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ABSTRACT

Interactive technology offers new opportunities to design dialogic learning spaces and scaffolds with the aid of visual
icons. These technological environments can support the construction of open-ended visual cognitive digital maps,
which portray an external representation of scientific knowledge that could foster the meaningful resolution of socio-
scientific challenges. In this context, this research aims to study the impact of digital cognitive maps on: a) meaningful
learning of scientific concepts and b) complex representation of scientific concepts in teacher education. A case study
with multi-method analysis was designed. The cognitive maps of 47 teacher education students are analysed, both
quantitatively and qualitatively, and before-after their participation in an educational experience that enhances the
collaborative construction of digital cognitive maps in order to solve a socio-scientific challenge. The results show
that the overall educational experience and, specifically, the scientific inquiry visual scaffolds embedded into the
technological environment have a positive impact on learning scientific knowledge and inquiry skills. Furthermore,
outcomes also indicate that the experience enriches the students’ representation strategies of complex scientific
knowledge and that the construction of cognitive maps with a network architecture increases after the educational
experience. Finally, educational implications on the use of interactive technology and cognitive maps for promoting
significant learning of content knowledge in pre-service teachers are discussed.
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RESUMEN

La tecnologia interactiva ofrece nuevas oportunidades para el disefio de espacios de aprendizaje dialégico y ayudas
al aprendizaje con el uso de iconos visuales. Estos entornos virtuales pueden facilitar la construccion de mapas
cognitivos visuales abiertos, que posibilitan la representacién externa del conocimiento cientifico y a su vez pueden
favorecer la resolucion significativa de retos socio-cientificos. En este contexto, en la presente investigacion se
pretende estudiar el impacto de los mapas cognitivos sobre: a) el aprendizaje significativo de conceptos cientificos
y b) la representacion compleja de conceptos cientificos en la formacion del profesorado. Se ha disefiado un caso de
estudio con anélisis multimétodo. Se analizan 47 mapas cognitivos de estudiantes de educacion, ambos cuantitativa
y cualitativamente, y antes y después de su participacion en una experiencia educativa que promueve la construccion
colaborativa de mapas cognitivos digitales para resolver un reto socio-cientifico. Los resultados muestran que la
experiencia educativa globalmente y, concretamente, las ayudas visuales al aprendizaje de las ciencias por indagacién
incluidas en el entorno tecnologico tienen un impacto positivo en el aprendizaje de conocimientos cientificos y
habilidades de indagacion. Ademas, los resultados también indican que la experiencia enriquece las estrategias de
representacion del alumnado con respecto al conocimiento cientifico complejo y la construccién de mapas cognitivos
con arquitectura de red incrementa después de participar en la experiencia educativa. Finalmente, se discuten las
implicaciones educativas sobre el uso de la tecnologia interactiva y los mapas cognitivos para promover el aprendizaje
significativo de contenidos cientificos en la formacion inicial de profesorado.

Palabras clave: tecnologia para la educacion; aprendizaje visual; transferencia del aprendizaje;
formacion del profesorado.
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INTRODUCTION

Interactive technologies have increased the opportunities to design educational
contexts that promote student-centred learning, flexible access to multimedia
information, social interaction, multimodal communication, and multiple
possibilities to represent and outsource learning (Mercer et al., 2019). However, it
has been argued that it is not easy for students to start effective cognitive processes
when interacting with technology because the content is diverse, the tasks are
complex and they need to be solved collaboratively (Wang & Wegerif, 2019). In this
line, Isohitili et al. (2021) claim the need to use technologies that support collective
learning and include the concept of social sensitivity, i.e., the individual and collective
ability to collaborate constructively, respectfully, and cohesively. This claim is also
crucial in pre-service teacher education programs because teachers must develop a
Technological and Pedagogical Content Knowledge (henceforth TPACK) capable to
integrate the use of technology in their classes to promote students’ development of
the 21st century learning competences (Huang et al., 2022).

Educational research has already stated some challenges, in pre-service and in-
service training programs, to formulate and develop what teachers should know and
be able to do professionally. Many recent studies have focused on formulating the
concept of Pedagogical Content knowledge (henceforth PCK) and its extension with
the integration of technology (TPACK) (Chai, 2019; Huang et al., 2022; Kind & Chan,
2019). From this research we can extrapolate five key outcomes. Firstly, PCK is
formed through the teacher’s ability to integrate pedagogical knowledge and content
knowledge in such a way that the content knowledge becomes accessible to students.
Secondly, the different components of the PCK concept and its intersections are
important types of teacher knowledge and all of them are relevant to understand
teacher practices and their impact on students’ learning. Thirdly, PCK development
occurs over time and with the integration between knowledge types. Fourthly, there
is a wide variety in how researchers interpret content knowledge, PCK and TPACK.
Fifthly, the widespread use of interactive and smart technologies in our daily lives,
in learning and in work, suggests technology as also an important and essential type
of teacher’s knowledge (Chai, 2019; Kind & Chan, 2019).

The different compounds included in the PCK concept need the emergence of
different strategies to develop it in preservice and in-service teacher training. Huang
etal. (2022), in a literature review about trends of teacher professional development,
highlight that PCK can be promoted by focusing on a single type of knowledge or on
multiple types of knowledge. Additionally, previous research claims that teachers
need to construct a comprehensive and high-quality content knowledge to develop
pedagogical content knowledge (Sen et al., 2022). Hence, content knowledge is a
“necessary precursor” (Pitjeng-Mosabala & Rollnick, 2018) to PCK. In these studies,
content knowledge (henceforth CK) is defined as knowledge about concepts, facts
and learning strategies to build meaningful understanding.
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Extending this argument, Pitjeng-Mosabala and Rollnick (2018) claim that
teachers’ prior knowledge experiences as learners persist on their in-service practice.
Further backing this claim is the fact that teacher knowledge is directly related to the
quality of instruction in the classroom (Bayram-Jacobs et al., 2019), an extensively
accepted link within the educational researchers. Therefore, pre-service teacher
programs should also include authentic technology-mediated collaborative learning
experiences to build meaningful knowledge on a specific subject context and it will
surely be the seed for the PCK development (Huang et al., 2022).

In the context of integrating interactive technologies to boost, enrich and
orchestrate key collaborative learning processes, there is an increasing interest in
the mediating role that technologies can play in shaping learning processes and
dialogue. Interactive technologies offer affordances for fostering new and rich
multimodal forms of dialogue and knowledge representation (Ley, 2020). In this line,
Hennessy (2011) coined the concept of “digital knowledge artefacts” as the external
representation of the evolving knowledge and ideas negotiated and cumulatively
co-constructed over time for a group of learners. Digital cognitive maps are one
example of the digital knowledge artefacts that can be collaboratively constructed
with technology. Digital maps provide physical records that externalise and embody
the group thinking and learning processes that can remain visible during time for
subsequent activity.

Despite the learning potential of together creating and manipulating digital
knowledge artefacts, in the context of teacher training, there is still very few research
that promotes content knowledge using the co-construction of a digital cognitive
map. However, it has been proven that this technique can serve as a powerful tool
to externally represent a co-inquiry process to solve an authentic socio-scientific
problem (Brugha & Hennessy, 2022). Our study aims to fill this gap with the design
of specific visual icons scaffolds that support the externalization, co-construction
and collective reflection of scientific learning processes and scientific inquiry skills.
These visual icons are embedded in an interactive technology, allowing multi-user
interaction in the same workspace to learn and collaboratively solve a socio-scientific
challenge. These collective learning processes result in digital cognitive maps that
incorporate and show in a holistic and integrated way inquiry processes and scientific
reasoning as well as relevant scientific concepts to solve a scientific challenge.

Our working hypothesis is that the visual representation of specific scientific
knowledge and inquiry processes in collaborative digital cognitive maps will have a
positiveimpact onindividual pre-service teachers’ CK development. More specifically,
we presume that the impact will be the most relevant on: a) the meaningful learning
of scientific concepts and b) the complex representation of scientific concepts.
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Digital cognitive maps to promote Science Content Knowledge

The use of externalization and representation of scientific concepts and scientific
inquiry for promoting meaningful learning in science has been widely studied (e.g.,
Chen et al., 2021), as well as for the development of scientific inquiry skills (e.g.
de Ries et al., 2021). Such research postulates that the representation of cognitive
structures and processes in visual formats extend and amplify human cognitive
functions. In our study, we emphasize students’ co-construction of cognitive maps
because they can include representations of the knowledge construction process
epistemology and highlights the essential cognitive aspects for solving complex
problems, Cognitive maps represent a level of complexity higher than the mere
representation of concepts; hence, we infer that the construction of cognitive maps to
externalize knowledge and its construction process should favour the development
of high-level thinking skills and meaningful learning.

The construction of open-ended digital cognitive maps has been explored as a
learning and pedagogical tool to develop pre-service teachers’ CK in understanding
particulate level of nature matter (Derman & Ebenezer, 2020). In this context,
among the digital cognitive maps affordances to develop science CK, the following
three are of paramount importance:

a. Giving visibility to cognitive processes and scientific thinking

The cognitive process of knowledge construction consists in: 1) acquiring
and identifying inter-related concepts, and 2) connecting these concepts.
We need to select relevant information, organize information in a coherent
representation and integrate information with prior knowledge (Wang et al.,
2018). In this line, recent research suggests that digital cognitive maps can
be valuable tools to give visibility to thinking (Wang et al., 2016; Wang et al.,
2017).

b. Representing and enriching the complex process of scientific inquiry

Various types of maps are found in the literature, some of the most noteworthy
are, namely: the conceptual map, the causal map (Yang, 2022) and the evidence
map that connects the evidence with hypotheses (Suthers et al., 2008).

Various technological environments have provided specific visual scaffolds
to enrich scientific inquiry processes representation (de Ries et al., 2021;
Pifarré et al., 2014). The technology support for the externalization of
complex cognitive processes in diagrams, graphs or pictorial representations
emphasizes the following three objectives: a) reduction of the cognitive load,
given that our brain is capable of processing visual images more quickly; b)
help and promote thinking and reflection about relationships between ideas
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and key concepts and c) improving inquiry learning (Sun et al., 2022; Wu et
al., 2016).

Despite the evidence that building digital cognitive maps in science enriches
students’ skills to represent complex scientific concepts, little is known about
whether these skills are internalised and transferred when building cognitive
maps without technology. Our study pretends to contribute in this knowledge

gap.
c. Dialogical learning

Research on collaborative learning claims that the characteristics of
communications among students and the dialogue are essential to
understanding learning outcomes. Wegerif et al. (2020) found two essential
functions of dialogue that promote learning: firstly, it is a tool that allows for the
generation of both meaning and knowledge, and secondly, it can transform the
individual and reality. Consequently, dialogue is a relevant tool for collective
thinking and learning; hence, designing optimal educational environments,
using dialogue as a pivotal element, may be crucial aspect in enhancing and
enriching interactions between students. In this context, technology can play
a prominent role in creating new opportunities for interaction that, in turn,
enable new opportunities to share, justify and reformulate ideas through
dialogue (Major et al., 2018). Our research uses digital cognitive maps from
this perspective and designs pedagogical scaffolds that can promote high
quality scientific dialogue and learning skills among students.

THE PRESENT STUDY

The objective of this research is to study if the participation of pre-service
primary teachers in an authentic technology-mediated collaborative learning
experience, which uses the co-construction of digital cognitive maps as a learning
tool to solve a socio-scientific challenge, has a positive impact on pre-service
teachers’ CK development. To this end, individual learning and individual complex
representation of scientific concepts are evaluated by comparing an initial and final
individual cognitive map (henceforth IC-map) which is built individually and without
using technology (paper and pencil format).

RESEARCH QUESTIONS

This research study aims to provide answers to the following two research
questions:
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RQ1. Does the use of digital collaborative cognitive maps promote individual
meaningful learning of scientific concepts in pre-service teachers?

RQ2. How does the use of digital collaborative cognitive maps enhance and
enrich students’ complex representation strategies for scientific concepts?

METHODOLOGY

To give answer to the research questions, a case study based on a multi-method
analysis was designed. The participants were 47 students from the primary teacher
education degree at the University of Lleida (Spain), in the subject “Experimental
Sciences Learning IT”. Students were grouped into 12 working groups of 3-4 members
each. Participants took part in a long-term, collaborative and technological-based
science learning experience. Students’ knowledge and learning before and after
the experience was assessed. This assessment consisted in individually building
a cognitive map (henceforth IC-map) without using technology (paper and pencil
format).

Characteristics of the authentic technology-mediated collaborative
learning experience

The experience consisted in solving within 25 teaching hours a socio-scientific
open- ended challenge in the field of Earth Sciences called “drink or not drink?”.
To solve this challenge students had to learn the contents of fluvial geodynamics,
the water cycle, and the management of this resource through the development of
scientific inquiry skills. Challenge solution was divided into three phases, which were
outlined by giving the participants the next three questions: 1st- Knowledge phase,
“Is the water from the Segre River drinkable?”; 2nd- Proactive phase, “what could
we do to keep the river water from being so polluted?”; 3rd- Informative phase,
“what actions would you take to disseminate your conclusions?”

Students were encouraged to solve this scientific challenge collaboratively in a
synchronic, interactive, and multi-user technological environment. This was designed
to support learning understood as a process of shared inquiry (Wegerif & Yang, 2011)
by providing visual icons that represent the main inquiry processes and skills. The set
of visual icons provided to the participants during the study are gathered in Figure 1;
the icons represent the main inquiry processes and skills (in green) unpacked by the
main inquiry stages (in blue). Students dragged and dropped these visual icons into a
shared workspace and were able to plan, organize, reflect and display the resolution
process of the scientific challenge by constructing a digital collaborative cognitive
map (henceforth DCC-map). Therefore, the DCC-map allowed the group of students
to visually represent the different stages of the inquiry process to solve the challenge
and the relationships between them. Such visual representation of group inquiry can
facilitate group thinking and intensive discussions that could lead to high quality and
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complex ideas. DCC-map acted as a shared and tangible knowledge artefact allowing
group members to communicate and manipulate ideas, co-construct understanding,
elaborate on differences and reach collective solutions.

Figure 1

Representation of scientific inquiry cycle that includes visual language icons of
inquiry stages and processes provided as scaffolds in the technological environment
(Adapted from Pifarré et al., 2014, p. 164)
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Figure 2 shows an example of a DCC-map constructed in the technological
environment by a group of students. Students use the visual icons in an open,
flexible and drag-and-drop mode. The DCC-maps had net architecture (see Table
1) and visual icons were the key elements to organize and represent the scientific
inquiry process and the main science concepts. Besides, as it can be seen in Figure 2,
students create complex explanations around the visual icons that reflects collective
reasoning and unpacking inquiry processes. It includes both the planning and the
report about how the group is approaching the whole inquiry processes. Furthermore,
the technological environment allows students to report visually (pictures, graphics,
tables...) about the experimental and data analyses processes. Group discussion
round each inquiry phase were also synthetized and registered in the DCC-map for
subsequent revision and reflection.
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Figure 2
Technological environment and an example of one group DCC-map
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Materials

In order to assess the students’ knowledge learning before and after the
technological-based learning experience, students were asked to individually make a
cognitive map without using technology (in a paper-pencil format). In both moments,
students were requested to build a cognitive map around the central concept of
“the potability of drinking water “. The paper-pencil and individual cognitive map
was used as an assessment tool similarly to the methods described by de Ries et
al. (2021). Henceforth we will call this the Initial or the Final IC-map (Individual
Cognitive map). Figure 3 shows a synthesis of this research methodology.
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Figure 3
Research methodology diagram: materials, variables and data analyses
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Data analysis procedure

To study the impact of the technological learning experience on students’
individual knowledge, initial and final IC-maps were compared and analysed at two
levels: quantitative and qualitative. For the quantitative analysis, a category system
was established with a scalar numerical logic. For the data analysis, normal data
distribution with a Shapiro-Wilk test and t-test was used to compare initial-final
IC-maps. This analysis was carried out with the aim of answering the first research
question and finding out the level of significant learning of scientific concepts
(RQ1). To this end, we adapted the categories proposed by Hakkarainen (2003) for
evaluating scientific concepts construction level of explanations. Four categories
were established that incorporate the explanation levels and the quality of meaning
construction for four key scientific concepts in relation to “the potability of drinking
water”: 0) No answer; 1) Unorganized and/or organized facts; 2) Partial explanation;
and 3) Explanation. Two researchers evaluated the cognitive maps with substantial
reliability (Cohen’s Kappa test, K = 0.702).

Turning now to the qualitative analysis of the IC-map, to delve into the study
of scientific meaning generation (RQ1) and the complex representation of scientific
concepts (RQ2) the following three qualitative variables were considered:
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a. IC-map Architecture: This variable analyses how ideas are connected, grouped,
hierarchized and organized in space and between them. We reproduced the three
main concept maps structures proposed by Kinchin et al. (2000) namely, spoke,
chain and net structures. The description of these variables is presented in Table
1.

b. Number of ideas the IC-map incorporates: simple or complex (Table 1).

c. Scientific content construction: we analysed the meaning and quality of key
concepts relates with “the potability of water”. We also studied the evolution of
the meaning of concepts between the initial and the final IC-maps. Finally, we
analysed whether scientific inquiry processes had been taken into account.

Table 1
Qualitative analysis of cognitive maps: an evaluation tool

Qualitative Type Description
variables

All ideas are related to the central concept, but not to each
Spoke other. No hierarchy of concepts. Shows little understanding
and/or integration of ideas.

Linear sequence of ideas that reflects the understanding of a
consecution between them. A consecutive linear hierarchy is
a) IC-map Chain established, in terms of importance, between concepts. Shows
Architecture understanding of concepts, although they are not related to
each other at different levels.

Ideas are interconnected and highly integrated in a framework
of complex relationships. They are organized and packaged by
related sets and in a hierarchical manner. Demonstrates a deep
understanding of the core concept.

Net

Simple Incorporates few ideas. They are often not the most relevant.
b) Number

of ideas Incorporates many ideas that are generally the main ones
Complex
related to the central concept.
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RESULTS

Individual meaningful learning of scientific concepts. Quantitative study
of IC-map evolution (RQ1)

The results confirm the normal distribution of the data (Initial K= 0.56; Final K=0,44).
The results for the t test comparison between the initial and final IC-maps show significant
differences in the level of explanation of scientific concepts (X = 1, 0 = 0.51, p <0.001).

On the one hand, descriptive statistical analysis, collected in Table 2, shows that in
initial IC-map most of the students show a low level of scientific knowledge about the
potability of drinking water (with an average value of 1 point out of 3; low dispersion,
0.21). On the other hand, in the final IC-map, scientific knowledge increases an average
of 1 point and is placed at level 2 of partial explanation of scientific concepts. In addition,
a greater dispersion is observed in the final results. This indicates that the 47 students
internalized scientific knowledge in different ways after participating in the educational
experience.

Table 2
Descriptive Statistics: IC-map “Potability of drinking water”

N Min. Max. X o o
Initial Test 47 0 2 1 0.04 0.21
Final Test 47 1 3 2.04 0.26 0.5

To show the individual evolution pattern, Table 3 presents the frequencies
obtained in the 4 levels or categories of explanation for scientific knowledge in the
initial and final IC-maps.

Table 3
Frequencies and percentages of individual scores in the cognitive maps

Initial IC-map Final IC-map
Qualification Frequency % Frequency %
0 1 2.1 0 o
1 45 95.8 5 10.6
2 1 2.1 35 74.5
3 o o 7 14.9
Total 47 100 47 100
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Table 3 shows that before the technological-based science experience, 95.8% of
students presents a low learning level of key scientific concepts about potability of
drinking water and were only capable of explain random disorganized facts. After
participating in the mentioned collaborative and technological learning experience,
about 90% of students were able to name, describe and meaningfully integrate at
least two of the four key concepts. From the results obtained at quantitative level we
infer that the building of DCC-maps during the learning experience had a positive
impact on the individual learning of scientific concepts.

Complex representation of scientific concepts and meaningful learning.
Qualitative study of IC-map evolution (RQ2)

Results of IC-map quantitative analysis, specifically the results synthesized
in Table 3, allowed us to establish 6 patterns of evolution between the initial and
final IC-maps. By order of frequency, these patterns were: a) evolution pattern [1-
2]; 72.3% of the students were rated in the initial IC-map under category 1 and the
final IC-map under category 2; b) evolution pattern [1-3]; this pattern is shown in
13% of the students; c) evolution pattern [1-1]; this pattern represents 10.6% of the
students; d) evolution pattern [2-3] represents 2% of the students; and patterns [0-
2] and [2-3] have only been obtained by 1 student respectively.

These evolution patterns are used to present qualitative analysis of IC-map and
to answer RQ2, i.e., how the use of DCC-map enhance and enrich individual pre-
service teachers’ complex representation strategies for scientific concepts. Table 4
shows 4 examples of IC-maps evolution and illustrates the main results obtained in
our study.

First, the qualitative analysis of the initial IC-maps highlights the low level
of knowledge of the scientific content. Initial IC-maps show that ideas presented
are shallow and quite disconnected and, the key scientific concepts are not clearly
identified.

Second, and regarding the architecture of the maps, the initial IC-maps are
diverse and we identified the three types of architecture —i.e. spoke, chain and net—,
including mixed forms. By contrast, in the final IC-maps, a larger number of students
constructed maps with a net structure. This type of structure allows organising ideas
into hierarchies and packaging between related ideas and, ultimately, representing a
framework of complex relationships between concepts. Student 4 in Table 4 illustrates
this result. This student was categorized with an evolution pattern [1-3] whereby she
built an initial IC-map mixing chain and spoke structures, since only four out of the
seven ideas included related directly to the central concept. These ideas corresponded
to the path that water follows from its catchment to our homes, by avoiding the
use of specific language. In addition, she lists orderly, four ideas with which she
represents an interconnected outer chain. By so doing, she manifests a second layer
of depth and establishes a linear ordered sequence. In the case of final IC-map, she
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clearly establishes a network in which demonstrates deep and complex knowledge
with integration and packaging of ideas. She details key concepts. Moreover, she
highlights the high degree of ideas integration, since they are correctly packaged,
hierarchized and connected by related sets. In this way, she establishes up to four
levels of hierarchical packaging and the last one links it to level two. This evidences
the potential of a net structure to enable multiple interconnections between ideas
and contribute to express a concept with depth and complexity. Finally, it is worth
mentioning the attainment of a wide range of representation strategies associated
with work in the technological environment.

Third, in the final IC-map an enrichment of the representation strategies was
observed, since even in cases where a simple radial or chain type architecture
dominates, some type of free approach to packaging and hierarchizing ideas was
included. Thanks to the learning scaffolds included in the technological environment,
representation strategies have been incorporated that allow representing complex
scientific concepts.

Student 2 in Table 4 illustrates this result. This student has been categorized
with an evolution pattern of [1-2]. Although she constructs two chain-structured IC-
maps, they are substantially different. In the initial IC-map she builds two isolated
chains with very simple concepts and without a specific language. One of the chains,
which also includes the central concept, only consists of 3 ideas and the other fails
to connect with the central concept. That is why we highlight the disconnection and
confusion shown on the previous ideas related to the central concept. By contrast,
chain build in final IC-map is organized in a spiral shape with “potability of drinking
water” concept in the centre. This figure attributes a hierarchy from lesser to greater
complexity as well as a connection between the layers of ideas. The ideas constructed
are more elaborated and include specific language as well as some packaging when
listing what the potability parameters are. In the final IC-map, this student enriched
the chain representation by adding elements of spatial representation that allowed
her to express the change in understanding and representing complex knowledge

about the “potability of drinking water”.
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Table 4

Results of 4 students with different evolution patterns in the initial and final TC-
maps on “Potability of drinking water”

Evo- Initial IC-map Final IC-map
lution % - -
Pattern IC-map Architectu- IC-map Architectu-
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Evo- Initial IC-map Final IC-map
lution % . -
Pattern IC-map Architectu- I C-map Architectu-

re diagram re diagram

o

i—Ea

4 [1-3] 13 chain/radial:

order ideas -
and connect Net
them to
the central
concept

DISCUSSION AND CONCLUSIONS

Our study tackled the need to develop scientific content knowledge in pre-service
teachers by designing a technology-mediated collaborative learning experience that
explicitly uses the co-construction of digital cognitive maps as a pedagogical tool to
promote scientific learning processes and scientific inquiry skills. On a first note,
the results of this research, firstly, confirms that pre-service teachers show, at the
beginning of the study, a low level of specific scientific content knowledge. Thus,
these results acknowledge that pre-service training programs need to include the
design of evidence-based learning experiences capable to develop high-level learning
processes and meaningful knowledge in specific domains (i. e. Derman & Ebenezer,
2020; Derman & Eilks, 2016).

Secondly, results indicated that the technological-based science experience
and, specifically, the visual scaffolds to guide and externally represent a co-inquiry
process to solve an authentic socio-scientific issue have positively contributed to
learning scientific knowledge by pre-service teachers (RQ1). Previous educational
research claims about the positive impact of inquiry approaches on students’
scientific learning (e.g. Kamarudin et al., 2022; Lin et al., 2021; Murphy et al., 2021).
In addition, our study includes the analysis of level explanation of scientific concepts
(Hakkarainen, 2003) in the evaluation categories and, therefore, we can also state
that students developed socio-scientific reasoning (Romine et al., 2017).

Regarding the study about how the use of digital collaborative cognitive maps
(DCC-maps) help students to represent the complexity of scientific concepts and
enrich their representation strategies (RQ2); firstly, we provided experimental
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evidence that in the initial IC-maps the representation of the scientific ideas are not
interconnected or grouped, and they are represented intuitively in spoke or chain
structures. This result is in line with previous studies (de Ries et al., 2021; Kinchin
et al., 2000).

Secondly, in the final IC-map, students who used spoke or chain structures
enriched their answers with representation strategies that contributed to both
representing complexity and overcoming limitations of these two architectures.
From our point of view, students learnt that the process of solving the socio-scientific
challenge with technology is not a linear sequence of processes or a simple hierarchy
of concepts.

Thirdly, in the final IC-map, students perceived net representation strategy as
the structure that offered better possibilities to organize, interconnect ideas and
ultimately express their knowledge in depth that spoke or chain structure. Net
representation makes it possible to group together sets of ideas, establish codes of
representation, such as arrows of continuous and discontinuous lines to express
different types of relationships with the same idea being repeated, qualifying and
linking different sets of ideas. A clear example of this is the final IC-map that model
4 student constructs (Table 4).

These three experimental evidences lead us to conclude that the participation
in the technological-based learning experience has helped pre-service teachers to
develop high-level CK. The digital cognitive maps as an external and metacognitive
representation of a co-inquiry challenge-solving promoted learning by building
links (Krieglstein et al., 2022; Schneider et al., 2021; Scott et al., 2011), i.e., by
learning and assessing the most relevant scientific content related to the “potability
of drinking water”; by incorporating these new concepts and defining them in
depth; by linking and integrating them by establishing hierarchies and similar sets;
by classifying the concepts in large packages of ideas and proceed from the most
general to the most concrete and, finally, making the conceptual change that implies
recognizing conceptual errors (Kamarudin et al., 2022). Furthermore, pre-service
teachers’ awareness of typical conceptual errors and general learning difficulties
(Derman & Ebenezer, 2020) may help them to anticipate and adjust teaching to
their future students, thus promoting PCK development. Overall, the inclusion in the
technological-based learning experience of specific visual icons as explicit scaffolds
to think and represent a collective inquiry to solve a socio-scientific challenge have
featured in pre-service teachers’ activities like learning by design, learning by doing,
reflective learning, and group work. Teacher education research claims that these
approaches emphasize the active participation of future teachers in key learning
process, built links between content and classroom practices, and encouraged
collective participation in developing learning and teaching expertise (Huang et al.,
2022).

The use of DCC-maps for learning content and scientific skills has also shown
two learning opportunities that, despite being unplanned at the beginning of the
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research, became relevant for science learning. Firstly, our work emphasizes the
possibilities of cognitive map as a tool for evaluating scientific learning, given that
it allows us to learn the degree of understanding of broad and complex topics.
Our study contributes to this line of research with an evaluation tool developed to
assess the quality of the scientific concepts and its representation included in the
IC-map. This evaluation tool embeds two essential variables in science learning:
the relationships among science concepts (concept map structure) and the socio-
scientific reasoning (level of explanation). Therefore, this study contributes to
showing the value of the cognitive map as a reliable assessment instrument that
can help to know and understand how students integrate knowledge, and how such
knowledge hierarchizes, organizes, interrelates, and delves into complexity. Other
authors argued that this is a good instrument to assess the students’ understanding
of scientific work (Canas et al., 2015; Krieglstein et al., 2022; Zura et al., 2022).

Secondly, results show the inclusion in most IC-maps of the social dimension of
science and the social implications of complex socio-scientific issues such as water
management. The fact of incorporating social dimension endows more complexity
to the learning process as students are encouraged to search information and build
their own criteria with an eye to developing a scientific and solid foundation for
solving a challenge. In our work, the students developed what Romine et al. (2017)
define as socio-scientific reasoning. This means that they needed to evolve from naive
and low-cognitive thinking to representative thinking through understanding and
solving a socio-scientific issue with solid arguments deriving from understanding its
complexity. To this end, pre-service teacher needs to be able to apply the following
strategies: 1) recognizing the inherent complexity of this issue; 2) examining the
facts from multiple perspectives; 3) understanding that socio-scientific issues are
subject to continuous inquiry; and finally, 4) recognizing and analysing objectively
potentially-biased information.

Limitations and future research

One of the main limitations of our paper is the methodology used —a case
study-. Despite it provides a depth understanding the CK development, it may cause
transferability issues. In this line, there is a need to design a large-scale empirical
study to implement the technology-mediated collaborative learning experience and
find out whether a similar project can work with other pre-service teachers and
educational contexts. This empirical study would also delve into, on the one hand,
the mechanisms of technology-mediated collaborative learning and their impact on
individual learning and, on the other, the internalization mechanisms of the science
inquiry visual scaffolds included in the technological environment.

Another limitation of our study is the time of exposure of students to the
instrument. In the future, we aim to extend the working time of students in the
technological environment. It would be interesting to see the possible differences in
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the use of technology with a group of students who use it for the second time to solve
another research project in experimental sciences.

Finally, this study is an attempt to contribute to educating pre-service teachers
into teaching how to learn scientific knowledge from the perspective of scientific
inquiry skills. Despite our research focusing on CK development, the results
obtained allow us to conclude that the technology-mediated collaborative learning
experience has had a positive impact on the way students learn pedagogical aspects,
specifically on how socio-scientific knowledge is developed and what scientific skills
are necessary. In future research, we suggest studying how pre-service technology-
enhanced learning experiences, as the one designed in this study, have an impact on

their science teaching plans and teaching activities.
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