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Abstract

STEM Education has in recent years has been influenced Ibyoblitical and pedagogical imperatives to increase student
participation and improve student learning in Science, Technologyin&aring and Mathematics (STEM) Education.
Integrated approaches to STEM Education have been identifiedrémse student engagement in STEM Education and
lead to improved depth of understanding of STEM concepts. Ndesthsuch integrated approaches require significant
understanding from engaged, skilled an appropriately trained teachermiritiple disciplines to work effectively. This
paper investigates the conceptual and philosophical rationalesefgrating STEM Education and provides a summary of
both pedagogically and structural considerations that may assisisahanplementing an integrated approach to STEM

Education

Keywords: STEM education; integrated education; inquiry-bdeacdhing; integrative review methodology

1. Introduction

Building capacity in Science, Technology, Engineering and Mathematics (STEMigh improved STEM
Education is seen as key both for Australian students to have a fujpredatctive employment (Education
Council, 2015) and for Australia to compete in the global economy (MemgiTytler, Freeman, & Roberts,
2013; Office of the Chief Scientist, 2014). Other governments as well as Australiariaitep in STEM
Education (Barlex, 2011; Becker & Kyungsuk, 2011; Blackley & HowdéllL®, Breiner, Harkness, Johnson,
& Koehler, 2012; Chubb, 2015; Marginson et al., 2013; Ritz & Fa#520.S. Department of Education,
2007; Williams, 2011) and in particular the education systems of BritaithandS have similar motivations
promoting STEM Education as in Australia and are approaching the implementat®FEM Education
using similar strategies (Blackley & Howell, 2015; Williams, 2011).
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The more recent and significant upshift in momentum to build STEM capacitgrantbte STEM
within educational settings has heightened the urgency for change. The recent interesiringheof STEM
Education has gained traction and is now favoured by many educatorsti@dueaearchers, education
bureaucrats and politicians, who are attracted by the learning and political offsrtprovided by the
amalgamation of the disciplines and the focus on technological innovation.

This momentum shift is in part indicative of the broader changes fouS@EM Education and in
particular the pedagogical strategies used to teach STEM. This changing pedagogstaipnémains
contested. Although at times politically driven, some researchers suggest that someti@idejieés are often
too broad and imprecise to be effectively applied to school curricula (Blackldgwell, 2015; Williams,
2011). There remains much debate in the literature. How STEM is defined in th&tafreducation, what
STEM Education currently is, what it should be in the future (Breiner et aR; Bybee, 2013; Moore et al.,
2014; Sanders, 2009; Vasquez, 2014) and how to teach STEM Edudattoer(& Schauble, 2021) all
remain contested.

The following four questions are used to inform this paper;

1) what are the significant theoretical understandings underpinning conteyn8diaM Education teaching
theory,

2) how effective is the use of STEM problem-based/project tasks in optimisirenstedrning,

3) what level of integration is required for successful student learning and

4) is there any distinguishing benefit to student learning when teaching is delyeasdindividual or team-
teaching approach?

The paper provides through an integrative review of STEM and STEM Edudisi@iure an
overview of the contemporary pedagogical practices associated with STEM Edu¢agoreview begins
with investigating the general understanding and theoretical underpinni®JEM Education and proceeds
to investigate the benefits of adopting problem-based/project tasks and difterigpns of discipline
integration considered to be appropriate for STEM Education. An analysis of ligetatderpinning any
distinguishing benefit to student learning when teaching is delivered by andiradivor team-teaching
approach is undertaken along watsummary of both pedagogically and structural considerations that may

assist schools in implementing an integrated approach to STEM Education are highlighted
2. Methods

An integrative review was chosen as the most appropriate methodology to investigatar theefions

interrogated in this study. Central to integrative reviews is both the synthedfiditggature to construatew
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theoretical understandings and perspectives (Torraco, 2005) and thacepioalization of previous
knowledge to create novel theoretical mod&ayder, 2019)Although other review methodologies such as
narrative reviews have been used in past STEM Education research (Minichiello, Hbledkrgess, 2018;
Simpson & Bouhafa, 2020\n integrative review supports and caters the authors goal of limited peer-
reviewed literature to better inform teachers in the nascent area of STEM Educagiautiiors, to reduce
researcher bias, adopted several criteria recommended by other researchers whualédaken research
using similar review methodologies (Ferrari, 2015; Green, Johnson, Adar@6) 28d embraced a
commentary approach to provoke further contemplations and established s afegpecific research

questions to guide and direct the research.
3. Discussions
3.1 Abrief overview of the current debate

A significant area of debate within the literature challenges the number of STEM disciptinged for the
STEM label to apply (Pitt, 2009). This interrogation also incorporates the levetlo$iirity of each of the
STEM disciplines (Vasquez, Sneider, & Comer, 201@}jh some arguing that a Science, and sometimes
Mathematics, focus in STEM variously neglects learning in Mathematics (English, 2016;, Haaegon, &
Schweingruber, 2014), technology (Barlex, 2011; Williams, 2011) dneedng (Blackley & Howell, 2015;
English, 2016).

3.2 Integrated STEM Education a common approach?

Integrated STEM Education eliminates the barriers between the individual disciplines by draweghods,
knowledge and skills from multiple disciplines, often using collaborative worklte seal-world problems
so the learning is meaningful and relevant to students (Moore eDa#l; Sanders, 2009; Vasquez et al.,
2013). A number of reports emphasise the importance of the integr&®rEd Education (English, 2016;
Honey et al., 2014; Stohlmann, Moore, & Roehrig, 2012; Wang, Md®oehrig, & Park, 2011) as the
disciplines are not isolated in real-world occupations (Breiner et al., 2012gMbat., 2014; Sanders, 2009)
Further, a positive influence of integrated STEM Education on student attitudesstandieg and
achievement has been identified in reviews of the subject (Becker & Kywyr2@il; Yildirim, 2016) and
educators propose that taking an integrated approach to STEM education wilkepsowie pedagogical
rigour to the political agenda for STEM Education (Blackley & Howell, 2015).

3.3 Integrated STEM Education and Educational Theory
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Integrated education in part comes from the progressive education movement adhisbefl on student-
centred experiential learning using authentic tasks, naturally integrating curriculadrasieematic units
(Dewey, 1933). This approach employed many of the aspects prized imaiateSTEM Education,
including, problem solving, critical and creative thinking and collaborative learmojgcps (Hartzler, 2000;
Moore & Smith, 2014). The progressive education movement also introdueddea that students should
learn content jusiti-time to be applied to an authentic task, building motivation and enjoyment atttlod
learning (Dewey, 1933)

More recently, these teaching methods have been adopted into construdtigstiah constructivist
theories of education because the inventive activities assist students to make conbettieas their own
prior knowledge and the new experience, helping to develop understandihg student (Blackley &
Howell, 2015; Green, Piel, & Flowers, 2008; Piaget, 1973; Roth, 2001). Kuttieerengaging and
collaborative nature of the tasks builds intrinsic motivation, encouraging studeérgsactive contributors to
their own learning (Piaget, 1973; Roth, 2001; Schnittka & Bell, 2011 $ihggests that Inquiry-based
Learning (IBL) is seen as a valuable component of effective integrated STEMtiBdu&ssaker, 2014) and
in the implementation of integrated STEM, education teachers perceived that IBL w&s tkeking the
process work (Wang et al., 2011).

Despite the positivity of integrating STEM education from the constructivist viewpoing thex
body of evidence suggesting open-ended inquiry frequently exploifategrated STEM education is not as
effective or efficient in developing student learning as direct instruction daeldok of student guidance
(Almarode, Subotnik, & Lee, 2016; Kirschner, Sweller, & Clark, 200@lis Ts based on cognitive theories
that propose students with insufficient foundational knowledge can be overloédttiedovel information
during problem-solving (Sweller, 2011). Such a scenario overburdenwdlking memory and prevents
effective storage of information in long-term memory (Schweppe & Ruizféd; Sweller, 2011), resulting
in a detrimental effect on student learning (Kirschner et al., 2006). Supptiteée ideas comes from reports
that found direct instruction was preferred to collaborative work when buildungdétional knowledge for
STEM (Almarode et al., 2016) and that simple retrieval practice produced morendedhan more
elaborative work (Karpicke & Blunt, 2011), though the methods of the latertregere debated in a
published rebuttal (Mintzes et al., 2011)

3.4 The benefits of an integrated approach

To explain the dichotomy in the analysis of the effectiveness of integrated &0Eb&tion a recent meta-

analysis of the effectiveness of problem-based learning is used that showeelgaatéd approach actually
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increased student performance (Hattie, 2015; Lazonder & Harmsen, 206jthbiimited effectiveness with
an effect size of 0.12 based on 1200 studies (Hattie, 2015)

The limited effectiveness of an integrated approach was attributed to the idea meationedn
that some teachers present students with the problems for which they have toadikfeound knowledge to
effectively solve. Contrastingly, also considered important was that some teadsenst problems that are
too highly structured, and students had insufficient opportunity to iexgetr (Hattie, 2015). This importance
of the teacher in the effective delivery of problem-based learning canéirprevious review that showed a
strong positive effect size (0.54) on academic achievement for cooperdtiveii negative effect size of -
0.74 when the task was conducted with non-expert tutors (Norman & Schmid}, 200

This evidence indicates that to apply integrated STEM Education effectively, carefideration of
the ideas of both pedagogies of constructivism and cognitivism are egquir simultaneously provide
sufficient background knowledge but still challenge students (Bentley 2080slkrKing, & Smeed, 2017;
Green et al., 2008; Kolb, 2014; Lazonder & Harmsen, 2016; Schnittka &2B&l,; Zubrowski, 2002). This
dichotomy of issues also highlights the common perception that many teasingre further training to get
the best student learning using inquiry-based methods (Cotner, Loper, WalBgooks, 2013; Sanders,
2009; Stohlmann et al., 2012).

More evidence that the effective implementation of integrated STEM requires a balance between
constructivist and cognitivist ideas is that many aspects of integrated STEM Edwsitatigthin the socio-
cognitive research movement (Moore & Smith, 2014) and there are cognitive thieateslign with
integrated STEM Education (Bruning, Schraw, Norby, & Ronning, 2004; e8en@009). For example,
conceptual change theory is a cognitivist idea that recognises that students oftaltehaatve conceptions
to the accepted scientific ones that can be difficult to change depending on thadiloititppof old and new
conceptions (Chi, Slotta, & De Leeuw, 1994; Wiggins & McTighe, 2005)c€ptual change is best achieved
by providing concrete, visual examples, through experimental approachegmbbem-solving, all of which
are important aspects of integrated STEM Education (Schnittka & Bell, 2011)meki®d also aligns with
guided constructivism that exploits hands-on interaction with artefacts that give tstuaetangible
representation of abstract concepts, allowing invention of personal meaniogstouct new understanding
(Green et al., 2008) and assist deeper understanding of scientific and techmiegdts (Green et al., 2008;
Roth, 2001)

Balancing these educational ideas and instituting close collaboration between disciplinepléx com
and necessitates more intellectual engagement from the teacher (Langley & GaZ@yto2@evelop wél

thought out learning goals (Wiggins & McTighe, 2005). This meaat dbmpared to traditional teaching
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methods, to successfully implement integrated STEM Education teachers require lemorimgptime
(Sanders, 2009; Vasquez, 2014), preparation time (ACARA, 2016; Walkddp) and training (Brooks &
Solheim, 2014; Cotner et al., 2013

3.5 Cognition and integration of STEM Education

Neuroscience and cognitive psychology research are increasing our undegstdritbw learning alters the
structure of the brain and how humans organise knowledge to solvierpsolfBransford et al., 2000;
Schweppe & Rummer, 2014; Sweller, 2011). For example, researchers now undergtarinciples on how
to structure learning that enables students to use their knowledge and skillsgattiegs (Bransford et al.,
2000). For integrated learning and the transfer of knowledge to new costexsnts require a foundation of
factual knowledge, not just simple memorisation of disconnected facts, leepacdnceptual understanding
that organises the knowledge around the original context (Bransford et @0, @&@rdner, 1991). The
conceptual framework then assists in applying the knowledge to the new corftisxidda means that
teachers should abandon the idea of complete and equal superficial coveeagensive curriculum and
choose areas to develop a deep understanding in students of definaepts that can then be transferred to
areas with less focussed coverage (Bransford et al., 2000; Wiggins & McZafis,

Integrated STEM Education is generally acknowledged to be engaging to studealscar be
exploited to improve student learning in two keyways. Firstly, cognitivist neiercce suggests that
integrated STEM Education employed using well designed Inquiry-based learnljgb@i arouses and
maintains stueht interest by activating their ‘focus’ through the importance and relevance of the task to the
student and the novelty of the problems. This is part of the braitsmsye concentrate on significant
information at the expense of the trivial (Schunk, 20T)s ‘focus’ provides structure to the incoming
information to allow storage in the working memory and the creation ofoppate links to previous
knowledge to assist consolidation of the neural connections such that the knowtetdgeetined long term
(Schunk, 2012). Secondly, collaboration in problem solving shows studkffésent ways that the
information can be combined with other knowledge and applied, forming newwna connections that are
further extended by the increased emotional involvement of the student ttheestucial interactions to create
extensive neural networks (Schunk, 2012). Collaboration is also important socialybestistudent learning
occurs in collaborative classroom communities that support students tthpirsinderstanding by allowing
for and indeed valuing mistakes. It is these processes that reveal studastantding so teachers can link

new understanding to that knowledge (Bransford et al., 2000).
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IBL provides a platform for social and collaborative learning and is also assoeigtteproblem
solving in educational settings. IBL is adopted to encourage and developtstuetacognition (Hmelo-
Silver, 2004). Such metacognitive approaches to instruction use student sedfresse of their own
understanding and reflection of where improvement is required to assist indéwalopment of deep
conceptual understanding (Schunk, 2012). Such student metacognition ate sisglents to transfer
knowledge to new contexts (Bransford et al., 2000; Pintrich, 2002) elpd them to understand their
strengths and weaknesses and so tailor their own approach to learning enabiitg llecome effective self-
directed learners (Bransford et al., 2000; Pintrich, 2002).

3.6 Implementation of Integrated STEM Education

The adoption of IBL when using an integrated approach to teach STHbafmh supports the application of
authentic tasks using the connections between disciplines to come up with solutibrfscilitation and
guidance by teachers rather than direct instruction (Schnittka & Bell, 2011m&tohet al., 2012). When
implementing IBL, as mentioned in the previous section, students ndmiksatibhackground understanding,
teachers must provide the appropriate level of guidance and the task suuid application and transfer of
knowledge and skills rather than simple regurgitation. To achieve this, stusemtto integrated STEM
Education may require explicit instruction in problem solving (Sidawi, 2@d@) transparent and exptici
implementation of integration to assist students to make the connections between elis¢ipigiish, 2016)
This helps to ensure the right balance of scaffolding and extensithe students for effective learning to
occur (Green et al., 2008; Hattie, 2015; Schnittka & Bell, 2011)

Several additional themes were found within the literature that requires consideration and may
further assist the successful implementation of an integrated approach to STEMiddurhese additional
themes are explored in the following sections.

3.7 Establish and Build upon Prior Student Learning

The importance of prior learning to the transfer of knowledge basedunostience and the benefits of
metacognition discussed above has strong alignment with constructivist theorists sageta@iaget, 1973)
and Vygotsk (Vygotsky, 1978) that state humans construct new knowledge and understaftdmgthe
basis of what they already know and believe (Bransford et al., 2000)mEhiss teachers must be very clear
about the prior learning and preconceptions of the students and éhgagainderstandings to present new
concepts otherwise it is unlikely that students will build a deep understandimg wéw concepts (Bransford

et al., 2000). To do this, teachers should employ ongoing formasisessment to make student thinking
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visible to both teachers and the students themselves (Bransford et al., RO®3¢r, classrooms must be
learner-centred with teachers that clearly understand the knowledge of theintstgdch that they can

present students with tasks that fall within their zone of proximal development (Vygb®5i8).
3.8 Linked Silos or Integrated Teaching

Correlation teaching, or multidisciplinary teaching based on the Vasquez modelié¥Yaxtqal., 2013), is a
basic level of integration in which teachers seek to teach related areas at the samedpaeate classes so
as to assist students to make connections between subjects. However, tramsfetarfge by students rarely
works using this method (Hartzler, 2000; Vars, 1991). Higher levels of atiegrthat apply knowledge and
skills from multiple subjects to achieve the integrated goal are preferable to ptbmot;mnections between

disciplines desired in integrated education (Hartzler, 2000; Vars, 1991).
3.9 Integrated Teaching Individually or in Teams

A single teacher may use an integrated approach to teach the subjects theglifieel for (Hartzler, 2000;
Vars, 1991) but teachers rarely have qualifications in all of Science, Mathematic®emsigh and
Technology. Consequently, single teachers are likely to favour theirsobjects in this process and it has
been demonstrated that teachers generally don’t have the pedagogical skill or content knowledge to
successfully integrate a subject from outside their own area of expertise (Nich@lavigs, 2006)
Accordingly, if a single discipline is running STEM like tasks within their own cutriny resources and
timetable without input from other disciplines then this approach is reasonablpeerbaps is not really
integrated STEM Education.

In the majority of cases, integrated learning requires close collaboration among STEMsteacher
where the complementary knowledge of the team members makes up for indikmtiabsnings (Nichols &
Davies, 2006; Sanders, 2009). Often this means all teachers collaboratei@rucardesign and contribute
to the teaching. This may occur separately, with each teacher taking classesr @mwth or true team
teaching may be used. Team teaching where teachers from multiple disciplinesogether to teach
combined cohorts of classes is preferable because their diverse expertise cdrebeaspgcessary during
each lesson (Hartzler, 2000; Vars, 1991). The next step on the contofuimtegration is the total staff
approach in which all teachers from all subjects (not just STEM) relate their cemtparticular themes
(Bissaker, 2014; Hartzler, 2000; Vars, 1991). Using this approatttefutomplicates the process of matching
content to the year level requirements set by school authorities (Hartzler, 20001925 and to link each

of the subjects (English, 2016; Honey et al., 2014; Williams, 2011). &ls, suimaller groups of teachers
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contributing to integrated STEM Education allows teachers not interested in the pedagithycontent not
well matched to the theme to opt out, hopefully resulting in enthusiastic cdimgilteachers motivated for

the program to succeed (Hartzler, 2000; Vars, 1991).

3.10 STEM Education Task Construction

The Australian Curriculum and Reporting Agency (ACARA) prioritises IBL dlgto design tasks. The
construction of design tasks sympathetic to IBL should be a key aspeetinfaration of STEM Education
in Australia. Those design tasks will define a problem for the students to @¢hsguez, 2014) that
authentically uses skills and knowledge from the STEM disciplines (and other digjplMoore & Smith,

2014) and will achieve learning goals for those disciplines.

o The problem chosen should have real world context and relevance to etg@gmats (Moore &
Smith, 2014; Moore et al., 2014; Stohlmann et al., 2012)

o The task should then be constructed upon foundational knowledge andhskiftudents already
have (Sidawi, 2009) so students can effectively apply what they knawn&v context and make
educated predictions (Sidawi, 2009; Zubrowski, 2002)

o This design task should have sufficient complexity to encourage the students &mghlarecute a

resolution to the problem collaboratively (Moore & Smith, 2014; Moore etGil4)2

o The complexity also encourages iterative design in which the students create-test-refeerrand
from their failures (Cobb, Confrey, diSessa, Lehrer, & Schauble, 2008lisk et al., 2017;
Vasquez, 2014)

When such tasks are appropriately implemented, students develop technical skillshdmstanding of

engineering design and scientific enquiry and learn STEM disciplinary knowledgedioal., 2014).

Despite the importance of foundational knowledge established in the previous sectisimpier
challenges it may be valuable to allow students the opportunity to perfordesign challenge first in an
open exploration (Zubrowski, 2002). Even in this case, the teaché¢remawge students have developed the
thought processes that allow them to proceed in their design using a scpgntiiss and test their design in
a systematic way such that they can use their experimental results to inform tesiigation. After this
exploration, the teacher now has context to deliver the theories behind the exparichemmed with new

knowledge the students can then be given an opportunity to improve theim @&slyrowski, 2002). This

WWw.ijrp.org



Thomas G. Barclay / International Journal of Research Publications (IJRP.ORG) @ JJ RP.ORG

ISSN: 2708-3578 (Uﬂ:[ﬂé‘le
process can foster understanding of the design process andlérying theories (Zubrowski, 2002) and so
allow students to build knowledge and comprehend the connections betweigiingis (Stohlmann et al.,
2012).

3 Conclusion

Science and technology research has always been a multidisciplinary pursuitsaisd eimphasised by
emerging meta-disciplines such as nanotechnology and biotechnology (Nichols & 2@}k, As such,
teaching in the silos of the traditional disciplines is out of step with the metiiaimtemporary scientists,
and it is difficult for students to comprehend new science and technologyutvittassing the boundaries
between disciplines (Furner & Kumar, 2007; Moore et al., 2014; Nichols & Davie§; 38ghimann et al.,
2012) This includes many of the scientific and technological problems today’s society faces; from dealing
with global warming to addressing antibiotic resistance and providing new and beiteictpr for the
industries that employ the population (Chubb, 2015)

While this study is limited to reviewing specific literature within the parameters of armrdtiteg
review approach further research to explore in detail other STEM teaching moolgld bk encouraged.
Especially as the current enthusiasm for STEM Education is not just a passwity noterest by the
Australian Federal Government (Office of the Chief Scientist, 2013), but has hlwreasingly on the
worldwide educational agenda for more than 20 years (National Science Bo@vd, Netional Science
Foundation, 1996). The Australian Federal Governments vision for the besbfriagseasing participation
and performance in STEM Education are to apply integrated learning approa&¥sMoEducation using
IBL (Department of Industry and Science, 2015; Marginson et al.,; ZDffige of the Chief Scientist, 2013,
2014) These factors combined mean that some level of integrated STEM Edskatitthbe an essential part
of Australian schools implementation of Science, Design and Technology and MéttseBducation but a
decision needs to made around how much integration is best for studeimgéarthe context of a particular
school.

While complete integration of STEM Education is not in many cases practical schegsilalso take
into account the limited positive influence of integrated STEM learning on studenhmsc@Becker &
Kyungsuk, 2011; Hattie, 2015; Lazonder & Harmsen, 2016). Benefitshtiols adopting at least a partially
integrated STEM Education curriculum do go beyond student performathes, henefits do exist. While
there is some debate over whether the current STEM skills shortage stated imgoveaports (Marginson
et al., 2013; National Academy of Sciences et al., 2007; Office of the Chief Sci2ffid) is real in the

Australian context (Education Council, 2018; Panizzon, Corrigan, Forgasz, &nsp@015), Australian
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employers value the adaptable generic skills and characteristics of STEM skilled emplofeas critical
and creative thinking, innovation, collaboration and communication (Hartzle®, 20oore & Smith, 2024),
even outside STEM specific occupations (English et al., 2017).
Accordingly, in pursuing a patrtially integrated STEM curriculum schoolsioalnly expose students

to an engaging STEM Education that may inspire some students to folloM &dieer paths, but also be of

value to the future of all students in the way they comprehend the world.
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