicated a departure from 

normality (W = 0.835, p = .014). Consequently, a non-parametric Wilcoxon signed-rank test was 

conducted as a sensitivity check. Effect size was calculated as Cohen’s dz, measuring standardized within-

student change. In response to methodological considerations regarding high baseline pre-test scores and 

test ceiling constraints, normalized learning gain metrics (g) were omitted from the primary findings to 

prevent distorted representations of student achievement. 

 

3.9 Ethics 

Classroom action research procedures complied with institutional guidelines regarding ethical educational 

practice. Assessment records were anonymized (designated S1 through S14) prior to statistical evaluation 
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to protect student privacy. All students received identical classroom instructional access, and participation 

in the gamified learning modules was integrated directly into regular curricular periods, ensuring that no 

student was excluded or placed at an academic disadvantage. 

 

4. Results 

4.1 Descriptive Results 

The quantitative assessment records for the 14 Grade XI Biology students who completed both testing 

sessions are summarized in Table 2. The class mean score increased from 14.64 (SD = 3.27) at pre-test to 

18.79 (SD = 1.58) out of 20 at post-test. This progression corresponds to an absolute mean gain of 4.14 

marks, an increase of 20.71 percentage points across the 20-point scale, and a 28.29% relative performance 

improvement over baseline achievement. Simultaneously, the standard deviation decreased from 3.27 to 

1.58, indicating a marked compression of the score distribution toward the upper end of the assessment 

scale and reflecting greater homogeneity in student mastery. 

 

Table 2 - Descriptive Statistics for Pre-Test and Post-Test Scores (N = 14) 

 

Statistic Pre-Test Score Post-Test Score Difference (Δ) 

Number of Students (n) 14 14 14 

Mean Score 14.64 18.79 +4.14 

Median Score 14.00 19.00 +5.50 

Standard Deviation (SD) 3.27 1.58 2.48 

Variance 10.71 2.49 6.13 

Minimum Score 9.00 15.00 0.00 

Maximum Score 20.00 20.00 +7.00 

Range 11.00 5.00 7.00 

Standard Error (SE) 0.87 0.42 0.66 

4.2 Individual Trajectories 

Individual gain scores (post-test score minus pre-test score) ranged from 0 to 7 marks, with a mean gain 

of 4.14 (Mdn = 5.50, SD = 2.48). Analysis of individual performance trajectories revealed that 12 of the 

14 students (85.71%) demonstrated positive score gains. Students who demonstrated the lowest baseline 

performance achieved the largest raw gains; for example, student S9 improved by 7 marks (moving from 

12 to 19), while students S7, S8, S10, S11, and S14 each gained 6 marks. Two students (S2 and S3, 

representing 14.29% of the cohort) showed zero numerical change, having already recorded maximum 

scores of 20/20 at pre-test. These zero-gain outcomes represent an assessment ceiling effect rather than an 
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absence of learning. Across the entire cohort, no student showed a decline in score. 

 

4.3 Inferential Analysis 

A paired-samples t-test was conducted to determine whether the observed performance gain was 

statistically significant. The analysis confirmed a statistically significant improvement from pre-test to 

post-test, t(13) = 6.26, p < .001, 95% CI [2.71, 5.57]. The standardized within-student change was 

substantial (Cohen’s dz = 1.67), substantially exceeding the conventional threshold for a large effect size 

(d >= 0.80). Because difference scores departed from normality on the Shapiro-Wilk test (W = 0.835, p = 

.014), the non-parametric Wilcoxon signed-rank test was evaluated as a sensitivity check. The test 

confirmed the parametric finding (W = 0, p = .0019, using zero-difference handling), verifying that the 

observed performance improvement is robust against non-normal distribution properties. 

 

4.4 Practitioner and Action-Research Observations 

Qualitative observations logged by the teacher-researcher across the 8-week cycle identified three distinct 

behavioral and conceptual shifts. First, the prevalence of sequence inversion errors in early glycolysis and 

the Krebs cycle decreased markedly. In Weeks 1 through 3, students frequently transposed intermediate 

reactions; however, by Week 6, timed ladder-reconstruction missions had eliminated nearly all sequence 

placement errors. Second, students exhibited greater confidence and accuracy in carbon stoichiometry. 

While early formative tasks showed repeated errors regarding the loss of CO2 during the link reaction, the 

visual mechanics introduced in Cycle 2 helped students consistently maintain correct carbon accounting, 

as evidenced by near-perfect scores on Quadrant 3 post-test items. Third, students demonstrated an 

improved ability to engage in mechanistic deduction; post-test responses on Quadrant 4 application items 

showed that learners could explain why specific pathway disruptions halt ATP production rather than 

simply repeating memorized statements. 

 

5. Discussion 

5.1 Main Finding 

The primary finding of this classroom action research study is that an eight-week gamified retrieval-

practice intervention produced a statistically significant, educationally meaningful improvement in Grade 

XI Biology students' understanding of complex metabolic pathways. The observed mean gain of 4.14 

marks on a 20-point assessment represents substantial academic growth, while the reduction in score 

variance highlights improved performance consistency across the class. The breadth of this improvement 

is demonstrated by the finding that 85.71% of participating students gained marks, while the remaining 

students maintained perfect scores. 

 

5.2 Relationship to Gamification Research 

These results are directionally consistent with broad meta-analytic syntheses indicating positive 

associations between gamified instructional designs and cognitive achievement in educational settings 

(Sailer & Homner, 2020; Zainuddin et al., 2020). However, while much of the early literature treated 

gamification primarily as an extrinsic motivational reward layer using leaderboards or points (Hamari et 

al., 2014; Dichev & Dicheva, 2017), this intervention coupled game structures directly with cognitive 

learning tasks. The substantial standardized within-student effect size (dz = 1.67) reflects the focused, 

intensive nature of this classroom-based design, though it should not be equated with pooled between-
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group effect sizes derived from large-scale randomized trials. 

 

5.3 Retrieval and Feedback Mechanism 

The primary driver of the observed learning gains appears to be the cognitive synergy between active 

retrieval practice and immediate explanatory feedback. Biological pathways represent interconnected 

biochemical networks rather than isolated vocabulary lists. By requiring students to repeatedly reconstruct 

these sequences from memory via structured retrieval challenges, the intervention promoted the formation 

of durable, integrated cognitive schema (Roediger & Karpicke, 2006; Agarwal et al., 2021). Concurrently, 

the immediate delivery of branching corrective feedback prevented incorrect intermediate sequences or 

stoichiometry from becoming habitual, allowing learners to self-correct during the learning activity itself 

(Hattie & Timperley, 2007). 

 

5.4 Biology-Specific Implications 

Instruction in cellular energetics presents persistent challenges because it requires students to relate 

microscopic molecular mechanisms to broader physiological processes. Conventional instructional 

approaches often separate intermediate chemical nomenclature from thermodynamic logic. By organizing 

instruction around repeated active pathway reconstruction, this intervention enabled secondary students 

to integrate nominal recall, chronological stage sequencing, carbon stoichiometry, and metabolic 

regulation into a coherent functional framework. 

 

5.5 Action-Research Contribution 

The central contribution of this inquiry lies in its authentic classroom execution. The study demonstrates 

how a teacher can systematically redesign instruction around a persistent disciplinary learning problem, 

mechanical memorisation of biological pathways, and evaluate the resulting change using verified student-

level assessment data. By executing two iterative cycles of planning, action, observation, and reflection, 

the study provides a practical, evidence-informed model for classroom educators seeking to integrate 

cognitive science principles into secondary school science teaching. 

 

6. Implications for Biology Teaching 

The outcomes of this classroom study offer three actionable recommendations for secondary biology 

educators: 

1. Transition from Diagram Copying to Active Reconstruction: Instructors should replace passive 

diagram copying with structured retrieval activities, such as scrambled pathway flowcharts and 

cloze-logic ladders that require students to reconstruct cascades from memory. 

2. Embed Immediate Feedback in Practice Sessions: Formative practice tasks should incorporate 

immediate, explanatory feedback mechanisms to prevent biochemical misconceptions regarding 

energy balances and reaction directions from persisting. 

3. Use Modular Progression to Scaffold Complex Systems: Multi-stage pathways should be divided 

into unlockable stages, ensuring students master upstream steps before progressing to downstream 

metabolic integration. 
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7. Conclusion 

This classroom action research study evaluated an eight-week gamified retrieval-practice intervention 

targeting complex biological pathways among Grade XI Biology students. Analysis of verified pre- and 

post-test assessment data revealed a statistically significant, educationally meaningful improvement in 

student performance, with the class mean increasing from 14.64 to 18.79 out of 20 marks (p < .001) and 

a substantial standardized within-student change (dz = 1.67). While the single-group action research 

design does not isolate gamification as a standalone causal factor apart from retrieval practice and teacher 

instruction, the findings support combining game-informed structures, active recall tasks, and immediate 

feedback to help secondary students move beyond rote memorization toward an integrated, conceptual 

understanding of biological pathways. 
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