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Abstract  
Modern soeciety requires individuals to adapt to the rapidly evolving digital landscape. Adaptability in modern 
society is becoming inscreasingly critical for growing workforce. This study examined how adaptive performance is 
being influenced by digital fluency, self-regulated learning, and collaborative AI metacognition. Data were collected 
through an online survey among science students from North Eastern Mindanao State University. The variables were 
measured using validated scales, including the 19-item multidimensional scale for adaptive performance 
(Charbonnier-Voirin & Roussel, 2012). PLS-SEM (Partial Least Squares Structural Equation Modeling) was employed 
to analyze the relationships between digital fluency, self-regulation, collaborative AI metacognition, and adaptive 
performance. Statistical analysis showed that digital fluency significantly influenced adaptive performance (β= 0.203, 
p < 0.001), albeit with a moderate effect size, suggesting it works well with other cognitive factors. Self-regulation 
was found to significantly mediate the relationship between digital fluency and adaptive performance (β= 0.134, p < 
0.001), emphasizing the importance of self-regulatory strategies in applying digital skills effectively. Furthermore, 
collaborative AI metacognition had a substantial direct effect on adaptive performance (β= 0.410, p < 0.001), showing 
the importance of reflection with AI tools in building adaptability. Essentially, students are more likely to adapt 
effectively to technological advancements when they develop digital fluency, self-regulated learning skills, and the 
ability to critically evaluate AI-generated information. This study empahasized the notion that preparing students 
for a technology-driven society requires cultivating competencies that enable them to respond to rapid changes, 
navigate emerging digital environments, and distinguish reliable information from potentially misleading sources. 
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1. Introduction 

 
 The increasing reliance of modern society on technology has resulted in the widespread adoption of digital 
devices and the expansion of their users. However, alongside technological advancements are emerging challenges 
that require individuals to develop greater awareness of hardware and software limitations, as well as the ability to 
navigate issues related to digital information (Korabayev et al., 2024). This study responds to the need to understand 
how science students develop the competencies necessary to adapt within rapidly evolving digital environments, 
particularly through their digital fluency, self-regulated learning, and artificial intelligence (AI) metacognitive 
abilities. 
 There is a growing need to understand the adaptability of students in a modern technology-driven society, 
primarily because technological advancements continue to reshape the ways individuals learn, communicate, and 
access information. For example, students’ emotional responses toward changes in their environment influence their 
confidence, decision-making, and adaptability (Castro, 2024). Meanwhile, building students’ academic resilience, 
particularly strengthening cognitive flexibility, can cultivate their’ cognitive and emotional competencies, enabling 
them to respond more effectively to complex challenges and changing learning environments (Honra & Monterola, 
2025). 
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 As technology continues to transform educational and social landscapes, students are expected not only to 
utilize digital tools effectively but also to demonstrate critical awareness, independent learning capacity, and the 
ability to make informed decisions when interacting with information they read. 

As the educational landscape increasingly shifts to online learning environments, the ability for students to 
engage in self-regulated learning has become more critical than ever. With the rapid integration of technology in 
education, students are now required to not only manage their learning independently but also adapt to the flexible, 
often autonomous nature of digital tools and platforms. In fact, it was found that self-regulated learning helps in 
shaping students’ capacity to analyze and address complex problems effectively (Mensah et al., 2026). 

Now, the shift from traditional classroom-based learning to online environments has created new challenges 
for students, necessitating higher levels of self-regulation to effectively navigate the demands of digital learning 
(Banda Perez et al., 2025; Oktaviani & Kuswandi, 2024). This need for self-regulation is especially evident as students 
engage in adaptive practices, the ability to adjust to changing academic or technological demands in real-time, within 
these ever-evolving educational settings. This tripartite structure proves especially relevant in technology-enhanced 
contexts, where digital tools must support learners across all phases rather than privileging assessment and content 
delivery (Zulkefli & Ismail, 2025).  

Furthermore, recent research in AI-augmented science pedagogy demonstrates that continuous, adaptive 
feedback from AI tools fosters self-regulated learning, provided that the learner possesses the metacognitive tools to 
evaluate AI-generated scientific hypotheses (Calzada et al., 2026; Zhai et al., 2021; Su & Yang, 2023). AI-mediated 
environments do not automatically encourage self-regulated learning; instead, the design choices embedded within 
these systems directly determine whether they function as scaffolds or barriers to learner autonomy. 

As AI becomes increasingly common, digital fluency acts as a prerequisite for collaborative AI 
metacognition, the awareness and control of thinking processes when interacting with AI tools. AI literacy is an 
extension of digital fluency; without the ability to evaluate digital outputs, learners cannot effectively monitor or 
evaluate AI-generated content (Duhaylungsod & Chavez, 2023; Ng et al., 2021; Wang et al., 2023). Studies indicate 
that users with higher digital competencies are more likely to engage in prompt engineering and iterative planning, 
reflecting a sophisticated metacognitive approach to AI collaboration rather than passive acceptance (Chai et al., 
2021; Long & Magerko, 2020). Thus, digital fluency is necessary for science learners to critique AI-generated scientific 
explanations, improve prompts, assess data-based outputs, and improve their inquiry-based learning strategies. 

Adaptive performance, sometimes adaptability, is defined as the ability to adjust to changes and solve 
problems in dynamic environments (Ismail et al., 2025). In the modern science laboratory, digital fluency is no longer 
just a technical skill but a prerequisite for adaptive performance in inquiry-based learning (Kong & Lai, 2022). Science 
learners must demonstrate high digital agility to navigate emerging computational tools and data-logging interfaces 
used in complex simulations. Mastery of these relevant tools allows science learners to focus on higher-order 
problem-solving, thereby enhancing their flexibility in dynamic and high-pressure experimental environments. 

Although previous studies have explored digital fluency, self-regulated learning, and AI literacy as 
individual constructs, limited empirical evidence has examined the combined influence of these competencies in 
predicting students’ adaptive performance within AI-supported and technology-enhanced learning environments. 
To address this gap in the existing literature, this study seeks to investigate the relationships among digital fluency, 
self-regulated learning, and collaborative AI metacognition among science learners. This inquiry is particularly 
relevant because the modern society continues to evolve toward digitally mediated and inquiry-based contexts, 
where students are expected to demonstrate adaptive capacities, engage in technology-assisted problem-solving, and 
effectively utilize emerging tools in addressing complex scientific challenges (Scherer, Siddiq, & Tondeur, 2019). 

 
2. Materials and Methods 
2.1. Participants  

The participants of this study were 1,561 science learners enrolled during SY 2025–2026 at North Eastern 
Mindanao State University, Cantilan. Participants were selected from science-related programs/courses that required 
engagement with digital tools, AI-assisted learning platforms, online scientific resources, simulations, data 
interpretation tasks, or technology-enhanced science learning activities. 

 
2.2. Research Design 
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 The predictive-correlational design was used to examine the direct and indirect relationships among digital 
fluency, self-regulated learning, collaborative AI metacognition, and adaptive performance in technology-enhanced 
science learning contexts. 
2.3. Data Collection 

Data were collected through an online questionnaire distributed via Google Forms, ensuring accessibility for 
all participants. The scales were adapted to fit the context of technology-enhanced science learning. Specifically, the 
digital fluency scale was adapted from Demir & Odabaşı (2022), the self-regulated learning (SRL) scale was adapted 
from (Barnard-Brak et al., 2010), the collaborative AI metacognition (CAM) scale was adapted from (Sidra & Mason, 
2026) and the adaptive performance (AP) scale was adapted from (Charbonnier-Voirin & Roussel, 2012). Adaptive 
performance was measured using five selected indicators adapted from the multidimensional Adaptive Performance 
Scale of Charbonnier-Voirin and Roussel (2012). Although the original instrument consists of 19 items, the present 
study focused only on five indicators that represent the key dimensions of adaptive performance relevant to 
technology-enhanced science learning: creativity, reactivity, interpersonal adaptability, learning effort, and stress 
management. These indicators were selected because they reflect the essential adaptive behaviors expected of 21st-
century science learners when engaging with digital tools, AI-supported learning environments, and changing 
academic or inquiry-based tasks.  
 The questionnaire used different response formats based on the original structure of the adapted 
instruments. Digital fluency was measured using a 5-point agreement scale, while self-regulated learning was 
measured using a 5-point frequency scale. Collaborative AI metacognition and adaptive performance were measured 
using 7-point agreement scales.  
2.4. Data Analysis 
 Data were analyzed using Partial Least Squares Structural Equation Modeling (PLS-SEM) with WarpPLS 
version 6.0, chosen for its capability to handle complex relationships in predictive models. The analysis included 
both the measurement model (to evaluate reliability and validity) and the structural model (to examine relationships 
between constructs). Reliability was assessed using Cronbach's alpha and composite reliability, with values above 
0.70 deemed acceptable. Convergent validity was measured with Average Variance Extracted (AVE), and values 
above 0.50 were considered satisfactory. Discriminant validity was tested using the Fornell-Larcker criterion and the 
Heterotrait-Monotrait (HTMT) ratio. 
 For the structural model, path coefficients (β) were used to assess the strength of relationships, R² to evaluate 
explanatory power, and effect sizes (f²) to gauge relationship strength. Predictive relevance (Q²) was assessed using 
the Stone-Geisser Q² method, with values above 0 indicating predictive validity. Mediation analysis was performed 
to explore the indirect effects of self-regulated learning and collaborative AI metacognition on the relationship 
between digital fluency and adaptive performance, using bootstrapping techniques to test the significance of these 
effects. 
 
3. Results 
3.1 Evaluation of the Measurement Model 

 The evaluation of the measurement model involves assessing the reliability and validity of the constructs. 
Reliability was measured using Cronbach’s alpha (CA) and composite reliability (CR). As shown in Table 1, the 
CA values range from 0.911 to 0.959, while the CR values range from 0.931 to 0.966. These values exceed the 0.70 
threshold, indicating high internal consistency (Fornell & Larcker, 1981; Kock & Lynn, 2012). 

 
Table 1 Convergent Validity and Reliability Measures 

Constructs/Items Item Loading AVE Cronbach’s Alpha Composite 
Reliability 

Digital Fluency 
DF1 0.865 

0.692 
 

0.911 
 

0.931 
 

DF2 0.819 
DF3 0.846 
DF4 0.834 
DF5 0.800 
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DF6 0.827 
Self-Regulated Learning 
SRL1 0.784 

0.662 0.943 0.951 

SRL2 0.812 
SRL3 0.870 
SRL4 0.785 
SRL5 0.843 
SRL6 0.798 
SRL7 0.818 
SRL8 0.836 
SRL9 0.804 
SRL10 0.784 
Collaborative AI Metacognition 
CAM1 0.860 

0.802 0.959 0.966 CAM2 0.905 
CAM3 0.915 
CAM4 0.902    
CAM5 0.881    
CAM6 0.902    
Adaptive Performance 
AP1 0.845 

0.751 0.917 0.938 
AP2 0.852 
AP3 0.807 
AP4 0.914 
AP5 0.910 

Convergent validity was assessed through item loadings and the Average Variance Extracted (AVE). All 
item loadings for Digital Fluency (DF), Self-Regulated Learning (SRL), Collaborative AI Metacognition (CAM), and 
Adaptive Performance (AP) were above the 0.50 threshold, ranging from 0.784 to 0.915. Furthermore, the AVE for 
all constructs (ranging from 0.662 to 0.802) exceeded the 0.50 requirement, confirming that the measurement model 
possesses adequate convergent validity (Hair et al., 2021). 

Table 2 Discriminant Validity (Fornell-Larker Criterion) 
 DF SRL CAM AP 

DF 0.832    

SRL 0.519 0.814   

CAM 0.478 0.333 0.896  
AP 0.543 0.581 0.543 0.867 

 
Discriminant validity was evaluated using two methods. First, the Fornell-Larcker Criterion (Table 2) shows 

that the square root of the AVE for each construct (diagonal values) is greater than the correlation coefficients 
between constructs (off-diagonal values). Second, the Heterotrait-Monotrait (HTMT) Ratio (Table 3) reveals that all 
values are below the conservative threshold of 0.85. These results collectively manifest that the measures used in the 
study have established discriminant validity. 

 
Table 3 Discriminant Validity (HTMT) 

 DF SRL CAM AP 

DF  0.559 0.511 0.592 

SRL   0.349 0.623 
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CAM    0.579 

AP     

 
3.2 Evaluation of Structural Model 

 The structural model was evaluated by examining collinearity, path coefficients (β), the coefficient of 
determination (R2), effect sizes (f2), and predictive relevance (Q2). 
 To check for lateral and vertical collinearity VIFs were assessed. As shown in Table 5, all VIF values 
(ranging form 1.525 to 1.992) are well below the 3.3 threshold, indicating that the model is free from common 
method bias (Kock, 2017) 
 Predictive relevance was measured using the Stone-Geisser test or Q2 for SLR (0.347), CAM (0.265) and 
AP (0.598) are all greater than zero, signifying the model’s predictive validity (Geisser, 1974).  
 
 Regarding the explanatory power of the model, the study utilized the thresholds proposed by (Chin, 
1998). The R2 for adoptive performance (0.600) is approaching substantial, suggesting that the exogenous 
variables explain a significant portion of its variance. The R2 for self-regulated learning (0.341) is considered 
moderate, while collaborative AI Metacognition (0.263) is classified as weak to moderate.  
 
 
 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Table 4 Direct and Indirect Effects 

 Beta Coefficient P-Value SE Effect Size 
Direct Effects     

H1a. DF→ SRL 0.436 <0.001 0.048 0.231 
H1b. DF→CAM 0.513 <0.001 0.047 0.263 
H1c. DF→AP 0.203 <0.001 0.049 0.111 
H3. SRL→AP 0.368 <0.001 0.048 0.233 
H4a. CAM→SRL 0.261 <0.001 0.049 0.109 
H4b. CAM→AP 0.410 <0.001 0.048 0.256 

Indirect Effects      
H5. DF →SRL → AP 0.134 <0.001 0.035 0.071 
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H6. DF→CAM→AP 0.096 0.003 0.035 0.060 

 
 Table 4 represents the results of the hypothesis testing. The direct effects analysis shows that digital fluency 
significantly and positively influences SRL (β= 0.436, p<0.001), CAM (β= 0.513, p<0.001), and AP (β= 0.203, p<0.001), 
supporting H1a, H1b, and H1c. The effect size of SRL and CAM to wards each other and towards AP are all positive 
and the p-value of <0.001 indicates significance, thus, H3, H4a and H4b are supported.  
 The mediation analysis revealed that both Self-Regulated Learning (SRL) and Collaborative AI 
Metacognition (CAM) significantly mediated the relationship between Digital Fluency (DF) and Adaptive 
Performance (AP). The indirect effect of DF on AP through SRL was statistically significant (β = 0.134, p < .001), 
supporting H7. Likewise, the indirect effect of DF on AP through CAM was significant (β = 0.096, p = .003), 
supporting H8. These findings indicate that Digital Fluency enhances Adaptive Performance not only directly but 
also indirectly through improvements in students' self-regulated learning and collaborative AI metacognition. 
 
Table 5 Collinearity Assessment, Coefficient of Determination, and Predictive Relevance 

 Full Collinearity VIF R2 Q2 

DF 1.674   
SRL 1.662 0.341 0.347 
CAM 1.525 0.263 0.265 
AP 1.992 0.600 0.598 

 
4. Discussion 
 Modern society increasingly emphasizes the importance of adaptability in workplaces, particularly within 
the context of technological advancement, as rapid digital transformation continues to redefine professional roles, 
processes, and expectations. This study provided notable results in science learning and emphasized the significance 
of developing students’ adaptive capacities to effectively respond to the demands of technology-driven 
environments. 

The findings revealed that competencies such as digital fluency, self-regulated learning, and AI 
metacognition are necessary in enhancing students’ abilities to engage with emerging technologies, perform complex 
problem-solving tasks, and adjust to continuously evolving learning contexts. As science education becomes 
increasingly integrated with digital technologies and AI, cultivating these competencies is crucial in equipping 
learners with the skills necessary to address future academic, professional, and societal demands. 

Digital Fluency. It was observed that science students’ digital fluency significantly influences their self-
regulated learning, collaborative AI metacognition, and adaptive performance. In addition, digital fluency had a 
mediating effect on the relationship between self-regulated learning and collaborative AI metacognition in predicting 
students’ adaptive performance. This confirms that digital fluency enables students to effectively interact with 
technology, manage their learning processes, and utilize necessary resources in meaningful ways (Blanc et al., 2025; 
Chai et al., 2021; Laupichler et al., 2022; Long & Magerko, 2020). For example, students with stronger digital fluency 
are more capable of identifying appropriate digital tools, evaluating AI-generated information, adjusting learning 
strategies, and collaborating with AI systems to address complex scientific tasks (Ng et al., 2021; Su & Yang, 2023; 
Wang et al., 2023) . Consequently, digital fluency enhances students’ capacity to become flexible and independent 
learners who can respond effectively to the evolving demands of technology-driven environments.  

Self-regulated Learning. The findings revealed that self-regulated learning significantly influences science 
students’ adaptive performance. This confirms that self-regulated learning enables students to develop problem-
solving skills (Asare et al., 2025) by adapting to changing learning conditions, managing their cognitive processes, 
and strategically applying appropriate approaches to overcome academic challenges. For example, goal-setting, self-
monitoring, and reflection help students become more capable of adjusting their learning behaviors, utilizing 
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available resources, and responding effectively to complex scientific tasks. In technology-enhanced environments, 
self-regulated learners are also better equipped to independently explore digital tools, evaluate information sources, 
and integrate emerging technologies such as AI into their usual routine. Likewise, self-regulated learning remains a 
critical competency in AI-supported classrooms because learners must actively regulate how they use digital and 
generative AI tools rather than passively depend on them (Fütterer et al., 2026; Xu et al., 2026). 

Collaborative AI Metacognition. It was observed that collaborative AI metacognition was directly influential to 
students’ self-regulated learning and adaptive performance. Metacognition is an essential component of self-
regulated learning (Yan et al., 2026), as it enables learners to monitor, evaluate, and adjust their thinking processes. 
Students’ effectiveness as learners is not determined solely by their consistent use of advanced learning strategies; 
rather, it is reflected in their ability to improve their methods according to the demands and conditions of the 
environment (Tempelaar et al., 2025). Clearly, collaborative AI metacognition allows students to develop greater 
awareness of how they interact with AI tools by critically assessing AI-generated outputs, determining appropriate 
strategies, and making informed decisions during learning tasks. For example, science students who use AI-assisted 
platforms may not simply accept AI-generated explanations but evaluate the accuracy of information, improve their 
queries, and combine AI feedback with their own scientific reasoning to solve complex problems. This shows that 
AI metacognition strengthens students’ capacity to become reflective, adaptive, and independent learners in 
technology-driven settings. 

The findings of this study should be placed at the forefront of efforts to address the demands of future 
industries, particularly within the context of evolving social and technological landscapes. The modern society is 
calling for the continuous improvement of the education system to address the increasing demands brought about 
by technological advancement, globalization, and changing workforce expectations. The increasing complexity of 
employment demands and the need for individuals to remain competent throughout extended working lives 
highlight the importance of developing adaptable and responsive education systems. Vocational and professional 
education should not be limited to enhancing individual employability outcomes but must also contribute to broader 
workplace innovation, organizational development, and socioeconomic progress. 

This study suggested that building students’ readiness and competence in a technology-driven society 
requires skills that extend beyond technical proficiency. It necessitates the development of digital fluency, self-
regulated learning, critical thinking, and adaptive capabilities that enable learners to effectively engage with 
emerging technologies. As digital environments continue to evolve, students must be equipped with the ability to 
evaluate information, utilize technological tools responsibly, and adjust their learning process in response to 
changing demands. These competencies are essential in preparing learners to navigate future academic, professional, 
and societal challenges shaped by technological innovation. 

Beyond developing personal competencies, education must cultivate individuals’ capacity to adapt to 
changing workplace practices, introduce innovative solutions, and support sustainable professional environments. 
In the contemporary era, where occupational requirements and technological advancements continue to evolve, 
preparing learners with adaptive skills and a capacity for continuous learning has become essential for addressing 
workforce demands and achieving wider economic and societal goals. 
 
5. Conclusions 

The study emphasized that preparing students for a technology-driven society requires the development of 
competencies that promote adaptability, independence, and effective engagement with emerging technologies. The 
results revealed that digital fluency, self-regulated learning, and collaborative AI metacognition contributed 
significantly to students’ ability to navigate digital environments, manage learning processes, and perform complex 
problem-solving tasks. Digital fluency emerged as a critical foundation that supported students’ interaction with 
technological tools, evaluation of information, and adjustment to changing learning demands. Meanwhile, self-
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regulated learning strengthened students’ capacity to monitor their learning behaviors, apply appropriate strategies, 
and respond effectively to academic challenges. Collaborative AI metacognition further enhanced students’ 
awareness of their interactions with AI by encouraging critical evaluation, responsible use, and strategic application 
of AI-supported resources. 

In response to the growing need of competent individuals, future education systems must move beyond 
developing technical proficiency alone and focus on cultivating adaptive competencies necessary for rapidly 
changing academic, professional, and social environments. As digital transformation continues to reshape industries 
and workplace expectations, individuals must be prepared with skills that enable continuous learning, innovation, 
critical thinking, and responsible technology use. Future directions in education should prioritize learning 
environments that integrate digital technologies and AI while strengthening students’ ability to evaluate 
information, collaborate with intelligent systems, and adjust to emerging challenges. Finally, developing these 
competencies will support the preparation of learners who are capable of contributing to future industries, 
responding to technological changes, and addressing broader societal demands. 
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