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Abstract

Serious games (SGs), or games that are valued for educational utility rather than pure entertainment, has
grown exponentially in academic research. In agroforestry, SG# an impasseThis is a missed
opportunity to tackle the difficulty in teaching complex biological procesaed the costly trainingof
courses such as pest management and sustainabilitygrating SGs into pest problems and sustainability

is not straightforwarddue to the lack of structured guidance in assessing outcomes such as knowledge
acquisition (KA). Theeed to examine the game elements that are effective in facilitatiAgersists as a
subject of debate with little empirical evidences to date. This study explores the utilisation of SGs in
fostering KA about Phytophthora cinnamomi(Pc), an invasive sdibrne pathogen threatening
aSRAGSNNI ySIy 211 S0O02aeaidSY Ay {LIAyd .dzAif RAy3
research aims to evaluate which specific game elements (trivia, qeganiie management, game events)
facilitate the five cognitive thinking processes, and thiee SGs can serve as effective tools to inspire
sustainability reflections pogiameplay through the use of Cognitive Sustainability Compass. Silent Spread,
a digital board game, was developed and played by 35 univdesi®y students. Using Partial LeSsjuares
Structural Equation Modelling, empirical data shows thagame management acts as the main game
element driver, displaying significant associations in facilitating cognitive thinking processes such as
applying, analysing, and evaluating. 83 demonstrates that Silent Spread fostered middt higher

order thinking skills, wherein analysing served as the strongest mediator in teaching spread mechanism.
Meanwhile, the Cognitive Sustainability Compass session reveals that social sustaipidbilityas the

most frequently cited, emphasising key themes such as collaborative experiential learning and feeling more
connected to rural realities pogfame. The study highlights that given the strong facilitation of knowledge
application rather than &sic factual recall and surface level comprehension, SG research should start
examining how SGs can teach learners to apply their knowledge within and outside the limits of virtual
I YSad CAINIKSNX¥2NB>Z (GKS NBASI N KprogriskidnofKK, 3tkessingl K S
that the 2T century requires 2% century skills such as collaborative probleniving and systems thinking

that players successfully manifested. Overall, Silent Spread presents a promising tool to train future rural
development professionals, policymakers, forest engineers, and fawiessare future proof, capable of
navigating complexities in agroecology and sustainability transitions.

Keywords: sustainability education, gam@l 8 SR SI Ny Ay 3> | IANRPTF2NBaldNE>
species
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What do digital games, invasive root pathogen
and Iberian pigs have in common?

Characters o

(aleium Jertilizes oot ‘iewricr

¥

Kesource flem p. cinnamomi Kewards

1.INTRODUCTION

Agroforestryintegrates disciplines from agriculture, forestry economics, and social scidtwdsljer
et al., 200). The discipline describes twatharacteristics that separatése practicefrom other land uses.
¢CKS FLIINRFOK GRStAOSNIGSte ANRgA s22RE& LISNBYYALIlf
FYAYLFtaz SAGKSNI Ay &2YS 7T 2Ndivet & 72024p.2D). THe heterogéroisii dzNB
habitats the systengeneratesimprove ecological resiliencddse, 2000 sequester carbonAlbrecht &
Kandji, 2008 = I yR NBRdzOS TFI NX¥SNRQ @dz y S Barrdyl 2003iThesell 2 Y|
benefits, howeverare contingent uporcontextuallyappropriate design, species selection, and loegn
upkeep Mbow et al., 2013 Without proper planning and ongoing management, agroforestry systesis
falling shortof their potential or even lead to unintended negative outcomsshoeneberger et al., 2012)

To fully maximisethe benefits agroforestry provides forestry has begun to pioneer didactic
innovations and pedagogical methodologi@4llarragaFlorez et al., 208). Forest teaching permeates
from primary to tertiary levels, and can be formal and Aommal Gabay & Rekola, 201%However,
curating effective educational programmesmains a formidable undertakinBiscussion on making forest
education more effective and appealing to a broader public to meet contemporary society regrlaimg
standing debate(RodriguezPifieros et al., 2090 The challenges can lkefined within two principal
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O2y GSEGAZ VI YS inkerehtdompledtNiBtSrélaeriess satndglobiabd perspective and
b) overlook on tailored topics in agroforesiryemerging educational toaldHrstly, trainings iragroforest
approaches like agroecologyle Graeuwe et al., 2024is rendered arduous by the intricaomplex
biological processedandscapeinterrelatedness, and the globalised nature of the systémEurope,
agriculture programsare rarely imbued withinterdisciplinary methods (Francis et al., 2008 This
pedagogical lacuna leavaniversity students insufficiently preparedth systemic perspectivedjsabling
their abilities to connect complex relationshipg#dncis et al., 20l) and tackle sustainabilityelated issues
It is thusimperativeto curate interdisciplinary pedagas for teaching agroecolodlat encapsulateand
critically integrateeconomic, social, and environmental dimensioRsa(cis et al., 2039

The secon@nalyticallens focuses oemergent pedagogicahnovations. mstructionalmaterials like
serious games (Xphave been identifiedduru et al., 201bas promising tool of addressing persistent
educational deficiecies across multiplsustainability domains{f Da NBFSNJ G2 a3 YsSa
SYGSNIFAYYSyis Syez2eYSyid 2 Michietds Chend 2006K23)A MathinJNA Y |- N
agriculture, however, most applications remain confined to analogue board gébegsat et al., 2019
This constitutes a salientlimitation, insofar as physically formatted games impede international
accessibility and constrain interactivity; two widely acknowledged factors for effective learning facilitation
(Vogel et al., 2006Giventhe digital SGresearch in agroforestmemains in its nascent stageke majority
of extant examples continue tfmcus oncrop or animal productionGalsamigéiet al., 2020 Dourmand et
al., 2016. Sucha lacuna has resulted in critical themes, suclpest managemet; being systematically
overlooked. Taken togethera) the difficulty in holistic learning in agroforestry) the lack of digital SG to
facilitate internationalaccessandc)the limits to how far SG can explore agroforgshanagement shape
the general research question: can selsaames be used in teaching univerdityel studentsagroforest
practices like pest management?

1.1 Serious games

Several conceptare associated witl8Gs overlapping withterms such ase-learning, edutainment,
gamebased learning, mobile learning, and digital gabased learningSusi et al., 20Q7 Despite the
confounding definitions that exist, SGse generally framedis a tool designed to be engaging and
motivational(Susi et al., 2007 These twalimensionsare pivotalin skills and abilities development. Thus,
following the definition of SusietaR@0?,{ D A& O2y (i SEldz f AE&SR Ay GKA& NJ
user, and contribute to the achievement of a defined purpeseh as education and learnirmher than
LJdzNE Sy G S Wik efficatyoB53GE o @implify complex reabrld systems into a more tangible
presentation of information offers a promising tool sustainable transformation resear¢Roppe & von
Wehrden, 2024 agricultuial innovation(Dernat et al., 202p and ultimately knowledge transfeacross
domains(Ullah et al., 2022Zhoggen et al., 2039

SGsas a research method by no means novel he concept haeng been useth economidnquiry
such asthe NA & 2 y S NIMdelrdsl A198Barid'the Utiimatum GameBplton & Ockenfels, 2000SGs
have also garnered prominence within teecial sciencg mainly inbehaviouraldifferences research.{u
et al., 2022; Sarin & Wieland, 20Q1&nd sustainability policyCgaika & Selin, 200 KS Y S K2 RQ4&
covesstransformation systems through analogue games (Salvini et al., 2flgjiglvideo gamesHEspinosa
Curiel & de Alb&Lhavez, 2024and hybrid formats Nlartin, 2015. While eachmode has its own
advantagespnline RA 3 A (i | falieBt fedtGrési®d terms of flexibility(Morgan et al., 2024warrant
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particular emphasisFirstly, online games can define and control the environmtrdsdraw inspirations

from reakworld contexts angressingsocial problems. Secondiyiese games can reach participants and
stakeholders globally; an audience reach that analogue games cannot perform. ttestgmbedded
features of digital games permit the testing of multiple hypotheses, a capacity that is particularly
consequential for the nascent development of agroforestry as a scholarly disciptimanstancetime
pressures caexaminedynamic datasuch adearning rates and how experiences shape decisiaking
(Carusso et al., 2008jerril et al., 2019. The accelerated growth of digital mobile games during the COVID
19 pandemic (AtwoodBaline & Huffman, 2017) positioneithe tool as a movement with immense
application in education, trainingndinstruction (Conndy et al., 2012)Since games facilitate arning

by doinglapproach (Fernandez Galeote & Hamari, 2021 Qa OF LJ OAGe& G2 NBYRSNJ
global challenges in sustainability, agriculture, and agroforestry more tangible and socially relevant is
particularly compelling.

1.2 Digital Serious Games and Sustainability

Sustainability emerges from the attempt to integrate a wide range of environmental issues pinned
with sociceconomic challenged (2 LJg 2 2 RX a St f 2 NEProgidedhttitat SNStafhgbllity andi 11 p
sustainable development knowledge can no longer be overloo&tdnitsas, Kirytopoulus & Vareilles,
2019, new teaching methodesequire revisiting and refinemen{Dagiliute et al., 2018; Jaca et al., 2))18
however, doing is far from straightforward.earning sustainability presents complexiti@sing to its
prevailing interdisciplinargature,suchasin fields likeecology, economics, politics and culture (dos Santos,
Strada & Bottino, 2019 T hecasespecific challengesomplexsystemdynamicsmultiple worldviews, and
overlapping stakeholder framings make sustainability education extremely difficult to address
comprehensivelyNonethelesstacklingthe task isoy no meangrivial since the three tightly coupled pillars
of sustainability arehave abieved normative acceptance within the research commungsoviding a
concreteanalyticalfoundation! R2 LJAAY 3 | F NNAA O6Hnno0Qa RSTAYAGAZY
Bottino (2019), these pillars include:

a ) Ecamomic sustainability : the ability to maintain an adequate and continuous production of goods

and services with manageable levels of government and external debt;

b) Environmental sustainability the ability to maintain adequate levels of renewable resource
harvesting, pollution production and depletion of noenewable resources;

c)Social sustainability G KS F oAt AGe 2F | a2 @Sy 3ESa IOKYF NiF20G
egual access to and delivery of basic facilities and social services, equal opportunities and political
I O02dzyGlFroAfAGE YR LI NGAOALN GA2Y ®E

SGs that address sustainabilgyince apromising trajectory in sustainability educatioBtéanitsas,
Kirytopoulus & Vareilles, 2019 The discernible upwardtrend highlights the potentialsof novel
instructional materials and knowledgeansfer mechanisms that present prominent roles in SG
development(Stanitsas, Kirytopoulus & Vareilles, 2D19owever, whilf DQa O2y G NA o6 dzi A 2y
knowledge contribution is demonstrable and conclusive, empirical evidexga&rding their capacity to
holistically shape,Jr NI A OA LI y 1 Q& &dzaldl Ayl oAfAde @It dzSa NBIj dzA
CAYRAY3Ia aK2s (G(KFdG (KS (GKS2NBGAOLE o O] INBdzy R
F LILINR I OK (2 GKS LIKA Standsas| éngtopdilis &avdrdiliéd; 20§0193D) 4 ratiled ¢ 6
veritable! OK A f t & éoemposaf/pedagogy Notably, there is a urgentneed for more evidence
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based research in sustainabilitgntred SG, concrefhg immediate pathwaysto explore changes in

f SFNYSNRa (y26ftSR3IS (2 ALISOATAO adadrAylroAtAiide L
Janakiraman et al., 201&ndintegrate multiple measures using bothdgame learning analytics and aut

of-game assessmentdds Santos et al., 2019; de Haan & van der Voort, 28tt&a et al., 2023;Provided

that sustainability is ubiquitous in many environmental issues such as water management, ecosystem
ecology, and environmental education, there remains niches thatamamore empirical explorations like
agriculture and silvopasture management (Madani, Pierce & Mirchi, 2017).

1.3 Digital Serious Games in Agriculture

Earlier explorations of digital S@ncompassednnovations in agroecologyJduan et al., 2021
livestock farming Calsamiglia et al., 2020and environmental educationKpelifa & Mahdjoub, 2021
Theseenvironmentally orientedyjames reflect theobservedtrend in SG&volution Earlier digital games
were originalljjeantowards education and economic issweith a nowevolving paradigm moving towards
environmental stewardship with social themd3efnat et al., 202b

In agriculture,SGs address sustainability challenges through complex scen&rigsrpus study
conductedby Dernat et al.Z025 highlighted(i KS ¥ I NJ' S Hsbre ofltidiw@dore D&ises in SGs
historical development alongside global sustainabilet, despite the salient emphasis on sustainable
farming approaches in SG scholarsbkgveral domains remain comparatively underexploriédr instance,
there is a growing interest in market gardening, arboriculture, viticulture, and pest management in game
development Boulestreau et al., 2023Rouault et al., 2020de la Vega et al., 2022The latter is of
particularimportance asd LISa tia F NB 2 T i Sewdilyinyoducedl by?tise genedd Aublidsa &
inadvertent vectors(de la Vega et al., 2022This strengthens the need to engage various sectors,
particularly future forest managers, to impede the proliferation of pests in various ecosystems.

Teaching pest managemengeven to students outside agricultural disciplineds of particular
importance. In industrialised economies, people are disconnected from various means of managing pests
(Sutherland et al., 2020); all the more reason to develop educational tools to increase awareness
(Helmberger et al., 2032across geographical and education system boundadéslitionally, concepts
such as integrated pest managemégRM)are complex and deeply rooted in ecology and economics that
can be difficult to graspgHelmberger et al., 2092This is whereidital SGgan present as a viable solution
Learning mechanisnmisdzOK | & Wt SI NYyAy3 o6& R2AY3IQ péebredtiong RST |
during play (da Silva Janiorait 2020; Nadolski et al., 2008)y K y OS a G dzZRSy (i Q@herig S| Ny
& Annetta, 2012)Twonotabledigital SGsentred on pest practiceaxist namely Pest QuesHglmberger
et al., 2022 and SpotteeStoplt (de la Vega et al., 2022 he games exemplified how transmitting concepts
and practices can be learnechere game conceptdecomeeffective tools. However, given the vast array
of pests that can inspire digital games, there still remains considerable scope for future empirical
investigation Building on this foundation, this research aims to contextualise SG developmserg
Phytophthora cinnamon{Pc)asthe empirical context.

1.4 Game Development

Beforediving into the contextualisation d®cinto SG, it is imperativeo first delineatethe broader
concept ofgame developmentCreating video games is an iteratpecess however, a generic sequence
common indeveloping instructional and training materials follow five phasesied as ADDIE model. The
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process involvea) Analysis, b) Design, c) Development, d) Implementation and e) Evaluatisoff(&
Shafiril, 2019 Analysis involves clarifying the instructional problem, goals, and objecfiVes @sign
phase encompasses the specification tfarning objectivesjnstructional exercises, contentsubject
themesand even media selectioty (isoff & Shafiril, 2039The development stadeegins withdevelopers
creating and assembling the content assets where a test stage is often implemented tovetsstiss the
game behaveshe intended tasks. Implementation deals with the development of protocols, further
ensuring the any error or bugs are absent. Lastly, the evaluation phase is comprisstingfthe project
with users to improve further specificationgysoff & Shafiril, 2039

1.5 Phytophthoracinnamomiasthe Empirical Case Study

Pcis widelyrecognisedor its devastating effecten plants Hardham & Blackman, 2016-igure ).
With over 5000 host species, contamination most commonly occurs through nursery stock, plant material,
food crops, and native fores{#lardham, 200k The pathogen can survive in the soil by living off dead
organic matter. ltremains in the soil or in infected plants as tough resting structures called
chlamydospores, and sometimes as oospoveegte, 1983Zentmyer & Mircetich, 1966When conditions
like moisture and temperature are right, the pathogen becomes active and starts reproducing asexually.
Once inside a vulnerable plant, the pathogen can produce more sporangia on the plant's surface within just
2 or 3 days. This asexuaicte can happen repeatedly in a short time, quickly increasing the number of
infectious particles in the area. Pc can survive in most soilddo 6 years and moisture is one of the key
factorsthat establishes the Pelateddiseasesardham, 200p

Pcasaninvasive root pathogerhas been documented ino fewer thanl5 of the global biodiversity
hotspots Myers et al., 2000(Figure 2. In Europe, Pc impacts chestnut and holm oak fore3¢srazina et
al., 2015. In Mediterranean countries like Spairthe pathogen is regarde@ds a major threat to
economically vital species like holm oakaiércus ilexand cork oak@Quercus subgrMore than 8000 ha
per year were estimated to have been affected by holm oak loss in Spain in&8141p, 201)and around
30 000 ha in the Iberian Peninsula was devasteddisom 19572013 (Beatriz et al., 2024he weakening
AaA0Sa 6KSNB 211l RSOfAYS KIa 0SSy 20 ssmaEnbrtakyy FSOIU
rates are critical because Dehesa ecosystems consider trees as ecosystem engineers. They primarily
AYFAYOGFAY 3INFaa LINRPRAZOUGAZ2Y AYy LIR2N a2Afa dzyRSNJ |

Additionally, the effects on the sustainability of these ecosystems are even amplified due to the
confluence of factors like intensification of agricultural practicBalésBaptista et al., 2016 lack of
regeneration of treesMloreno & Pulido, 2008 and direct effects of climate chang&ikPelegrin et al.,

2018. With the ongoing threats dcF 2 NJ G KS fF ald GKNBS RSOFRSaz G2 GK
no exploration of SG, be it analogue or digital format, where the pathogen served as the main game
inspiration.

1.6 ContextualisingPhytophthora cinnamomin Digital Serious Game Development

Three factors makBca compelling case for the creation of a digital SG. These can be summarised into
realworld relevance, complex ecological impacts, and pedagogical potential. Thefawettd approach
to early detection and containment management makesan ideal subject for an interactive and
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immersive game. Additionally, the significant threat to biodiversity and forest ecosystems worldwide
(Hardham, 200b(Figure 2 heightens the urgency to develop educational materials to inform the public
and train future forestry professionals. At a regional level, cumulative results of leading schdbars in
illustrate the current and projected potential distribution in Andalucia, Spain (Dligze et al., 2018)
(Figure 3. Moreover, while several biological concepts can be embedded in the game (e.g. life cycle),
challenging players to make strategic decisions facilitates an experiential learning as opposed to a typical
classroom setting. Concepts like disease transnrissiee health monitoring, and biosecurity protocols
(Marzano et al., 2017) can add to gaisetting, mirroring realife tasks irPcmanagement. This aligns with

the principles of effective SG design, which emphasise relevance, quick feedback, and calibrated challenge
to enhance motivation and learning outcomeSittmann, 2011 Overall, integrating’cinto digital SGs
supports the need for more educational materials for the public while simultaneously offering an
interactive, and realife based learning opportunity. Unlike most existing games not emphasising the real
world processes in forest and pestanagement, this exploration underscores both a timely gap and a
worthwhile scientific endeavour. The study attempts to bridge the methodological and empirical gap
positioningPcin digital SGs development. This area remains scarcely studied in the coupled game and pest
management research
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2. REVIEW OF RELATED LITERATURE

SG developmentias grown at an exponential pagethe video gamesnarket @Alvarez & Michaud,

2008) andn academic research (Ritterfeld et al., 20(@¢tween20002020,the trajectory of SGresearch
increasingly converged with themesich as natural resource management, conservation, egcogl
agricultural sustainabilityHernandezAguilera et al., 2020 SGs despite being recognised & | -a 3+ Y S
changer for learning, increasing coordination, and supporting deei§ibn] Ay 3 Ay adza il Ayl 07
(Dernat et al., 2025p. 1), the innovative research tool still presents vast research opportunities that
demand further empirical substantiation and contextual refinement.

For specificity and clarity, the research follows a rather an unconventional approach wherein the
identified gaps through review of related literature were discussed first in order to comprehensively
present the research probleman organisecsummary ofearlier studies on the use of SGfamestry, tree
health, and pest managemenis explored in the sectionenabling the understanding of the general
landscape of SG research in forestijnecomparison of the studiesses multicomponent analysih=15)
focudngon the game elements and mechanics that enhanced learning oetdddts facilitation(Annex
A-D). This analytical step subsequently informs the formulation of the research questions and the
operationalisation of the variables that underpin the structural model quantitatively examined in the study.

2.1 Serious Gamefor KnowledgeAcquisition The Identified Theoretical Application Gap

There aresubstantial corpus of studiegaiming the positive outcomes of gam&ofnoly et al., 2012
yet the scholarly consensus remains tenudaskng coherence(Ke, 2009and persistentlyfragmented
(Connolly et al., 20D)2Forconceptualconsistency, impacts and outcomes are defined as the inclusion of
as@fterQemotional, motivational and attitudinal outcome as well HarderCknowledge acquisition and
skill€ (Connolly et al., 20120. 662).Some authors argue thafameplay enables participants to perform
more effectively than under controlled conditiof&rnab et al., 201,3Suh, Kim & Kim, 201@hile others
demonstrated computebased simulationscan be equally efficacious as conventional classroom
instruction(Rondon, Sassi & de Andrade, 2013; Nishikawa & Jaeger, 20teconfounding results can
be justified by the differences in the type of SGs being used (e.g. board game, simulations, 3D, 2D
interfaces) the subject field applied (e.g. politics, heglind the learning outcome being assessed (e.g.
practical, theoretical knowledge)Vithout the proper evaluation of how games foster the intended
knowledge and skill$i(Qb SA £  §and thef irdpAct of playing to understand what works in the game
(hQbSAt $Sjiganefedvifonmemsvoan henmotivating Hence,standardising SG evaluatiois
paramountwith sufficient latitude for contextual adaptation.

2.1.2KnowledgeAcquisition

Measuring success and what success entails in game evaluation is hard to Eisgessj(& Green,
2015. Success may be defined in terms of the quantification of the number of downloads, the amount of
time spent playing the game, the knowledge acquired, or the behavioural changes the game provided
among otherslmpacts such aknowledge acquisition(KA) physiological and perceptual, and cognitive
outcomes wereamong the common results from playing ganiBsyle et al.2016). KAremains the most
frequenty occurringoutcome among games designed for learnfoggames for learningiConnoly et al.
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(2012 supported thisclaim placingKAor content understanding, langsideaffective and motivational
outcomes as theentralthemes in impact valuatiorin a surface level, KA being a commonly recurring
theme inevitably provokes the question of why this particularly outcome emerges as the common
denominator across evaluation studigdoncentratingon KAalone despite other widely studied impacts
co-existing presents a plethora of research opportunitiasd underexplored domain3hese windows of
exploration includenvestigating the transferability of acquired knowledge to realrld contexts Mayer,

2019 Qian & Clark, 2016) by examining which game element contribute meaningfully in knowledge
absorption. Similarly, another research arena can dive deeper on the analysis of cognitive prasesses
mediator of KAe.g. lower order thinking, higher order thinking skills) Aaederson & Krathwohl, 2001
Bloom; 1958 which can be analysed during and pgameplay Exploring further these cognitive
processesconstitutes a fruitful scholarly endeavouas theoreticallygrounded SGs require intentional
injection of learning content, pedagogical approaches, and ultimately theories that can add depth to
learning outcomes (Plass, Homer & Kinzer, 2020).

213. t22YQa ¢l E2y2Yeé 2F 9RdzOF A2yt hoa2aSOGAoSa

Afamiliar tool among educatorsisf 22 YQ& ¢l E2y 2Yeé& 2 FT1999RMRgd¢ AThe v I f
framework is referredoA y 1 SNOKF y3Sl ot e gA0GK GSN¥YAy2f23ASa adz0
¢FLE2y2Yés yR .f22YQ& |/ 28wl takohath$is Bictarchidl gladsification & 0 © ¢
cognitive thinking processes that educators set as learning objec{kiethwohl, 2017;Buchanan,
Wolanczyk & Zinghini, 2091 BCD provides the structured framework to achieve such objectives.
9RdzOF 2N&B dzaS . /5 (G2 aaLlSOATe 202850GA@Sa G2 LXI
(Bloom, 1956p.2).

The original taxonomygomprised six categories, namefnowledge, Comprehension, Application,
lylrfearas {eyiKSaAad IyR 9@Ffdzad GA2y®d® LY HannamXI KS
includes Remember, Understand, Apply, Analyse, Evaluate, and Create. The revised taxonomy aims to
provide flexillity and alignment with how people actually learn and thiAkderson & Krathwohl, 2001
These revisions are often viewed twofold which tackle cognitive process (usually the verb, e.g.
understanding, applying, etc.) and the knowledge type (noun, e.g. factual knowledge, procedural
knowledge). To provide clarity on cognititrénking processesthe terms were defined below following
Anderson & KrathwohPQO01) iterations:

(a) RememberingThe hierarchy refers to the ability tecall facts, definitions, or basic concefriam

memory. It represents the foundational level of cognitive learning, focusing on recognition and
retrieval of previously learned information.

(b) Understanding.The thinking skiihvolvesgrasping the meaning of information by interpreting,

ddzY Yl NAT Ay3z 2N SELIX I A yltAgge3 befoRdSrhetnorizaybn, 8hgvdnga 2 .
comprehension of concepts and relationships.

(c) Applying.This refers to theise of knowledge in new situations or contexts. Learners demonstrate

this level by solving problems, carrying out procedures, or using information iwoelal
scenarios.

(d) Analysing.Analysingnvolvesbreaking down information into components to understand its

structure, relationships, or underlying logic. This level includes comparing, contrasting, and
examining patterns or causend-effect connections.
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(e) Evaluating.This thinking skilfefers to the ability to make judgments based on criteria and
standards. It includes critiquing, defending opinions, and assessing the value or credibility of
information or methods.

(f) Creating.The process entails putting together elements to create a new, coherent, and functional
entity based on certain rules and categories.

Hereafter the six cognitivethinking processes describecararlier Eigure 3 will be referred

interchangeably as cognitive levels, cognitive hierarclaiad,cognitive thinking skillsSThe taxonomy can

help teacherdesignevaluation devices and plan learning experienddse framework extends beyond
simple recall by fostering knowledge application in context, such as analysing the conditions under which
knowledge is mobilisedThus, BCD preserasrobust theoretical underpinninthat stresses thdevels of
cognitive process, an investigation often overlooked despite KA appearing in mawalba&tion studies.

The use of BCD in assessing thinking processes has been widely exploi€befe.g007; Lemons &

Lemons, 201 AJllah, et al., 2019; Semsar & Casagrand, 20&llgit not necessarily heavily contextualised
in SGThe prospects of embedding B@i2 particularly promising because KA is more readily observable,
guantifiable, and explicitly aligned with defined learning objecti&sute & Ventura, 2093For instance,
learned knowledge can be easily assessed after galae as compared to other outcomes like how
behavioural impacts take time to manifest. Such quick evaluation-gaste is important for educational
and training contexts where the procésg oftargetedconceptsdefines the primary ainiGee, 2003).

Creating o

Use information to
create something
new

Evaluating

Examine information
and make judgments

Analysing

Take part the known
and identify o
relationships

Applying

Use information in
a new but similar
situation

Understanding
Grasp meaning &

Remembering

Recall specific facts &

CAImeNB f 22YUa ¢l E2y2Yeé 2F 9RdzOlez2ylf ho2aS0a@Sa 0.f22Y% ™
b20SY ! dzZiK2NR& 26y @AaddtAdlezy 2F (KS (lFE2y2Yéo
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BCD integrationsi notinherently difficult; however, it might be easier said than done, particularly in
assessinghe highest level, creatingsames areypicallydesigned to engage players with certain rules and
YSOKIFIyAOad 9YOSRRAYy3I aaSaavySyida GKIFG OF LJGdzZNB 4 C
with the gameplay flow, hence, adding complexity to the game which is strictly avoided in game design
(Waeber et al., 2023 Additionally, the essence of the thinking hierarchy entails creating a new concept
that may not necessarily be applicable within the game but possibly outside the gameemight argue
GKFG O2YoAyAy3d &GNIGS3IASa O2yaiaAiadziSa aONBI GAyS3
knowledge transfer to different contexts. -tame evaluators, whether automated scoring systems or
human assessors, may struggle to captilne subtle nuances of genuine creativity and innovation.

While the reasons outlined above is purely a personal choice based on earlier understanding about
game developmentst is worth emphasising that supporting literature on this challenge remains sparse.
Shute & Rahim{2021)mentioned thatd Y2 NB 62NJ] Aa YSSRSR Ay (GKS | NB
ONBIFIAGAGEE 0L MMOZT LI NLAOdZ NI & Ay FASEtRa fAj
Moreover, there is an inherent disconnect between playing games and creativity (Shute & Rahimi, 2011).
Ealier discussion claims that playing games do not significantly increase Torrance Tests of Creative Thinking
(Hamlen, 2009) while some put forwarded that in fact, spending considerable time playing game is
significantly associated with creativity (Jacksbalg 2012)Investigatinghe relationships of creativity and
gameplaydoes not necessarily translate to educators adopting SGs as creativity facilitator tool (Shute &
Rahimi, 2021). This notion hinders the further exploration of the creat®&@ymergig, but notably, still, a
worthwhile endeavour. Bdies show that people need to engage with the basic learning requirements of
the domain before creativity spark (Baer & Kaufman, 200®yeover, creativity lies at the intersection of
the person, a domain and the field experts (Csiszenymihalyi, 1997).

Severafjame evaluationwidely adopted theoretical underpinnings éognitive sciencethe studyof
how humans think and learn in a given condition (Bruer, 1988 cognitivestudieslensas an agent
encourages a more detailed analysiska whichcanbe discussed twofold. Firstly, any changes in the
environment can create information and knowledge (Nonaka, 1994). SGs being used for educational
purposes is an abrupt change from classroom settings to virtual environmentsshifinecessitates
comprehensive analysigf how students process information driven by digital sumdings and inputs.
Secoully, digital communication moved away from simply acquiring knowledge but of its usage (Sarrazin
& Sikes, 2013). In general, people considerablpoor in understanding information or may take time to
process and use it (Barsalou, 1999). Games can put information in a controlled environment where players
can slowly navigate througtConsequentlythere is a need foan indepth exploration how controlled
environments rich with information can facilitate learning.

Overall, epturing thecognitive dimension of learning can be an effective tool for {mrgn change
and application of concepts (Gee, 2003); two components that educational learning materials need to
impart to their learners.Despite being extensively researched, exploringA furtheris a worthwhile
endeavour due to (a) beingadilyobservable posgame, and (b) its anchor to cognitive sciertedsting
studies only evaluated the outconoé gamesas a whole without digesting the differeabgnitive processes
of knowledge SGsalwe impacted. This research argues that this could be explained by the lack of
theoretical operationalisation that can systematically internatise different knowledge learned, leading
to the theoretical application gap of thmurrentstudy.

10
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2.2 TheTheoreticalApplication Gapof the Study

The majority of the research organisedthe study(Annex Adid not explicitlyarticulatehow leading
theories inform game features and the levels of KA obtained by the players. An exception to this
generalisation is theresearch of Yusofd & Shafirii 2019 which discussed how behaviourism,
constructivismand social learning shaphe pedagogical outcomes of their instructional materials
Moreover, whenever outcomes are investigated, oftentimes there are three dimensions being compared
(e.g. cognitive, incentive, and interactiorfgsme & Turchen, 20R0This approach is ndhherently
problematic rather a missed opportunity tandertake a more nuanced and systematic inquiry of the
different levels of KATo reiterate, this research argues that even if KA keeps on recurring as a primary
outcome of S@ased learning and that theories are already applied in several studies, there remains a
theoretical application gap in evaluating the levelsadnitiveabsorption of players. This is critical because
KAanalyses conducted at a surface level are insufficient to reveal the degree to which game®lgenuin
facilitate cognitive learning.

2.2.1GameDesignElements that Facilitate Learnind@ heldentified Methodological Gap

Modern theories describe effective learnirgs experiential, active, problerbased, and provides
immediate feedbackBoyle, Connolly & Hainery, 201Crucially, the structured guidance on properly
developing a SG remains limiteBlofyle, Connolly & Hainery, 2011Designinga welfunctioningSGmay
proceed alonghe research trajectories focused either on outcome evaluation of the dynamics of player
computer interactiongMarsh, 2010) These approachepresentdistinct yet complementary lenses on
game designHowever,systematic reviews have repeatedly underscored the need to investigate which
specific game features most effectively support learn{Bgyle et al.,, 2016 Nine years after the
recommendation of Boyle and colleagues (20&t6)crete empirical evidence remains elusiwith a few
exceptions that attemptetb qualitatively describe some game featur@glainst this backdrgphe current
researchseeks to addresshe urgency to perform more kdepth methodologybased investigation,
providing evidence of game elements aheir pedagogical efficacy.

SGs are conglomerated with elements such as game mechanics, frames, graphics, and artistic
narratives (Gros, 2007/3everal existingesearchdescribedgyame elementsinteractionsand their impacts
in learning.One systematic revieywerformed by Ravyse et aR{17) was found to encompass almost all
thesecommon attributes, specifically highlighting the success factors for SGs to enhance leBanysg
and colleague§2017) revealed fivecentral themes crucial in makirgamesintertwined with pedagogical
content, namelybackstory and production, realism, artificial intelligence and adaptivity, interaction, and
feedback and debriefing.

While the categorisation of Ravyse et al. (2017) is exhaustive for encompassing the findings of several
studies, there are confounding and competing conclusions that need dlarityex [). For instance, while
Bengston et al. (2021) advocate for opemded content creation by players to foster collaboration,
Waeber et al. (2023) caution that such freedom can make it difficult to measure the educational impact of
games. Similarly, Bellottt @l. (2012) and Ke (2008) advanced the value of immersive, and cdinesd
narratives, yet Waeber et al. (2023) found that overly mysterious or complex storylines can actually distract
players from absorbing key scientific concepts. This tension gimblia critical balance between
engagement and clarity. Moreover, Cosmo and Tuchen (2020) emphasigaayiley and flexible decisien

11
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making as beneficiahs such was complimented Bolijn et alQ §022) report that poorly functioning
mechanics can hinder learning by failing to convincingly absorb ecological processes. Further discrepancies
emerge in discussions around realism and competition. While Bolijn et al. (2022) and Byun & Loh (2015)
suggesthat 3D environments and realism increase engagement by simulating physical experiences, Ravyse
et al. (2017) stress the importance of abstraction and expgdrmed design, particularlynithe
impossibility of fully replicating the real world in digital formats. In terms of game competitiveness, reward
systems and leaderboards are widely endorsed by Miao et al. (2022) and Cheng & Annetta (2012) as
motivators, however, Ravyse et al. (201af)d Menconi et al. (2025) emphasised that competition,
especially under time constraints, can induce anxiety and detract from educational objectives.

Despite the mismatch found on several studies of what elements truly foster and hinder ledheaing,
systematic review of Ravyse et al. (208éserves highlighting.The detailed comparison of the earlier
literature (Annex A) is summarised below:

a.Baclstory and Production:Stories that enable players to perform operations to grasp complex
environmental issues are found to be relevant in increasing engagentatgistance, a review done

by Maharaj 2015 enumerated three SGs demonstrating how game activities such as taking down

enemies with axes to protect trees, and purchasing plants and planting tree as a tree diversity

simulator. Similarly, inviting players to explore the financial dimension in reinfp programs is also

found helpful in understanding forestry and agriculture (Batson & Coleman, 2D@8yat et al.,

(2025 cited Plass et al.2015 on their contributions about how altering perspectives can create

environments that are immersive, aiding in the facilitation of acquiring knowledge and their

applicaton{ SYya2N® FyR aldAYdzZ AX 2y GKS 2yS KIYyRI AyOl!
material, emphasising the need for appealing storyline (Ke & Abras, 2013; Ke, R@8)fluence of
storylines isstressedby Bellotti et al. (2012)emphasising that beyond simply creating attractive
presentations, stories should be linked with content and that context should match the narrative

(Chent et al., 2014; Couceoro et al., 20IR)is is echoed by Waeber et @023 reporting that

storyline such as detective narration and problsolving gameplayas found to be distracting to

some players to fully grasp the entire scientific content. Their results added that having too much

mystery in the game can dilute the attention to detailed biological processes intended for learning

(Waeber et al., 2023Similarly, overly rich presentation of information can distract the students from

the learning tasks (Ke & Abras, 2013).the one handBengston et al. (2021) recommended to enable

players write their own content in canctlated games (e.g. IMPACT: Forestry edition), increasing

collaboration during the gameContrary to this suggestion, creating open ended solution spaces
where players can navigate multiple strategies can pose challenges in assessing the true impact of

educational effectiveness\(aeber et al., 2023

b. Realism The 3D environment nature of the game can immerse players, for instance, making
them feel like they are actually managing a reforestation project (Bolijn et al., 2(2)models

combined with realistic sound enables users experience the physical space (Baranowski et al., 2011;

Byun & Loh, 2015 he simulations embedded also provide opportunity for probkamving skills to

develop while improving the illustrative nature of the game, thereby increasing the interactions

among players to find solutiorf§Vaeber et al., 2023Ravyse, et al2017) acknowledged the fact that

not everything in realife world can be replicated in the digital world. Hence, abstraction is acceptable

in game design so long as it is accompanied with expert understanding of the content and pedagogical

12
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experts ensure the proper integration céatlife representatives intdhe game (Hong et al., 2013).
Although realism and abstraction can be tailored to specific audience, 2D games are viewed as
unsophisticated while games designed for high schools are more realistically looking and more
complex (Dickey, 2011Achieving such balance between formal and informality is also just as crucial.
For example, informality can lose some of the valuable educational gains (Ebrahim et alh26igd

games such as egenous fantasy environmengse found to be less effective in facilitating learning
when compared to storyline embedded in the learning material (Ke, 2008).

c. Artificial Intelligence and adaptivity Integration of artificial intelligence in SG is still at
increasingly being explordd LG OFy 6S aSSy Ay GKS F2N¥Y 2F al i
3Syda FyR 60 |R2dzaldyYSyida 27F Ravgse@hblyY®Ipiadop St T
Oftentimes agents can act in the form of nplayer characters (NPCs) who flag players when triggers
are activated in the game. NPCs provide an alternative for students who are more accustomed to
learning from facial expressions and intonationttwdir teachers (Johnson & Mayer, 2010) providing a
new form of learning and information resource (Van Eck, 2006). Adaptivity, on the one hand, includes
G6KS OKFIy3aS Ay 3l YSQa RAFTFAOMzZ Gé o6lFlasSR 2y lyiKS L
in controlled groups (Soflano et al., 2015). Adaptivity can be closely linked with scaffolding as an
approach to learning. Scaffolding promotes a gradual introduction of levels difficulty and practice
tf S@Sta a2 LI &@SNRER O yfadesHama X inen 20415 Hwarg etk 2133Ke Y S Q
and Abras, 2013; Van Eck, 2006).

d. Interaction: Playerto-player interactions are identified as leading game success factor (Ravyse
et al., 2017). Whenever players share tactics and solutions with one another, collaboration, even if not
intended for the game, becomes possib@n the one hand, accessibility and navigating through
games can be both challenging and helpful for players. A game developafdi@iopig a widely used
software to develop gamesyas found to be difficult to use and consumes a large amount of internet
connections (Helmberger, et al., 2022). This is contrary to the report of Boljin et al. (2022) indicating
that web-based games increase accessibility to participadigital format games are viewed as an
enriching learning activity to reach a broader public response (Cosme & Turchen, RAg€ical
haptic tabletop games are also found to increase the exchanges among players and incite emotional
engagementsScreen sizes should also be considered with at least 58 mm (2.28 in) size to foster better
learning (Maniar et al., 2007T.he general rule of thumb is for game developers to avoid complex
interfaces because it would require a lot from novice players to become accustomed to the game and
may induce cognitive load. Game interfaces should have straightforward dynamics (Genza’lez
Gonza'lez & IBncolzquierdo (2012). Games with hatakcontrol mechanics such as the baakd
F2NIK dz&aS 2F Y2dzaS |yR (1S@o62FNRa O2y(iNROdziSa
Competition can also raise anxiety among players making them quit the gameidrthe learning
aspects (Ravyse et al., 2017).

e. Feedback and Debriefingeveral studies described reward systeaaghe most used learning
tool in gamification (Miao et al., 2022). Rewards are utilised specifically to enhance user engagement
and fosters behaviour (Radziszweski et al., 2021) and followed by equally helpful tools like feedback,
competition, points, andjoals among others (Miao et al., 202&ame rewards should also be linked
to learning outcomes to increase the likelihood of absorbing the intended impact of the game (Kiili,
2005).Apat from reward systems, quick-4game feedback and instant updates are two game designs

13
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thatOF'y LINPPARS AYYSRAFGS OFdzasS FyR STFSOU a0KSY!
standing, respectively (Cheng and Annetta (2012); Johnson & Mayer (2010); Cheng et al. (2015); Kiili
(2005); Kuk et al. (2012¢hallenges and meanings, despite the two being categorically under the
interaction domain, can also enhance the learning of players (Miao et al., 2022). Meaning provides
specific actions that can create persuasive systems for players (Huber & Hilty, Rod §)stance,

& LIS NE da aRrBeéiningmeant to change the behaviour towards environmental protection.
Feedback mechanisms alsoprove memory and retention (Goodison, 200T)me is also another
worthy opponent of game players that can channel collaborative learning (Admiraal et al. 2014,
encourage them to prioritise the speed instead of the educational content (Menconi et al., 2025).
Since SGs are highly embedded with constructivist theory, implementing time limits is counter
intuitive to explore learning. Due to the competition against clock, players may find it difficult to satisfy
both learning and playing. Moreover, inciting comiienh against other players is often discouraged
especially if the learning aspect remains the focus of the resehedtly, debriefing is considered to

be the most important moment of the game for players to process and consolidate thgarire
experiences (Crookall, 2014)he tool can be in the form of generated progréssking reports and
memorablerecollection of the game. Gonza'i&onza’'lez et al. (2014) mentioned that chat logs can
serve as progress tacking suitable for pgate debriefing. This was supported by the review of
Ravyse et la (2017) claiming that chat interfaces enhance the success of-plajter SGeven if
conversations are not abothe learning material.

The current study still acknowledges the immense work done by Ravyse29) put arguablymore
effort has to be undertakenSpecificallyexploring thegame elements thaactually capture thdearning
effectivenesamong playersHence, instead of assessing the SGs as a whiolpartingknowledge transfer,
the current research deepens the scholarship by breaking down the elements within the game that help
facilitate cognitive thinking processes. Furthering the exploration into game elements briefly shapes the
methodological gap of the stly.

2.22 The Game Elements that inspire the Methodological Gap of the Study

Arguably the over-explorationof interactioncentred studieqe.g. player to player interaction, player to
game rules interactiongjverlook the foundationajameelements that activate what playelsarn withand
how they engage with content.Gameelementsconceptualisations varyThe examplegan stemfrom
scaffoldingor the gradual introduction of concepts to acclimatise playewarrative, visuabnd auditory
aesthetics, virtual environments, avatars aedenrewards systemsA common recommendation that is
frequertly advanced is the need to break down Heslements that capture and retain player attention
(Menconi et al.,, 2025) and digest which elements actually contribute to learogld et al., 2016
particularly in KADrawing from this propodaempirically investigating the distinct contribution of each
game element is just as crucial as assessing the game experience and efficacy as Sevhod¢ studies
alreadyexistattemptingto laser focu®n game elements such ajtrivia (Aryaei, 2025; Vegaorgojo, 2019;
Rai & Beck; 201EIm et al., 2016)b) quizzes (Karavidas, et al., 2024; Reimer et al., 2015; Brandédo &
Carvalho, 2014))in-game management related mechani€u(itat, 2019; Seibert & Vis, 2012; Depigny &
Michelin, 2007 and d) game events (Wouters et al., 2017; Van der Spek, Zair3he sake of transparency,
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it is worthhrmentioning that the attempt is not groundbreaking, yet the infancy of the siloed game element
studies in SG research still demands further empirical investigation.

a. Trivia. Aryaei (2025) explores an-pbwered trivia game inspired by Duolingo, Who Wants to be a
Millionaire? and Al Dungeon. The study addresses the repetitiveness and limited adaptability of trivia games,
despite being popular (Argaei, 2025). Results demonstreteAldriven game design can contribute to the
broader discussion in educational engagemé the one hand, Clover Quiz, a tirmsed multiplayer trivia
game uses structured data from WikipeditegaGorgojo, 2019)The research demonstratebd potentials
of semantic technologies for collecting data and automated generation of multhpdece questions.
Another notable example is the game CLEVER, an integratestriaiagy game designed to encourage
knowledge management skills work (EIm et al., 2016) and Rai & Beck (2017) who used adtjaSG to
assess the behavioural antecedents toward solar energy among residential households usingstylgivia
SG.

b. Quiz.Karavidas et al. (202#nplore an online quiz that act similarly as a SG to assess the knowledge
of web technologies among students. Meanwhile, quiz, simulation, and advetytpeeof learning \ere
O2YLI NBR 6KSNBAY NBadzZ 6&a& adaNBaa GKFG 3ISYRSNI Oy L
when engaging with SG.F adf &> . NFyRA2 g9 [/ NBIfK2 ouHnmn0O ONBI
intends to enhance the interest of children in promoting Information and Communication Technology in
Portugal.

c. In-game managementMadani et al. (2017fompiled SG on environmental management. Meta
analysis result emphasises that conflict resolution, water management, irrigation, and ecosystem ecology
were some of the ubiquitous themes in environmental managemidotable n-game managementelated
(direct use ofresources to address game challenges) SGs include Aqua Republica which challenges players
to manage a catchment similar to rdik scenariogPuritat, 2019; Madani et al., 201 @nd Irrigania where
playe's have to manage shared surface and ground water resources within the y#laipert & Vis, 2012)
Moreover, Shrub Battle trains future rural planners become aware of the complex interrelationships
between agricultural practices in farming (Depigny & Michelin, 20@1)e a game targets to promote
awareness in finding the middle ground decision between forestry practitioners and herdsmen were
explored in Industrail Chlorine Transport Metagame Sylvopast (Bots & Hermans, 2003).

d. Game eventsLastly, the game Code Red Triage designed by der Spek et al. (2012) explores three
surprising events that trigger decisionaking activities. The findings reveal that participants obtained
increased knowledge, entailing that surprising events can faddeper learningMeanwhile, a study on
surprising events shows activated triggers, for instance;plager characters, indicating that surprises can
be beneficial for higher level students. The study stresses that narrative techniques asesugamn be
integrated in gamébased learning (Wouters et a016). On the similar vein of surprising events, details the
role of surprising events for unwinnable games. The research mentioned tlggtmie surprises evoke
players to assess their game status (i.e. winning or losing) (Isnanda et al., 2023). Kegydkaavthe work
suggests that delaying the revelation of surprising events promoteséimelevel of donation as part of
social change (Isnanda et al., 2023).

Trivia and quizzes are two of the popular mechanisms to deliver messages on environmental issues mostly
catering the educational capacities of children (Razali et al., 2QR#2. is also considered as the simplest
type of SG that are widely known for quick acquired knowledge assessment (Reimer & Schrader, 2015).
Contextualisation of complex systerfesg. carbon cycle, Razali et al., 2022@)nderexplored topicwhich
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in a way, aligns with the lack of systemantred SGThis is where the addition of4game management comes
handy wherein beyond fagtharing, environmental processes can be further explo@aimes designed to
sharpen management skills, particularly in environmental sustainability challenges, are effective in imparting
first-hand experience that is otherwise costly, or difficult to implement in reality (Madani, Pierce, Mirchi,
2017). Meanwhile, the addition of game events that trigger decismaking createuncertainty, which
potentially heighten the players cognitive interest (Campion, Martins & Wilhelm, 2009). Game events can
also trigger players to trust their earlier preconceptions of the game which entails them reevaluating what
they know, what they hazvacquired and have missed from the game (Kithsch, 1980). This situation heightens
cognitive attention, potentially stimulating better knowledge absorption (Wouters, et al., 2016).
Converselythere still remains gaps that requiring bridging and unpacking, making the four game
elements worthexploring.¢ 2 G KS o6Sad 27F | dzikK2NRa (yz2¢ftSR3IS:E O+
quizzes, irgame management of resources, and game eviaiheitconcurrentlyintegrated in one SGave
never been altogetheevaluated empirically

2.2.3Sustainability Compass

Apart from combining the
aforementioned game elementsthe
study also introduces arinnovative
intervention to address the
methodological gap the Cognitive
Sustainability Compasg§-igure 3. For
context, the Sustainability Compass is
an emerging tool or framework that
fosters social learning to address
sustainability (Sajeva et akp24).The

Sample Reflection:
“Through trivia, | was able to
remember that dehesas are

traditional silvo agro-pastoral intelligent use of compass to expand
ecosystem in Spain...” the three pillars of sustainability has
sociAL been applied into several contexts. For

instance, the Aagri Sustainability

CAImENE KS AyAiolf O2yOSLIidad tAalez Compassdevelopedby the European

O2YLAK#sy G2 LIFESNBE (2 LINBOARS  ypjon, details 20 key sustainability

indicators Food and Agriculture

Organisation, n.dEuropean Commission, n.d)kewise Sajeva et al. (2024%ed the Sustainability Compass
through case studies in Finland and Estonia contextualised in-lboodser aquaculture and Finnish wind
energy project. Another interpretatiomtegrates several frameworks to create a cohesive set of metrics for
food systemgHebinck et al., 2021). Lastly, using an evaluation tool from absolL®® @erformance scale
The Compass Index of Sustainabitéflects its adaptability fronsmall communities to larger regions to
address sustainable developmgpttKisson & Hatcher, 2005)

Integrating theQustainabilityG2 Y LI 84 Ay (GKS OdzNNBy(d &aiddzReQa SELX
Firstly, the flexibility of the tool providesnough room for innovation and contextualisation within the
intended learning output of the study (i.e teaching Pid)e approactenables assessment of KA outside the
limits of the game (e.g. gameplay, virtual environment, game rules). Such method widens the possibility of
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SO tdzZ GAYy3a LA I@SNERQ loAfAdGe (2 SELIYR GKS 1y2éft S
objectives, such as the potential contextualisation of players within the three pillars of sustainability.
Secondlythe compass may complement the proposal that more investigation is much needed to assess
creativity in gamebased learning (Shute & Rahimi, 2021), albeit, argumentatively, will be outside of the limits
of the game Since the current research is firmly situated within the domain of cogrptiveesses, it is both
reasonable and necessary to incorporate the full six hierarchies ofti&dDthe facilitatioroccurring inside
(e.g. during gameplay) or outside the game (pgaine reflection).Debriefing is considered to be an
important component of gameplay where players can consolidate and reflect on their experience (Crookall,
2014), which the Sustainability Compass can provide space for.

¢2 (GKS I dzii K2 NXthe canflérientatyagseésénerR BodhXluring game play and-post
game reflection has yet to be done, particularly the use of partial least equation modelling and sustainability
compass asomplementary debriefingools. The Cognitive Sustainability Compass is the first of its kind to
use the sustainability compass concept as a{gashe reflective tool while simultaneously completing the
full sixlevel hierarchy facilitation of BCId/hat makes the approach truly unique is its chadé. The cognitive
compass both captures immediate evidence of cognitive skill development but also bridges the gameplay
outcomes to longeterm sustainability thinking. By embedding social, environmental and economic lenses
within the debriefing procesghe compass extends conventional knowledge tests and replaces with holistic
framework for translating ifgame learning into real world sustainability insights.

2.3 Serious Games in Pest Managemefte Empirical Gap

The application of SG in forestry has only emerged after 2015 (Herndwlalera et al., 2020Nearly
a decade after, the literature reviewof the current studystill suffered from the lack of sufficient material
(n=10)in the domairs of forestry and tree health, particularly in pest managemeniThis presents a
significant window to explore empirical investigations S&researchby fortifying the roles of SG in
agriculture, testing pedagogical innovations in forestry and advancing sustainability issues. The conservation
and climate risk sectors being predicted to shape the themes in SG arena (Herdanileza et al., 2020)
lay the groundwork for pest managemeats mae empiricalresearch is required to fully utiligbe power
and impactof digital SG ifacilitating KA.

2.3.1 lrestry, Tree Health and Pest Management as Unchartered Territories in digital SG research

A total of 10 S@ocused studieswhere9 areempirical evidencesyere compiled in the current research
(Annex A. The topics covered a larger umbrella in forestry, tree health, and pest management. Specifically,
majority of the gamescomparedaimed to increase public awareness grosscutting issuessuch as
reforestation, urban tree diversity, forest futureiflegal logging, antPM. Socieecological forestry issues
like deforestation and illegal logging were explored in MineSet and Forest Reegpectively MineSet is a
digital roleplaying game developed to facilitate engaging experiences in nragagforestation issues
(Waeber et al., 2023) while Forest Ranger uses digital 2D intetfagdgsrm the public about illegal logging.
Similarly, in an unfinished game called Save A, Tolegracters attempting to cut down trees were taken
down by players usingxes, albeit, requing less violent features for future improvement (Maharaj, 2015).
Maharaj (2015) also reported two similancompletedgame as a result of theompetitond DI YA FA OF {0 A
F2NJ ¢NBS | S|t (K éas acabBylinfigcal thénie @mbeddédyinStlie game with features
effective for childreraboutteaching plant healthTree Diversity Simulatpon the one handgenables players
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to purchase and plant trees. Ecological components such as disease, economic transactions between players
and other characters are some of the planned features to be aduéee future (Maharaj, 2015)

Apart from games tackling complex sceicologicathallengessolution buildingcentred gamesvere
also included in the literature reviev . Sy yA Qa C2NBad S Orpldicedalidlit® S NA
coupled complexities in an immersive 3D simulation game (Bolijn et al., 2022) wiilenESses available
tree cadastres (detailed registry of trees) to learn concepts such as tree diversity and ecosystem services
(Menconi et al., 2025Notably, he game IMPACT: Forestry Edittoains professionals and relevant actors
to creatively and holistically envision forest futures (Bengston et &1 the similar vein, Calendon uses
financial game mechanicseinforcing the students with the strategies in forestry programs (Batson &
Coleman, 2008). The game featules/epotentials to learn about pests and diseases appreciating the roles
of tree diversity in resiliencéduilding(Coleman2017). Games such as Calendd@af{son & Coleman, 2008)
and the result of Gamification for Tree Healtbmpetition (Maharaj, 2015showedthe already existing
interests in tree health pedagogy using; &@&ase thimay also apply iflPM.

Three games broadly used for students are wartéentioning, potentially paving ways for other topics
undertree health such as pest management to eme(geure §. Insect World is an analogue card game
with role-playing game interactions teaches insect taxonomy, physiology, morphology and behaviour
embedded in the 288 cards (Cosme & Turchen, 2020). A key finding from the research highlighted that
players were able tareate strategies based on thieformation from each card and manual facilitated the
linkage between the insect and another card (Cosme & Turchen, 2020). Additionally, Spiogddis
another 2D mobile game that aims to incite the interests and participation as well as dissemioate dae
of the management of pests (de la Vega et al., 2022). The game was specifically inspired byskie Baft
pest spotted wing Drosophila (Dropohila suzuKihrough imagénformation provided in the game without
the overreliance on pr&nowledge about insects. The narratigad associationparticipants were able to
identify the spotted wing Dropohila. The management practices integrated in
the game enabled participants to identify practices such as the harvest frequency, sanitation and alternative
hosts during the gameplgge la Vega et al., 2022)astly, Pest Quest, with its two game versions that come

a) monster-cards b) gadget-cards ) trap-cards d) ritual-cards ¢) place-cards

CAIdIBRLBID { I YLE S 2F OFNRaE WHNVHRKSaONBSQP&EK2 NI R T FNiMIT™g® Yot QSYE
2F GKS GLoftSi2Lt B¥R RAzZ2G B IYDDENDER Ys FAANDKREIt hneSAF aFG0 61
| St YOSNASNI SG | £ ®dX HAHHOD
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in digital and analogue formats, aims to increase the knowledge of the players in three domains, IRifhely
terminologies, philosophies and decistoraking (Helmberger et al., 2022). The students who underwent
the treatment said their understanding about insect pest management, the advantages and disadvantages
of pesticides and the economics of farming have improved significantly (Helmberger et al., 2022).

2.3.2The Empirical Gap of the Study

All the compiled studies stress the importance of connecting game design with the learning intent.
Helmberger and colleagues (2022) cited that their assessment methods would have been better if the kinds
of learning the game provides are includédeanwhile, de la Vega et al., (2022)ggestedhat the game
can be adopted globally with a few changes in the farmer andanop alternative hosts alongside different
language versionasfuture game features. Lastly, Cosme & Turchen (2020) highlighted that the amount of
information required to build a strategy and read the manual posed difficulties among playersurrent
study posits that such limitations can be addressedcan empirical contextTaken into consideration the
methodological and theoretical application gdiscussed earliethis sudy embraces the recommendations
to assess learninig the lens oKA(Helmberger et al., 2022yhile developing ways tavoid the overly rich
presentation of informatiofCosme & Turcher2020) and other related literatureAnnex AQ). Similarly, de
1 83 SG | than@ap albemativerhosts Makihd invasi@eNdathogePcasa compelling
empirical cas® t K& (i 2 LJG K2 NI Q& R Sa&htl éoik bakshirytBe DEhEsh 8c0sysiem inySpaik 2
shows promising contextualisation, aiding the current need for more advanceresg@rch in pest
management.

To successfully integrate Pc as the empirical case study, the four game elements are defined below,

drawing inspirations from earlier studies.

a) Trivia. Trivia refers to short, fagbased questions or statements designed to provide players with
essential background knowledge abdrg including its characteristics, history, and ecological
impact. The trivia drew inspiration from Cosme & Turch2®2( Q&4 FAYRA Yy 3Ia HKSNB
information from game cards and manuals can facilitate the linkage between technical concepts,
thereby, encouraging the players to create strategies based on the information provided.

b) Quiz.vdzAT O2yarada 2F &aiNHzOGdz2NBR ljdzSadArazya GKIQ
presented in each level of the game. These include multptice, and matching questions related
G2 GKS LI GK23ISyQa &aLINBIF R YSOKérafkhavédgs Quizzeg hepS Y Sy
assess how much players have learned and retained. The inclusion of ecaroiméd quizzes
adapted the findings of Batson & Colema2D@8 where financial components of the game
CALENDON invites players to tackle strategies that can result in successful forestry programs.
Additionally, the inclusion of characters in the game and game rules allowing collaboration when
answering quizzesantfl&S I G Ay 3 Ay FSOGSR GNBS& NBLIAOFGS 2| !
bringing stakeholder roles enables students to learn about stakeholder engagements in addressing
deforestation.

c) In-game management or hgame resource managemenin-game managemerefers to the
decisionmaking tasks players perform to simulate controlling the sprea@cofThis includes
selecting and applying sustainable biological practices such as the Trichoderma spp. application, use
of calcium fertilizer, erecting a fence around trees and adding a root barrigarite management
draws inspiration from Spotte&top It game (de la Vega et al., 2022) where management practices
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d)

enabled participants to identify solutions such as harvest frequency, sanitation, and alternative hosts
during game play. Moreover, empirically investigating this game element was also based on the
results of Waeber et al. (2023) where simulations can igi@yroblemsolving skill development
among players especially when games have illustrative examples that increase the interactions and
encourage solutiofbuilding. Similarly, rokplaying games (RPG) and Riefated designs offer
flexibility in decision raking and problensolving engagements (Cosme & Turchen, 2020) which the
in-game resource management attempts to mimic.

Game events.Events are interactive scenarios or problksolving activities embedded in the game

that require players to apply high@rder thinking skilts such as analysing, applying and evaluating.
These include the analysis of the infestation through the treasusevidtich activates transmission,

and the popup events that challenge players to apply the knowledge tlusy unlocked. Game
events build on recommendation of Ruta (2009) where players who are given opportunity to apply
the knowledge to diffeent contexts complements learning beyond just providing information.
Additionally, game events have appealing storyline such as sudden pour of rain, farm activities like
chopping down of trees that facilitate pathogen transmission, and quick challenyatéa after
unlocking trivia. Storylines like these align with recommendations to include learning material with
narratives and allows players to progress once they display correct behaviour within the game
(Ravyse et al., 2017; Ke & Abras, 2013; Ke8)200

All Game Designit is worthrmentioning that there are research findings that were encapsulated on

all four game elements. These include creating a storyline and context that is connected to content
rather than the intent of creating attractive visuals (Chent et al., 2@alcero et al., 2013; Bellotti

et al., 2012). Reward system which is also embedded on all four game elements also enhances user
engagement and fosters behaviour (Radziszweski et al., 2021; Helmefalk & Rosenlund, 2020; Cwil &
Barnik, 2018). The game afadlows the recommendation of Kiili (2005) to link the game rewards to
the learning outcome.
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3. STATEMENT OF THE PROBLEM, GOALS, OBJECTIVES
AND HYPOTHESES

The fundamental issues identifieffom the literature reviewreinforce thetheoretical application
methodological, and empirical gap$ the current study requiring moreefforts to fully understandSGQ a
effectivenessn KAand its application in sustainability issu€egnitive understandin@r KA) despite being
one of the mostcommonly evaluatedutcomes is mainly analysedthrough a broad lensExisting game
effectivenessliterature assesss knowledge absorption at a surface level withooteaking down the
cognitive procesgarticipants have gainedihile relevant theories exist(e.g. cognitive behaviourism,
constructivism, there is a lack of operationalisation on how frameworks can be used to systematically
analyse thdifferent hierarchiesof learning. BCD(Anderson & Krathwohl, 200Bloom et al., 195¢offers a
promising approach to address suctonceptualisation deficiencgue to being widely used inguiding
educators impedagogical contergtructuring Nonethelessthere still remains research windowisr. £ 2 2 Y Qa
taxonomy to operationalise idigital SGareng heavily shapinthe theoretical application gap ohe study.

In terms of methodological research gap, severgdloratory yet pioneering studidsavecatapulted game
designfocused understandingpr the last three decade§he literature review however,emphasisedhat
foundational game design components remain underexplpsdaygesting future research orhigh game

elements actually shape learninghis is critical because the research community have contrasting
conclusions on some game aspects. For instance, immersive environment and narratives are found effective
in KA However,caution must be exercised in game development since presenting overly mysterious and
complex storylines can oveower the intended learning concepts. This nuanced interplay underscores the
YSSR (G2 SYLANROFfte Aaz2ftldS I yR I &a SefféctivanedSnXRT A O |
as a whole.

Finally, the literature review showed that there is a lack of SG applications in pest management despite
the broader umbrella topics such as forestry and agroforesngady beingexplored.Promising games such
as SpottedStoplt, Pest Questand Insect Worldhave demonstrated the power of SG in facilitating
knowledge in pest practice¥et,the field of invasive species remains nascefith many morepotential
game design inspirations from invasion biolpdggmandingnore empirical evidences and contextisation.

Drawing from the recommendations of trearlier SGsalongside the identified theoretical application and
methodological gaps, the case®éA & LINRP LI AaSR (G2 0S GKS YIFAY SYLANR
three-decade londRr S & G NHzZOG A @S AYLI OGa Ay {LIAyQa 5SKSal SO2
to contribute in pest management education and digital SG research.

3.1 Problens of the study

Given theknowledge gaps identifiedthis study specifically addresses theneral question: Can a
serious game based oRc (a) facilitate the f S I NJ{/SabidDt&he pathogenacross differentcognitive
thinkingprocess based oBCDand (b) contextualise the knowleddiee participantsacquired to the three
pillars of sustainability Specifically, two suljuestions govern the evidential exploration of the study,
namely (a)Which specific game design elemehts/e the strongesnfluencell 2 (1 K'S K& Balrtidlidary NB Q
0KS LJX I &SNAQ aifedryirg icont@Band @)W atRiaminant cognitive linkages among the
three sustainability pillars, game elements, and cognitive processes can emerge after playing the game?
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3.2 0Objectives of the Study

The overarching goal of the study is to create a digital SG incorpoRdiag the empirical case study
that can be accessed online and empirically tested to evaluate its effitheyobjectives are divided into
three domains aligning with the research questions and overall goal of the study. The sections involve game
development, game testing, and performing quantitative and qualitative analysis.

1. Game Development:

a. To systematically develop game mechanics that reflect the-weald infestation
mechanisms and management practices in handiogrhe mechanics include the rules of
the game and scoring matrix based on the review of related literature and the results of the
key informant interviews.

b. To create an internebased accessible and navigable digital SG contextuaksiag the
empirical case.

c. Totestthe produced digital S@th universitylevel students. The target groups are students
exclusively-JdzNE dzA y IdegreleaddiPBdddcation.

2.Game Testing:

a. To facilitate the game play from teaching the basic rules and mechanics of the game to
documenting the issues that may arjsand recording the kgame performance of players.

b. To assist the participants when answering the survey and facilitateattesorting activity
(i.e. Cognitive Sustainability Compass) post gameplay.

c. To gather the perspectives of the players during gamepfagcifically analysing the design
elements that facilitated knowledge absorptiamd facilitationabout Pc

3.Quantitative and Qualitative Analysis:

a. To perform a sound quantitative and qualitative analysis of the data from the survey and key
informant interviews.

b. Toanalyse the irgame performance recordings, and ¢atically assess the specific game
design elements that contributed in the learning facilitatduringgame play.

c. To investigate which among the assessed game elements are helpful in aiding knowledge
absorption to the playerslater assisting in conceptual reflections on the three pillars of
sustainability.

Overall, this research aims (a) to provide empirical evidences on the efficacy of specific game design
elements that facilitated content understanding (or KA) abBagtand (b) evidential support about the
application of knowledge acquired after playing the digital game, specifically to the three pillars of
sustainability. The development of the board game serves as the main research intervention serving as the
central ouput of the study supported by empirical data.

3.3 Hypotheses of the Study

The study posits thathe Pcinspired SQuill serve asan effective tool to improve the knowledge of
the participants about the spread mechanisms amféstation managemeni Theresults will demonstrate
the knowledge understanding across multiple cognitive lewadlseit, anticipation on stronger facilitation
over the other is expectedspecifically, the study hypothesises thevia and quiz will facilitate lower
order thinking processes, remembering and understandivigle ingame management and game events
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will support middle to higherorder thinking skillsTrivia likely supporting remembering stems from the
study that typographical cues which are inherent among trivia can improve facts recall (Roberts, 2016).
Meanwhile, quiz is more likelye coupled to understanding and analysing because the element can act as
a tool for quick understanding or comprehension assessment (Shute, 2011). There is also a chance that quiz
can manifest as a facilitator of remembering since literature claims that eddzedhecks an aid in
memory retention (Roediger et al., 2006) and recall accuracy (TaBeimzes et al., 2015Moreover, quiz

not penetrating the higheorder skills can be bolstered by the study of Strarigal (2012) stating that
multiple-choice exams hinder higher thinking in scienelated classesln general, digital gambased
learningpromotes highetorder skills (Kgosietsile, 2023) while there is no pertinent evidence that game
events and even tasks that require resource management would facilitate higlgeitive responses.
Despite yet, given it interactive gameplay, scaffolded progression or the gradual introduction of game
mechanicsand curriculum alignment concretises higher thinking process in SGs (Awang et al., 2024), the
study hypothesises thatigame management and game events can also validate the successful facilitation
of advanced thinking skills.

Moreover, the research posits that players would cite more environmental sustainability concepts
than socialand economicsustainability reflectionsDespite no study exists asserting that environmental
pillars are expected to emerge more evidently when compared to social or economic dimensions, the
wedding cake model illustrates that society lies within the biosphere while economy is embedded within
saciety (Folke, et al., 2016). The framework argues that environment acts as the foundational system
throughwhich society and economy depends on (Folke, et al., 2016), thereby, underscoring the hypothesis
that environmental sustainability themes would dominate the sustainability compass. To extend the
hypothesis, tidies show thatsocial issues around sustainability @eherently difficult to break down
f23A0FE€ &8¢ 0oL a3 NS xddigonally2thye In2ra fach that sodial sudtainapilitysérdes as a
vague phrase to encompass wide ranging outcomes create conceptual overload, confusing definitions and
confounding languages (Isgren & Longo, 20R4d3tly, the study expects that the sustainability compass
would be least populated with econonrglated responses. Given the inherently system complexity of
economic concepts, capturing their essence would require building comprehensive mental modetling, a
trade-off mechanisms (Spangenberg, 300which exceeds the analytical capabilities of -eaponomic
proficient players.
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4. METHODOLOGY

The study utilises a mixetdethod approachThe remaining parts of this section detail the research design,
the relevant theoretical and conceptual frameworkbie samplinginstruments and materialsthe data
gathering procedure, and the analyses performed.

4.1 Research Design

The research design begins from the ovehéngaim of ths study,namely to generatempirical evidences
on the efficacy of game elements in cognitive process facilitdfiaure J. A total of 15 related literature was
consulted, analysed and organisegh(iexA-D) to identify ajthe current status of SG research in agriculture,
sustainability, forestry, tree health, anmest managementAs previously discussed, three knowledge gaps
were addressed, circumnavigatitige theoretical application, methodological, and empirical gaps. Proposed
solutions are parallel to the gaps identifietihe solution involves andertaking a deeper evaluation dahe
assessment of five cognitive thinking processes derived from B@&p&jure from the widelgxplored game
interactionfocused studies, insteadnderlining the importance ofhe evaluation of game elements that
facilitate five cognitive thinking processes, afacilitate a cordsorting activity to create Cognitive
Sustainability Compass as a pgaime reflection outside the game, and lastly contextualisePcas an
empiricalcase study.

ADDIE model, a widely accepted model in creating instructional materegadopted as the guiding
principle in game development and testirigdure §. Furthermore, the mixedanethod approactcomprised
three individualised and integrated clustered analysis. Firstly, the quantitative analysis utilises/Bastial
Squares StructuraEquation Modelling, addressing the firstand second proposed solution to tackle
methodological and theoretical application gagg&condly, te qualitative analysisarnesses the participant
responses posfjameplay. The data covers the positive and negative feedback regarding the players
interaction with the game elements as well as suggestions in improving the daamty, the Cognitive
Sustainability Compass was used to assess whether gamers can quickly use their acquired knowledge in wider
sustainability challengesThe research design ends kitvriting the key takeaways, acknowledging the
limitations, and advancing the route of future studies in the SG discipline.

4.2 Prescriptive Research

The studyemploys aprescriptive researchdesign Prescriptive researchonstitutes applied research
inquiry wherein the development of solutions or new ideas are central to the study (Wollman, 2012). The
AYLX AOFdGA2ya 3ASYSNItte GFO1fSR dzyRSNJ G KAA (@eLIS 27
doney 2 g Ké¢ ® ¢ KS OdzNNEBthyisiparadigrdzivven tHatf SG& a6 dool infacgéiring different KA
hierarchies is thoroughly and consistently investigated. Moreover, this research paradigranisuséid for
educational intervention studies (Marley & Levin, 2QX fonvergence that resonates with the position of
SGs as an effective pedagogical solution.

It is worth-noting the overlapwith otherresearch paradigms. The current research adlectsthe nature
of crosssectional studies given that the quantitative and qualitative data are collected at one point in time.
Explanatory or theorgriven research paradigm also matches the nature of the study provided that specific
game elements that influgce learning are also broadly analysed, more specifically on the operationalisation
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of BCD. Additionally, the study does not aim to infer causality between the game elements and the cognitive
acquisition of playersrather, the research targets tdeducestatistical associations between thegariables
in the postgame context.

4.3 Population Sampling Technique

A total of 35 participants engaged in game testing and survey completion, while 17 participated in the
Cognitive Sustainability Compass making. The study used convenience ssadestibn sampling technique
to identify the sampling unit. Convenience methis a technique categorized under nprobability sampling
wherein the selection of sampling unit is based on convenience of the researcher. Participants that were
recruited belong to the academic network of the researcher such as those who are takisgrtte degree
programme (n= 10) (i.e. International Masters of Science in Rural Development), participants that finished the
similar degree (n= 2, i.e. IMRD), and academic colleagues (n=10). Participants recruited under convenience
sampling probably knewaeh other butthey had no prior experience with digital board games.

In addition, the participant recruitment also underwent seéflection sampling; another domain under
non-probability sampling. This sampling method involves participants (n=13) choosing to take part in the
research on their own based on the ParticipantcRément Notice Annex [ posted on Linkedln and
university newsletter in partnership with several universities in Europe. The recruitment resulted to
collaborations with three universities, namely University of Freiburg (Germany), SR Sdvakia) and
Wageningen University and Research (the Netherlands). The patrticipants recruited from this sampling method
are students currently undertaking different environmemeiated degrees in Europe (n3)1

4.4 Datagathering Instruments

The primary data collection instrument comprised a structured questionn&inadx Fand a caresorting
activity termed as Cognitive Sustainability Compass. The questionnaire includes six sections. The first section
documents the socialemographic profile of participants such as their age, gender, and country of origin. The
second sectif | a&dS&dasSa (GKS LINIAOALIYyGAQ LINA2N) (y26f SREZ
GKSGKSNI IylFf23dz2S 2N RAIAGEE F2NXIFGd ¢KS alkyYS |jdzS
knowledge in life scieneeentred and universityevel courses,rad prior work or internship experience related
to several environment and agriculturelated areas. Meanwhile, the third section evaluates the satisfaction
and engagement of the players while the fourth comprehensively evaluates four game elements egamini
their assistance in acquiring knowledge during gameplay. The fifth section measures how game testers are
able to remember, understand, apply, analyse, and evaluate the game situations and challenges. The
A0NHZOGdzNBR [[dzSaiA2yy NEBNE ARER Y AL (&Y I denkBay. ThetafiNg W @
section of the questionnaire encourages participants to provide general feedback both positive and negative,
as well as things that can be improved in the game. In average, participants anghemakstionnaire for
12 minutes.

Meanwhile, the carebsorting activity aims to capture the highest cognitive hierarehbyeate. The task
involves matching the four game elements, the five cognitive thinking skills, and the list of sustainability
concepts categorising them into environmahteconomic, and social concepts. The result of this activity
shapes the Cognitive Sustainability Compass that are useful in determining the efficacy of each cognitive
hierarchy in understanding sustainability concepts. Each sustainability pillars haweiggested concepts
where participants can reflect on and given the option to add more ideas that were not on the provided
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themes. Participants are given eight minutes to reflect on the game and match the different cards to suit their
reflections after gameplay. During the cagdrting session, the researcher asked several questions to help the
participants with the taskAnnex 3. Majority of the questions encourages the respondents to revisit the
knowledge or insights they gained, describe the specific concept or procgasiitierstood in the game, and
associate environmental, social, and economic challenges that they identified beyond the scenarios the game
has presented. In average, participants spent ten minutes discussing their Cognitive Sustainability Compass

(Figure 8.
4.5 ADDIE Model

The ADDIE model is a fipbase approach widely employed in the development of learning solutions
(Molenda, 2003)Kigure 9. Under Phase 1, Analyse, the theme pronounces the creation of a digital board
game that will be accessible online with the main goal of teaching players how to identify spread mechanisms
and evaluation of the suitable solutions to stop further pathogefestation. The goal of the pedagogical
digital game responds to the lack of interactive material that focuse®owhere the target audience is
universitylevel students, through which the complexity of the game, narratives, and learning content are
specifically tailored for. The second phase, Design, details the learning objectives of the game which are
parallel to tie overall theme. Specifically, players are expected to learn the basic information about the history
of infestation, the ecology, and eaymptoms of the tree diesease. Additionally, gamers must also identify
the transmission processes, both induced by biophysical and huamghinvertebratemediated factors. As
previously mentioned, scaffolding serves as the pedagogical delivery apprdsateinv game concepts,
objectives, and resources are slowly introduced as players progress in the game. Feedback system is
manifested in different forms. For instance, player win different stars as they face pathogen, correctly answer
quizzes, fulfil the gae challenges through events, and treat infected and protect healthy trees. Moving on to
the 3rd phaseGeniallywas used as the main game development software wherein a total of 6 published
articles onPcwas utilised to build the trivia, conceptualise the infestation solutions and heavily shape the
content and game progression in game events. The first version of the gemex b received critics from
profesors and expert iRc(n=5) highlighting the overwhelming graphics due to farm size and visual load. The
validators recommended to divide the game to digestible levels where the landscape typology evolves as the
game progresses. Meanwhile, similar points for improvement wineeationed by students (n=3), stressing
the clear game instructions on how to begin and navigate the game, absence of reward system to motivate
players, and excessive visual load that causes confusion. After the consultation, the game was revised and
entered the implementation stage. Datgathering was conducted from June to July, 2025, facilitating 35
players in total. Lastly, three analyses were used to evaluate beffanme performance, and pogame
reflections through questionnaires and casdrting ativity.
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AIM Provide empirical evidences on the efficacy of specific
game elements that foster knowledge acquisition
LITERATURE Existing empirical studies addressing the efficacy of serious games in knowledge acquisition (n=15)
Review -
Existing empirical studies in Existing empirical studies Existing empirical studies in Existing systematic reviews on the
forestry (n=5) in tree health (n=2) integrated pest management (n=3) efficacy of serious games (n=5)
|
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| | Cognitive understanding, despite being one P . . . o !
| Several exploratory yet pioneering studies Quest, and Insect World have demonstrated |
of the most commonly evaluated . R - P . |
KNOWLEDGE | outcomes, is mainly analysed through a have catapulted various components in the power of SG in facilitating knowledge in |
| broad | ! Existi Y vsffe i e game design. The literature review, pest practices. Yet, the field of invasive 1
GAPS : strl?:ieseansss'es):il;:svlg:dm: :bs:rw:;:s:t N however, emphasised that foundational species remains nascent with many more |
| ) e 3 pti game elements remain underexplored, game design inspirations from invasion |
| surface level without breaking down the ting fut h hich biol i irical evid |
cognitive thinking processes participants suggesting future research on which game iology, warranting more empirical evidences | |
: have developed elements actually shape learning. and contextualisation such as that of I
| ave develope Phytophthora cinnamomi. :
|
|
|
|
PROPOSED : Assess the levels of learning through _ Move away frurr;the :_ummc;n gall-ne Contextualise Phytopthora cinnamomiasan | |
SOLUTION | Bloom'’s Six Level of Cognitive Domains |nteract|unlc.entre studies and evaluate empirical case study given its devastating [
the specific game elements that |
! . . . I effects in the Dehesa ecosystem in Spain 1
| contribute in learning facilitation |
|
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|
|
: Analyse | | Design | | Develop | I Implement | | Evaluate :
I
! I
GAME : Theme: Pc Learning objectives: Software: Genially Participant In-game Performance: I
| | Centent: General Learn the ecology of Level: 3 engagement: 45 Recorded in-game via Zoom :
DEVELOPMENT | |nfotma[.|on, spread Pc, how the pathogen Learning resources: rﬂlnl.}tes of gameplay (12 sessions recorded) I
: mechanisms, spreads and manage Published articles on distributed across the Path modelling: |
| management the infestation Pc three levels PLS-SEM and guestionnaire| |
|| practices Instructional Strategy: Valid Expert Data-gathering: 35 responses as data source :
: Audience: Scaffolding critique (n=4); Game participants, Online = Cognitive Sustainability I
|| University-level Feedback: Reward testers (n=4) 17, In-person = 17 Compass: post-game :
: students system, quiz players reflections I
|
] R
| - )
: Quantitative Analysis | Quantitative and Qualitative Analysis Qualitative Analysis
|
|
: Statistical Partial Least Squares Evaluation In-Game Performance Cognitive Evaluation Questionnaire
| Toolk Structural Equation Source: Sustainability Compass Source: Responses
! Modelling (PLS-SEM)
Data !
| Frequency of Game Content Analysi
ANALYSIS | Frequency of element, Cognitive ofD:|::e[5na yis
: Software: SmartPLS 4 software Analysis: Management Thinking Process, and responses on
: fesource Usage Elelmes within each Analysis: | Trivia, Quiz, In-
illlar
| Path coefficient, Thematic Vignettes of + game
is: s . M t,
: Analysis Confidence Interval, In-Game Behaviour Thematic Vignettes of G::]:g::zzg
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4.6 Game Play

There are two modes of game play that were performed in the study, namely online q®ison game
play (Figure 10. All players were provided withta&vo-minute game instruction materiatith audio and video
support at least two days prior to their schedule. For both cases, the researcher first introduced the game
inspiration of Silent Spread, the definition of SGs, and BCD. The discussion then proceeded with the basic
instructions for Leel 1 such as activating the game, selecting the game avatars, treating the infected trees,
and player movement across the digital boards. Afterwards, the researcher sent the link of Silent Spread via
Zoom chat for those who joined the online facilitatinile the researcher used his own laptop to facilitate
the inperson playing. All players then shared their screen and their game performance was recorded through
the Zoom record function. A total of 12 game sessions were recorded, composed of 6 sessieashf
gameplay mode. The total duration of each level is ten minutes, 12 minutes and 15 minutes foR2lavwels
3, respectively. The assigned duration (or timer) on each level is arbitrary but still follows the scaffolding
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approach where the level duration accounts the increasing number of game elements (i.e. trivia, quizzes, and

in-game management resources) as the ggmegresses.

Instructional goals

To respond to the lack of interactive
serious game about Phytophthora
cinnamomi

Audience
University-level students

Theme

A digital board game with interactive
environment designed to teach
players how to identify spread
transmission processes and stop
futher infestation

vV—

V—

Z

Content
General information
Spread mechanism )
Management practices

ANALYSE

In-game Performance
Recorded in-game
performance via Zoom
(n=12 sessions recorded)

1§

EVALUATE

Path modelling

PLS-SEM Modelling, the
questionnaire responses as the
main data source

Cognitive Sustainability
Compass

IMPLEMENT

Post-game reflections and
Cognitive Sustainability
Compass output

1B
Data-gathering s B‘)

35 participants (n=17 in-person,
n=17 online; July, 2025

Learning objectives

a) Learn basic information about the soil-borne pathogen

b) Identify transmission processes, both biologically and
anthropologically-mediated vectors and processes

c) Evaluate transmission situations and choose suitable
infestation management solutions

Instructional strategy

Scaffolding or the  gradual
introduction of game concepts to
acclimatise players

Feedback system

Reward system whenever
players a) face pathogen,
b)correctly answer quizzes,
c) succesfully fulfilling game
events, d) treating infected
trees and protecting healthy
ones

Software
Genially

Timeframe
June, 2025 (4 weeks)

Learning resources
Published journal articles
on Pcinnamomi (n=6)

Validation

Critique from Pcinnamomi and
agroforestry experts on the first
version of the game (n=5)

Pilot Test
Student trial (n=3)

Participant Engagement
45 minutes of gameplay (average); Level 1 can be played for
10 mins, and 12 and 15 mins for Level 2 and 3, respectively

Y2 RSt

CAIdBEINBE KS 1 55L09

In-Person gameplay

Players use the same laptop to
access the game and play together
in the same space/place

£
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Online gameplay

Players access the game through a web
browser while the researcher facilitates the
game via Zoom

LJ | &
SYLX 2848 %22Y vy
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4.7 StatisticalTools
4.7.1Structural Model

Before the quantitative analysis is discussed, it iseirapve to explain the variables in the structural
model. The exploratory nature of this research draws from B@idgrson & Krathwohl, 200Bloom, 195%
and results of the systematic review. The structural moéelre 1) is designed to investigate how game
elements contribute in shaping various cognitthéking processes, addressing the theoretical application
and methodological gagof the study. The four elements investigated include a) trivia, b) quiz;ggrre
management, and d) game events consiitgtthe exogenous constructs of the structural model. These
O2yaldNWzOGa aSNBS a GKS AYRSLISYRSydG f1FGSyld O NREG
G NRAFYyOS 2NJ GKS OFdzalf NBfFGA2YyaKALDadnaxageriodserity G Ay
in the model, these comgicts are not explained bwny other construct, meaning their variance is
determined outside the structural model. Despite yet, exogenous constructs are critical in providing
predictive power to explain the network of relationships. The study does not explicitly adopt predefined
framework for the game elements, rather, their inclusion is grounded from the remudtsecommendations
of existing literature on SG research, ensuring that the overall conceptual framework design is informed by
scholarly evidenre.

Cognitive Thinking Processes

(Mediators) e
i : Knowledge Acquisition of
i Learning Content

Game Elements :
(Exogenous Constructs)

Remembering

i Evaluating (Endogenous Construct)

Trivia i
i General i
: Information about :
! P.cinnamomi !
Analysing ,
Quiz
E Spread !
i Applying Mechanisms :
In-game .
! Management
! Understanding Infestation |
i Management '
: Practices !
‘ Game Events i

CAddaNBK S O2y OSLiidzr f ¥
LNEOSBABAYI | aX GKBRY
O2y ad NHDdeNDSY | dzi K2NH & 2
dza A V@ 9 & [o{

AKNG| 32 Fy St kSE SaviSdyRiga A yal SENISS v 2 dzi
NE Y fSENYAYROD2 YIS yii K8 2 U yINd
AYGSNILINB{GlFa2y AYALANBR o0& GKE
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The mediators of the model utilise the cognitive hierarchies, which include a) remembering, b)
understanding, c) applying, d) analysing, and e) evaluating. It is worth reiterating that the highest thinking skill
WNBFGAY3IQ gFa y2i AyOfdzRSR Ay (KS &0 NHz2OGdzNI £ Y2 RS
the Cognitive Sustainability Compass. Mediators are special endogenous constructs bridging exogenous and
the final endogenous constructs (Hair et, &022). They help explain how and whyediect occurs which is
often assessed through indirect effects on IEM.In this study, specific indirect effects were used instead
because they capture mediating processes, rather than assuming indirect effect.

Understanding the learning outcomes solely through the lens of cognitive domains doesvesthe
empirical gap of the study. This disables the opportunity to assess the cespenific knowledge gained
which is a critical objective tproperly contextualisePc Thus, learning content was embedded to explore
three learning themes serving as the final endogenous constriaidogenous constructs are the dependent
variables in the structural modelhe learning content includes Kér a) general information about the
pathogen, b) spread mechanisms, and c) management practices. Their variance is explained by the structural
relationships and often assessed through measures such as coefficient of determination. These learning
outputs (orlearning content) are defineds the following:

(a)General Information about the pathogeriThis theme includes the ecology of Pc such as its biological

characteristics, the effects to tree mortality, history, and its impacts tostHe K S aigticQitiral sector.

(b)Spread mechanismsThe learning output refers to the infestation mechanisms of the pathogen

including both natural and humamediated activities. These factors involve animal and human

movement as vectors, and bioclimatic dimensions like rainfall, drought, surface watey dind
topography.

(c)Management practicesInfestation management practices, on the one hand, involves learning about

the biological, mechanical, and chemical ways to stop the pathogen dispersal.

4.7.2 Quantitative Data Analysis Tool

The quantitative data collected was analysed using Partial Least Squares Structural Equation Modelling
(PLSSEM), a statistical tool often used in business, human resource, marketing, accounting, information
systems, education and social science sta@Memon et al., 2021). PISEM is a multivariate tool suitable
for modelling relationships between observed variables by extracting latent structures (Vinzi & Russolillo,
2013). The statistical tool is wlliited for exploratory research, small poputatisizes, and models that
include both formative and reflective constructs (Hair et al., 2021); research dimensions that all align with
the current study. PL-§ 9 a Q A-friediglly S/iSJalisation is often praised by researchers, enabling the
simultaneous angkis of relationships between observed and latent variables (Memon et al., 2021).

PLSSEM merits as the most suitable tool for three reasons. Firstly, the statistical tool is particularly
useful for exploratory data analysis, prediction, and cases where interpretability and variable reduction
are vital components in the analysis. Sitthe specific SG design elements that facilitate KA remain
heavily understudied, the exploratory power of PREM suits the overarching goals. Secondly, the path
modelling integrated in PLSEM is particularly useful when complicated models are involvedtand
research attempts to understand how several dimensions are related. Given the objectives to
operationalise several theories in the study (e.g. BCD}SEIMscan create a variable structure that silos
the specific game elements effective in KA in iielato the pedagogical intent. This means {3EB/1 can
simplify the complex and underexplored models in game features that are effective for content
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understanding. Lastly, this research does not aim to confirm any model, makirgERL$he robust
method for the intended analysis. The tool being a varidoased, and not ceariance based make it
fitting for the small sampling size of the study.

The researcher used SMARTPLS 4 software (Ringle, et al., 2023). The software provides advanced
features such as a) bootstrapping procedures to test path coefficients, loadings, and outer weights, b)
evaluation of model quality which includes compositeatelity, average variance extracted? \lues,
and effect sizes, and c¢) assessment of formative constructs through Variance Inflation Factor (VIF)
diagnostics. Provided the exploratory nature of the study-$EB| can handle the modest sample size
(n=35)i2 GSald GKS KeLRiKSaArAaSR ailiNHzOGdz2NIf Y2RSt o
NEal YL S& aSNWSR a GKS oFaraa G2 RSUSNXYAYS GKS

The data used in the analysis originated from the structured questionnairegkF) administered
after gameplay. Participants evaluated their experiential learning where interacting with the game
elements acts as the main basis and whether key cognitive thinking processes were facilitated during the
game.PLSSEM begins by assessing the measurement médglile 1. This process entails performing
single reliability testing using the square of the outer loadfgnex . The square represents how much
of the variation in an item is explained by the construct using the communality threshold 50% or higher.
The process confirms whether each indicator contributes meaningful to its construct. Secondly, using
bootstrapping mehod, the moder parameters are assessed through single reliability testing followed by
AYGSNYy L€ O2yaraitSyoOe NBftAFOAfAGE ® C2vblileiskofien T A N&
SEFYAYSR 6KAES / NRyol OK@énexX!MPLIKNE vy & O#zZRE R F 2IKI (i &
multiple indicators jointly provide consistent outcomes. Moving forward, the convergent validity of the
measurement model is performed to explain the variation of the indicators. From here, whether the set
of indicator epresents a strong single underlying construct that can later be assessed using Average
Variance Extracted (Fornell & Larcker, 1981). Discriminant validity is subsequently examined using cross

Step 1: Indicator

Test outer loadings
Confirms that each indicator contributes meaningfully Reliability

Use Cronbach’s alpha and composite reliability H
Ensures indicator measures a single underlying construct -

Checkl collinearity, and assess path coefficients and bootstrapped
confidence intervals
Evaluates relationships between latent constructs

Assess R2 and f2 effect sizes Step 4: Model

Verifies the indirect effects in explaining the endogenous
constructs Explanatory Power

Perform mediation analysis through total effect Step 5: Mediation
Confirms the effects of exogenous variables in relation to the
mediations in the model Analysis

CAJduaNB¢ KS bR Ga@FT{ 2@z00SY ! dziK2NH&a 26y 3INIF LKAOA
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loadings, singling out how each construct is different from each other. The logic of the step was based on
the idea that a construct may likely share more variance with its associated indicators than with any other
construct (Annex N). Lastly, the HeterotraiMonotrait (HTMT) score was examined as part of the
discriminant validitfAnnex N.

After checking the measurement model, the structural model was assessed. This phase commences
with collinearity testing, where the variance inflation factor (VIF) is examined further to ensure that
predictor constructs are not excessively correlated; valaé3 or below are recommended (Hair et al.,
2019). Path coefficients and their boostrapped confidence intervals are then analysed to test the strength
and relevance of the hypothesised relationship (or pathways). Lastly, the coefficient of determination
using the Rvalue was inspected to explain the explanatory power of the game elements as the
exogenous constructs. Effect size usifigoh the one hand, assists in understanding through how an
exogenous driver explains the endogenous constructs. It is also wwthioning that the mediation
effect of the cognitive thinking processes was further analysed to determine how each mediator
intervenes between the exogenous and endogenous constructs. Moderation effects were not detailed in
the study due to thedct that there are no observed differences in between the groups despite the rich
sociodemographic background the sampling unit holdgjority of the discussion in the study details
the result of the second phase of PEEM.

Other structural equation modelling such as CovariaBased SEM (EEEM) is not applicable to this
research. This is primarily because the nature of the current study is exploratory rather than confirmatory,
thereby, PLSSEM fits the intended purpose. Mmver, the conceptual framework contains formative
constructs (e.g. game elements) which-&BM is having difficulty analysing. Additionally, the modest use
of small sample size (n= 35) is more suited forFEM as compared to €HEM which typically requis
a larger population size.

4.7.3 Qualitative Data Analysis Tool

The qualitative strand of the study follows a content analysis approach. Content analysis is one of the
two subcomponents of systematic analysis (Neuendorf, 2018) alongside thematic approach. The research
method involves sifting large volumes of data th 8 02 3SNJ I YR RSaONROGS (KS ¥
interpretation (Weber, 1990), enabling the examination of trends and patterns in the qualitative data
O{UGSYESNE HnamMO® 5SALAGENBHAZFAOONDS dz)f 5 RY § 4 K ¥B NE
0KS 62NR TNBIljdzSyOe (2 AaARSYUATE ¢62NRa 2F LRGSyl
AYGSNFSNEYyOSa o0SAy3 Lzt SR 2dzi FTNRBY (GKS RIFEGFE <
complement the quantitative data, following a thgedriven approach supported by inductive theme
generation. Three guiding frameworks were used, namely the Sustainability Compass (Sajeva et al., 2024),
BCD Anderson & Krathwohl, 200Bloom, 195§, and the literature that support the contribution of the
four game elements. The coding matrix is composed of all reflections derived from the structured
guestionnaire Annex [f. Data was then organised into four dimensions: sustainability pillar, game element,
cognitive thinking processes and illustrative quotes. Themes emerged by examining the commonly cited
sustainability concepts across the three foundational pillars, pdetity those that were emphasised by
the respondents during the reflection session.

The process commences from reviewing the segmented raw data into analysable units of meaning

such as the discussions made poatd-sorting activity. Secondly, these segments were neatly organised
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into deductive categories (i.e. pillar, elements, cognitive processes) as nethesubs emergeThird,
frequency counts of game elements and thinking processes were also performed to support the
prominence of the endogenous and exogenous constructs, with the intention to succinctly support the
results from PLSEM. Lastly, chosen quotes during thecdssion were selected to ensure grounded
SOARSYOS FNRBY GKS LI IFEBSNEQ 26y 62NRa yR tAyS 2°

Other systematic analyses such as thematic analysis, albeit applicable given its rmeaking
approach, is not suited to bridge the quantitative and qualitative data. Since the study attempts to
complement the qualitative data with the quantitative retgjlthe strong focus on counting concept
frequencies through content analysis offers a more logical approach as compared to thematic analysis,
despite the two approaches capable of performing such task.

4.8 Addressing the Biases of the Study

Given that majority of the sampling unit belong to the academic circle of the researcher as a result of
convenience sampling, personal biases were addressed in the study through standardised research
process. The researcher used standardised process twninthe participants with the relevant
information prior to playing the game. This include sharing the same email confemniex )
accompanied withinstructional videosabout the game rules prior to game testing, implementing the
same formal facilitation before, during, and after playing the game, and other standareydttaring
procedures such as the duration of gameplay, the list of sustainability cards the plapéyseefor the
gualitative reflection, and the same version and educational content of Silent Spread.

4.9 Informed Consent and Ethical Standards

The research adhered to ethical guidelines, particularly involving human participants. Participants did
not receive any compensation and game testing was completely voluntary. Prior to playing the game,
participants were introduced with relevant conceptsch as SGs, the purpose of the study, and the
framework being assessefideData-Gathering PresentatignAll participants were given the opportunity
to agree or disagree from recording thegame performance and the option to withdraw from gameplay
should inconveniences and discomfort arise. Moreover, the prepared questionnaire details the
anonymity, purpse of data gathering, future usage of personal data, and encourages players to provide
honest opinions and feedbacks pagimeplay. In the future, if the data gathered will be used to other
purposes beyond the scope of the current research, participarisbe provided with the pertinent
details regarding the use of their personal data and their reflections from the géheefinal output of
the study will be shared with all the participants shortly after finishing the entire reseAdditionally,
the gudy acknowledges the use of artificial intelligence. The visualisation, graphics, anesapgimrt
used in the game were assisted by Canva Pro. Al was also heavily used to learn about the accurate process
in performing and analysing the results from fSEBM.
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5. Results

The results are organised into three sections. First, fitst sectiondiscusses thaeleveloped gamgeSilent
Spread The sectiorexplainsthe important game elements and featuredemonstrating theaccomplishment of
the overarching goal of the studin-game performances from recorded sessions were also detailed through three
lenses, namely hgame quiz and management practice performance and thematic vignettes on players
behaviour.Secondly, the result afognitive modelling througPLSSEMshowsthe empirical evidence, assessing
game efficacyin facilitating KA Lastly, the result of Cognitive Sustainability Compass activity supports the
guantitative evidenceprovided byPLSSEM andenumerates dominant linkages among the game elements,
sustainability pillars, and cognitive knowledge dimensions.

5.1Silent Spread as the Developed Serious Game

5.1.1Game objectives

Toachieve the overarching goal of the study andlligstrate the efficacy of SG in teachiRg Silent Spread
was developedFigure B). Silent Spread is a digital board game designed to teach playera) theneral
information aboutP¢ b) the biophysical anduman and invertebratemediated factorghat facilitate the spread
of the root pathogen, and) the management practices to stop the infestation to other vegetat®ilent Spread
integrates three conceptual farms serving as the three le{fétgure 14 The game storyline is straightforward
matching the learning material intenOn each level, players haegto face the root pathogens, activating the
trivia, quizzes, game events as well as earning of resource items to stop infestaiibi) treat as many infected
trees as possible. Participantan do these by strategically landing to the dilehere these special items are
located Players can advance to the next level after facing all the pathogens, andingltfekresource items.

A PHYT@PHTHORA €INNAMOMI-
INSPIRED DIGITAL SERIOUS GAME

Access the
game anytime,
anywhere, right
at your
fingertips.

Rewards

Silent Spread direct link:
https://view.genially.com/685ab721fbdda673beb0d36d

Ay3a LI3AS 2F {AfSyld {LINBHRIENEIDS RREREKE & Wwa wi (K€
dzaSNE (2 GKS 3IFHYS A& Ff&ad2 &aK24y O
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5.1.2Game levels

The three levels start from a simple farm typology which evolves into a larger and more complex landscap
(Figure 1%. Levels 1 and 2 have 8x8 tile configuration while Level 3 follows an 11x11 tile arrandéaigat).

Level 1 begins from simple landscape typology with only oak trees and shrubs as vegetation. The second le
introduces a water system and livestock, increasing the understanding of players about Dehesa ecosystems wh
farm house and warehouse, topogtap and increased number of oak trees were added on the last level. Each
level contains 10 characters players can choose from, potentially increasing their motivation to learn the material
(Gee, 2005). Avatar customisation is limited on the software Uethe researcher, albeit, an effective game
interaction to engage players using characters they see themselves in (Gonza'lez Gonza’lez-&dii@ndo,

2012; Gee, 2005). Despite the technology and budget constraint, allowing the players to chooserfioge of
diverse prepared avatars was made an option in the gdbmee the level has been activated, the time limit also
begins. Level 1 is set to finish within 10 minutes while Level 2 and 3 can be played for 12 and 15 minute
respectively. The allotment of time limit is arbitrary so players can finish the game tegtimg 45 minutes
taking into consideration factors such as game fatigue and overstimulation from information and graphes.
generally, can be considered as worthy opponent of playerwin the game (Schmitz et al. 2015) and activate
collaboration to clear the gaméforeover, each level contains resource itethat game testers can use once
they correctly answer the quizzésigure 1§. The number of management resources players earn depend on the
difficulty of the questions they cleared.

AQuestLogserves as marker showing how many more pathogens and resource items players need to unloc
to advance to the next lev@Figure 1%. Players can also win different stars which include Gold, Silver, and Bronze
corresponding to a point systerkold star holds three points while Silver and Bronze are equivalent to two and
one point, respectivelyevery time participants obtain stars, they need to drag their winning to the Leaderboard.
Earning these stars depends heavily on several gaies For instance, using one resource item to stop the
infestation enables a player to earn bronze and gold if they combine several sol@imisreward system is tied
to the learning outcome, particularly the ways how each resource item is used to treat ithfieets and stop
further infestation. Given the complexity of scoring matrix, a Rewards system that can be viewed at any time i
available in the game, helping players check the correct combination of management solliiergiest log and
leaderboards are some examples of reward systems that enhance user engagement and foster behaviol
(Radziszweski et al. 2021). Through the leaderboard, players can instantly know the competitive standing of the
opponentswhile earning the stars aictg as quick irgamefeedback; two game components thate proven to
facilitate learningCheng et al., 2015The tiree levels are arranged in 3D axonometric visual representatioin
supported by audio and texThe graphics and audio were generated using the Al support tool on Canva through
the Al Magic Mediaand Al Voice functionalitiesThe game environment and graphics are designed with
realistically looking interface as much as possible and complex yet digestible enough even for high school studet
following the recommendations of severdudies (i.e. Baranowski et al., 201Byun & Loh, 2015). A certain
degree of ingame abstraction was applied since not all game components can be accurately represeligédlin
SG Ravyse et al., 201 Hong et al., 2013). Careful abstractimainly involves the representation tdndscape
elements(e.g oak trees, topography, water syster8uch game conceptualisatitactilitates pedagogicatielivery
of topics such aspread mechanisms based on biophysical factors and other huamahinvertebratemediated
infestation and providing context in game events like asking players to develop solution so the pathogen will no
cross the other side of the water systefive pedagogical experts in Pc were consulted to verify tigarime
abstraction implemented in Silent Spread.
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5.1.3Scaffolding approach

The disproportionate distribution of the element$ablel) is justified by the scaffolding approach used to
develop the gameScaffolding promotes a gradual introduction of levels difficulty and practice levels so players car
FOOtAYFGAAS (2 GKS 3FYSQa d staff@ding hppraiic padtidulavly” bisafdl inA A
providing gradual instructions on how to use thegamme management resource (e.g. calcium fertiliser, root
barriers, etc), and win rewards by playing the randomised game events, facing the pathogens, and answerir
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waterways, farm equipment) to the players as the game progresses.

Tablel. Summary of GamEeatureson each Level
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Cognitive
Process Being
Level T_im.e Tile Lands.,ceflpe Developeq Trivia | Quiz S Game
Limit Description through Quiz resouce | Event
Learning
Content
10 8x8 | Primarily Remembering 3 5 1 1
populated with | Understanding
oak trees
General
information
12 8x8 | Apart from oak | Applying 4 6 2 1
trees, water Analysing
way system
and livestock
such as Iberian| Spread
pigs and cows | mechanisms,
are present Management
practices
15 | 11x11 | Increased Analysing 6 11 4 8
3 number of oak | Evaluating;
trees, and a
farm house and
warehouse are | Spread
introduced mechanisms,
Management
practices
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LEVEL 1 LEVEL 2 LEVEL 3
ke . T .

!ﬁ‘}

SIMPLE FARM TYPOLOGY » LARGER AND MORE COMPLEX

General information; Economic impacis to grazing, Biophysical and human-mediated factors
History of infestation in Spain; especially to Iberian pigs that facilitate infestation
Ecology; Tree mortality symptoms (e.g. Slope; Root-fo-root interactions; Tree

pruning; Unclean tools, efc) P

Sy 1

Calcium Fertilizer = Infected Trees Root Barriers = Uninfected Trees Tree Fence Trichoderma spp.
= Uninfected Trees = Infected Trees

CAJdaxNB¢ KS GKNBS tS80Sta 2F (GKS 3Tl YEYREAOKS & (4 Wi (FINRES M) AR LY 2

Moreover, the pedagogical content of the three levels is divided themati¢atiyre 1§. Level 1 discusses the
general information of the pathogen, detailing the history of its infestation in Spain, and basic ecology such a
tree mortality symptoms. The second level jumps to the economic impacts of pathogen infestatigyazing,
particularly in Iberian pigs. Economic implications of reduced acorn production due to oak tree mortality rates
and poor production level were emphasised on the level, gradually moving from basic ecology to economics
Pcinfestation. The last level teaches the biophysical factarsl humanrassisted activities and influence of
invertebrates in facilitating pathogen transmission. Three infestation mechanisms were introduced that are
apparent in the Dehesa ecosystem. These include-t@obot transmission, surface and sshirface water flow,
and dispersal through human and invertebrate movemérdblel details the distinct characteristics of each
level.

Additionally, the introduction of four infestation practices was introduced on each level. For instance, calcium
fertilizers, being the most common and cheapest solution, is showcased on Level 1.drms@lizages players to
use two resource items, namely calcium fertiliser and root barrier. On this level, players begin to &rateqgi
combination of solutions since the two can be used for infected and healthy trees. Level 3 allows players to us
all four management solutions guided by a scoring matrix ¢oeiase motivation. These resources are earned by
answering correctly the quizzes or successfully fulfilling the tasks mentioned in game &eéts/provides the
summary of management combinations performed by players.

5.1.4 Game Elements

Table 2summarises the fougameelements, describing the nature and providing examples to better illustrate
Silent Spreaas players navigate the game and acclimatise with the features.
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Table 2.Summary of Game Elements and lllustrative Examples

Game Element

Examples

(a)Trivia. The trivia can be explored ong
players perform two things in the game; faci
the pathogen and unlocking new resource it
such as the management practices. Trivia ca
are evidencebased and properly cited. Son
cards would contain supporting imagesaps,
and or game instructions.

In the southerm Iberian. fious abiotic and biotic

stres: contributing to the decline of dehesas, leading to
signifigéint defoliation and widespread tree mortality.
are traditional agro-sylvo-pastoral systems are

dliberately managed to sustain an understory of grasses or crops,
@rming part of a multifunctional agroforestry landscape.

Although dehesas are generally resilient to drought and elevated
temperatures, fluctuations in seasonal conditions and extreme
weather events, pest and disease pressures can result in severe

b2@d 9EFYLIS 2F F 3LYS GNRSAL &

~ CONGRATULATIONS!.
wrause|
Poid \\

‘g

You can use the calcium fertilizers to treat ONE infected tree. To use this treatment:

In a study coptlucted by Sefr“'otal (2012), the application of calcium
fertilizers iffartificially infested soil showed a significant decreases on
chlamydospore viability. Chlymydospores are thick-walled spores that are
pmduc;(-)d inside infected root tissues or freely in the surrounding soil.

-~

Slrf’lllariy‘ artificially infested soil in greenhouse experiments showed
reduction of foliar and root system severities in Holm oak seedlings.

DRAG this resource icon .‘ to the chosen infected trees Dragging this icon to the tile signifies that
the tree has received treatment. Answer more quizzes to earn more resources like this and treat

2 Calcium fertiizers induce soll suppressivencss to
fous lex. European Joural of Plant Pathology.

Note 2. Example of a trivia about calcium fertiliser, one of the f
infestation solutions and explaining how to use the item in the game.

(b) Quiz. All quizzes are multiple choice. On
players choose their answer, they must hit the Se
button to check their response. Participantsuld
win stars, earn a new turn, steal stars fro
opponents, and win infestation manageme
resources if they answer correctly. Punishment
wrong answers include losing one to two turns, a
returning the stars players earned.

Quizzes are also designed in such a way

guestions sharpen different cognitive process

each level. Specifically, questions on Level 1 fo
remembering and understanding as cogniti
process while Level 2 captures applying ¢
analysing thinking slks. Level 3 embodies questiof
that cover applying, analysing, and evaluating.
NEAGSNI GS GKS KAIKSaAd

included in the association because playing fo

Name two oak species affected by
Phytophthora cinnamomi in Iberia.

You won TWO

Quercus robur and Quercus petraea resource item.

v Quercus ilex and Quercus suber

Quercus alba and Quercus palustris

That is correct!

Clickon # or = to
reveal your rewards.

b20& O9EIYLIS 2F jdSas2y GKI
UNBYSYOSNAYy3IUD | SNB 2y 0OS LI I &8N

NBE&2dzNDS AGSHaAYA FEANM AKFSSAVI 4
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short period of time makes capturing this cogniti
process difficult.
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Why are dehesas still vulnerable to
decline despite their resilience?

You earned \

another turn.
They have shallow root systems only

They're poorly managed systems

They're affected by fluctuating weather
and biotic stressors

That is correct!

Clickon # or = to
reveal your rewards.

i dzA T OF LG dzN& ]

You won TWO »

Given the threat of Phytophthora -
resource ltems %
and ONE silver

cinnamomi to tree cover in dehesas,
star.

how could farmers adapt their
P
[ |
—

livestock management to minimize
-' q‘J’

economic losses?
Note5. Example of a quiz question that covers the process ‘applying’
image also shows the player won two resource items, and one silver

o Reduce herd size to match the lower
acorn production capacity.

Shift livestock from Iberian pigs to cattle

exclusively.

That is correct!

Clickon # or x to
reveal your rewards.

(c) Ingame managementEach level provides detai
about the management solutions to stop furthg
infestation. Level 1 introduces calcium fertilis
which can be used for infected trees in the game. ]
solution is the most commonly used managemen
Spain given its low cos&érrano et al., 2012), henc
being introduced on the first level. Level 2 discus
root barriers, a management resource effective {
longterm protection (Dunstan et al., 2010). The Ig
level showcases two management practices, nan
fence and Trichoekma spp as mechanical arn
biological solutions, respectively. Erecting fer
generally acts as effective obstacles for livestock
human movement which are crucial vectors duri
active infestation stage (Cardillo et al., 2012).
Levels 2 and 3, plagg combine solutions
implementing integrated strategies to stop the far
infestation. For instance, they can combine solutiq
that both

~ _ DID YOU KNOW =

According to a study conducted By Ruiz-Gomez and Miguel-Rojas (2021), the = -

presence lm ho derma spp. Might diminish or even avoid the development of P. i‘_ﬁ '5‘5"2‘75
cinnamog, improving the health status of the trees as compared to other trees o a4
growing’in the same location. d

Trichoderma species exert their biological effects using both direct and indirect
strategies, such as competing for resources, altering environmental conditions,
enhancing plant defense responses, producing antibiotic compounds, and
parasitizing other fungi.

AFTER
You can use this Trichoderma treatment to heal ONE infected tree. Answer -
as many quizzes as possible to earn other resource items and rewards and
save the farm from the on-going infestation.

(o]

0 NR GA L

b2&® 9EFYLES 2F |
ALILIO | LI AQFa2yd
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Note 8. Here Player 28 makes use of all four management solution
Level 3, creating several combinations of practices such as the integ
of fence and root barriers, and fence and calcium fertilisers.

b2@d ttFaSNI nn &dzO0O0SAaTdA & O2Y
AYRAQGARdzZ ffe8x akK2gAy3d ONBIlag@dS
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(d) Game events. Game events arg
activated randomly on the game. They can
played by individual or groups depending on 1
effects of the event. Some examples of gal
events require players to use unlimited numb |
of resources to stop the infestation, fg
instance, avoithg the further spread o
pathogen on the other side of the river. Anoth
game event makes one player to become
pathogen vector. Here affected players mt
put a Pc icon on every tile he/she passes by.

< /s deacde s vusc

b2 (M3 CKA&Z RSY2YAGN} (G4 K26 ttl
GKSNBAY FEt K

ol
A x:w/'\(eslation site has started attacking the

tregs.

Do you remember how to treat the infected trees

jusing calcium fertilizer?

In this game event, the task of the player is to treat
all the infected trees. You can use as many calcium

fertilizer as you need. Good luck, players.

Note11l. The first game event on Level 1 allowing players to use unlin
resources to treat the newly activated infestation site. Here the player
just acclimatising from managing the infestation, hence, an unlim
resource use is permitted.

Table 3.Summary of Game Element Representation in the Game

Game Elements Representation

Trivia

Quiz

In-game management

Game Events
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5.2.1 Sociedemographic profile

The game testersvere comprisal of a relatively diverse group, albeit some categories are prominently
represented(Figure 1Y. Out of the 35 respondents, majority fell within the young adult range, particularly in the
early midtwenties (2530 years old) while only a small fraction of players belongs to younger and older group.
Gender distribution was balanced where men repréaedmearly equal the female participants. Most players are
OdzZNNBy iGifeé LJdz2NEdzAy3 al aiSNRa RS3INBS FyR 2yfeée | &y
majority were originally from the Philippines (n=11), followed by USA and Spain (n=4¢sTbé&the countries
have at least one representatiEigure 1§.

Age Gender
Current Educational Level
36-45 [N
Male
31-35 PhD
25-30
Female Master's
18-24 W
0 5 10 15 20 0 5 10 15 20 25 0 10 20 30 40

CAdazBlB26a8 (KZ
SRdzOl a2yttt 8§

dRPSOMNE NI LIKA O
f LI NBOALI YyiGa

LNRUES 2F (KS NBaLRyRSyGasz a
F NB LJzNE dzA y 3 @

U» Q¢

T
%)

Zimbabwe
United States
Thailand
Sri Lanka
Spain
Romania
Philippines
Peru
Morocco
Kenya
Ireland
Indonesia
Ghana
Germany
France
Ecuador
Colombia
Belgium

Series1
11

o

o
[,

10 15

RAAGNRGBMYBYNTLINE Sy dyBefNRFs LEKS SHEL a 824

C
i 0dze2y 2F LIXIF@SNAR TFTNRY (KS O2dzyiNE®

IduE 2 @l ¢
RA&GNR

w»

A
K
In terms of prior formal courses taken, and work and internship experiences, the distribution among the
participants vary(Figure 19. A large proportion of players has attended courses related to Sustainable
Development, Environmental Science, and Ecology. Sustainable Development emerged as the most comm

classes attended by the group while Invasion biology had the fewest expostire subject matter. Notably,
Forestry and IPM also fall on the lower course exposure, a critical observation since many of the participan
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have only encountered topics such as tree mortality Baodrough the game rather than prior formal education

and training.
Choice Percentage (YES)

Sustainable Development 26 9 70.3
Environmental Science 20 15 54.1
Agriculture 17 17 45.9

Forestry 11 24 29.7

Integrated Pest Management 10 25 27.0
Invasion Biology 3 32 8.1
Entomology 15 20 40.5

Plant Pathology 12 23 32.4

Ecology 21 14 56.8

Attended public seminars on policy

14 21 378
Developed educational materials 2 37 21.6
Participated in landscape management operations 6 29 16.2
Performed biodiversity-related research 7 28 18.9
Performed academic research in invasive species 4 31 10.8
Participated in forestry operations 5 30 13.5
Performed agricultural services 9 26 24.3

Yes = No

CA IndafiBzY Y I N,J,\Aév‘ & UKS F2NX¥It O2dNBS& dF1Sy o0& LI NBOALIYyGa
SYJANBNBYIVIlSR RAAOALE AySao

Majority of the participants have previously attended public seminars or public discussions on invasive
species and climateelated topics(Figure 19. Players also have prior experience in performing agricultural
extension services such as farm advisory, and had experience in developing educational materials. In contra
fewer participants reported direct involvement in forestry operations and perfagracademic research on
invasive species. Such limited exposure to these topics is of particular relevance because the distribution resu
signify the game as the first opportunities for players to learn about pathogen infestation and its connection to
forestry-related production.

The knowledge of the players abadRtprior to playing the game falls in universally low category with 66%
2F LI I @ SNE Ay RKEidie @205Resulisyiembisstrate iihat Famifiagity with IPM and sustainability
pillars was more widespread. Less than half of the participants mentioned they have little to no prior exposure
while 2530% rated themselves as somewhat acquainted. The remaining thirdrkech they are fairly
knowledgeable about the two topics. Moreover, participants showed fairly strong literacy in digital or analogue
board gamesParticipationin engaging with educational games prior to playing Silent Spread was low, with 72%
reporting they have no exposure to fairly little experience.

It is worthhrmentioning that cross tabulation was performed across groups. However, data reveals that
despite the rich sociadlemographic profile, there is no statistically significant association within the groups. The
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statistical analyses involved groups based on gender, age groups, current educational level, as well as history
courses taken at a formal institution and work experience, and their prior knowledge and experience. The
absence of significant group diffarees suggest that socitemographic profiles will unlikely act as confounding
factors in the PLLSEM, concretising the need l@ser focus the relationshimodelling among game elements,

and cognitivehinking processes

H None at all Not Very Much A little Bit H A fair amount HAlot

Prior knowledge about Integrated Pest Management —

Ul
S

II

Prior knowledge about Sustainability Pillars 4 2 10

11

(O

Experience with engaging education game

o~
!
-

Playing board games in digital or analogue n 2 b 11 15

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
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5.2.2Player Experience

Overall, players responded positively to Silent Spréadure 2). Roughly twethirds of the participants
agreed or strongly agreed they were satisfied with the overall experighs@nilar proportiorindicated Silent
spread met their learning needs whitearly twothirds mentioned they will recommend the game to others to
learn more abouPc In terms of engagemenmore than halbf the game testers felt encouraged to learn more
about pathogens, highly associating their complete engagement while pl&éagly threequartersnotedthat

they are agreeing or strongly agreeing to sutth.addition, over halbf the participantsdescribedSilent Spread
was visually stimulating.
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m Strongly Disagree Disagree Neutral W Agree u Strongly Agree

| found the game visually stimulating. n 7 - -

Silent spread encouraged me to keep

pathogen.
| was completely engaged while playing. 7 = 20 7
| would recommend this game to 13 1

others to learn about P.cinnamomi.

Silent spread met my learning needs. H 2 £ -

| am satisfied with the overall experience. | - 17 7

5 10 15 20 25 30 35 40

0
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5.2.3 InGame Performance in terms of Infestation Management Implementation

In-game analytics record the performance of players and to some extent the level of commitment in fulfilling
game objectives, particularly in correctly answering the quizzes and creatively using the management practice
A total 0f12 ingame performancewere recorded and analysed. Both single and multiple player game sessions
have 6 recordings on each.

Results reveal that calcium fertiliser was used 56 times on Level 1 which increased slightly on Level 2 with
implementation occurrenceélable 4. Root barriers (n = 49) were also widely explored by players on Level 2
and a handful attempted to combine calcium fertilisers and root barriers (n = 10). By Level 3, calcium fertilise
still remained the most prominent solution (n = 34), despite the decline from previous level. This decreasinc
observation was also exemplified by root barrier implementation. Meanwhile, fence (n= 10) was favoured twice
as much as the Trichoderma spp. applicatjon= 10). The third level also offers more integrated solution to
treat infected trees. The most frequent combinations were fence and Trichoderma application (n=7). The
integration of calcium fertiliser and fence was done four times. Calcium dert#ind root barrier, and calcium
fertiliser combined withTrichoderma spgvere used twice while combining root barrier amdchodermawvas
only implemented once. Notably, combining root barrier and fence was entirely unused in the Gane.4
visually summarises the usage of each management solution on each level.
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Table4. Summary of Management Solutiddsage Frequency

Level 2 Level 3
Representation Solution UsageFreq. Representation Solution L'J:?:(ge
Calcium . _
fertiliser 56 Calcium Calcium
fertiliser 59 fertiliser 34
Root barrier Root barrier
49 13
Calcium Fence
fertiliser + 10 10
Root Barrier
Trichoderma
application 5
Calcium
fertiliser + 2
Root Barrier
Calcium
fertiliser + 4
Fence
Calcium
fertiliser + 2
Trichoderma
application
Root barrier
+ fence 0
Root barrier
+
. 1
Trichoderma
Fence +
Trichoderma 7
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