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Abstract

Sustainability literacy encompassing environmental knowledge, systems thinking, and
communication competence remains underdeveloped in higher education despite its crit-
ical importance for environmental advocacy. This sequential explanatory mixed-methods
study examined associations between technology-mediated genre writing development,
integrated with infographic design, and changes in sustainability literacy. Drawing on
sociocultural activity theory and genre-based writing pedagogy, the study examined 320
students across 3 timepoints using structural equation modeling and qualitative inter-
views. Findings reflect an association and a statistically significant growth in Sustainabil-
ity Literacy (2.91 to 3.54, p < 0.001), with Communication Competence showing the largest
gain. Structural equation modeling reflects that Technology Integration was associated
with Sustainability Literacy both directly and indirectly through Genre Writing Compe-
tence. Qualitative analysis identified three mechanisms: digital tools visualizing sustain-
ability systems, genre awareness developing through audience-focused design, and com-
munication efficacy fostering environmental values. The study’s novelty lies in showcas-
ing that when students integrated infographic design with genre writing instruction, there
was reported growth in students” self-rated multidimensional sustainability literacy ex-
perience; not merely knowledge accumulation but also communication competence and
systems thinking requisite for authentic environmental action.

Keywords: sustainability literacy; technology-based learning; genre writing; in-
fographics; higher education

1. Introduction

The intersection of digital technology and environmental sustainability represents
one of the most pressing educational imperatives of the twenty-first century [1]. As insti-
tutions of higher learning confront escalating climate crises and demands for sustainable
development, universities increasingly recognize their role as catalysts for fostering envi-
ronmental consciousness and action competence among students [2,3]. Simultaneously,
the rapid digitalization of educational environments has fundamentally transformed how
knowledge is constructed, shared, and communicated [4]. However, despite these parallel
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transformations, a critical gap persists: educators struggle to leverage digital tools and
platforms to effectively teach students how to communicate complex sustainability con-
cepts through professionally relevant genres [5]. This study addresses this nexus by in-
vestigating technology-mediated genre writing development and its capacity to build sus-
tainability literacy in digital higher education contexts.

Sustainability literacy extends far beyond environmental knowledge [6]. Drawing
from contemporary frameworks, sustainability literacy encompasses the integrated devel-
opment of systems thinking, critical awareness, values clarification, and action compe-
tence [7,8]. Students must understand interconnected environmental, social, and eco-
nomic systems; critically evaluate competing sustainability narratives; articulate personal
values aligned with sustainable futures; and possess the communication skills necessary
to advocate for sustainability in professional contexts [9]. Recent studies show that stu-
dents majoring in engineering, business, and social sciences graduate with adequate en-
vironmental knowledge but remain unprepared to communicate sustainability impera-
tives to diverse audiences [10,11]. This communicative gap represents a significant con-
straint on their capacity to become agents of sustainable change in organizational and
community contexts [12].

Infographics and visual communication tools have emerged as powerful pedagogical
instruments for translating abstract sustainability concepts into accessible, persuasive for-
mats [13,14]. Research from 20202024 reveals that infographic creation is associated with
student engagement with complex environmental systems and strengthens information
processing [15,16]. Furthermore, visual genres may be associated with greater engage-
ment in integrated multimodal literacy than in text-only instruction, enabling students to
reflect on integrated multimodal literacy that mirrors contemporary professional commu-
nication practices [17-19]. Digital design platforms such as Canva, Adobe Creative Suite,
and Figma democratize access to professional-grade design tools, permitting students
without formal design training to produce publication-quality infographics [20]. However,
integrating infographic design with formal genre writing instruction represents an under-
explored pedagogical space. Existing studies examine infographics in isolation or fore-
ground visual literacy without systematically investigating how infographic-integrated
writing instruction aligns with disciplinary genre competence and, by extension, sustain-
ability literacy [21,22].

Despite growing research on infographic design, multimodal pedagogy, and sustain-
ability education, important gaps remain. Existing studies rarely examine how multi-
modal composition is associated with sustainability literacy, particularly communication
competence. Genre pedagogy has largely focused on traditional writing rather than vis-
ual-textual sustainability communication. Moreover, no mixed-methods study has simul-
taneously applied SEM and HLM to investigate how technology affordances are associ-
ated with sustainability literacy through genre competence. This study addresses these
gaps through an integrated theoretical and methodological framework.

The convergence of three distinct scholarly domains illuminates this gap. First, genre-
based writing pedagogy emphasizes that disciplinary writing is fundamentally social and
embedded in specific communicative contexts [23,24]. Writers develop genre competence
by understanding purpose, audience, and formal conventions within professional com-
munities [25]. Second, research on technology-based learning shows that digital tools re-
shape cognitive processes and enable personalized, collaborative learning pathways
[26,27]. However, integration remains inconsistent, with many technology implementa-
tions failing to align with sound pedagogical principles [28]. Third, sustainability educa-
tion scholarship identifies communication competence as a central aspect associated with
action competence for sustainable futures [29,30]. These domains rarely intersect in higher
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education practice or research. No comprehensive framework currently exists that orches-
trates digital tool affordances, genre writing development, and sustainability literacy ob-
jectives in an integrated pedagogical model [31].

This research gap carries substantial implications. Students graduating without the
capacity to articulate sustainability knowledge to professional audiences remain ineffec-
tive advocates for environmental change [32]. Simultaneously, educators’ lack of empiri-
cally grounded guidance on how to design learning experiences is associated with both
disciplinary writing competence and sustainability literacy [33]. The absence of models
for integrating infographic design with genre writing instruction means that digital tool
adoption in sustainability courses remains ad hoc and unsystematic. Furthermore, mini-
mal research examines how multimodal composition practices are associated with stu-
dents’ ability to think systemically about sustainability challenges [34]. The present study
addresses these interconnected gaps through a mixed-methods investigation that com-
bines quantitative survey analysis using structural equation modeling with qualitative in-
terview data to construct a comprehensive understanding of technology-mediated sus-
tainability literacy development.

The study contributes to three scholarly conversations. Theoretically, it reflects an
integrated framework linking technology affordances, genre writing processes, and sus-
tainability literacy dimensions, extending current understanding of how digital tools re-
shape pedagogical practice. In practice, it provides higher education institutions with
guidance on designing curricula that cultivate both disciplinary communication compe-
tence and sustainability consciousness. Methodologically, it models how mixed-methods
research can illuminate complex learning outcomes at the intersection of multiple do-
mains. By investigating how infographic-integrated genre writing conducted through
digital platforms is associated with students” sustainability literacy, this research gener-
ates essential insights for educators committed to developing graduates capable of com-
municating environmental knowledge persuasively and ethically.

The following overarching research question guides this investigation: What changes
in student sustainability literacy are observed during a course featuring technology-me-
diated genre writing integrated with infographic design? Secondary research questions
examine the patterns of association between technology use, student engagement, and
literacy outcomes, and the mechanisms by which changes in literacy are associated with
the instructional approach. The study employs a sequential explanatory mixed-methods
design, combining a large-scale survey of students across multiple institutions with pur-
poseful follow-up interviews to capture both the breadth of impact and the depth of mech-
anisms.

2. Literature Review

Contemporary sustainability literacy scholarship reveals a fundamental shift from
knowledge-centric to competency-based frameworks. UNESCO’s Education for Sustain-
able Development agenda defines sustainability literacy as encompassing cognitive, affec-
tive, and behavioral dimensions that enable individuals to understand interconnected en-
vironmental, social, and economic systems and take informed action [35]. Waltner et al.
[29] conducted a systematic analysis of 127 studies published between 2017 and 2022,
identifying five core competencies: systems thinking, critical evaluation, values clarifica-
tion, communication competence, and action capacity. Significantly, their study and oth-
ers found that communication competence consistently emerged as a prerequisite for re-
flecting action capacity, yet remained the least researched competency [36,37]. Similarly,
Cebridn et al. [31] surveyed 542 student teachers. They found that while 78% showed as-
sociations that reflect adequate environmental knowledge, only 31% possessed the com-
munication skills necessary to advocate for sustainability in professional contexts. This
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substantial gap between knowledge acquisition and communicative capacity underscores
a critical pedagogical deficit.

Research on technology-based learning presents a paradoxical landscape. Meta-anal-
yses by Ironsi’s work [27] and subsequent reviews show that well-designed digital learn-
ing environments produce learning outcomes that are equivalent to or superior to those
of traditional instruction; however, other authors [30] caution that technology integration
frequently fails without pedagogical coherence. Bozkurt et al. [38], analyzing 254 studies
from 2018-2023, found that merely providing digital tools without intentional instruc-
tional design yields minimal gains. Critically, few studies examined how specific af-
fordances of design platforms (visual editing, real-time collaboration, template scaffold-
ing) are associated with disciplinary learning outcomes. Technology adoption in sustain-
ability education remains particularly ad hoc; Clark et al. [28] reviewed 89 sustainability-
focused higher education courses and found that 64% integrated digital tools superficially,
treating them as presentation media rather than cognitive instruments that reshape learn-
ing processes.

Genre-based writing pedagogy has substantially advanced the understanding of dis-
ciplinary communication development. Hyland’s [23] influential framework emphasizes
that genre learning is inherently social: students develop competence through under-
standing how text types function within specific professional communities. Swales [21]
and Bawarshi and Reiff [25] unveiled that explicit instruction in genre conventions, audi-
ence analysis, and rhetorical purpose resonates with student writing quality and transfer.
However, this substantial literature has remained relatively isolated within its discipline.
Virtually no empirical research has examined how genre writing instruction integrates
with sustainability education objectives [39]. Furthermore, although existing genre peda-
gogy scholarship recognizes multimodality, it offers limited guidance on how visual com-
position practices specifically support the development of genre competence [18]. The in-
tersection between genre writing and visual design remains theoretical rather than empir-
ically investigated in K-12 or higher education contexts.

Multimodal literacy research establishes that visual and textual modes activate dis-
tinct cognitive processes and create complementary learning pathways. The New London
Group’s [18] seminal work on multiliteracies proposed that contemporary communica-
tion requires integrated competence across multiple representational modes. Kress and
Van Leeuwen’s [17] multimodal discourse analysis framework reveals how visual ele-
ments communicate meaning through composition, color, perspective, and framing —dis-
tinct from, yet complementary to, linguistic meaning-making. Mayer’s cognitive load the-
ory [40], validated across 80+ experimental studies, shows that well-designed visual rep-
resentations reduce extraneous cognitive load and reflect information retention. However,
critically, these cognitive advantages emerge only when visual design aligns with content
and learning objectives; poorly designed visuals actually impede learning [16]. Recent
studies by Ozdamli and Ozdal [16] and Kosslyn and others [14,41] confirm that intentional
design instruction was associated with students’ capacity to create effective visuals. How-
ever, few studies examine how learning to design infographics simultaneously is associ-
ated with sustainability literacy —most treat visual literacy as separate from disciplinary
content learning.

Infographic research in educational contexts has expanded substantially since 2019.
Avgerinou [22] synthesized 43 empirical studies on infographics in learning, reporting
consistent findings: infographics are associated with engagement (mean effect size d =
0.72), information recall (d = 0.58), and understanding of complex systems (d = 0.81). No-
tably, these benefits emerge most robustly when infographics are created by students ra-
ther than merely viewed —student-generated infographics yield effect sizes 40% larger
than instructor-provided visualizations [20,40]. Papadopoulos et al. [20] investigated the
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creation of infographics as a learning activity. They found that the design process itself
cultivated systems thinking, as students iteratively refined their representations to clarify
causal relationships. However, these studies examined infographics in isolation from
writing instruction. No published studies have investigated the integration of infographic
creation with genre writing pedagogy, nor has research examined how creating in-
fographics is associated with disciplinary writing competence.

Aside from these, Mahr et al. [15] asserted that accessibility-focused design tools re-
duced technical barriers and enabled diverse learners to produce publication-quality vis-
uals. Kumar et al. [42] found that platform affordances—template scaffolding, real-time
feedback, and collaborative features are associated with learning trajectories. However,
this literature rarely connects to sustainability education or writing development. Further-
more, scholars debate whether scaffolded templates support or constrain creative think-
ing [25]; some studies suggest that excessive scaffolding may limit students’ capacity to
make intentional design choices [26,43,44], whereas others show that templates effectively
distribute cognitive load during initial skill development [6].

Table 1 summarizes the studies reviewed. The tables indicate that while multimodal
approaches are consistently associated with engagement and knowledge, critical gaps
emerge when examining communication competence and systems thinking —precisely
the dimensions addressed in the present study. Notably, one consistent tension appears
across studies: infographic and visual-learning studies show strong engagement effects,
yet some report modest effects on critical evaluation skills. Research [28] argues that visual
redundancy can undermine critical processing, while others [40] suggest iteration and re-
vision practices mitigate this risk. The present study addresses this contradiction by em-
bedding infographic creation within genre-based writing pedagogy, which emphasizes
audience analysis and rhetorical choice, thereby theoretically promoting critical evalua-
tion alongside visual design.

Table 1. Summary of studies.

Study Domain

Key Finding

Effect

Size/Strength Consistency Limitations

Infographic Learning Associated with engagement Medium-Large 5 of 6 studies

Limited to complex

systems
L Associated with writing com- . Consistent across Less evidence on moti-
Genre-Based Writing & Medium-Large .
petence contexts vation

Multimodal Learning Engages distinct pathways = Small-Medium  Moderate variability Context-dependent

Sustainability
Knowledge

Knowledge gains common  Small-Medium Consistent

Weak on action com-
petence

Aside from these, existing studies examine isolated components—infographic en-
gagement (10+ studies) or genre writing competence (15+ studies) with only 2 studies ex-
amining any intersection, and none investigating how infographic-integrated genre writ-
ing resonates with multidimensional literacy dimensions through theoretically specified
mechanisms. This comparative absence justifies the present study.

This review reveals a critical gap in educational scholarship: these robust, independ-
ent studies —sustainability literacy development, technology-based learning, genre writ-
ing pedagogy, multimodal composition, and infographic effectiveness—remain largely
disconnected. No comprehensive framework currently integrates these domains. Specifi-
cally, the literature lacks: (1) empirical evidence on how infographic-integrated genre
writing is associated with sustainability literacy; (2) investigation of which digital plat-
form affordances most effectively support simultaneous development of communication
competence and environmental literacy; (3) understanding of mechanisms through which
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multimodal composition is related to systems thinking about sustainability; and (4) ped-
agogical guidance for educators seeking to orchestrate these elements coherently.

The present study addresses this integrative gap by systematically investigating tech-
nology-mediated genre writing development as a mechanism for cultivating sustainabil-
ity literacy. By bringing these studies into conversation and examining their intersection
empirically, this research advances theoretical understanding while generating practical
guidance for higher education sustainability pedagogy.

3. Theoretical and Conceptual Framework

This investigation is grounded in an integrated theoretical framework that synthe-
sizes three complementary traditions. Sociocultural activity theory (SCAT), rooted in
Vygotskian perspectives, conceptualizes learning as mediated participation in culturally
valued practices [18]. Genre theory emphasizes that disciplinary writing emerges through
engagement with authentic communicative contexts and professional communities
[17,45]. Multimodal learning theory posits that integrated visual and textual representa-
tion is associated with cognitive processing and knowledge construction [13]. These the-
oretical perspectives are orchestrated within a design-based research framework that em-
phasizes iterative investigation of how intentional pedagogical interventions shape learn-
ing outcomes [27].

The conceptual framework positions technology-mediated genre writing develop-
ment as a dynamic system in which three mutually constitutive elements interact: (1) dig-
ital tool affordances that scaffold multimodal composition; (2) genre writing processes
that situate communication within disciplinary contexts; and (3) sustainability content
that provides authentic, consequential communicative purpose. Digital platforms (Canva,
Adobe Creative Suite, Figma) are conceptualized not as neutral instruments but as active
mediators of learning—their design features (templates, collaborative tools, real-time
feedback, accessibility features) shape what students attend to, how they think, and what
they produce [16,42,46]. Genre writing instruction provides the scaffolding structure that
connects visual design choices to rhetorical purpose and audience analysis—students
learn not merely to create attractive visuals but to design infographics that persuade spe-
cific audiences about sustainability imperatives [14,47]. Sustainability content provides an
authentic communicative purpose: students create infographics to address genuine envi-
ronmental challenges, rendering the writing process socially consequential rather than
academically contrived [29].

Sustainability literacy development is theorized to emerge from this triadic interac-
tion. Following Engestrom’s expansive learning framework and others [28], integrating
these three elements creates productive tension that motivates learning: students must
simultaneously attend to visual design principles, genre conventions, and sustainability
concepts [48]. This cognitive-affective intensity is associated with deeper processing and
more durable learning than isolated engagement with any single element. The framework
further theorizes that as students engage repeatedly in technology-mediated genre writ-
ing about sustainability, they develop increasingly sophisticated systems thinking —they
come to understand how individual design choices represent and communicate systemic
relationships within environmental domains [20,49]. Moreover, students’ sense of agency
and efficacy regarding sustainability communication expands: the framework theorizes
that students may transition from viewing sustainability as abstract to viewing themselves
as capable communicators who can mobilize others toward environmental action [29,50].
The conceptual framework is presented in Figure 1.
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DIGITAL TOOL AFFORDANCES

GENRE WRITING INSTRUCTION

SUSTAINABILITY CONTENT

Templates Rhetorical purpose Environmental challenges
Collaborattion Audience analysis Systems thinking
real ime feedback Real ime feedback Action Imperatives

Accesibility features

Genre conventions

Design
Iteration
Refinement

MULTIMODAL COMPOSITION PROCESS

) 4

SUSTAINABILITY LITERACY DEVELOPMENT

Systems thinking Communicative Competence
Critical Evaluation. Action Efficacy
Values Clarification. Agency Development

Figure 1. Integrated Conceptual Framework for Technology-Mediated Sustainability Literacy De-

velopment.

The framework operationalizes sustainability literacy through five interdependent
dimensions: (1) environmental knowledge (understanding sustainability concepts and
systems), (2) systems thinking (grasping interconnections and feedback loops), (3) critical
evaluation (interrogating competing sustainability narratives), (4) values and agency (ar-
ticulating personal environmental commitments and belief in one’s capacity for change),
and (5) communication competence (ability to design persuasive, evidence-based sustain-
ability arguments for diverse audiences) [15]. Technology-mediated genre writing devel-
opment is theorized as cultivating all five dimensions simultaneously through authentic,
consequential communication activities. Based on the integrated theoretical framework,
the following hypotheses guided the study:

H1 (Direct Effect). Technology integration will directly be associated with sustainability.

H2 (Mediation). The relationship between technology integration and sustainability literacy will
be partially mediated by genre writing competence.

H3 (Mechanisms). Qualitative interview analysis will identify three primary mechanisms:

(M1) Digital affordances enabling visualization of sustainability systems
(M2) Genre awareness development through audience-focused design iteration
(M3) Efficacy shifts from technical tool use — authentic communication outcomes
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H4 (Moderation). Pedagogical quality will moderate the relationship between technology inte-
gration and genre competence, such that effects are strongest in high-quality implementation con-
texts.

H5 (Multigroup Differences). The pattern of effects will not differ significantly across discipline
(STEM vs. non-STEM) or institutional type, suggesting generalizability of mechanisms.

4. Methodology
4.1. Research Design

This investigation employed a sequential explanatory mixed-methods design [51,52],
integrating quantitative survey data with qualitative interview data to construct a com-
prehensive understanding of technology-mediated sustainability literacy development.
The design unfolded in two phases: Phase 1 (Quantitative) established the magnitude and
patterns of relationships among variables through large-scale survey administration;
Phase 2 (Qualitative) explained mechanisms and contextual factors through purposefully
selected follow-up interviews [53,54]. This sequencing enabled statistical analysis to guide
purposeful sampling in qualitative inquiry, ensuring that interview participants repre-
sented theoretically informative cases (high developers, low developers, and differential
technology adopters) [].

4.2. Participants and Setting

Phase 1 participants included 320 undergraduate and graduate students enrolled in
sustainability-focused courses across 6 higher education institutions in the Turkic region.
Of the 14 invited institutions meeting the initial criteria, 6 agreed to participate (43% ac-
ceptance rate). Non-participating institutions (N = 8) cited insufficient course-level enroll-
ment (N = 4) or competing institutional research projects (N = 4) as barriers. These private
universities were based in Turkey, North Cyprus, Azerbaijan, Turkmenistan, and Uzbek-
istan. Stratified random sampling ensured representation across: (1) institutional type (re-
search-intensive, comprehensive, liberal arts); (2) discipline (environmental science, busi-
ness sustainability, civil engineering, policy studies, communications); (3) prior experi-
ence (first-time sustainability students, advanced majors); and (4) gender and demo-
graphic diversity reflecting institutional demographics. These participants’ compositions
aligns with statistical recommendations [55-57].

Within each participating university, researchers identified all courses (Fall 2025-
Spring 2026) matching the following criteria: (a) focus on sustainability topics (environ-
mental science, business sustainability, engineering sustainability, environmental policy,
or environmental communication); (b) enrollment >40 students to ensure adequate power
for quantitative analysis; (c) instructor consent to integrate technology-mediated genre
writing activities. Across six universities, 15 courses met criteria; all 15 instructors agreed
to participate. Courses ranged from introductory surveys to advanced seminars, with en-
rollments ranging from 41 to 78 students (M =53.3, SD = 12.4)

Phase 2 participants comprised 32 students purposefully selected from Phase 1 re-
spondents, distributed across four theoretically meaningful groups: (1) high sustainability
literacy developers utilizing digital tools extensively (n = 8); (2) high sustainability literacy
developers with minimal technology use (n =7); (3) lower sustainability literacy develop-
ers despite substantial digital tool engagement (n =9); and (4) lower developers with min-
imal technology engagement (1 = 8). This distribution permitted cross-case comparison,
illuminating how technology integration, pedagogical factors, and learner characteristics
interact to shape outcomes.

The sample size (N = 320) was justified a priori using power analysis specific to each
methodological approach. Using G*Power 3.1 for SEM with the specified model (5 latent
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variables, 12 paths, a = 0.05), power analysis suggests that N = 280 achieves power > 0.95
to detect small-to-medium effects (RMSEA difference = 0.04, and N = 320 exceeds this
threshold with power = 0.98.

The study employed Hierarchical Linear Modeling (HLM) with three nested levels
(Level 1: n1 = 320 students; Level 2: n2 = 15 courses; Level 3: n3 = 6 institutions). Following
Maas & Hox [58], the maximum number of level-3 units (institutions) that can be reliably
modeled is 30 with N2 =15 courses; our design (ns = 6, n2 = 15) provides adequate numbers
to estimate random variance at levels 2 and 3. Power for testing cross-level interactions
was examined using simulation to detect a medium cross-level interaction (f2 = 0.15). Our
design achieved power = 0.78, which is below the conventional 0.80 threshold but accepta-
ble given trade-offs between power and ecological validity (multiple institutions). Results
are interpreted cautiously.

Planned multigroup comparisons across six disciplinary groups reduced subgroup
sizes to nse per group. Following Kline [59,60], this is minimally adequate for testing mul-
tigroup invariance (recommended 1 > 50 per group). Subgroup analyses are reported but
interpreted as exploratory, with Bonferroni correction applied (a = 0.05/6 = 0.008) to con-
trol family-wise error. With N = 320 and three timepoints, we achieve adequate power
(0.80) to detect medium-sized growth effects and medium-sized predictors of individual
growth rates [60]. Power sensitivity analysis revealed that our design detects growth ef-
fects 20.15 SD units per timepoint with power > 0.80.

A qualitative sample (1 = 32) was determined using principles of theoretical satura-
tion: a preliminary analysis of the first 20 interviews identified core themes; the subse-
quent 12 interviews (21-32) added no novel themes, suggesting adequate saturation for
the study’s scope.

4.2.1. Intervention Protocol

The intervention was implemented across 15 participating courses over a 16-week
semester and integrated three interdependent components: (1) genre-based writing in-
struction, (2) infographic design using digital tools, and (3) cyclic revision emphasizing
audience adaptation. Together, these components aimed to strengthen sustainability lit-
eracy through authentic, technology-mediated communication practices.

4.2.2. Weeks 2-15: Genre-Based Writing Instruction

Genre instruction was distributed throughout the semester and focused on helping
students understand sustainability communication as audience-specific and rhetorically
situated. During Week 2, students were introduced to genre concepts through examples
such as policy briefs, sustainability reports, advocacy newsletters, and infographics. In
Week 4, students conducted audience analyses by examining how different genres ad-
dressed distinct audiences and purposes. Week 6 focused on rhetorical choice, emphasiz-
ing how claims and framing strategies should be adapted for scientists, policymakers, in-
dustry stakeholders, or the general public. During Week 10, students reviewed drafts
against genre conventions and revised accordingly. By Week 15, students showed genre
competence through final projects tailored to specified audiences.

4.2.3. Weeks 3-14: Infographic Design and Digital Tool Training

Digital design instruction centered on infographic development as a means of com-
municating complex sustainability issues. All students received training in Canva, which
was freely accessible through individual or institutional accounts. Students in six courses
also had access to Adobe Creative Suite, while one course utilized Figma for advanced
design tasks.

https://doi.org/10.3390/su18136785
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Instruction began in Week 3 with visual communication principles, including typog-
raphy, color, hierarchy, and layout. In Week 5, students completed a hands-on Canva
workshop by creating a sustainability infographic from a template. Week 7 focused on
systems visualization, where students learned to depict feedback loops, causal relation-
ships, and interconnections using flowcharts and causal-loop diagrams. During Week 9,
students created data visualizations of sustainability indicators, including emissions, re-
source use, and economic impacts. Week 12 integrated rhetorical objectives with design
decisions, while Week 14 emphasized iterative redesign and rapid prototyping.

4.2.4. Weeks 6-15: Cyclic Revision and Feedback

The primary assignment required students to create an infographic and a 200-word
sustainability argument addressing topics such as renewable energy adoption, biodiver-
sity conservation, or industrial environmental impacts. First drafts were submitted in
Week 6. During Week 7, students participated in structured peer-review sessions evalu-
ating clarity, audience suitability, visual effectiveness, and persuasive impact. In Week 9,
instructors provided rubric-based feedback addressing genre awareness, systems repre-
sentation, and communication effectiveness. Students revised their projects in Week 10
and submitted rewritten versions with reflective commentaries in Week 12. Between
Weeks 13 and 15, students either further refined their projects for portfolios or adapted
them for alternative audiences to reflect audience-sensitive communication.

4.2.5. Fidelity Monitoring

Implementation fidelity was systematically monitored through multiple procedures.
Instructors completed weekly implementation logs documenting activities, instructional
time, and adaptations. Researchers conducted four classroom observations per course
during the semester to verify adherence to the intervention protocol. Student assignments
and submissions were collected and reviewed to confirm that required activities were
completed as intended. Following implementation, fidelity scores were calculated using
observation records, instructor logs, instructional time, and delivery quality indicators.
The mean fidelity score was 87.3% (SD = 9.2%), indicating strong adherence to the inter-
vention model with only minor contextual adaptations.

4.3. Data Collection Procedures

Phase 1 employed a comprehensive survey instrument, administered online using
Qualtrics. It was administered at three timepoints: baseline (course entry), midpoint
(week 8 of the semester), and endpoint (course conclusion). Survey measures include: (1)
Technology Integration Scale—10 items measuring frequency, depth, and perceived use-
fulness of digital tool adoption (a = 0.89); (2) Genre Writing Competence Scale—14 items
assessing self-perceived competence in rhetorical analysis, audience adaptation, and con-
vention application (a = 0.91); (3) Sustainability Literacy Scale—28 items operationalizing
five core dimensions (environmental knowledge 6 items, systems thinking 6 items, critical
evaluation 5 items, values/agency 6 items, communication competence 5 items) with sub-
scale alphas ranging from 0.78-0.88; (4) Multimodal Composition Confidence—8 items
measuring confidence in designing visuals, integrating visual-textual information, and it-
erating designs (a = 0.86); and (5) Demographic/contextual variables including prior edu-
cation, technology experience, course characteristics, and instructor pedagogy variables.

Additionally, student-produced infographics and written sustainability communica-
tions were collected at the endpoint for analysis as artifacts. Two independent raters
coded artifacts using validated rubrics measuring: genre awareness (rhetorical choices re-
flecting purpose and audience), systems representation (visual/textual communication of
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causal relationships), and sustainability argumentation quality (counterargument engage-
ment, and call to action clarity). Interrater reliability (ICC) targets exceeded 0.80.

Phase 2 used semi-structured interviews (45-60 min) with selected participants, con-
ducted 4 weeks after the course. Interview protocols explored: (1) mechanisms through
which infographic design supported or hindered genre writing development; (2) how spe-
cific digital tool features are associated with learning; (3) development of systems thinking
about sustainability; (4) shifts in environmental values and action efficacy; and (5) barriers
and facilitators to learning. Interviews were audio-recorded, transcribed verbatim, and
analyzed.

4.4. Data Analytical Procedures
4.4.1. Quantitative Analysis: Structural Equation Modeling

Phase 1 quantitative data underwent multi-step structural equation modeling (SEM)
using Mplus 8.6 [26]. First, a confirmatory factor analysis validated the measurement
model by assessing whether the observed survey items adequately represented the in-
tended latent constructs (sustainability literacy dimensions, genre competence, technol-
ogy integration). Goodness-of-fit indices (CFI, TLI, RMSEA) were evaluated against es-
tablished benchmarks (CFI/TLI > 0.95; RMSEA < 0.05) [60]. Confirmatory analyses (SEM,
mediation, growth modeling) were prespecified and not subject to multiple-testing cor-
rections. Exploratory subgroup analyses applied the Holm—Bonferroni correction. All ex-
ploratory analyses are reported with appropriate caution; subgroup findings are prelimi-
nary pending replication.

A sensitivity analysis was conducted to assess the influence of multivariate outliers
on the SEM results. Mahalanobis distance (D?) was computed for all cases, and observa-
tions exceeding the chi-square critical value at p <0.001 (df = number of indicators) were
flagged as potential outliers. The primary SEM model was re-estimated, excluding these
cases, to determine whether the primary path coefficients remained substantively un-
changed.

Second, a primary structural model tested direct and indirect pathways linking tech-
nology integration and genre writing development to sustainability literacy outcomes.
The model specifies: Technology Integration — Genre Writing Development — Sustaina-
bility Literacy, with Infographic-Specific features and Pedagogical Quality as moderating
variables. Third, multigroup analysis examined whether relationships differ across disci-
plines, institutional types, and student demographic groups, revealing potential equity
implications. Fourth, latent growth curve modeling examined how sustainability literacy
trajectories grew across the semester, with individual growth rates associated with tech-
nology integration and baseline competencies.

To corroborate the mediation finding, bias-corrected bootstrapped confidence inter-
vals were computed using 5000 bootstrap resamples in Mplus 8.6 (using the MODEL IN-
DIRECT command with BOOTSTRAP = 5000). Bootstrapping is preferred over the Sobel
test for indirect effects because it does not assume normality of the sampling distribution
of the product of path coefficients. The 95% bias-corrected bootstrapped CI for the indirect
effect of Technology Integration on Sustainability Literacy through Genre Writing Com-
petence is reported alongside the product-of-coefficients estimate. An indirect effect is
considered statistically significant if the CI does not include zero.

4.4.2. Quantitative Analysis: Multilevel Modeling

Hierarchical linear modeling (HLM) using HLM 8 software [61], version 8.2 decom-
posed variance across multiple levels: Level 1 (students within courses), Level 2 (courses
within institutions), and Level 3 (institutions). This approach examined how individual

student factors (technology integration, prior experience, learning engagement) interacted
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with course-level factors (instructional design quality, technology implementation fidelity,
sustainability content depth) and institutional factors (sustainability curriculum breadth,
faculty expertise, technology infrastructure) to reflect sustainability literacy outcomes. In-
traclass correlations (ICC) quantified variance attributable to each level, revealing
whether differences in outcomes reflected student characteristics, course design, or insti-
tutional context. Random-slope models tested whether relationships vary significantly
across institutions, indicating differential effectiveness depending on the implementation
context.

The three-level model includes institutions at the highest level; however, with only
six institutions, variance components and cross-level interactions should be interpreted as
exploratory. Institution-level findings require verification in larger samples.

4.4.3. Qualitative Analysis: Framework and Thematic Analysis

Phase 2 interview data underwent deductive-inductive thematic analysis [55] guided
by the conceptual framework [17,62]. Initial coding applied predefined codes aligned with
theoretical mechanisms such as ‘digital tool affordances,” ‘genre awareness development,’
‘systems thinking emergence,” and ‘efficacy shifts.” Simultaneously, inductive coding
identified emergent themes reflecting unanticipated mechanisms or contextual factors.
Qualitative analysis software (NVivo version 14) led to systematic coding, retrieval, and
cross-case analysis. Within-case analysis provided detailed narratives describing each
participant’s learning trajectory, mechanisms of change, and contextual factors. Cross-
case analysis identified patterns—do high developers across groups share common expe-
riences? Do digital tool functions serve different functions for different learners? Do dis-
ciplinary contexts shape outcomes differently?

4.4.4. Mixed Methods Integration

Quantitative and qualitative findings were integrated. This integration identified
convergence (when qualitative findings confirm quantitative patterns) and complementa-
rity (when qualitative data illuminates mechanisms underlying quantitative relation-
ships). Where findings diverged, interpretation drew on both data sources to develop a
nuanced understanding. Meta-inferences are synthesized across data sources to answer
overarching research questions with credibility derived from multiple methodological
perspectives [27].

4.4.5. Common Method Bias: Mitigation and Assessment

This study relied on self-reported measures, which introduces the potential for com-
mon method variance (CMV) to inflate correlations. We employed four strategies to miti-
gate and assess CMV. Survey items were administered at three time points separated by
8 weeks (T1: week 1; T2: week 8; T3: week 16), reducing priming effects and recall bias.
Additionally, the outcome measures (sustainability literacy and communication compe-
tence) were operationalized at T3. In contrast, the key predictor (technology integration)
was primarily measured at T1-T2, creating temporal separation between predictors and
outcomes—a standard CMV mitigation technique.

Survey scales were designed to measure conceptually distinct constructs using dif-
ferent question formats and response anchors: For instance, Technology Integration Scale:
5-point frequency scale (“How often do you use...”), Genre Competence Scale: 5-point
Likert self-efficacy (“I am confident in...”), Sustainability Literacy: 5-point agreement (“I
understand...”, “I can...”) with mixed question framing. This heterogeneity of response
formats reduces the likelihood that method effects drive correlations. Correlations be-
tween self-reported technology integration and independently rated artifact quality (n =
320 infographics/writing samples) were computed (r = 0.47, p < 0.001). Strong correlations
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between self-report and objective artifact ratings provide the supposition that self-re-
ported technology use is associated with actual engagement rather than method artifact.

We employed Harman's single-factor test post hoc: an unrotated exploratory factor
analysis of all measured variables was conducted. If CMV were severe, a single factor
would account for >50% of variance. The first unrotated factor accounted for 31.2% of var-
iance, below the 50% threshold, suggesting CMV does not substantially inflate observed
correlations.

4.4.6. Validity, Reliability, and Ethical Considerations

Quantitative validity was ensured through established, validated instruments and
rigorous statistical procedures. All survey scales were validated instruments with pub-
lished psychometric evidence, with validity evidence established in this study. Confirm-
atory factor analysis validated the measurement model: CFI = 0.96, TLI = 0.95, RMSEA =
0.039 (90% CI [0.032, 0.047]), exceeding benchmarks. Five-factor sustainability literacy
structure confirmed with subscale alphas of 0.78-0.88. Convergent validity supported:
Technology Integration correlated with artifact quality (r =0.47, p <0.001); Genre Compe-
tence correlated with artifact genre ratings (r = 0.52, p < 0.001). Discriminant validity
showed that the sustainability literacy subscales intercorrelated moderately (0.40-0.65),
confirming distinct dimensions. All scales showed adequate internal consistency (a > 0.86).

Qualitative credibility was achieved through prolonged engagement, reflexivity,
member checking (interview participants review summaries for accuracy), and audit trail
documentation. All procedures received institutional review board approval, with in-
formed consent obtained from all participants, confidentiality ensured through de-identi-
fication, and data securely stored.

5. Findings
5.1. Descriptive Statistics and Sample Characteristics

The study sample comprised 320 undergraduate and graduate students (Mage = 20.8
years, SD = 2.3) distributed across six higher education institutions. Demographic charac-
teristics showed balanced gender representation (48% male, 46% female, 4% non-binary,
2% prefer to specify) with students representing six disciplinary areas: Environmental Sci-
ence (20%), Business Sustainability (18%), Civil Engineering (18%), Policy Studies (16%),
Environmental Communications (15%), and Geography (13%). The sample included first-
year students (22%), intermediate students (45.3%), and advanced students (14.7%). Prior
technology experience was moderate (M =2.91, SD = 1.21) on a 5-point scale, while prior
sustainability knowledge was slightly above the midpoint (M =2.89, SD =1.18), indicating
that students entered the courses with foundational but not advanced competencies in
both domains. The demographics is presented in Table 2, while the baseline descriptive
statistics is presented in Table 3.

Table 2. Demographics.

Demographic Variable Category n %
Gender Male 154 48.1
Female 147 459
Non-binary 13 41
Prefer to specify 6 1.9
Year in School Freshman/Sophomore 128  40.0
Junior 145 453
Senior/Graduate 47 14.7
Primary Discipline STEM (Eng/Sci) 116  36.3
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Non-STEM 204 63.8

Note. Total N = 320.

Table 3. Baseline (T1) Descriptive Statistics for Primary Constructs.

Construct

M SD Min Max a

Technology Integration (T1)

2.53 1.04 1.00 5.00 0.89

Genre Writing Competence (T1) 2.78 0.89 1.08 4.96 0.91
Environmental Knowledge (T1) 291 0.82 1.17 4.92 0.81

Systems Thinking (T1)
Critical Evaluation (T1)
Values and Agency (T1)

2.67 091 1.00 4.89 0.82
2.88 0.85 1.20 4.95 0.78
3.07 0.91 1.00 5.00 0.84

Communication Competence (T1) 2.60 0.97 1.00 4.98 0.86
Sustainability Literacy (Overall T1) 291 0.78 1.34 4.88 0.88

Note. M = mean; SD = standard deviation—all measures on a 1-5 scale. Cronbach’s alpha («) values

indicate internal consistency reliability.

5.2. Growth Trajectories: Longitudinal Changes Across Semester

The study employed a longitudinal design, permitting examination of growth across
three time points spanning the semester (baseline, midpoint, endpoint). Analyses of vari-
ance with repeated measures implied statistically significant growth in all primary con-
structs. Sustainability Literacy showed the most substantial overall growth, increasing
from a baseline mean of 2.91 to an endpoint mean of 3.54, representing a gain of 0.63 points
(21.6% observed growth, F(2.638) = 147.3, p < 0.001, partial n? = 0.32). This large effect size
suggested that growth in sustainability literacy was observed during the intervention pe-
riod and shows moderate associations with reported technology use in overall environ-
mental literacy across the entire semester.

Breaking down this composite measure, all five dimensions of sustainability literacy
showed significant growth. Environmental Knowledge witnessed an observed growth
from 2.91 to 3.39 (gain = 0.48, +16.5%, p <0.001). Systems Thinking, critical for understand-
ing interconnected environmental challenges, showed the largest gain proportionally,
growing from 2.67 to 3.29 (gain = 0.62, +23.2%, p < 0.001). Critical Evaluation showed ob-
served growth from 2.88 to 3.41 (gain = 0.53, +18.4%, p < 0.001), indicating that students
acquired a stronger capacity to interrogate competing sustainability narratives. Values
and Agency grew from 3.07 to 3.54 (gain = 0.47, +15.3%, p < 0.001), suggesting shifts in
environmental values and perceived personal efficacy. Most notably, Communication
Competence —the most critical dimension for actual sustainability action—exhibited the
largest proportional growth, increasing from 2.60 to 3.32 (gain = 0.72, +27.7%, p < 0.001),
showing that students who engaged in infographic-integrated genre writing reported
substantial gains in self-assessed persuasive communication competence (8 = 0.58, p <
0.001). However, causation cannot be established without a control group. The growth
trajectories is presented in Table 4.

Table 4. Growth Trajectories for Primary Constructs (T1 to T3).

Construct

Total %
T1 T2 T F
M M 3M Gain Change P

Technology Integration
Genre Writing Competence
Environmental Knowledge
Systems Thinking

Critical Evaluation

Values and Agency

2.53 3.05 347  +0.94 +37.2% 1284  <0.001
2.78 3.12 346  +0.68 +24.5% 94.7 <0.001
291 3.14 3.39  +0.48 +16.5% 56.3 <0.001
2.67 3.00 329 +0.62 +23.2% 102.5  <0.001
2.88 3.13 341  +0.53 +18.4% 71.8 <0.001
3.07 3.28 354 +047 +15.3% 58.2 <0.001
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Communication Competence 2.60 2.98 332 +0.72 +27.7% 119.6  <0.001
Overall Sustainability Literacy 291 3.21 3.54 +0.63 +21.6% 147.3  <0.001
Multimodal Composition Confidence 2.54 3.05 3.53  +0.99 +39.0% 156.2  <0.001

Note. T1 = baseline, T2 = midpoint, T3 = endpoint. All repeated-measures ANOVA results were

statistically significant at p < 0.001. All effect sizes (partial 1) exceeded 0.08, indicating medium to

large effects.

Two additional findings merit specific attention. First, Technology Integration and

Multimodal Composition Confidence exhibited the largest absolute growth rates (37.2%

and 39.0%, respectively), suggesting that students increasingly engaged with digital tools

across the semester and acquired substantially greater confidence in multimodal compo-

sition. Second, the growth in Multimodal Confidence exceeded growth in Genre Writing

Competence alone, suggesting that experience with infographic design conferred benefits

as 1t seemed that the visual representation and iteration processes apparently engaged

distinct learning pathways.

5.3. Structural Equation Modeling: Mechanisms and Mediation

To understand the mechanisms underlying the association between technology inte-

gration and sustainability literacy, structural equation modeling tested a theoretically in-

formed model specifying direct and indirect pathways. Confirmatory Factor Analysis first

validated the measurement model. All observed survey items loaded significantly on their

intended latent constructs (standardized lambda coefficients ranged from 0.71 to 0.94),
and goodness-of-fit indices met established benchmarks (chi-square(278) = 423.7, p < 0.001;
Comparative Fit Index = 0.96; Tucker-Lewis Index = 0.95; Root Mean Square Error of Ap-
proximation = 0.039, 90% CI [0.032, 0.047]). Acceptable RMSEA and CFI/TLI values ex-
ceeding 0.95 indicate that the model adequately represents the data structure and that the

latent constructs are validly measured.

The structural model examining pathways shows strong support for hypothesized

mechanisms. Technology Integration was directly associated with Sustainability Literacy
(p =0.38, p <0.001, 95% CI [0.29, 0.47]), explaining 14% of the variance independent of
other pathways. Additionally, Technology Integration was associated with Genre Writing

Competence (3 =0.52, p <0.001), which in turn was associated with Sustainability Literacy
(=0.41, p <0.001), establishing a substantial indirect effect. Computing the indirect effect
(product of path coefficients: 0.52 x 0.41 = 0.21) shows that the indirect pathway through
Genre Competence accounted for 21% of the total effect variance. The mediation propor-
tion (indirect effect/total effect) was 0.36, indicating that 36% of the total effect of technol-
ogy integration on sustainability literacy operates through the development of genre writ-

ing competence. This finding directly supports the study’s theoretical framework, which

posits that technological affordances reshape writing practices, thereby enhancing sub-

ject-matter communication.

Given that the institution-level variance estimates are based on only six units, these

findings should be interpreted as exploratory. A two-level sensitivity model (excluding

the institutional level) produced consistent results for all primary research questions (3 =

0.38, 3 = 0.21, mediation 36%), confirming that the main conclusions do not depend on

institutional-level variance. To verify this mediation finding robustly, bias-corrected boot-

strapped confidence intervals (5000 resamples) confirmed that the indirect effect was sig-
nificant: 95% BC-CI [16, 0.26], which excludes zero and corroborates the product-of-coef-
ficients estimate. This bootstrap result is particularly informative given that indirect effect

distributions are frequently right-skewed and may violate the normality assumption un-

derlying standard z-tests. The structural equation modelling result is presented in Table

5.
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Table 5. Structural Equation Model Path Coefficients and Fit Statistics.

Path/Statistic Coefficient SE t-Value  p-Value 95% CI

Tech Integration > Sustain Literacy (direct) 0.38 0.045 8.44 <0.001 [0.29, 0.47]

Tech Integration > Genre Competence 0.52 0.041 12.68 <0.001 [0.44, 0.60]

Genre Competence > Sustain Literacy 0.41 0.038 10.79 <0.001 [0.34, 0.48]

Pedagogical Quality > Sustain Literacy 0.19 0.041 4.63 <0.001 [0.11, 0.27]

Indirect Effect (Tech-Genre-Sustain) 0.21 0.026  8.08 <0.001 [0.16, 0.26]

Total Effect (Technology Integration) 0.59 0.051 11.57 <0.001 [0.49, 0.69]

CFI 0.96

TLI 0.95

RMSEA (90% CI) 0.039 [0.032, 0.047]

Note. SE = standard error; CI = 95% confidence interval. All path estimates based on N = 320. CFI =
Comparative Fit Index; TLI = Tucker—Lewis Index; RMSEA = Root Mean Square Error of Approxi-

mation.

5.4. Artifact Analysis: Student-Produced Infographics and Writing

All 320 students produced final infographics and accompanying sustainability com-
munications, which were evaluated by two trained raters using validated rubrics that
measured genre awareness, visual representation of systems, clarity, and writing quality.
Ratings across both infographic and written components averaged 3.21 on 5-point scales,
indicating moderate-to-strong competence. Infographic-specific evaluations showed that
students performed best in visual clarity (M = 3.51, SD = 0.85), suggesting that they effec-
tively applied design principles for readability and visual appeal. Genre awareness rat-
ings (M =3.42, SD = 0.89) imply moderate competence in understanding rhetorical pur-
pose and tailoring designs to audiences. Systems Representation scores were relatively
lower (M = 3.18, SD = 0.95), suggesting that some students—while creating visually clear
infographics—struggled to represent complex causal relationships and feedback loops
characterizing sustainability systems.

Writing quality analysis showed associations that reflect comparable patterns. Sus-
tainability Argumentation (M = 3.31, SD = 0.90) was moderate, indicating students gener-
ally crafted competent sustainability arguments. Evidence quality (M = 3.09, SD = 1.01)
showed higher variability, with a larger standard deviation reflecting heterogeneous stu-
dent abilities in marshaling empirical support. The lowest ratings emerged for counterar-
gument engagement (M =2.78, SD =1.11), indicating that a substantial portion of students
struggled to anticipate and address opposing viewpoints—a critical rhetorical skill for
persuasive sustainability communication in contested domains. Call-to-action clarity (M
= 3.18, SD = 0.95) showed associations that reflect moderate competence in motivating
audiences to take environmental action. The artifact quality ratings is presented in Table 6.

Table 6. Artifact Quality Ratings (Endpoint) and Correlations with Technology Integration.

Rating Dimension M SD Median r with Tech p-Value Interrater ICC
Infographic Genre Awareness 3.42 0.89 3.5 0.42 <0.001 0.82
Infographic Systems Representation 3.18 0.95 3.0 0.38 <0.001 0.79
Infographic Visual Clarity 3.51 0.85 3.5 0.46 <0.001 0.85
Writing a Sustainability Argument 3.31 0.90 3.3 0.44 <0.001 0.81
Writing Evidence Quality 3.09 1.01 3.0 0.34 <0.001 0.76
Writing Counterargument 2.78 1.11 2.8 0.31 <0.001 0.73
Writing Call-to-Action 3.18 0.95 3.1 0.39 <0.001 0.78
Overall Quality Score 3.21 0.78 3.2 0.47 <0.001 0.81
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Note. All measures on a 1-5 scale. r = Pearson correlation with Technology Integration Scale. ICC =
intraclass correlation coefficient for interrater reliability (two raters, absolute agreement). All corre-

lations are statistically significant at p < 0.05 or better.

Importantly, artifact quality showed strong positive correlations with Technology In-
tegration across all dimensions, with overall quality correlating at r=0.47 (p <0.001). These
correlations (r = 0.47, p <0.001) provide convergent validity evidence, indicating that sur-
vey-reported technology use is associated with observable quality variation in student-
produced work. This association shows that students who report greater technology en-
gagement produce higher-quality work. Interrater reliability (intraclass correlations)
ranged from 0.73 to 0.85, exceeding the 0.70 minimum threshold and confirming that ru-
bric ratings were reliable measures of actual work quality.

5.5. How Findings Address Study Research Questions

Research Question 1: What changes in student sustainability literacy are observed during
a course featuring technology-mediated genre writing integrated with infographic design?

The data directly answered this overarching research question through integrated
quantitative data. Sustainability Literacy witnessed an observed growth from baseline (M
=2.91) to endpoint (M = 3.54), a gain of 0.63 points representing 21.6% growth (F(2,638) =
147.3, p < 0.001, partial n? = 0.32). This statistically significant and practically meaningful
growth was accompanied by substantial gains across all five literacy dimensions. Most
critically, growth in communication competence (27.7%) was observed during the inter-
vention period. While the magnitude and specificity of gains suggest the intervention is
associated with this growth, the absence of a control group means causation cannot be
definitively established. The structural equation model shows that this growth operated
through both direct pathways (Technology Integration — Sustainability Literacy, p=0.38)
and indirect pathways mediated by genre competence development (Technology Integra-
tion — Genre Competence — Sustainability Literacy, indirect f = 0.21), supporting the
theoretical framework that technological affordances reshape writing practices.

Research Question 2: What patterns of association emerge between technology use, stu-
dent engagement, and literacy outcomes?

Students utilized four primary digital design platforms: Canva (45%), Adobe Crea-
tive Suite (30%), Figma (15%), and other platforms (10%). While the tools, as implemented,
did not significantly differ in student outcomes (F(3,316) = 1.87, p = 0.14), the structural
model implies that specific affordances within platforms were associated with effects. In-
fographic-Specific Features—a composite measuring template availability, real-time col-
laboration capabilities, accessibility features, and iterative feedback mechanisms—signif-
icantly moderated the Technology Integration effect (B-interaction = 0.18, p = 0.008). Stu-
dents utilizing platforms with richer feature sets were associated with artifacts rated sig-
nificantly higher. Qualitative analysis (discussed in Section 5.6) clarified the mechanisms:
students particularly valued template scaffolding for organizing complex system infor-
mation and real-time feedback features that enabled rapid design iteration. These af-
fordances reduced cognitive load during initial skill development, permitting greater at-
tentional resources for sustainability content and rhetorical purpose.

Research Question 3: Through what mechanisms are changes in literacy associated with
the instructional approach?

Systems Thinking growth (23.2%) showed particularly strong associations with mul-
timodal composition. Multimodal Composition Confidence exhibited the largest overall
growth (39%), and path analysis implies that it specifically reflected Systems Thinking
development (3 = 0.58, p < 0.001 in a structural model controlling for alternative paths).
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Students who engaged deeply in translating environmental relationships into visual rep-
resentations experienced steeper gains in systems thinking: correlation between artifact
systems representation quality and endpoint systems thinking was r = 0.63 (p < 0.001),
substantially higher than for students primarily engaging in text-only communication (r
=0.31, p <0.001). This pattern suggests that engaging in iterative refinement of visual rep-
resentations is associated with gains in systems thinking. Qualitative data imply that stu-
dents perceived this process as scaffolding, though causation cannot be confirmed from
the study design. The difference in correlations between visual engagement (r = 0.63) and
textual engagement (r = 0.31) with systems thinking suggests multimodal composition
may offer advantages, though causation cannot be established from these associations.

5.6. Qualitative Findings: Thematic Analysis of Interview Data

Thirty-two students participated in semi-structured interviews conducted 2—4 weeks
after course completion. Interviews (45-60 min) were transcribed verbatim and analyzed
by two coders. The coders agreed to use the thematic approach [63] to identify case pat-
terns and themes. Initially, interview recordings were transcribed and examined to gain
familiarity with the data. The procedure was repeated several times to ensure that both
coders were adequately familiar with the transcript before initiating coding. The coders
manually coded the transcript by identifying patterns that reflect an idea.

Initial codes were derived from the data, and codebooks documented the codes that
emerged. The coders carefully reviewed the codes, leading to the removal of some, as
agreed. The codes were reviewed to ensure only those that aligned with the research ques-
tions and study objectives were retained. After reaching a consensus, the third coder was
invited, and the codes were reviewed again by the invited coder. Member checking was
conducted during this process. These were done to ensure inter-coder reliability/validity,
and the coder assisted in resolving conflicts that emerged. After this, codes were orga-
nized into overarching themes that addressed the research questions. The interviewees
were given the themes to ensure that they reflected their opinions. Afterward, the themes
were defined, named, and presented in tables.

Six primary themes emerged, each representing mechanisms through which technol-
ogy-mediated genre writing was associated with sustainability literacy. The following sec-
tions present each theme with associated codes and student excerpts (with minor gram-
matical edits for clarity while preserving meaning).

Theme 1: Digital Tools as Cognitive Mediators: Visualizing Abstract Sustainability Sys-
tems

This theme captured how digital design platforms functioned not as neutral presen-
tation tools but as active cognitive instruments reshaping how students represented and
understood sustainability systems. Associated codes included ‘tools enable visualization
of complexity,” ‘templates scaffold systems thinking,” ‘visual iteration reveals causal rela-
tionships,” and “visual translation deepens understanding.” Across the full interview sam-
ple, 26 of 32 students (81%) explicitly referenced how using design tools helped them vis-
ualize or understand sustainability relationships that previously remained abstract. This
pattern was particularly pronounced in the High Literacy + High Tech use group (7 of 8
students, 88%), where students described moving from conceptual textual understanding
to embodied visual representation of system relationships. The thematic analysis of the
interview is provided in Table 7.
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Table 7. Thematic analysis.

Code n Description
Using design platforms to render ab-

stract systems visible and manipulable
Pre-designed templates providing

Templates scaffold thinking 19  structural guidance for systems repre-

sentation

Revising and refining visual designs,

revealing new causal connections

Tools visualize complexity

Visual iteration reveals relationships 17

Excerpt 1 (S0087, High Literacy + High Tech):

“When I started making the infographic, I had to actually show how carbon
emissions led to temperature rise, and that temperature rise affected ocean acid-
ification, which then affected shellfish... I did not realize it was all connected
like that. However, when I had to map it visually, put arrows between every-
thing, I could finally see the whole chain. Moreover, that made me realize we
are not just fighting one problem; we are fighting this web of problems that all
feed into each other. That was huge for me.”

This excerpt exemplifies how the visual design process forced explicit articulation of
causal chains and feedback loops, deepening systems thinking beyond what textual de-
scription alone could achieve. The student moved from understanding isolated environ-
mental problems to recognizing complex, interconnected relationships—a critical leap in
sustainability literacy development.

Excerpt 2 (S0156, High Literacy + Low Tech):

“I realized when using Canva that I could drag different elements around and
see how they related. The templates showed me, like, where causation goes and
where consequences go. Even though I am not super comfortable with technol-
ogy, the template structures basically walked me through the logic of systems
thinking without me having to figure it all out from scratch.”

Despite reporting limited prior technology experience, this student benefited sub-
stantially from template scaffolding that externalized and visualized the cognitive struc-
ture of systems thinking. The tool’s affordances (spatial layout templates that show rela-
tionships) functionally compensated for limited design expertise while enabling deep sys-
tems-thinking development.

Seven participants (21.9% of the qualitative sample) achieved high gains in sustaina-
bility literacy despite reporting low levels of technology integration throughout the course.
These students were concentrated among postgraduate participants with prior sustaina-
bility education and among students who engaged deeply with the genre-writing dimen-
sion of the intervention, using only basic digital tools (predominantly Canva, with mini-
mal feature exploration). Their interviews suggest that the cognitive work of audience-
directed genre writing—rather than the sophistication of the technology itself —was the
proximate driver of literacy development for this subgroup.

Excerpt 3 S0112 (High Literacy + Low Tech) illustrates this:

“I did not use the fancy features. I just kept rewriting who I was writing for and
why it mattered. That changed how I thought.”

These cases are theoretically important because they suggest that technology integra-
tion may function as a scaffold for genre awareness rather than as an independent catalyst.
When students arrive with strong prior knowledge, genre-focused pedagogy alone may
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be sufficient to generate literacy gains. This is consistent with the partial mediation struc-
ture of the primary SEM model (Bdirect = 0.38) but qualifies the technology-centric inter-
pretation of that direct effect.

Theme 2: Genre Awareness through Rhetorical Reframing for Specific Audiences

Students described developing explicit awareness of genre conventions and rhetori-
cal choices as they designed infographics for specific audiences. Associated codes in-
cluded ‘awareness of audience shapes design choices,” ‘visual rhetoric differs from textual
rhetoric,” ‘genre conventions structure communication,” ‘translating academic knowledge
to public communication,” and ‘multimodal rhetoric requires intentional strategy.’
Twenty-one of 32 students (66%) explicitly articulated significant shifts in how they con-
ceptualized communicating sustainability information—moving from presenting facts to
persuading audiences through strategic rhetorical choices. This genre awareness develop-
ment was more pronounced among high-technology integrators (High Tech: 15 of 17, 88%)
than among low-technology integrators (Low Tech: 6 of 15, 40%), suggesting that sus-
tained technology use amplified rhetorical awareness development.

Excerpt 4 (S0134, High Literacy + High Tech):

“I realized I was writing for the wrong audience before this class. I was making
arguments like I was talking to professors—lots of jargon, dense paragraphs.
However, when I started thinking about my infographic and who would actu-
ally see it on social media or a website, I thought: nobody is going to read this
unless [ hook them first. So I had to choose what was most compelling, put that
first, and use color to direct attention. I could not just present facts in order any-
more. I had to think like a designer AND a communicator.”

This excerpt shows explicit metacognitive awareness of genre conventions and rhe-
torical positioning across contexts. The student recognized how audience and medium
fundamentally shape communication choices and that academic and public communica-
tion genres employ fundamentally different strategies. Critically, this genre awareness ex-
tended beyond textual language to encompass visual design decisions —a multimodal un-
derstanding of rhetorical strategy.

Excerpt 5 (5098, High Literacy + High Tech) Other students provided similar com-
ment;

“It is good to learn, plan as this is the only way to create good visuals that will
attract an audience to what you are saying. I started learning this, and it reflects
greatly in these skills. So did my infographic grow, and I will apply these good
skills in my future work.”

This excerpt unveils the role of learning in improving students” learning outcomes,
especially their literacy and technology skills. The students acquired skills that enabled
them to improve their infographics.

Theme 3: Environmental Values Clarification and Growing Action Efficacy

Beyond knowledge and communication competence, interviews reflected that re-
searching sustainability issues and designing persuasive communications catalyzed clar-
ification of personal environmental values and were associated with a sense of personal
agency regarding environmental action. Associated codes included “personal connection
to environmental issue,” ‘growing sense of responsibility,” ‘belief that communication can
inspire change,” ‘recognizing own capacity as change-maker,” and ‘moving from environ-
mental overwhelm to action-orientation.” Nineteen of 32 students (59%) described explicit
shifts in environmental values or sense of efficacy. Notably, students in the High Literacy
+ High Tech group showed the strongest pattern (7 of 8, 88%), while Low Literacy + Low
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Tech students showed the weakest (2 of 8, 25%), suggesting that both competence devel-
opment and technology engagement contributed to shifts in values and efficacy.
Excerpt 6 (S0112, High Literacy + High Tech):

“I chose to do my infographic on ocean acidification because I love the ocean.
However, researching it was shocking. Honestly, it almost made me de-
pressed —like, what is the point of caring if the ocean is dying anyway? I made
the case for it, convinced people it matters, and showed we can do something
about it. Making that case, even just, shifted me from feeling hopeless to feeling
like I can articulate why this matters and what we can do, maybe I can get other
people to care too. That is powerful.”

Excerpt 7 (S0112, High Literacy + High Tech):

“My infographic reflected the environment. I plan to keep it simple until the
teacher provides some intriguing examples. The teachers’ infographics were en-
gaging, and I learned from them and decided to create my own. Mine was one
of the best.”

This excerpt shows how engaging in public environmental advocacy through com-
munication moved the student from emotional despair—a common response when con-
fronting environmental scale and urgency —to a sense of personal agency and efficacy.
The realization that articulating persuasive arguments and designing communications
constitutes meaningful action represents a critical element of sustainability action compe-
tence.

Integrating quantitative and qualitative findings reveals a comprehensive mecha-
nism through which technology-mediated genre writing was associated with sustainabil-
ity literacy. Quantitatively, the intervention led to statistically significant gains across all
dimensions (effect sizes and partial n? ranging from 0.08 to 0.32; all p <0.001). The struc-
tural equation model identified precise mechanisms: Technology Integration operates
both directly (3 = 0.38) and indirectly through Genre Writing Competence development
(indirect $ = 0.21, mediation proportion = 0.36) to result to Sustainability Literacy. The
multilevel model implies that course-level pedagogical quality and institutional technol-
ogy infrastructure significantly moderated outcomes, indicating that implementation con-
text matters.

Qualitatively, students articulated three primary psychological and cognitive mech-
anisms: (1) digital tools functioning as cognitive mediators, externalizing and making ma-
nipulable abstract systems relationships; (2) genre awareness developing through audi-
ence-focused multimodal communication design; and (3) communication efficacy foster-
ing environmental values, commitment, and action orientation. These mechanisms oper-
ated differentially across student groups: students with high technology integration and
strong initial literacy achieved the most advanced sustainability literacy outcomes.

Research question 2 asks What patterns of association emerge between technology
use, student engagement, and literacy outcomes? Quantitative findings show that systems
thinking witnessed an observed growth (T1—T3, +23.2%, p < 0.001) and correlated with
technology integration (r = 0.44, p < 0.001). Qualitative findings reveal three mechanisms:
(a) iterative design implied hidden feedback loops; (b) visual representation forced artic-
ulation of causal relationships; (c) peer feedback highlighted system elements students
initially missed. The joint display shows that quantitative gains align with qualitative
mechanisms, strengthening the inference that technology integration reflects with systems
thinking through specific cognitive processes (visualization, iteration, articulation).

Additionally, qualitative findings sometimes challenge or extend quantitative pat-
terns. For example, quantitative analysis reveals no significant gender differences in out-
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comes (Multigroup x?=2.34, p = 0.31), yet qualitative interviews surface that female stu-
dents more frequently mentioned efficacy barriers and social support, despite similar
achievement levels. This mixed-methods divergence prompts an interpretation that
women achieve at equal levels but through different learning pathways (less solo technol-
ogy use, more peer collaboration), a finding invisible to quantitative analysis alone.
Mixed-methods integration thus identifies not just confirmation but also contextual nu-
ance.

Notably, both high initial literacy (compensating for lower technology engagement)
and high technology integration (scaffolding less-prepared students) led to meaningful
growth, suggesting that different students accessed the intervention benefits through dif-
ferent pathways—some leveraging advanced literacy to maximize technology affordances,
others leveraging tool scaffolding to overcome initial knowledge deficits.

6. Discussion

This study shows that technology-mediated genre writing development, grounded
in sociocultural activity theory and genre pedagogy, was associated with multidimen-
sional sustainability literacy in higher education. The 21.6% gain in overall Sustainability
Literacy (2.91—3.54, p < 0.001) aligns with prior research showing that integrated peda-
gogical interventions were associated with meaningful learning outcomes [3]. However,
the study’s unique contribution lies in showcasing that the most critical yet underdevel-
oped dimension witnessed an observed growth of 27.7%, directly addressing the sustain-
ability education literature’s long-identified communication gap [28,29]. This finding ex-
tends the work of Waltner et al. [29] and Cebrian et al. [31], whose analyses implied that
communication competence was the least developed sustainability literacy dimension,
despite its centrality to environmental advocacy.

The structural equation model results validate the theoretical framework.
Engestrom’s activity theory [47] proposed that productive tension emerges when multiple
cultural tools interact within a learning system. This study operationalized the concepts
of technology integration, genre writing instruction, and sustainability content, and sim-
ultaneously engaged them to create ‘distributed cognition’ in which digital tool af-
fordances externalized abstract relationships, genre conventions structured persuasive ar-
gumentation, and meaningful content provided authentic communicative purpose. The
finding that 36% of the association between technology and literacy operates indirectly
through genre competence aligns with theoretical predictions about how technology
might function. However, SEM associations do not establish causation; the pattern is con-
sistent with but does not prove a causal mechanism [64,65]. This mediation pattern ex-
tends Swales’ [21] genre framework and similar studies [66,67] by revealing that genre
awareness is better achieved not through isolated writing instruction but through multi-
modal composing in technology-rich environments, where audience and medium con-
straints make genre conventions salient.

Systems thinking growth (23.2%) showed particularly strong associations with mul-
timodal composition (r = 0.63 for visual-based vs. r = 0.31 for text-only), extending Kress
and Van Leeuwen’s [13,49] multimodal discourse theory. While their framework theo-
rized that visual modes activate distinct cognitive pathways, this study provides novel
findings on associations between visual engagement and systems-understanding out-
comes. The association between infographic design and systems-thinking outcomes aligns
with predictions from cognitive load theory [27]. This suggests that visual representations
may help distribute cognitive load, though empirical confirmation of this mechanism
would require cognitive task analysis or think-aloud protocols. However, the relatively
lower Systems Representation artifact ratings (3.18/5) suggest that, while students en-
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gaged in systems thinking, accurately representing complex causal feedback visually re-
mains challenging —a finding not emphasized in prior visualization literature, which of-
ten focuses on engagement over accuracy.

The multilevel model, which found that institutional technology infrastructure sig-
nificantly reflects outcomes (coefficient = 0.26, p = 0.043), extends prior technology inte-
gration research. While Clark and Mayer [23] cautioned that technology adoption without
pedagogical coherence yields minimal gains, this study aligns with the idea that even with
sound pedagogy, implementation fidelity —reflected in institutional infrastructure and
course-level pedagogical quality —moderates effectiveness. This extends the technology-
based literature beyond tool-level factors to the institutional context, suggesting that scal-
ing innovations requires not merely training educators but also supporting institutional
commitment [68,69]. The differential effects by student group (High Literacy + High Tech
achieving the largest gains; Low Literacy + Low Tech showing the most limited growth)
suggest that while technology scaffolding benefits less-prepared students, initial literacy
provides a crucial advantage —a nuance absent from technology-optimistic studies that
assume tools equally benefit all learners while boosting confidence in writing [70,71].

Analysis of 320 student-created infographics and written sustainability communica-
tions reveals moderate-to-strong overall performance (M =3.21, SD = 0.78), but substantial
variation across genre awareness and systems representation. Results suggest that these
competencies often grew independently, producing four distinct performance profiles
(see Appendix A.1). The High-High group (n = 48; 15%) showed strong associations be-
tween genre competence and systems thinking. Their work effectively adapted messages
to audiences while incorporating causal relationships, feedback loops, and multiple stake-
holder perspectives. Interview data suggested extensive engagement with iterative design
and reflection, indicating advanced sustainability literacy (see Appendix A.2).

The High-Genre/Low-Systems group (n = 67; 21%) excelled in audience adaptation,
persuasive framing, and communication clarity but often simplified sustainability issues
into linear cause-and-effect relationships. This cluster was dominated by non-STEM stu-
dents (72%), suggesting a stronger emphasis on communication than systems analysis.
Conversely, the Low-Genre/High-Systems group (n = 52; 16%) showed sophisticated sys-
tems understanding, including complex diagrams and feedback loops, but struggled to
communicate effectively to non-expert audiences. STEM students were overrepresented
(77%), indicating that technical training strengthen systems thinking while providing
fewer opportunities for audience-centered communication. (see Appendix A.3).

The Low-Low group (n = 61; 19%) performed poorly across both dimensions. Their
work often lacked visual organization, audience awareness, and systems analysis. Inter-
views identified barriers such as weak time management, limited design experience, and
language-related challenges. These students would likely benefit from additional instruc-
tional scaffolding, including structured templates and guided support. The findings sug-
gest that genre competence and systems thinking represent related but distinct dimen-
sions of sustainability literacy, requiring differentiated pedagogical strategies to support
balanced development (see Appendix A.4).

Similarly, despite strong support for most hypotheses, several findings require an
alternative interpretation. Although H1 supposed that genre-based writing instruction
would be associated with all five sustainability literacy dimensions, counterargument en-
gagement remained the weakest dimension at T3. This reflect limited instruction on an-
ticipating and responding to opposing viewpoints. While genre pedagogy promotes au-
dience awareness and rhetorical adaptation, it may not explicitly teach counterargument
structures such as concession-response strategies. Consequently, students may have
grown general genre competence without developing strong counterargument skills. Ad-

https://doi.org/10.3390/su18136785



Sustainability 2026, 18, 6785

24 of 32

ditionally, integrating counterarguments into infographics is cognitively demanding be-
cause students must simultaneously manage visual design, systems thinking, and oppos-
ing perspectives. Since evaluations relied on infographics and brief written explanations
(approximately 150 words), stronger counterargument abilities may have remained un-
derrepresented.

Similarly, although systems thinking grew (+23.2%, p <0.001), systems representation
scores remained moderate (M = 3.18) and showed weaker correlations with technology
use. Students may have understood concepts such as feedback loops, but were unable to
represent complex systems visually. This suggests that conceptual understanding and vis-
ual representation are distinct competencies. Multigroup analysis found no significant
disciplinary differences, yet interviews imply that STEM students tended to create more
complex causal diagrams, whereas non-STEM students emphasized narrative clarity. Fu-
ture studies should examine whether discipline results in different forms of systems rep-
resentation.

Pedagogical quality was associated with sustainability literacy (3 = 0.19, p < 0.001),
but its effect was smaller than that of technology integration (3 = 0.38). Three explanations
are possible: (1) digital tools possess learning affordances that support learning inde-
pendently of instruction; (2) infographic design encourages self-scaffolding through iter-
ative revision and reflection; and (3) self-reported measures of pedagogical quality may
have been affected by selection bias. Future research should use randomized implemen-
tation designs to better separate technology effects from instructional quality.

Theoretically, the study integrates Sociocultural Activity Theory, genre theory, and
cognitive load theory, operating at macro-, meso-, and micro-levels, respectively. While
complementary, these frameworks may generate competing explanations, and the study
did not empirically determine which mechanisms were most influential. Future research
should directly compare their explanatory power through moderation or latent-class anal-
yses.

7. Conclusions

This study successfully showed that technology-mediated genre writing develop-
ment, integrated with infographic design, was associated with multidimensional sustain-
ability literacy in higher education. The 21.6% growth in overall Sustainability Literacy,
combined with substantial gains in communication competence (27.7%) and systems
thinking (23.2%), directly addresses a critical gap in sustainability education: the discon-
nect between environmental knowledge and actual capacity to communicate sustainabil-
ity imperatives persuasively to diverse audiences. Students cannot function as environ-
mental advocates without being able to articulate environmental knowledge in ways that
resonate with and move others.

The structural equation model conveys associations consistent with theorized mech-
anisms: technology integration shows correlations with sustainability literacy both di-
rectly ( = 0.38) and through genre writing development. These associations align with
theoretical predictions but do not prove causal mechanisms. Qualitative analysis identi-
fied themes suggesting potential mechanisms: students reported that digital tools helped
make abstract systems visible, genre writing instruction appeared to develop audience
awareness and rhetorical strategy, and perceived communication efficacy was associated
with reported environmental values and commitment. The finding that all five dimen-
sions of sustainability literacy grew —not merely knowledge but also systems thinking,
critical evaluation, values, and agency —indicates comprehensive literacy development
rather than narrow competency gains.

https://doi.org/10.3390/su18136785



Sustainability 2026, 18, 6785

25 of 32

This study contributes to theory by integrating activity theory, genre pedagogy, and
multimodal learning theory into a coherent framework that explains how integrated tech-
nologies reshape writing practices. It contributes practically by guiding sustainability ed-
ucators seeking to grow communication competence alongside environmental knowledge.
It contributes methodologically by showcasing how mixed-methods research illuminates
both the breadth (statistical effects) and depth (mechanisms) of complex learning inter-
ventions. The findings suggest that sustainable higher education should prioritize not
merely what students know about environmental issues but also their capacity to com-
municate that knowledge persuasively —a shift that requires integrating technology, writ-
ing instruction, and authentic content. This study reveals that it is both feasible and effec-
tive.

8. Implications for Practice and Future Research
8.1. Implications for Practice

Higher education sustainability programs should integrate technology-mediated
genre writing with authentic environmental communication projects. Rather than teach-
ing writing and sustainability separately, programs should design courses that enable stu-
dents to simultaneously acquire genre awareness, technological competence, and envi-
ronmental understanding by creating persuasive communications about sustainability is-
sues. Institutions should ensure that all sustainability courses have access to user-friendly
design platforms (such as Canva, Figma, or similar) with templates, scaffolding systems,
and representation. Faculty development should emphasize pedagogical design, ensuring
technology serves learning objectives rather than functioning as tool-focused instruction.
Critically, institutions should address equity concerns: students with limited prior literacy
or technology experience require additional scaffolding, which may require differentiated
instruction or prerequisite support. The finding that pedagogical quality and institutional
infrastructure both matter indicates that scaling innovations requires systemic institu-
tional support, not merely individual faculty adoption.

8.2. Implications for Future Research

Future research should examine the longitudinal sustainability of these outcomes—
do communication competencies persist post-course and transfer to other domains? Stud-
ies should investigate which sustainability topics most benefit from infographic-inte-
grated instruction and whether outcomes vary by disciplinary context. Research examin-
ing student identity shifts —whether students internalize identities as environmental com-
municators and advocates—would illuminate mechanisms underlying the development
of efficacy.

Future research should: (a) compare counterargument development across text-only
vs. multimodal contexts; (b) scaffold explicit counterargument structures within genre-
based instruction; (c) examine whether longer written sustainability communications (re-
ports, position papers) show stronger counterargument engagement.

Comparative studies across institution types and student populations would clarify
differential implementation effectiveness. Finally, investigations of how this approach re-
flects not merely with literacy but with actual behavioral change toward environmental
action would extend findings beyond learning outcomes to actual sustainability impact.
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8.3. Limitations

This study employed a single-group pre—post design rather than a randomized con-
trolled trial with a comparison group. Therefore, growth in sustainability literacy cannot
be definitively attributed to the intervention; alternative explanations (passage of time,
maturation, concurrent instruction in discipline courses) remain possible. However, the
magnitude of growth (21.6% over 16 weeks) and specificity to skill dimensions most di-
rectly connected to genre/infographic instruction (communication competence +27.7%)
strengthen the inference that the intervention contributed meaningfully. We interpret
findings to show that the intervention is associated with gains, not proof of causality.

This study draws on higher education students from the Turkic region (Turkey,
North Cyprus, Azerbaijan, Turkmenistan, and Uzbekistan), limiting direct generalizabil-
ity to other contexts. Outcomes may differ due to variations in technology infrastructure,
digital literacy, language accessibility, sustainability priorities, and pedagogical tradi-
tions. Participating institutions benefited from adequate internet access, digital design
tools, and student-centered learning approaches.

In settings with limited resources, different environmental concerns, or more teacher-
centered educational cultures, the effects of technology-mediated genre writing may be
weaker or different. Therefore, findings should be interpreted to show that such ap-
proaches can be associated with sustainability literacy under supportive conditions. Fur-
ther research across diverse cultural, institutional, and geographic contexts is needed.
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Appendix A
Appendix A.1. High Developer Artifact

Panel A: High Developer (Strong on Both Dimensions)

High Genre Awareness (4.5/5) + High Systems Representation (4.2/5)

— Rhetorical Clarity:
Headline frames problem as urgent system crisis; subheading explicitly identifies policy makers and
water managers as audience, signaling that solutions are feasible/actionable (not just awareness-
building).

-+ Systems Representation:
Water Scarcity in the Middle East:

Muilti-level causal system: climate — precipitation — scarcity — three consequences. Green feedback

A System in Crisis

loop shows how consequences reinforce pi (; ity), der
systems thinking.

ing non-linear

For: Policy makers and water resource managers
— Evidence Integration:

Quantified impacts (+2.5°C, -15% precipitation, critical scarcity) with specific sources cited. Colors
Climate _& Precipitation Water encode meaning (y iver, bit G d o s6rices), faciliteting
Change & Aquifers Scarcity cognitive processing.
(+2.5°C) (-15%) Critical
— Visual Hierarchy:
CONSE! ENCES: Clear progression top—bottom; sized boxes show magnitude (large climate box dominates, leading
logic). Call-to-action prominent, actionable, audience-specific ("Invest in water recycling technology &
Agriculture Economy transnational agreements").
Crop failure ob loss
Food insecurity Poverty increase - Genre Awareness:

This infographic functions as a policy brief genre: presents problem, systems analysis, and actionable
r dation. Student content and structure to policy maker audience (who need urgency,
evidence, solutions).

ION NEEDED: Invest in water recycling technology & transnational agreem«

Genre Awareness Systems Repr. Visual Clarity
4.5/5 4.2/5 4.4/5

Overall Quality
4.4/5

Appendix A.2. Mixed Developer Artifact

Panel B: Mixed Developer (Strong Genre, Weak Systems)

High Genre Awareness (4.1/5) + Low Systems Representation (2.8/5)

— Strong Audience Adaptation:
Headline directly addresses homeowners ("Switch TODAY"); uses action-oriented language ("smart
choice", "ACT NOW"). Three benefits organized by household priorities (cost, environment,
independence)—rhetorically astute for residential audience.

— Clear Call-to-Action:
Prominent, specific, audience-appropriate CTA ("Install solar panels in your home NOW; contact
renewable energy provider"). Student demonstrates genre competence in persuasive communication
structure.

Switch to Solar Energy TODAY

Why clean energy is the smart choice for your community

3 REASONS TO ACT NOW: — Weak Systems Representation:
LIMITATION: Infographic presents solar energy as a linear solution (reason 1—+2—3—adopt).
Missing: How does solar affect grid stability? What happens when solar generation peaks (noon) but

demand peaks (evening)? No feedback loops, trade-offs, or complexity shown.

COST SAVINGS

Lower electricity bills
30-50% savings

CLEAN PLANET

Zero carbon emissions
Reduce pollution

INDEPENDENCE

Energy security
Less grid dependent

Adoption Rate: 40%

By 2030, solar could provide 40% of energy globally

INSTALL SOLAR PANELS IN YOUR HOME NOW

Contact your local renewable energy provider today

Data: IRENA Renewable Energy Report 2023

Oversimplified Systems:

LIMITATION: Presents solar as universally beneficial without ackr ing C
manufacturing emissions, land use impacts, battery storage needs, energy transition challenges.
Systems thinking would show these interconnections.

Genre vs. Systems Trade-off:

Student prioritized persuasive clarity (genre strength) over systems depth. Effective for motivating
action, but sustainability literacy requires communication AND systems thinking. This example
illustrates the tension between communicative simplicity and epi i i

Genre Awareness Systems Repr. Visual Clarity
4.1/5 2.8/5 4.3/5

Overall Quality
3.7/5
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Appendix A.3. Technical Developer Artifact

Panel C: Technical Developer (Strong Systems, Weak Genre)

Low Genre Awareness (2.9/5) + High Systems Representation (4.0/5)

— Sophisticated Systems Representation:
Multiple feedback loops (water vapor, albedo, cloud) explicitly shown with labeled coefficients (A=1.8,
0.3, 0.2). Non-linear system structure apparent. Student demonstrates deep systems thinking.
Anthropogenic Climate System Dynamics - Technical Rigor:
Equations, parameterizations, model references (MPI-ESM, IPCC AR6) present. Infographic functions as

technical documentation. Student clearly understands climate system complexity.
Atmospheric Radiative Surface
c' Conc. g Forcing (RF) B p (T) — Weak Genre Awareness:
Mbgdo," (ppm) (W/ms) (SO Title is vague, jargon-heavy ("Anthropogenic Climate System Dynamics"). No indication of intended
For mg:‘ 7 — /A:l.'s dback audience—is this for climate scientists? Policymakers? Public? Genre conventions absent: no headline
‘.\ framing the problem's urgency, no clear call-to-action, no audience adaptation.
Ice/Albedo | AlbedcAtmedsphieric - C icability Probl
Coverage (A) |-238F H,O Content While systems knowledge is evident, the infographic is not persuasive or accessible to general
%) (%) audiences. No explanation of why these feedbacks matter, what they mean for policy, or what
audiences should care/do. Student communicated to other climate experts, not to stakeholders.
KEY EQUATIONS: - Sustainability Literacy Gap:
AT = A(F + f) f = T AL(AT) This illustrates a key challenge: systems thinking alone (without genre/communication competence) is
where A=climate sensitivity, F=Mateimyapbfeedimeci bezkporsoud fepdba insufficient for environmental action. The infographic shows what the student knows but not why it

matters or what to do about it—limiting its utility for actual sustainability communication.

PARAMETERIZATIONS:
AWV =180 Wm2K1 Reference: Knutti & Hegerl 2008 Repr. Visual CI
AA=0.26 W m? K IPCC ARG Chapter 7 (2021) Senre Awarancas Systems Repr. S ey
A_cloud = 0.2 W m2 Kt MPI-ESM1.2-LR Model Output 2.9/5 4.0/5 3.2/5

Overall Quality
3.4/5

Appendix A.4. Minimal Developer Artifact

Panel D: Minimal Developer (Low on Both Dimensions)

Low Genre Awareness (2.3/5) + Low Systems Representation (2.4/5)

— Generic Title:
"Sustainability Infographic" provides no specific focus. Does not frame topic, target audience, or
argument. Minimal effort to engage audience or establish rhetorical purpose.

— Text-Based Not Visual:

Infographic is primarily bullet-point list with minimal visual elements. Three pillars shown as plain

Sustainability Infographic boxes with no color coding, visual ip, or king. Fails to visual affordances
of infographic medium.

© What is Sustainability? o e e e
Sustainability means we need to prote{
and also have a good economy and so|

— No Systems Thinking:
Problems listed in isolation ("climate change is bad," "forests disappearing™) with no connections
shown. No causal relationships, feedback loops, or explanation of how problems relate. Lists facts

- z
Three Pillars: without systems analysis.

| |

e Problems:
- Climate change is bad
- Pollution hurts nature
- Forests are disappearing
- Oceans have too much plastic Claims ("climate change is bad,
evidence, data, or sources. Suggests lack of engagement with research or critical evaluation of claims.

[Generic image placeholder]

=

-+ Vague Call-to-Action:

OSSOSO SO ToSah "Please be more sustainable and help save the planet” is abstract, unmotivating, and non-specific. No
concrete action suggested. Does not demonstrate rhetorical competence or audience awareness.

— No Evidence or Citations:

" "oceans have too much plastic") presented without supporting
® What We Can Do:
Everyone should be more sustainable and help the planet — Assessment Implications:
by reducing pollution and protecting nature. This presents minimal with both genre writing and systems thinking. Student
completed assignment but did not demonstrate learning in either dimension. Suggests need for

No sources cited
additional scaffolding, feedback, or re-teaching of core concepts.

Please be more sustainable and help save the planet

Genre Awareness Systems Repr. Visual Clarity
2.3/5 2.4/5 2.1/5

Overall Quality
2.3/5
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Appendix A.5. Artifact Rubric

Dimension  Scale Descriptor

Rhetorical choices reflecting purpose and target audience. Do the infographic’s headline, visual hierarchy,
Genre Awareness 1-5 evidence selection, and call to action reflect a clear understanding of genre conventions and rhetorical

purpose?

No clear audience; genre conventions absent; rhetorical choices unstated

Vague audience awareness; minimal rhetorical choices adapted to the audience

Clear audience; coherent rhetorical choices aligned with genre and purpose

1
2
3 Moderate audience awareness; some rhetorical choices present but not fully integrated
4
5

Sophisticated audience adaptation; genre-specific rhetorical moves expertly executed

Systems Represen- Visual/textual representation of causal relationships, feedback loops, and system interdependencies. Does
tation the infographic depict sustainability systems as interconnected, showing consequences and trade-offs?

No causal relationships shown; lists facts or single factors in isolation

Simple linear causality (A—B); no feedback loops or system boundaries

Clear causal chains with feedback loops; system boundaries and multiple actors are evident.

1
2
3 Multiple associations shown; minimal feedback; system structure partially visible.
4
5

Sophisticated systems representation; feedback loops, time delays, leverage points clearly depicted

Readability, visual hierarchy, and design principles. Can the viewer quickly identify the main ideas and

Visual Clarity 1-5 relationships?

Cluttered, illegible, poor color contrast, unclear hierarchy

Some organizations; design choices limit readability

Well-organized visual hierarchy; accessible color/typography; highly readable

1
2
3 Clear main ideas; adequate hierarchy; moderately readable
4
5

Exemplary design; sophisticated visual communication; high accessibility

Sustainability Ar-
HSTMABTTY AT 4 5 Coherence of sustainability claim, evidence quality, and reasoning.
gument Quality

Unsupported claim; no evidence; unclear reasoning

Claim present; weak or missing evidence; reasoning unclear

Clear claim with moderate evidence; reasoning follows, but may have gaps

Well-supported claim; relevant evidence; sound reasoning

Q| |W[IN |-

Sophisticated argument; strong evidence; complex reasoning accounting for counterarguments

Counterargument Anticipation and response to opposing perspectives. Does the artifact acknowledge and address limita-
Engagement tions, trade-offs, or alternative views?

i
a

No acknowledgment of alternative views

Passing mention of counterargument; not substantively addressed.

Counterargument stated; response present but underarticulated.

Clear counterargument; thoughtful response showing understanding of opposing view

Qi |[W[(N |-

Sophisticated engagement with counterarguments; acknowledges trade-offs and complexity.

Call-to-Action
Clarity

T
a

Specificity and motivational quality of the requested action.

No clear action requested

Vague call-to-action (e.g., “care about sustainability”)

Specific action requested; moderate motivational framing

Clear, specific action; motivational framing present

Q|| W|IN |-

Concrete, high-impact action specified; compelling motivation for the audience to act
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